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Chapter 1

Supramolecular compounds through coordination chemistry
— basic strategies

Grazyna Bartkowiak, Katarzyna Gawron and Grzegorz Schroeder
Adam Mickiewicz University in Poznan, Faculty of Chemistry,
Umultowska 89b, 61-614 Poznan, Poland

Introduction

In the recent years a rapid development of supramolecular coordination
chemistry took place and many new supramolecular complexes based on the
metal coordination centers have found their applications in catalysis, as advanced
materials for molecular electronics, as molecular receptors used in sensor devices,
light-harvesting materials for solar cells and in molecular machines.** These
compounds are of great interest not only due to the variety of their application,
but also due to the ease with which many of them can be prepared. The basic
methods of the supramolecular coordinative complexes synthesis making use
of metal centers with precisely defined coordination numbers and angles and
accurately chosen ligands appear often to be simpler and faster when compared
to the laborious, multistep organic synthesis.

Supramolecular chemistry has at its disposal not so many reliable, high-
yielding reactions in comparison with classical organic chemistry, which
provides a lot of proven methods to obtain very strong covalent, mainly carbon-
carbon, bonds. Supramolecular compounds are basing on the weak interactions,
the same which are often responsible for natural macromolecules formation,
i.e. hydrogen bonding, van der Waals forces, dipole-dipole interactions and
Coulombic forces. Designing and building of the supramolecular structures
with the use of these kinds of interactions is a demanding and challenging task
for synthetic chemists. Weak interactions, however, ensure a large degree of
supramolecule flexibility and enable conformational changes, which are often
needed for specific functions, like spontaneous self-organization and molecular
recognition. A great number of weaker interactions leads to the bigger specificity
and formation of thermodynamically favoured structures. The entropic and
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enthalpic effects involved in large symmetric architectures synthesis are very
import ant and sometimes difficult to predict in advance.

The aim of this work is to show the application of coordination chemistry
to the synthesis of supramolecular compounds. Considering the strength of
bonds, covalent coordination bonds to the transition metal centers lie between
very strong C-C covalent bonds and weak hydrogen bonds or van der Waals
interactions, so they can be rated among the intermediate strength bonds. It
should be noticed that coordination of metals to heteroatoms forms thermally
labile bonds, which gives the possibility to select either a thermodynamic or a
kinetic product through the choice of ligands, transition metals, reaction time,
temperature and other reaction conditions.

organic ligands

metal centers

Figure 1. General concept of supramolecular coordination compounds formation,
according to.*

The detailed literature search allows to specify the main strategies to obtain
mesoscopic supramolecular structures by means of coordination chemistry. One
can mention hereby three basic strategies:

18



SUPRAMOLECULAR COMPOUNDS THROUGH COORDINATION CHEMISTRY — BASIC STRATEGIES

a) making use of directional bonding by metal centers;

b) taking advantage of symmetry interactions;

¢) exploiting of weak metal bonds in coordination complexes.
All three routes mentioned above are based on use of metal centers as building
blocks for supramolecular structures.

1. Directional-bonding strategy

The strategy being based on directional bonding treats metal centers as
highly-directional corners and gives as results structures forming geometrical
shapes, i.e. 2-D systems, like dinuclear macrocycles, molecular triangles,
squares, rectangles, hexagons or higher order (3-D) structures, i.e. three-
dimensional molecular cages or polyhedra.’ The principle of formation of basic
two-dimensional structures is shown in Figure 2.

A) 2®€ ¥ 2/\_’®©®

B) 3®:‘;+ 3. _’A
Q) 4@4,4.—’?:@

D) 4@}3 + 4I_—’

O-transition metal center
(C -binding/directing ligand
o -,open” coordination site

Figure 2. Construction of large structures by the directional-bonding approach.*

The main requirements of the directional-bonding approach are:
» access to the rigid precursors, with predefined angles and symmetry
proper for the expected product;
» the ratios of the mixed precursors appropriate for the desired outcome.
In practice, many other factors are important and have a great influence on the
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experimental results, for instance the solvent choice, the temperature, precursor’s
concentrations, the order of building blocks introduction, or the rate of mixing
of the substrates.®

Ways to construct various macrocycles by the directional bonding approach
involve selection of metal building blocks with rigorously defined angle between
the coordinatively labile sites and a choice of appropriate rigid binding ligands.
For example, to construct a dinuclear macrocycle, a metal complex with a 60°
angle between the coordinating bonds and a rigid ligand with a 120° kink (see
Figure 2A) are needed. A molecular triangle can be assembled using the same
metal complex (angle 60°) and a straight linear ligand (Figure 2B). Molecular
squares can be obtained by the two alternative ways: using the same, linear
ligands and metal centers with coordination sites with 90° angle (Figure 2C) or
bonding ligands with a 90° bend and metal complex with a 180° angle between
the coordination sites (Figure 2D).

The examples of dinuclear macrocycles formed by use of this strategy are:
palladium-ethylenediamine systems (3, Figure 3) made by Fujita et al.”®?,

e -
H2N—P|d—ON02 i NQCHz—Y—CHz@N

| ONO,
H2 Oﬁ
N
X b\j\ dP
N A / \
a: Y=none
F

b: Y= * (NOy)y
F F

Figure 3. Palladium-ethylenediamine based dinuclear macrocycle

metallomacrocycles containing diazacycloalkanes, prepared by Hosseini et al.!
(Figure 4) and Yamamoto et al.!! (Figure 5)

20



SUPRAMOLECULAR COMPOUNDS THROUGH COORDINATION CHEMISTRY — BASIC STRATEGIES
m 4+
N
\ J/ \
/
“@L(ﬁ@ -
m T 4+
/ .
[ Pd, _Pd j 4NO;
/ N| x A YR

4NOy

Figure 4. Two possible isomeric metallamacrocycles (top and bottom), containing Pd(1l)
10

and ethylenediamine.

Figure 5. Rhomboid structure assembled using Pt complex and 3,5-bis(4-pyriylethynyl)
pyridine ligand" by directional-bonding approach.

21
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According to the scheme in the Figure 2B there is possible to construct
molecular triangles, but the task is difficult, because an ideal triangle would be
formed from three rigid linear ligands and three metal centers with 60° angle and
there are no appropriate metal complexes (of common coordination numbers)
with ideal 60° angle between bonds. However, molecular triangles (relatively
rare) are yet reported'>'® as obtained by the directional-bonding approach. Less
than ideal triangles can be obtained using sufficiently flexible ligands (Figure 6).'
Examples of this kind of molecules are triangles assembled through coordination
to Pd (II)"7, Pt (I1)!#° (Figure 6), Mn(I11)*, Ru(11)*!, Cu(I11)?, Co* and Mo(VI)*.

x@»—\,\: _@\ / “@_‘l.x, -

FEi, .
2 Lr.l'—l:'l—l.li 1 3

L
1

Sk

Figure 6. Synthetic routes to the [3+3] molecular triangles 5 and 6 and [2+2] rhomboid
7.18

Fujita et al. have reported that molecular triangles are often in equilibrium
with molecular squares.!” Molecular squares are the most widely reported
shapes®3 since they are relatively simple to obtain. Among the molecular
squares prepared recently particularly interesting one is the architecture made
of 4,4’-bipyridine (marked as 4,4’-bipy) and neutral pseudo-square-planar
carboplatinum complex [LPt(DMAP)], (H,L = 2,6-diphenylpyridine, DMAP
= 4-dimethylaminopyridine), reported by Lusby et al.’°, where the square is
assembling in acidic environment and disassembling upon reaction with base.
The structure is reassembling when protons are added, so it makes reversible,
acid-base switchable system (Figure 7).

22
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O F:,t~ M [(HLPt),(4,4-bipy)41(X)4
,N -HX,

| 4,4'-bipy

NS
§ ) W,
4
— b a —
0| e (G
Q Plt—X HX £ >
'!l O [(LPt)y(4.4'-bipy)] O
T N
—

 [(HLPtX),(4.4"bipy)]

Figure 7. Assembly and disassembly of 2D metallosupramolecular architecture (square)*.

Molecular rectangles cannot be formed in one step, by spontaneous self-
assembly, because using a mixture of metal centers (“corners”) and two types of
bridging ligands of different length (short and long) only two types of molecular
squares are produced (Figure 8) and this process is thermodynamically
favored.*¢

23
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4@«7 +2I+2l‘<

o -transition metal center
C -binding/directing ligand +
o -,,open’ coordinationsite

Figure 8. Formation of square structures (rather than rectangles) from the mixture of
metal-containing precursors and two kinds of rigid ligands of different length®>.

Using the directional-bonding approach more complex three-dimensional
structures can be obtained, for example molecular cages, presented in Figure 9.

A)

B)

O -transition metal center
C -binding/directing ligand

-tridentate bridging ligand \’/

Figure 9. Examples of molecular cages formed form tridentate bridging ligands and
transition metal centers according the directional-bonding strategy.

Directional-bonding strategy has several advantages: the reactions are
usually high-yielding and can lead to the wide range of shapes and sizes. They
often enable incorporation to the supramolecular structure ligands with desirable

24
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properties. Between the limitations of this approach are: the rigid structures
of linking building blocks, which constrain the possibility of conformational
changes, so that it makes difficult to form molecular switches and other
structures where conformational flexibility is necessary. Other disadvantages of
this strategy are: the lack of complexing activity of metallic centers introduced
and the termination of certain physical properties (for example luminescence) of
building blocks after the complexation process®”3%%,

2. Symmetry-interaction strategy

The approach basing on symmetry-interactions is developed to construct
high symmetry coordination clusters. The synthesis involves transition or main
group metals without the strongly coordinating ligands as the starting material,
which is combined with the multibranched chelating ligands. The formation of
supramolecular shapes is stimulated by the strong driving force which consist
in the inherent symmetry of the coordination sites on the metal centers. The
“symmetry-interaction” term is widely employed by Lehn*’, Saalfrank*' and
Raymond®. The strategy leads to the various macrocyclic structures containing
main group or transition metals. Among them dinuclear macrocycles with
chelating ligands (Figure 10 A), helicates (Figure 10 B), triple helicates, dinuclear
metallocryptands (Figure 10 C), tetrahedral (Figure 11 A) and adamantoid
structures (Figure 11 B) are commonly constructed. Important feature in this
approach is the careful choice of ligands and metal centers taking into account
the orientation of multiple chelation sites to favor the creation of discrete clusters
over oligomers or polymers formation.

=B | &

C
A B

Figure 10. Dinuclear structures prepared by the symmetry-interaction approach.

This approach is quite complicated because many symmetric interactions should
be considered, namely:

*  metal atom geometry,

* ligand orientation,

25
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* ligand-ligand interactions,
so it is advisable to use computer modeling to predict target architectures, which
could be made of the combinations of given ligands and metals.*

A B

Figure 11. Tetranuclear, three-dimensional structures prepared by the symmetry-
interaction approach.

A variety of elegant shapes (helicates, tetrahedral, adamantoids) can be obtained
using the symmetry interactions. The limitation of this approach is a “compact”
structure of the product, which produces small cavities, which are unable to
encapsulate larger guests.

3. Weak-link strategy

The weak-link approach involves combining transition metal centers
(without directing ligands) with non-rigid, flexible ligands. As a result, the
supramolecular structures are obtained which have coordination sites available
for further reactions. As an example may serve the reaction in which hemilabile
ligands react with transition metal centers in a bidentate way, forming two kinds
of metal-ligand bonds, one stronger than the other, yielding the favored dinuclear
complex A* (Figure 12 ).

—

2 @+ 2 -

. - transition metal center I_\___/-\ - hemilabile ligand

Figure 12. The formation of dinuclear complex A, containing “weak-link” and its
conversion to B.
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The complex A is formed in very high yield, often quantitatively, and can be
isolated from the reaction mixture. Favorable formation of intermediate A can be
explained concerning following driving forces:

» the creation of stable, five- or six-member chelate rings;

» the chelation effect of the bidentate ligands, leading to the dinuclear

structures;

* the n-minteraction between the moieties (chiefly arene rings), serving as

the central binding units in the ligands.
In the next reaction step compound A is added to a ligand L, then weak links
are broken and ligands L bind to the free sites at metal centers, replacing the
previously bound groups.

The crucial point in this method is the use of hemilabile ligands®, i.e.
polydentate chelates that contain at least two different types of bonding groups.
The first group is strongly bonding to the metal center whereas the other group
bonds weakly and can be easily displaced by ancillary bonding ligands or solvent
(for example DMSO, acetonitrile) molecules. Typical strong bonding groups
contain phosphorus atom as a strong donor (for example the phosphine moiety),
while the weak binding groups contain O, N, S or Se atoms (weak donors).
The reactions employed in the weak-link approach are chiefly under kinetic
rather than thermodynamic control; the thermodynamically favored product can
be formed, but it is possible to avoid its formation through the proper reaction
conditions because of the high activation barrier.

As an example of weak-link approach application is the formation
of a dirhodium compound A (Figure 13) based on a durene (i.e.
2,3,5,6-tetramethylbenzene) ligand at room temperature and its conversion to
the more stable form B at elevated temperature. Mononuclear thermodynamic
product (“piano-stool” C) can be prohibited from creating due to a relatively
high energy barrier.*¢

The transition metal centers in homodimetallic structures formed through
weak-link method often remain available for further modification. Such two
dinuclear macrocycles can be joined with rigid difunctional ligand to form
molecular cylinder (Figure 14).

The main advantages of the weak-link approach are:

a) a possibility of formation of very sophisticated, 2-D and 3-D,

supramolecular structures;

b) great flexibility and, as a result, wide utility of the architectures obtained,

¢) enabled ligand substitution reaction;

d) an ability to tailor electronic and steric properties of product.

The frequent thermal instability of the supramolecular structures obtained
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according this approach (a transition from the kinetic to the thermodynamic
product) belongs to the limitations of the weak-link method.

i1hRT  Ph Fﬂﬁ—dﬁ FPh
F’“aﬂ__p—}ﬁ‘&o Jph

# EHI"

FPh, 4 h, 866G T

c,'l
Ph, _H__thp'x_\g _|E+ )
G —i?f:_ j 2BF,

W Py

> B
Ph,

104, = 80°C

o =T

Ph F,F'h_|1+
ek
c

Figure 13. The formation of dinuclear dirhodium complex (A) with durene ligands,
its conversion into arene-rhodium structure B and thermodynamic product C at high
temperature.*s

2 H | —

Figure 14. Two macrocycles joined with rigid difunctional ligands into a molecular
cylinder?’

Summary
Coordination chemistry offers several strategies to obtain supramolecular
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assemblies. Metal-ligand interactions, in comparison with other interactions
typical for supramolecular compounds (i.e. m-n stacking, hydrogen bonding,
van der Waals forces) are much stronger and highly directional. The synthesis
via metal coordination shows significant advantages and is usually more
efficient than the classical covalent synthesis. Different approaches, presented
above, provide rational synthetic routes and yield a variety of architectures and
structures possessing interesting properties.
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1. Introduction

Studies of noncovalent interactions are the basis of issues discussed by
the supramolecular chemistry. These binding forces play an important role in
structural biology (stabilization of protein and nucleic acids structures) and
molecular recognition. To them belong i.a.:

*  hydrogen bonds,

*  hydrophobic interactions,

*  ionic bonds,

*  van der Waals forces,

* 7 interactions.

Among listed, 7 interactions can be a great tool for drug design, new ligands
design, binding sites searching, asymmetric catalysis and conformational
analysis. There are certain types of m interactions. The most widely deliberated
are cation-m and anion-mt. Besides, there are n-n stacking and H-n (CH-n, OH-m,
NH-r and similar) [1]. This work focuses on the most widely discussed — forces
between cation and 7 electrons.

2. Cation-m interactions

The first study on cation-n interactions appeared in 1981 [2]. The Kebarle
group proved these forces to exist in the gas phase. Their experiments and
calculations showed that potassium cation in the gas phase is better stabilized
by benzene than by water — obviously opposite situation holds for aqueous
phase (see fig. 1). A comparison of binding energies for benzene and alkali metal
cations suggests electrostatic model. The highest energy for bond is for Li* and
decreases in sequence for Na*, K™ and Rb" (see tab. 1).
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Table 1. Binding energies (AH®) for alkali metal — benzene complexes in the gas phase
3]

M Binding energy [kJ/mol]
Li* -159
—MT N 117
K* -80
Rb* -67

This model explains why electron rich furan or tiophene molecule is weak
cation-m participant in the gas phase. Electrostatic potentials of these aromatics
show that the more negative charge above the ring is, the stronger cation-n
interaction. This comes as a result of interaction between ion and quadrupole
moment of benzene molecule (sp? carbon is more electronegative than a proton —
in consequence six dipoles generate this quadrupole moment). It is topologically
equivalent to orbital d 2 [4].

K+
AH°= y % -80.4
K* - water K* - benzene

Figure 1. Experimental data (AH® [kJ/mol]) for formation of K* - benzene and K* - water
complexes.

Figure 2 shows how charge distribution is affected by replacing protons in
benzene with fluor atoms. Clearly, cations can create interactions with n-cloud
(negatively charged) above and below the benzene ring. On the other hand,
hexafluorobenzene in the same situation would interact with anions.

Not only metal cations are n-binders in the gas phase — also organic cations
are, e.g. quaternary ammonium cation. NH," relates with benzene similarly to
K" (4H°= -80.8 kJ/mol). For NH," or NMe," (binding energy reduced to 4H°=
-37.7 kJ/mol with respect to NH, ") the experiment with water gave quite parallel
results as with K* [5].
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: @
C6H 6 CG FG

Figure 2. Comparison of quadrupole moments in benzene and hexafluorobenzene.

After successful studies in the gas phase, a logical consequence was an
application of acquired knowledge to conditions closer to nature. For that reason
research focused on aqueous media. A synthetic receptor has to compete for
cation (guest) with water molecules in order to form a host-guest complex. In
water cation has solvation shell so a receptor has to bind a guest more strongly
than solvent. It is possible thanks to cation-m and another interactions (like
hydrophobic). If this process works in the synthetic mode, probably nature uses
it equally well in biological recognition. Due to the large amount of relations in
water individual interactions are not easy to study. An important role in water
solutions plays hydrophobic interaction. In many cases this binding force is so
dominant that the others have marginal impact. Solubility is the next problem.
Often, for a receptor to be soluble in water, it must have an additional polar
groups —usually charged, e.g. carboxyl group. When measuring interactions with
cation and receptor, appended groups can make the analysis difficult because
they may interact with cation. Up to 1986 most of works had been based on
simple aromatics molecules (flat structures). But the Dougherty group decided
to investigate hydrophobic cyclophanes with aliphatic molecules. Their studies
are the most extensive in terms of cation-m interactions in aqueous media [6]. A
discovery of these forces was related to systematic tests of quaternary ammonium
salt adamantyltrimethylammonium (ATMA, 1) with cyclophanes containing
different connectors. Monomeric and soluble (through anionic carboxylates) in
pH 7-9 structures were chosen as cyclophanes. Also characterized by hydrophobic
binding cavity. Binding of ATMA by cyclophanes host was surprising because
only few aliphatic molecules had been known at the time to have this ability.
Initially, ion-dipole interaction was thought to be responsible for connection.
But in course of experiments during which linker in cyclophane was changing,
it was discovered that changing from benzene rings (2) to cyclohexanes (3) in
macrocycle decreases dramatically capability of complex formation. It was a
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precise evidence that trimethylammonium end of ATMA binds into hydrophobic
cavity because of cation-m interactions with benzene rings — the process that
had not occurred with cyclohexanes. It also excluded participation of remote
carboxylates groups in cation binding. Therefore, benzene is less polarizable
than cyclohexane. If interactions with the inducted dipole predominates cation-r,
host 3 will be better for ATMA than 2. Following experiments confirmed this

theory [7].

90  cd®

Cs OzC
—>"°

O
° A
I AN\
QL H—
/ %
1
o o}
e
%N 0 ®
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Figure 3. Formation of supramolecule by cation-r interactions.

A comparison of different guests showed that cation of N-methylquinoline
is 40-fold better bound than neutral quinolone through host 2 and for 3 the
difference is minimal. Electron rich indole is bound by 2 and 3 with similar
power — considerably less in comparison to the above-mentioned guests [8]. The
replacement of benzene rings by furan (4) or thiophene (5) caused a reduction of
cation binding capacity [9].

What was important from biological point of view, was that acetylcholine
interacts with host 2 in the similar way as with natural receptor [10].

The Schneider group synthesized receptors differently than Dougherty.
These receptors had charge from quaternary nitrogen atoms (6). Good guests
for them were arenes (like naphthalene) and nucleosides. In comparison to
naphthalene analogues without aromatics, binding energy was substantially
higher for aromatic guests. Because hydrophobic properties of these pairs are
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comparable, binding must be related with cation-r interactions. In this case, when
quaternary nitrogen atoms are replaced by anionic groups (hosts 7 and 8, see fig.
5), receptors have hydrophobic cavity without charge. Charge was transferred
outside the pocket. Obviously, receptors 7 and 8 bind naphthalene worse than
6. But for aliphatic molecules, which cation-n interactions are not relevant for
(main force are hydrophobic), these hosts have parallel attraction [11]. The
differences between aromatic or aliphatic guests and positively and negatively
charged hosts led to the conclusion: in the case of cation-x interactions existing
binding energy increases with the number of phenyl rings in the guest molecule.
It was calculated that for every additional ring energy of cation-n force grows
by 2 kJ/mol [12].
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o e \
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Figure 4. Examples of cyclophanes.
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Figure 5. Host with own positive charge (6) and with hydrophobic pocket (7, 8).
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Selectivity of hosts was the main subject of the Lehn group’s work. Also
cation-m interactions play significant role in this process. Examined structures
of cyclophanes had carboxylates groups increasing the solubility in water.
Figure 6 presents three molecules which combine with quaternary ammonium
(acetylcholine and related) and iminum ions in 1:1 ratio [13]. As before, Lehn’s
synthetic hosts are the strongest receptors (9 and related) for acetylcholine at
neutral pH. On the basis of the construction of these pairs it can be assumed
that cation-nt forces dominate among binding forces but the quantitative
measurements are problematic to perform on it [6]. In 1987 J.-M. Lehn and
other scientists from USA — D. J. Cram and C. J. Pedersen were awarded the
Nobel Prize “for their development and use of molecules with structure-specific
interactions of high selectivity” [14].

OH HO

e « YN o«

0,C, o o ],COZ o} ﬁO 0.
o CQ Qcoz.

@ @—’O oor 0. “Ho o

OH HO

0,70

9 10

Figure 6. The Lehn group quaternary ammonium ions hosts [6].

Interesting properties can be observed for the two structures synthesized
by Schwabacher et al. [15]. These molecules have opposite charge. And for 13
negative charge takes active part in binding (situated nearby host’s cavity, compare
with 7 and 8). 2,7-Dihydroxynaphthalene and tropolone were complexed 5 times
more strongly (in D,0/CD,0OD 60:40) by the anionic structure. In this example,
anion was more prone to the aromatic rings (due to affinity to the positively
charged edge of the ring — see fig. 2).

Mass spectrometry is good technique for measurements in the gas phase.
Different methods of this technique have been used to investigate interactions.
Ion cyclotrone resonance (FT-ICR) was the main method for Dunbar et al. Their
works studied aromatic aminoacids in cooperation with alkali metal ions and
determined that K* is bound weaker by Phe, Trp and Tyr aminoacids than Na*
[16-17]. CID experiments allowed to calculate bond energies for bis(benzene)
and alkali metal ions [18]. Our group uses MS method — electrospray ionization
(ESI) to investigate cation-m interactions. This force supports formation of
sandwich complex of benzo-crown ethers and alkali metal ions (Na*, K7,
Cs®) [19]. Also causes creation of molecular ion (radical cation) of diclofenac

40



PRINCIPLES OF CATION-TT INTERACTIONS IN SUPRAMOLECULAR CHEMISTRY

molecule in a presence of Cu®" ion — evidence of the existence of cation-n
interactions [20]. Secondary ion mass spectrometry (SIMS) and ESI were used
for the experiments with calix[4]arenes (see fig. 8) and metal ions. In case of
calix[4]arene having substituent with oxygen (14), it was difficult to distinguish
how cation-rt interactions influence binding. But for structures 15 and 16 with
aliphatic substituents, complexes with metals were also observed which means
that impact must be significant. As a result of signals for [16+Rb]" and [16+Cs]*
being abundant (more than for [16+Li]*, [16+Na]* and [16+K]"), structure 16
has to form pocket of size ideal for cesium cation [21].

Figure 7. Oppositely charged macrocycles.

oo ¢

R

0

(/

16

Figure 8. Structures examinated by mass spectrometry.

Besides studies in aqueos media, experiments in organic solvents are also
interesting because they allow to eliminate unwanted effects which exist in the
case of water solutions like hydrophobic force (they are in charge of driving
aliphatic guest to cavity, so sometimes influence of cation-m interactions may be
obscured). It requires to change the polarity of host molecules, e.g. for the tests
in chloroform molecule 2 was esterified to tetramethyl ester. This host binds with
strong attraction ATMA (1) or methyl quinoline cation. It was also found that
neutral molecules like quinoline are not good guests for this host. It suggested
that cation-m interaction is critical for the binding [22]. Also structure 11 was
esterified to hexamethyl ester by the Lehn group. This ester binds ATMA (1)
very well in chloroform [23].

Computational studies showed how in the same solvents energy of model
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cation-m interaction differs from salt bridge. As an example benzene — methyl
ammonium cation (cation-m interactions) and methyl ammonium cation and
acetate (as salt bridge) were used. The comparison of interaction energies and
solvent dielectric constants is presented in table 2. In the gas phase, obviously,
ion pair has a high affinity. It decreases with increasing polarity of solvent,
as a consequence of getting better solvation of ions (the same as most other
intermolecular interactions). Cation-n interaction still have the same energy in
different solvents. As calculated for dielectric constant 22.7, interaction energies
for both systems are the same. This value is close to ethanol (see tab. 2) and
acetone (20.7). As a result of having better parameters in water than salt, cation-n
interactions more often exist on the surface of proteins, where water is always
available [24].

Table 2. Interactions energies (kJ/mol) at the SM5.42R/HF/6-31+G* level [24].

solvent dielectric constant Benzene-MeNH,* MeNH, "-acetate
vacuum 1 -52.3 -525.4
Ccl, 2.2 -32.7 -223.6
EtOH 24.9 -23.4 -21.8
CH,CN 37.5 -23.4 -15.9
H,0 80.0 -23.0 -9.2

The important factor for binding energy is, as it turned out, a counterion
influence. The counterion determines solubility. Series of experiments were
performed using cyclophane host (17) and tetramethylammonium cation (TMA,
19) and acetylcholine (18) with different anions. CH,CI was used as a solvent.
In the early investigations of cation-r forces they were not involved in checking
the impact of counterion because borate buffer was used in the studies. In these
solutions anions are overwhelmed by borate, so counterion effect is neutralized.
The results showed that salt is less soluble, the less binding host and guest are.
Thus, poorly soluble salts are strongly bound (see tab. 3). In consequence, whole
ion pair rather than dissociated cation has to enter the host cavity in CHCI, [25].

Apart from cation-m interactions between metal ions, organic cations and
n electrons from aromatic systems, described in most of works concerning the
subject, these interactions have been also identified in a system with non-aromatic
n electrons. This combination creates e.g. acethylene and Ca* (20) [26] or ethylene
and ammonium cation (21) [27]. The Yamada group discovered the presence of
these forces in a coordination between a thiocarbonyl group and a pyridinium
ring (22). Molecule which it was revealed in is shown in fig. 10 (23) [28].
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Figure 9. Host and guests in the counterion effect studies.

Table 3. Solubilities (S [mol/L]), standard free energies of binding (A1G° [kJ/mol]) of
complexes TMA and ACh salts with host (17) [25].

tetramethylammonium acetylcholine
counterion AG® S counterion AG® S
picrate -8.35 1.3*%10* picrate -6.33 6.9%10*
triflate -7.68 7.4%10° iodide -5.99 4.8%10+
TFA -6.05 2.9*%10 2,4-DNN -4.75 7.8%10*
chloride -4.64 1.1*¥10° bromide -3.88 6.4%10°
acetate -2.60 1.1*10! chloride -3.21 1.0*10!

20 21 22 23

Figure 10. Examples of cation-m interaction with non-aromatic  electrons.

3. Cation-m interactions in synthesis

McCurdy et al. proposed to use the 2 host molecule to biomimetic catalysis of
alkylation by methyl iodide of a quinoline and similar (the Menshutkin reaction).
As well dealkylation by thiocyanate of dimethylphenylsulfonium. During the
reaction, host binds the transition state with high efficiency. Stabilization of
transition state is fundamental in catalysis of this reaction. It is a consequence
of polarizability effect and, naturally, cation-x interactions. Complex of host and
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transition state (24) is shown schematically in fig. 11. For the same reasons host
2 improves efficiency (10 times) of dealkylation of 25 [29].

@O CO?C@

S 0,C

\%)/

|
S
e
= 2
S-oN © + KSCN —>» © + CH3SCN + KBF4

HiC. )
N

(o] 25
(o]
@9020\ 0®
Cs CO, Cs

24
Figure 11. Alkylation and dealkylation with host 2 as the catalyst.

These forces have proved to be a good tool in organic synthesis. Especially
in stereoselective reactions where they decide about molecular conformations.

As a result of cation-n forces, diphenylcyclopropane (26) is subjected to
photoisomerization process. In this reaction with zeolites and alkali metal ions,
trans isomer turns into cis with efficiency of 91% [30].

26
Figure 12. Photoisomerization of diphenylcyclopropane.

Yamada and co-workers proposed a method of synthesis 1,4-dihydropyridines
(27). Intramolecular cation-r interaction (presented in the fig. 13 in brackets)
exists in this process. The reaction proceeds with almost 100% stereoselectivity
with 80% efficiency. In the case of cation-m interactions being weak (benzyl
is replaced by phenyl), stereoselectivity decreases to ca. 10%. Chiral
1,4-dihydropyridines are required in synthesis of natural products or NADH
models [31].
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Figure 13. Nucleophilic addition to the pyridinium ring [31].

In the Schmidt reaction an appropriate substituent may determine
regioselectivity of this rearrangement. In the example, substrate (28) had iso-
propyl (29) or phenyl (30) as substituent. In a solution occurs equilibrium (see
fig. 14, 32). If phenyl functions as a substituent, situation is like in the figure 14
(31). In the same situation iso-propyl stabilizes intramolecular interaction by
hydrogen bond. The substituent with phenyl gave products in 64:36 ratio for
conformer with cation-n interactions (34) while iso-propyl resulted in ratio of
88:12 for the opposite (33). The best ratio (5:95) was obtained for substrate (35)
[32].

N5~ OH
Me "ph 35
or
o Ny > oH
R 28
BF;*OFEt,
Bu
29
R= Pr 29
Ph 30

18y By

Figure 14. Regioselective rearrangement — the Schmidt reaction [32].
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4. Conclusions

It has been presented that cation-m interactions constitute an interesting topic
of supramolecular chemistry. Scientists have been intensively involved in the
study of these forces in recent years which is demonstrated by two extensive
publications [33-34]. The interactions in question bring hope for the development
of organic synthesis and chemistry of proteins.
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1. Introduction

Nowadays, the synthesis and application of water-soluble receptor molecules,
such as crown ethers, cryptands, calixarenes, dendrimers, etc., belong to the
most important tasks of supramolecular chemistry [1]. The solubility in water
is usually achieved by attaching ionic groups to the molecules [2—6]. Further
interactions of thus modified receptors, in particular calixarenes, with various
substrates (either molecules or ions) in aqueous media are usually considered
only in terms of "host + quest” association [7-13].

Meanwhile, large cavity-bearing molecules, among them those containing
charged groups, are able to form own aggregates (or associates, micelles, clusters)
in water [4, 5, 14-24] because of hydrophobic interactions. Therefore apart from
“host + quest” supramolecular interactions, micellar effects should be taken into
account. The last effects and their influence on the state of compounds dissolved
in water are considered in full for the case of well-established micellar solutions
of colloidal surfactants [25]. The non-aqueous microenvironment in concert
with the interfacial micellar charge display a specific kind of modification of the
properties of substrates bound to the micellar pseudophase [25]. However, the
corresponding information concerning the supramolecular systems is lacking.

In order to fill a gap in our knowledge of this issue, we conducted a series of
systematic studies with cationic calixarenes and dendrimers in aqueous media [26—
31]. The brief review given in this chapter is aimed to summarize the main results.
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In Figures 1 and 2, the calixarenes and dendrimers examined in our studies
are presented. As suitable tools for such a study we used a set of organic dyes:
acid-base and solvatochromic indicators and luminophores.

. OH

Hy

Figure 1. 5,11,17,23-tetrakis(N,N-dimethyl-N-hydroxyethylammonium)-methylene-25,26,27,
28-tetrapropoxy-calix[4]arene  tetrachloride (1) and 5,11,17,23,29,35-hexakis(N,N-
dimethyl-N-hydroxyethylammoniummethylene)-37,38,39,40,41,42-hexametoxycalix[6]arene
hexachloride (2) in their most probable conformations.
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Figure 2. The structure of dendrimers (3—D(8)(CH ), (C ,H, ), 4-D(8)(CH) (C H,) ),
5 PMD(8), 6 — IMDS-CO-MPEG).
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2. Phenomenological approach: the shift of the acid-base equilibria caused
by ionic dendrimers and calixarenes

Indicator dyes are common molecular probes for studying surfactant
micelles, droplets of microemulsions, phospholipid liposomes, etc. because of
high sensitivity of their spectral and acid-base properties to the nature of the
microenvironment [25]. Such dyes were also often used in the research of the
properties of receptor molecules [7, 9, 11, 12]. However, in the cited papers the
interactions of the receptor cavity with the dye molecule (or ion), i.e., the “host
+ quest” interactions, have primarily been taken in consideration.

In order to investigate the aqueous solutions of the above calixarens and
dendrimers as media for the acid-base reactions, we utilized over twenty organic
dyes [26-31].

For example, the relatively small-sized prolonged indicator molecules are
represented by methyl orange (Figure 3). In principle, such species may be
docked into the calixarene cavity.

HRZ (red)
Oy e O

—03SON\ "
‘N«O»N(CHQZ + H

R (yellow)
Figure 3. The azo dye methyl orange: the zwitterionic (HRT ) and anionic (R-) forms.

The standard acid-base sulfonephthalein indicators phenol red (X' = X2 = X3
= H) and especially its derivatives, such as bromophenol blue, thymol blue, and
bromothymol blue (Figure 4), are certainly too large to be involved to high extent
into the host cavity, at least in the case of the calixarenes under study [26, 31].
Besides these indicators, methyl yellow, neutral red, four nitrophenols, as well as
fluorescein (Figure 5) and its derivatives eosin, rose Bengal B, decylfluorescein,
and some other dyes were also involved in the investigation.
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HR" (yellow) R?* (red or blue)
Figure 4. The monoanionic (HR") and dianionic (R*) forms, sulfonephthalein dyes.

Br Br I I
-0 o o O o o 0. 0. o
Br Br '
COO~ COO_ Cl (e{0]0)
Cl Cl
(¢]]

Figure 5. The R* forms of fluorescein, 2,4,5,7-tetrabromofluorescein (eosin), and
2,4,5,7-tetraiodo-3",4",5",6 -tetrachlorofluorescein (rose Bengal B).

As akey quantitative characteristic, the so-called “apparent” pK ¥ value of
the indicator dye was determined by means of visible spectroscopy accompanied
by potentiometric pH determination [25]. Normally, the concentration of indicator
dyes in solutions is chosen in the region of 1X 10~ M. The concentration of the
dendrimer or calixarene was as a rule within the range of 1 X107 to 0.01 M.

In brief, our investigations [26—31] have demonstrated that appearance of
cavity-bearing species 1-6 in solution causes the same effects as the introduction
of cetyltrimethylammonium bromide (CTAB), N-cetylpyridinium chloride
(CPC), etc. The pK . shifts against the pK, in water (pK ") are of the same
direction and close by value to those registered in micellar solutions of cationic
surfactants.

The pK” values of indicators in solutions of dendrimers [27] are
exemplified in Table 1, and some data for calixarene solutions [28] are
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compiled in Table 2. The symbols pK )’ and pK;V* denote the indices of the
thermodynamic dissociation constants in water and of the constants at the given
ionic strength, 7, respectively.

Table 1. The pKJPP values of different indicator dyes in 1.2x10* M solutions of
dendrimer 3 1 = 0.01 M) and cationic surfactants, CPC and CTAB [27]

Dye (pK ") pK P ApK ApK ™

in surfactant micelles
Bromophenol blue (4.20) 2194+ 0.04 -2.01 —(1.94-2.16)
Decylfluorescein (6.31) 4.92+ 0.03 -1.39 —(1.37-1.39)
Bromothymol blue (7.30) 6.42F 0.04 —-0.88 —(0.71-0.94)
Thymol blue (9.20) 2,50+ 0.03 -0.70 ~(0.30-0.37)

The medium effects (here: the ApK[” = pK:” — pK) values) are
governed rather by the charge type of the acid-base couple and the nature of the
ionizing group, than by the size of the dye ions and molecules. This strongly
resembles the well-documented interaction of dyes with micelles of cationic
surfactants [25]. The dependence of the pK;”” values on the concentration
of the receptor molecules and the alteration of the absorption spectra of the
equilibrium forms of the indicators as compared with those in water are typified
in Figures 6 and 7 respectively.

Such type of dependences and absorption band shifts are also registered for
sulfonephthalein indicators in the presence of cationic surfactants.

Hence, the medium effects for a number of indicator dyes in solutions of 1-6,
on the one hand, and in micellar solutions of common cationic surfactants, on
the other hand are similar. This allowed deducing that the dyes may interact with
the species 1-6 as with cationic micelles. Even more possible seemed to be the
formation of positively charged aggregates and the dye + aggregate interactions.
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Table 2. The indices of the apparent ionization constants of acid—base indicators in 2.510~
3 M aqueous solution of calixarene 1; I = 0.05 M (NaCl + buffer) [28]

. Charge
fndicater typeg pK;V ’ (pK;N ) in lpg);lzf;ion Aijpp
Neutral red A"B" 647 + 0.04(6.50) 6.4110.05 = (
Thymol blue AB 1.49%0.01 (1.70) 0.29%0.13 ¢ -1.41
Methyl orange AB" 321%0.02(3.40) 1.88%0.05¢ —1.52[-2.18]"
Methyl yellow A*B"  3.06%0.05(3.25) 2.5710.04 -0.68
2,4-Dinitrophenol A’B 3.81£0.02 (4.11) 2.88t0.05 -1.23[-1.46]¢
2,6-Dinitrophenol AB- 3581001 (3.71) 3.24%0.01 -0.47
2,5-Dinitrophenol AB" 508%0.02(5.15) 4.5210.05 —0.63
4-Nitrophenol AB" 7.07%0.04(7.15) 7.0810.12¢ -0.07 [-0.81]¢
Bromophenol blue AB*  4.05%0.02 (4.20) 2.59t0.06¢ -1.61[-1.59]¢
Bromocresol green AB* 4851001 (4.90) 4.14%0.05 -0.76
Bromocresol purple  AB*  630%10.02 (6.40) 5.51%0.10 -0.89
Bromothymol blue AB*  726%0.02(7.30) 6.82%0.03 —0.48
Phenol red AB*  797%0.02(8.00) 7.40t0.06/ —0.60[-0.93]/
ortho-Cresol red AB*>  825%0.01 (8.46)  7.58%0.04 —0.88
meta-Cresol purple  A'B*  855%£0.01 (8.70) 8.28%0.05 -0.42
Thymol blue AB*  9.07%0.02(9.20) 9.14%0.02 -0.06

“I>0.05M; *at1conc. 0.01 M, pK ¥ of methyl orange equals 1.22 £0.05; <at 1 conc.
7.5% 107 M, pK P of 2,4-dinitrophenol equals 2.65% 0.04; “ at 1 conc. 0.01 M, pK P
of 4-nitrophenol equals 6.34%0.17; ¢ at 1 conc. 0.01 M, pK & of bromophenol blue
equals 2.61%0.05; " at 1 conc. 0.01 M, pK ;" of phenol red equals 7.07%0.01.
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Figure 6. The dependence of bromophenol blue pK;l values in solutions of 3, 4, and §
on logarithm of dendrimer concentration. Dye concentration: 8.5X 107, 9.0 107%, and
5.0X10°° M respectively, C,, . varies from 0.001 to 0.01 M. Reprinted from ref. 27 with

HCI
permission of the American Chemical Society.

90 +

60

30 A

& x1073/ ML em™
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Figure 7. The absorption spectra of bromophenol blue anions HR- (1, 3, and 5) and R*
(2, 4, and 6) in water (1, 2) and in the presence of (2.5-5.0) <107 M of calixarenes 1 (3,
4)and 2 (5, 6); pH=38 (2) and 6 (4, 6), I = 0.05 M (buffer + NaCl). The spectra (1, 3, and
5) are obtained in the presence of 0.1-0.3 M HCI. Reprinted from ref. 31 with permission
of the American Chemical Society.
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3. The evidences of the presence of aggregates in aqueous solutions of cali-
xarene and dendrimers

The method of dynamic light scattering (DLS) allows revealing the existence
of small aggregates with diameter around 3—4 nm in solutions of compound 1 [28,
29, 31]. For this calixarene, the aggregates are formed only if the concentration
exceeds some threshold value. Such behavior strongly resembles the micelle
formation of colloidal surfactants, and the abovementioned concentration is in
fact the threshold, or critical aggregate concentration (CAC), analogous to the
critical micelle concentration (CMC) of amphiphilic surfactants.

The similarity becomes even more expressed by comparing these CAC
in solutions with and without addition of indifferent salts. In Figure 8, the
intersection of the two straight lines in the intensity data corresponds to the
critical aggregate concentration.
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Figure 8. The plots of the intensity of scattered light (in kilo counts per second) and
hydrodynamic diameter obtained for the solutions of calixarene 1 prepared in deionized
water (a) and in 0.05M NaCl aqueous solution (b) Reprinted from ref. 29.

The threshold values thus obtained are 4x103 and 1.2x10* M in pure
water and 0.05 M NaCl solution. Such a dramatic decrease in the CAC values
emphasizes the similarity between compound 5 and colloidal surfactants. Indeed,
the expressed decrease in the CMC values caused by indifferent salts is typical
for common ionic amphiphiles, such as CTAB or CPC [25].

The measurements of the electrophoretic potential are also helpful. In the
case of calixarene 1 in pure water, the ¢ value varies within the range of + (60
to 80) mV [28, 29, 31]. The evident origin of the positive charge is the location
of a fraction of Cl ions outside the colloidal aggregates. This also underlines the
similarity between the calixarene aggregates and micelles of cationic surfactants.
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In aqueous solutions of dendrimers 3 and 4, aggregates of different sizes
(5 to 3700 nm) have been detected under acidic and basic conditions, at
concentrations similar to those used for the study of the indicator dyes (Table 3)
[27]. The diameters of a major component of dendrimer 4 having four n-dodecyl
chains correspond either to single molecules or to very small aggregates at
both pH 10 and 2. On the other hand, dendrimer 3 bearing eight n-dodecyl
chains is highly aggregated at pH 2 and 10 and show bimodal and trimodal size
distributions. The data collected in Table 3 demonstrate that dendrimer 4 exists
in water predominantly in the form of small-sized species even at concentrations
above the CAC [27].

Table 3. Sizes of dendrimer aggregates in water at 25°C from dynamic light scattering

Dendrimer C/M pH diameter/nm ¢
3 1.20x10* 2.0 293 (88%), 4900 (11%)
3 1.20x10* 10.0 64 (32%), 302 (32%), 3700 (35%)
4 5.09x10* 2.0 5 (major), 196 (minor)
4 5.09x10+ 10.0 4.5 (major), 290 (minor)

@ Size distribution by volume percent. Size was not calibrated, and relative volumes were
unreliable for the 5 nm diameter particles. Reprinted from ref. 27 with permission of the
American Chemical Society.

In the case of calixarenes, we also observed a significant dependence of
aggregate properties on compound structure. The dramatic difference between
the aqueous solutions of calixarenes 1 and 2 consists in the size of the aggregates.
Indeed, the particles of the six-member calixarene are much larger. Their size
varies within the range of =10?to = 10° nm (Figure 9).

Such difference is probably caused first of all by the character of major
conformations of the calixarenes (cone for compound 1 and 1,3,5-alternate for
2). The less expressed hydrophobicity of the alkoxyaryl portion of calixarene 2
as compared that of compound 1 should be also taken into account.

The histogram for this polydisperse system is typified in Figure 9; for nine
C_ix Values from 1X 10 to 0.01 M, the picture is similar in outline. Note,
that the rather large particles of calixarene 2 as 1,3,5-alternate already exist
in extremely diluted solutions (about 1X 10 M) of this calixarene. Thus, it is
difficult to reveal any distinct CAC value.

At the same time, the electrophoretic study of solutions of calixarene 2 in
pure water demonstrated the existence of particles possessing positive charge,
with the electrokinetic potential (zeta potential) value & = +(41-50) mV
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lower as compared with that of calixarene 1 aggregates: +(60—80) mV. The ill-

expressed decrease in ¢ at higher C,,;,, values (insert in Figure 9) should be

explained by the screening of the interfacial charge of the aggregates by the CI-
ions, because the concentration of the latter in the bulk increases along with the
increase in C_,;,. , a phenomenon well known for ionic surfactant micelles [25,

31] (“negative adsorption™).

Intensity (%)

1 10 100 1000 10000

Diameter / nm

Figure 9. The DLS data: the size distribution by scattering intensity in aqueous solutions
of calixarene 2, C_, = 4107 M, 25 °C. The insert demonstrates the variations of the
electrokinetic potential along with the concentrations of calixarene 2. Reprinted from ref.
31 with permission of the American Chemical Society.

The transmission electron microscopy (TEM) data obtained within the wide
concentration range of the colloidal systems confirm the polydisperse character
and (in outline) the size of the calixarene aggregates studied (Figure 10).

It is evident, that the particles formed by calixarene 2 consist of primary
aggregates, which are rather isometric than prolonged ones, with diameter ca.
15-40 nm (Fig. 10q,b). The particulates are amorphous. The formation of some
part of secondary aggregates as a result of water evaporation during the sample
preparation for the TEM experiments also cannot be excluded. However, just
the secondary aggregates shown in Figure 10a (several typical examples from
a much larger body of data) get the size range estimated by the DLS method.
From such a picture, it can be deduced that the aggregates are in fact clusters of
neutral salt molecules, i.¢., six-charged cations with six chloride anions. Only the
interfacial ClI” ions can leave the aggregates, thus causing their positive charge.
This hypothesis was supported by the measurements with the Cl-selective
electrode [31].
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Figure 10. Typical electron micrographs of the aggregates of calixarenes 2 (a, b) and 1 (c,
d). The images a and b refer to the dried aqueous solutions (0.001 M), the images ¢ and
d were obtained using the 0.004 M solutions of calixarene 1 contrasted by rose Bengal B.

Reprinted from ref. 31 with permission of the American Chemical Society.

The differences in the behavior of calixarenes 1 and 2 probably originate
from the peculiarity of their conformations. For calixarene 1 the cone, or,
more precise, a dynamic equilibrium between two equivalent conformations
of a pinched cone is typical. Its spatial structure investigated with molecular
mechanic computations (MM+) [26] revealed that in vacuum two distal rings
are almost parallel. Two other rings are almost orthogonal. Distances between
distal N-atoms are equal to 0.59 and 1.37 nm, neighboring N-atoms are located
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at 0.73 nm.

In contrast, the six-member calixarene 2 is conformationally mobile, and
in its solutions the free rotation of the aromatic rings around the bonds with
the ~CH,— groups takes place, resulting in 1,3,5-alternates. For solutions of 2 in
DMSO, it was proved by a sole spread signal at 3.98 ppm of methylene protons
in 'TH NMR spectrum in DMSO [31]. In the crystal state, the 1,3,5-alternate
conformation is also energetically more beneficial as compared with the cone or
partial cone conformations [31].

Spatial structure of calixarene 2 in vacuum was studied by the molecular
mechanic computations (MM-+) method. Calixarene exists in a centrosymmetrical
1,3,5-alternate conformation. Three pairs of distal rings are allocated in almost
antiparallel directions; corresponding dihedral angles are 28.6°, 17.95° and 3.93°.
Two ammonium moieties are partly incorporated in the cavity of the macrocycle,
distances between N-atoms are within 0.53 to 1.53 nm [31].

Recently [31], we compared our data with the results of other research
groups devoted to the aggregates formed by cationic [6, 15, 17, 20, 32, 33] and
anionic [4, 34] calixarenes.

4. The origin of the medium effects in aqueous solutions of cationic calixa-
renes and dendrimers

On the whole, the introduction of cationic calixarenes and dendrimers
into the aqueous buffered solutions of the indicator dyes leads to their pK "
decrease. In addition to Tables 1 and 2, some data for most common indicator
dyes are exemplified in Table 4.

Analogous effects at the transfer from water to calixarenes and dendrimers
solutions were also recorded for other indicators. It confirms the colloid character
of the systems under study and demonstrates the great significance of micellar
effects in supramolecular systems.

The difference pK " values and the values in water can be expressed
through the transfer activity coefficients from water to pseudophase, or dispersed
phase, ¥»", and electrical potential, ‘¥ [25]:

w m \PF
ApK&” = pK& — pK ! =log—TR— —
P2 PRa™ = P24 8 W 2302RT

7HR (])

The positive ¢ and, correspondingly, ¥ values of the colloidal systems
explain the increase in the “apparent” acidic strength documented in Tables 1,
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2, and 4. At that, the six-member calixarene displays a less expressed influence

on the protolytic equilibria. This is in line with the fact that the & values for
aggregates of compound 2 are = (20-30) mV lower as compared with those of 1.

Tuble 4. The pK P values [£(0.01 to 0.07)] of different indicator dyes in aqueous
solutions of calixarenes and dendrimer 3, 25 °C

pK " [log( K™ /K ™)

System *
Phenol Bromophenol Bromothymol Methyl
red blue blue orange
Water, /= 0.05 M 7.97 4.05 7.26 3.21
Calixarene 1 7.40 [0.57] 2.59 [1.46] 6.82 [0.44] 1.88 [1.33]
Calixarene 2 7.66 [0.31] 2.90[1.15] - 2.64 [0.57]
Dendrimer 3 - 2.19[1.86] 6.42 [0.84] -

Micellar solution of
cationic surfactants

«Conc. of calixarenes: 2.5x103 M, I = 0.05 M; conc. of dendrimer 3: 1.2x107 M (the
CAC value is 9.0x10° M), I = 0.01 M; the pK ¥’ values are determined in buffer or
HCI + NaCl solutions; * CPC: 0.003 M, I = 0.05 M (buffer + KCI). <CTAB: 0.003 M, I =
0.05 M (buffer or HCI + KBr).

7.08°[0.89] 2.83°[1.22]  6.36°[0.90]  1.00°¢[2.21]

Note, that the ApK ;" values are quite different for different charge
types of acid-base couples, for the indicators of different structure, or even for
sulfonephthaleins bearing dissimilar substituents. This differentiating impact of
aggregates of compounds 1-6 on the strength of organic acids underlines the
similarity with micelles of cationic surfactants [25].

However, such differentiating action of the pseudophase may be also of
“trivial” nature [25]. In other words, it may be caused not by the influence of the
microenvironment, but by the incomplete binding of the equilibrium species of
the indicators to the aggregates.

The completeness of binding of the dye species may be estimated either by
using the dependences of pK ;”” (or ApK 7 ) on the concentration of calixarenes
(dendrimers) or by the character of alteration of absorption (emission) spectra
under the same conditions. As a rule, the curves of pK*” vs.C_. or C,  reach
the plateau [26-28, 31], as it is exemplified in Figure 6. For instance, in solutions
of 1 the concentration C_. = 2.510° M is enough for obtaining stable pK /*”
values for the majority of dyes. Only for several more hydrophilic indicators,
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constant values are fixed at higher calixarene concentrations (Table 2), etc.

Similar conclusions were deduced from the electronic spectra [26-29, 31].
The hypso- or bathochromic shifts of the absorption bands of the equilibrium
species are of the same sign as on going from water to surfactant solutions (at C
> CMC) or to organic solvents.

Hence, the medium effects in 1-6 solutions should be attributed to the
influence of the microenvironment within the pseudophase of the positively
charged aggregates.

5. Possible mechanisms of dye + calixarene association

Though the inclusion of smaller species into six-member calixarenes
is well documented (as example, the system calix[6]arene hexasulfonate +
4-nitrophenol can be proposed [13]), the cage of calixarene 2 is unable to admit
the whole bromophenol blue ion. Even more so, it refers to the case of calixarene
1[26, 31]. Some possible interaction schemes are given in Figure 11. Such kinds
of associates can represent the state of the dye species fixed at the colloidal
aggregates of calixarene 2.

Figure 11. The possible complexes of bromophenol blue dianion, R*, with the cavity
of calix[6]arene 2 (the structures are obtained using the program HyperChem 8.0
Evaluation and WebLabViewer 3.5). Reprinted from ref. 31 with permission of the
American Chemical Society.

In the case of the prolonged molecule (or ion) of methyl orange, the complete
docking into the cage of 2 is quite possible [31]. However, this is an exception
within the set of dyes used in our studies. More probable is a partial penetration
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of the dye species into the calixarene cavity or even formation of exo complexes.
In Figure 12, two from a number of possible positions of 4-nitrophenol in its R~
form, fixed by a small aggregate of a four-member calixarene 1, are schematically
presented. Analogous endo and exo complexes have been constructed earlier for
the R? anion of bromophenol blue [31].

Attempts to directly detect the interaction between cationic calixarene 1 and
bromophenol blue were made by '"H NMR spectroscopy by using a concentration
range sufficiently higher than that for UV-vis spectroscopy. Unfortunately, these
studies were hindered by the undesirable effect of precipitation [31].

Figure 12. Endo (a) and exo (d) complexes of calixarene 1 aggregates with the anion of
4-nitrophenol. (the structures are obtained using the program HyperChem 7.5 Evaluation)
Reprinted from ref. 31.

In the case of dendrimers, the dye species may be located in the voids of the
branchy structures. Interestingly, compound 5 exerts a less expressed influence
on the acid-base equilibrium of the dyes, as compared with those of 3 and 4
(Figure 6). The main reason may be the absence of n-dodecyl chains in its
molecule.

6. The peculiarities of some physico-chemical processes in solutions conta-
ining aggregates of compounds 1-6

Within the course of our studies [26-31], we have found a number of
chemical processes that demonstrate either the similarity of distinction between
the calixarene and dendrimer aggregates, on the one hand, and common sphere-
shaped micelles of cationic surfactants, on the other hand. Some of them are
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briefly considered below.

The peculiar of methyl orange behavior. 1t is well known, that in the
presence of small amounts of cationic surfactants, far below the CMC value,
the absorption band of the anionic species of methyl orange (Figure 3) in water
(Amax = 462-463 nm) undergoes a dramatic hypsochromic shift up to 360
370 nm [35, 36]. This effect was explained in terms of mixed dye—surfactant
micelles, where the azo dye exists in form of dimers with parallel orientation of
chromophores [36]. At elevated surfactant concentrations, the band shifts toward
420-430 nm, indicating the existence of single R~ ions of the dye fixed in the
micellar pseudophase (sole dye ion per micelle).

The displacement of the band to the UV-region is typical for the diluted
(7.5% 107 to 2.5X 10~ M) aqueous solutions of calixarene 1 [28], and from this
viewpoint the calixarene 1 behaves in aqueous solutions like a cationic surfactant.
Contrary to it, such a “dimeric” band in the UV portion of the spectrum was
not registered in the case of calixarene 2 within the whole concentration range
examined, from 1X107° to 0.01 M [31]. This is in line with the existence of
aggregated calixarene species even at the extremely low concentrations of 2,
deduced from the DLS data. Another explanation of the absence of this indicative
UV band in diluted solutions of may be the aforementioned complete penetration
of the prolonged dye ion into the six-member cage of calixarene 2. In principle,
such docking can preserve the dye—dye interaction.

Interaction of dendrimers with fluorescein. Fluorescein dianion R* (Figure
5) can be protonated to form monoanion, neutral molecule, and cation. The state
of the three-step ionization equilibrium in water H,R* <= H,R <= HR <
R? is shifted on introducing dendrimers 3 and 4 in the same direction as in
micellar solutions of cationic surfactants, and the R?>" absorption band is also
red-shifted by ca. 10 nm as compared to aqueous media [27].

The neutral species, H R, is known to be an equilibrium mixture of three
tautomers: zwitter-ion, quinonoid, and colorless lactone (Figure 13).

HO. o OH HO 0 0] HO (o) OH
+ - > —
- - o
COO™ COOH |
BN
0]

Figure 13. Zwitter-ionic, quinonoidal, and lactonic tautomers of fluorescein.
In micellar media, a drop of molar absorptivity is usually registered because
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of shift of tautomeric equilibria: the zwitter-ion and quinoid tautomers convert
into the colorless lactone. This effect was also registered in dendrimer solutions
[27]. Surprisingly, dendrimer 4, having a smaller number of hydrocarbon tails
and possessing a higher CAC value as compared with dendrimer 3, displays
a more “micellar-like” influence on tautomeric equilibrium of fluorescein.
This may be caused by a higher aggregation numbers of the less hydrophobic
dendrimer 4.

Investigation of aggregates using solvatochromic pyridinium-N-phenolate
dyes. We also examined the behavior of two solvatochromic pyridinium-N-
phenolate dyes, the so-called Reichardt’s dyes (Figure 14), which can also serve
as useful acid-base indicators in organized solutions.

C6H5 Z C6H5 Z
\ \ _
C6H54</:-§N4C%OH —_— C6H54</:4<<N o + H
CeHs CeHs

HR', colorless RE , colored
Figure 14. Cationic and zwitter-ionic forms of pyridinium-N-phenolate dyes (Z = C H;
Cl; pK )} = 8.64 and 4.78 respectively).

The standard dye (Z = C.H,) in its colored form, R* , possesses =453 nm
in water [37], while in micelles of cationic surfactants is ca. 530-540 nm [37].
Analogous shift has been reported by Pan and Ford for the dendrimer of high
generation, which forms in fact “unimolecular” micelles in water [38]. However,
neither in solutions of low generation dendrimers 3-6 nor in the presence of
aggregates of calixarenes 1 and 2 such effects were observed. For the chloro
derivative in solutions of compound 3, the value is 408 nm (in water: 412 nm)
[27]. The pK,?* value appeared to be even somewhat higher than in water (
ApK 7’ = +0.3), while in cationic micelles ApK ¥ = —1.0, and the value is
465 nm [27]. Probably, the cationic species HR" are practically not bound by the
dendrimer.

Thus, these solvatochromic dyes testify rather against the similarity between
the aggregates of 1-6 and common cationic surfactant micelles.

Kinetic experiments. A preliminary decision may be made that the kinetic
data also allow distinguishing between the aggregates of 1-6 and the micelles
of cationic colloidal surfactants. For instance, the influence of dendrimer 3 on
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the rate of the hydrolysis reaction of diacetylfluorescein shows that the local
HO™ concentration in dendrimer is much lower than in the Stern layer of cationic
micelles, where the rate of the same reaction is much higher:

Diacetylfluorescein (colorless) + 2 HO~ — Fluorescein (R*, green fluorescence) (2)

On the other hand, cetyltrimethylammonium bromide micelles protect the
fading of the bromophenol blue R* anion at pH around 12 (Figure 15)

Br Br Br Br

Br Br Br Br
HO
S0;~ SO5~

Figure 15. The conversion of the blue dianion R* to the colorless trianion ROH* as a
result of the nucleophilic attack of the HO ion.

However, the dye fades in solutions of dendrimer 3 and of calixarene 1 and
2 just as in water.

7. Concluding remarks

In aqueous solution, cationic calixarenes and low generation dendrimers
readily form positively charged aggregates. The size varies from 3—4 nm to =
10° nm, depending on the molecular structure. Large aggregates of calixarene
2 consist of primary ones, being at least one order of magnitude smaller.
The positive charge of the particles is confirmed both by the electrokinetic
measurements (e.g., for calixarenes ¢ varies from +41 to +80 mV) and their
influence on the pK, values of a set of indicator dyes.

The aggregates markedly influence the absorption spectra and tautomerism
of the dyes. The effects displayed by both calixarene and dendrimer aggregates
resemble in outline those typical for micellar solutions of cationic surfactants.
However, the agreement is far from being complete. For example, some kinetic
data allow distinguishing between the aggregates under study and the common
micelles of colloidal surfactants. Similar likeness with some specific differences
was also stated between cationic surfactant modified silica nanoparticles [39]
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and spherical polymeric polyelectrolyte brushes on the one hand and micelles of
cationic amphiphiles on the other hand [40].

Concluding, on using ionic calixarenes and dendrimers in aqueous media,
not the inclusion phenomena solely, but also micellar effects of colloidal
aggregates should be taken into account.
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One possible method for reducing therapeutic doses of drugs, increasing
their solubility, and expanding the spectrum of biological activity is to
form clathrates with plant saponins [1]. This approach has already been
examined for glycyrrhizic acid (3-O-B-D-glucuronopyranosyl-(1®2)-O-B-D-
glucuronopyranoside of glycyrrhetinic acid, Fig. 1), the main triterpene saponin
of licorice roots Glycyrrhiza glabra L. (Fabaceae) [1-3].

Triterpene glycosides o-hederin (hederagenin 3-O-0-L-rthamnopyranosyl-
(1®2)-0-a-L-arabinopyranoside, glycoside 1, Fig. 2) and hederasaponin C
(hederagenin 3-0-o-L-rhamnopyranosyl-(1®2)-O-0-L-arabinopyranosyl-28-O-0-
L-rhamnopyranosyl-(1®4)-0-3-D-glucopyranosyl-(1®6)-O-B-D-glucopyranoside,
glycoside 2, Fig. 2) are suggested as perspective complexing agents [4—10].
Glycosides 1 and 2 were discovered in representatives of most species of the ivy
genus Hedera L. (Araliaceae), in which they are dominant saponins [11].

Glycosides 1 and 2 were isolated from Hedera helix L. [12, 13], H.
canariensis Willd. [14], H. taurica Carr. [15, 16], H. nepalensis C. Koch. [17],
H. rhombea Bean. [18], H. caucasigena Pojark. [19, 20], H. scotica A. Cheval.
[21] and H. colchica C. Koch. [22, 23]. Glycoside 2 was extracted from H.
pastuchovii G. Woron. [24, 25].

71



L. YakovisHIN, V. GRISHKOVETS, A. KOVALENKO, G. SCHROEDER AND V. RYBACHENKO

HOOGy

29

Figure 1. Glycyrrhizic acid.

Figure 2. Glycosides 1 (0-hederin, R=H) and 2 (hederasaponin C; R=—-BGlcp-(6—|1)-
BGlc/}-(4—|1)-0LRhap).

Glycosides 1 and 2 are included in the well-known drugs for treating
coughs, Hedelix and Prospan, composed of H. helix leaves [11, 26]. Glycoside 2
(precursor of glycoside 1) is the dominant glycoside of ivy leaves [11]. Herewith,
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the main therapeutic effect of ivy medicines is determined by the presence of
glycoside 1. Glycoside 1 inhibits the inactivation of 3, receptors in the lungs and
bronchus [27].

Besides, the complexes of steroid glycosides of the spirostan type
neotigogenin ~ bioside  (neotigogenin  3-O-B-D-glucopyranosyl-(1®4)-
O-B-D-galactopyranoside, Fig. 3), neotigogenin trioside (neotigogenin
3-0-B-D-glucopyranosyl-(1®4)-0-B-D-glucopyranosyl-(1®4)-0-B-D-
galactopyranoside, Fig. 3) and petunioside D (capsicoside B,, gitogenin 3-O-f3-
D-glucopyranosyl-(1®4)-0-B-D-galactopyranoside, Fig. 4) were prepared
with amino acids, nucleosides and adenosine-5-monophosphate [28-34].
Glycosides were isolated from seeds of tomato Lycopersicon esculentum Mill.
(Solanaceae) and petunia Petunia hybrida Hort. (Solanaceae) [35]. Capsicoside
B, (petunioside D) was isolated for the first time from the roots of the red pepper
Capsicum annuum L. (Solanaceae) [36].

Figure 3. Neotigogenin glycosides (R=BGlc -(184)-Gal ®, BGlc -(1®4)-BGlc -(104)-
BGal ®).

Figure 4. Petunioside D (capsicoside B,; R=BGlc -(1®4)-BGal ®).
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Complexes of the cardiac glycosides digoxin (Fig. 5) and K-strophanthin-f3
(Fig. 6) with amino acids and ternary complexes containing in addition Ca*" and
Mg?" were prepared [37]. The compounds were characterized by NMR and UV
spectroscopy. Digoxin is contained in Digitalis lanata Ehrh. (Scrophulariaceae)
[38]. K-strophanthin-3 was isolated from seeds of Strophanthus Kombe Oliver
(Apocynaceae) [38].
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Figure 5. Digoxin.

Figure 6. K-strophanthin-3

1. Complexes with L-phenylalanine

The complexes of amino acid L-phenylalanine (Phe, Fig. 7) with cardiac
glycosides K-strophanthin-B (Fig. 6) and digoxin (Fig. 5) as well as triple
complexes including Ca*" and Mg** cations were prepared [37]. The complexes of
K-strophanthin-f with Phe, L-tyrosine (Tyr, Fig. 7), and L-tryptophan (Trp, Fig.
7) are deduced to have almost equal stability constants. The complex of Phe and
digoxin is less stable than the Tyr complex. Triple complexes Phe—glycoside—
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Me?*" are more stable than double ones. Stability constants of complexes have
been defined by the method of spectrophotometric titration.

The authors of [37] explain the durability of complexes by different polarity
of steroid glycosides (strophanthin is a polar glycoside, whereas digoxin is a
non-polar one).

The complexation of Phe with steroid glycosides was investigated by the 2>Cf
fission-product ionization time-of-flight plasma-desorption mass spectrometry
[28-32]. Herewith, neotigogenin bioside and petunioside D (gitogenin bioside)
were shown to make stable complexes and neotigogenin trioside to interact with
Phe moderately. All the complexes had 1:1 composition. For them the mass
spectrometry peaks [Melveoside+VPhe+ H]" and [Melveoside+ MPre+ K" were found.

H
H H
N (0] o
8 H H
N N
N 2 2

Histidine (His) Phenylalanine (Phe)
(e} o
H H
(e} o
| H H
N 2 H N 2
N (0]
Tryptophan (Trp) Tyrosine (Tyr)

Figure 7. Aromatic amino acids.

The presence of intermolecular interactions between Phe and glycosides 1
and 2 (Fig. 2) was found out by the UV-spectrometry. As the glycosides 1 and
2 concentrations increases at constant Phe concentration, the optical density of
their solutions increases as well (hyperchromic effect) (Fig. 8). The complexes
composition was determined by the method of isomolar series [39]. This method
gave a molar ratio ~1.0, which corresponded to a 1:1 glycoside—Phe complex.

Formation of complexes of analogous composition between Phe and
glycosides 1 and 2 was recently confirmed using electrospray-ionization
mass spectrometry (ESI-MS) [40]. It was established that the glycoside 1 and
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Phe in negative-ion mode formed the complex [M'+MPFr-H]~. Peaks for four
molecular complexes [M!'+MPre+H]*, [4M!'4+2MFPre+2H]*, [SM!'+MP+2H]* u
[SM!'+2MPre+2H]*" in addition to peaks belonging to Phe and glycoside 1 self-
associates and their adducts with Na* and K* were observed in the positive-
ion mass spectrum (Fig. 9). The ratio of intensities of the peaks for the four
molecular complexes was 174.8:6.8:1.2:1.0.

The negative-ion mass spectrum contained a peak for the complex
[M*+MPr—H], the intensity of which was 1.5 times greater than that of the
[M'+MPre—H] peak. In positive-ion mode, complexation of 2 and Phe was not
observed. Thus, complexes with a glycoside:Phe 1:1 molar ratio were the most
stable.
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Figure 8. UV spectra of Phe aqueous solutions (107 M = const) with different
concentrations of glycoside 1: 0 M (1), 0.50x107* M (2), 10~ M (3), 0.25x107° M (4),

0.50x107 M (5) 0.75x107° M (6), and 107 M (7).

Allelopathic activity of saponins has been known for a long time [41-44].
The influence of Phe, of glycosides 1 and 2, and of their complexes on the
germination of Avena sativa L. (Poaceae or Gramineae) seeds was recently
studied [39]. Herewith, it was shown that as the 72-hours period (after the seeds
cultivation with glycoside—Phe mixtures) passed, the germination was better
than of those held in solutions of individual glycosides. The length of roots and
sprouts of the seeds, cultivated by the above-mentioned mixtures, appeared to
be maximum as well.
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Figure 9. Portion of the positive-ion mass spectrum of a mixture of glycoside 1 with Phe
(peaks for ions [4M'+2M™+2H]** (m/z 1666.73), [SM'+M™+2H]" (m/z 1959.41), and
[SM'+2MP+2H]** (m/z 2041.93)).

Consequently, the interaction between Phe and glycosides 1, 2 results in the
compounds improving seeds’ germination, size of roots and sprouts. In such a
way, the complexation products are less toxic than individual glycosides.

2. Complexes with L-tyrosine

The complexes of L-tyrosine (Tyr, Fig. 7) with glycosides K-strophanthin-f3
(Fig. 6) and digoxin (Fig. 5) as well as triple complexes including Ca** and
Mg?" have been prepared [37]. Complexes of K-strophanthin-f3 with Trp, Phe
and Tyr have almost equal stability constants. The complex of Tyr and digoxin
greatly stands out for its stability among complexes of other aromatic amino
acids (K =245+10 M™").

The complexation of Tyr with neotigogenin and gitogenin glycosides (Fig.
3 and 4) was studied by the time-of-flight plasma desorption mass spectrometry
with ionization by 2°Cf fission fragments [28-32]. Herewith, neotigogenin
bioside and trioside were shown to make unstable complexes and gitogenin
bioside (petunioside D) to interact with Tyr moderately.

The veterinary preparation “Clatiram”, being the complex of glycyrrhizic
acid (basic triterpene glycoside from licorice roots; Fig. 1) with prostaglandin
cloprostenol (Fig. 10) [45] and Tyr, was patented [1, 2]. It is used for the
regulation of animals’ reproductive function.
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Figure 10. Cloprostenol.

Complexation of Tyr with triterpene glycosides 1 and 2 was also studied
using electrospray ionization mass spectrometry [46]. For the mixture of
glycoside 1 and Tyr in the negative-ion mode the peak of [M'+M™—H] ion with
m/z 930.5 corresponding to 1:1 complex formation. In mass spectrum of positive
ions the peaks of three molecular complexes [M+MP+H]", [2M!+M™+H]" and
[3M'+M™+H]" were observed (Fig. 11). The ratio of these peaks intensities is
632:28:1.

In the negative-ion mode the complexes of glycoside 2 with Tyr are not
registered. But in the negative-ion mode the peaks of [M*+M™+H]" and
[3BM2+2M™+H]" corresponding to complexes of 1:1 and 3:2 composition
relatively. The intensities of the peaks have 24 : 1 ratio. It indicates the dominance
of equimolar composition complex.

10
[Ml + H]+
044 7513
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U
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Figure 11. Portion of the positive-ion mass spectrum of a mixture of glycoside 1 with Tyr.

By the method of isomolar series Tyr was deduced to make 1:1 and
2:3 complexes with glycosides 1 and 2 in aqueous solutions respectively.
Intermolecular interaction was shown to result in hyperchromic effect and
batochromic shift [47].

Bidesmosidic triterpene glycosides are known to have low toxicity because
of the absence of free carboxyl group in their aglicones. On the contrary,
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glycosides with a free (non-glycosylated) carboxyl group are quite active [48].
The ichthyotoxicity of complexes and their components was studied for Poecilia
sphenops [47]. It was found out that the activity of 1-Tyr and 2—Tyr complexes
is almost identical to the one of individual glycosides.

The toxic activity of triterpene glycosides results in plants’ development
suppression [41—44]. In the article [46] the study of the influence of glycosides
1 and 2, Tyr and of their complexes on the germination and development of
Avena sativa L. sprouts was reported. The mixture of glycoside 1 and Tyr
was determined to suppress germination and to limit sprout length most of all
after 72 hours. The seeds cultivated by the 2—-Tyr complex and by individual
glycoside 2 solution have similar germination. The length of sprouts in case of
complex cultivation is almost equal to that of control ones and of those held in
Tyr solution.

3. Complexes with L-tryptophan

The complexation of L-tryptophan (Trp; Fig. 7) with neotigogenin and
gitogenin glycosides (Fig. 3 and 4) was studied by the time-of-flight plasma
desorption mass spectrometry with ionization by *>Cf fission fragments [28—
32]. Nevertheless, Trp does not make complexes with neotigogenin bioside and
trioside, though making them with gitogenin bioside (petunioside D).

The complexes of cardiac glycosides digoxin and K-strophanthin-f with
amino acids and triples including Ca®** and Mg*" were prepared [37]. The
compounds were characterized by NMR- and UV-spectrometry methods. The
digoxin—asparagine complex was shown to have the highest durability among
binary complexes (K =355+17 M"). Stability constants of strophanthin—Trp and
digoxin—Trp complexes are 5.5 and 2.2 times less respectively.

By the method of isomolar series, Trp was deduced to make 1:1 complexes
with triterpene glycosides 1 and 2 in aqueous solutions [49]. Intermolecular
interaction was shown to result in hyperchromic effect. In case of complexation
of Trp with bidesmosidic glycoside 2 a faint batochromic shift was also observed.

In [50] molecular complexation of Trp with glycosides 1 and 2 was studied
by the method of electrospray-ionization mass spectrometry for the first time. In
mass spectrum of the mixture of Trp and glycoside 1, the peaks of complexes
[M4+M™+H]*, [4AM'+2M™+2H]* and [3M'+M™+2H]*" with intensities ratio
115:4:1 were found. In the spectrum of glycoside 1-Trp mixture (negative-ion
mode) the [M'+M™—H]~ ion was identified. Its peak intensity is 5.87 %, which
is 11 times less than the main peak of [M™-H] .

Complexation of glycoside 2 with Trp was not observed in spectrum of the
positive-ion mode. But in the negative-ion mode there was the low intensity
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peak of the complex [M*+M™—H]". Glycoside 1 forms complex of the same
molar ratio, with its peak intensity being 15 times higher.

Allelopathic activity of Trp complexes with glycosides 1 and 2 was studied
[50]. Suppression of the germination of Avena sativa L. seeds was observed both
in the mixtures of Trp and glycosides 1 and 2. The mixture Trp—glycoside 1 is
most suppresses of the germination. The germination in the latter case appeared
to be 2 times less than in control case.

4. Complexes with L-histidine

Triterpene glycoside 1 (Fig. 2) and L-histidine (His; Fig. 7) make complexes
of 1:1 and 2:1 compositions. It is proved by the presence of ions [M'+MMis+H]*
and [2M'+M"Mis+H]* peaks in mass spectrum (electrospray ionization) [51].
The ratio of peaks intensities is 20:1. In mass spectrum (negative-ion mode) of
glycoside 1 and His, the peak of the complex [M'+M"is—H]- ion with intensity
of 3.41 % was observed.

Glycoside 2 (Fig. 2) makes complexes with His of the same compositions
1:1 and 2:1 [51]. For them the peaks of [M2*+MMs+H]", [M2+MHis+K]*,
[M*+MH"s+Na]* and [2M*+MMis+K]*" with 7:2:2:1 intensities ratio appeared. The
most stable complex was the one between glycoside 2 and His in the negative-ion
mode. Its ion [M2+M"s—H]~ (m/z 1374.7) peak intensity was 28.16 %. This value
is the highest one among those of complexes of glycosides 1 and 2 prepared with
some drugs [5, 52—54] and aromatic amino acids [40, 46, 50] earlier.

In [50] a hypothesis for the formation of structure with internal cavity (Fig.
12) in the glycoside 2 molecule was put forward. In such a cavity the guest
molecule can site. His molecule has got the smallest size among aromatic
proteinogenous amino acids, that is why it penetrates deeper into the cavity of
glycoside 2 and interacts more efficiently with it.

Figure 12. Schematic representation of glycoside 2 internal cavity.
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In such a way, complexes of other aromatic proteinogenous amino acids
with glycoside 2 [40, 46, 50] proved to be less stable. More durable boundaries
can be explained with the structural peculiarities of imidazole ring resulting in
the polarity of His and its faint basic properties. Tyr is one of hydrophilic neutral
amino acids. Phe and Trp are, on the contrary, amino acids with hydrophobic
lateral group. The Trp molecule, being the largest one among other aromatic
proteinogenous amino acids, can not place itself in the cavity efficiently. That is
why the complex of glycoside 2 with Trp turned to be less stable than that with
other aromatic amino acids of analogical composition [50].

Glycoside 2 is bonded to NH," of the amino acids through hydrogen bonds
to OH groups of monosaccharide units and N*...OH ion-dipole interactions.
Hydrophobic interactions of the amino acids aromatic ring with the nonpolar
aglycon (hederagenin) of the glycosides 1 and 2 may also occur.

By means of IR spectrometry a zwitter-ion form of amino acids RCH(NH,")
COOwas shown to interact with glycoside carboxyl in intermolecular complexes
of hydrophilic (including His) and aliphatic amino acids and glycoside 1 [55,
56]. Earlier it was discovered that complexation of amino acids with some
oxygenated macrocyclic ligand, including those of carbohydrate nature (o-
and B-cyclodextrins), takes place due to hydrogen bounds formation and to the
presence of electrostatic forces between the NH, " group and donor oxygen atoms
[57, 58]. Taking it into account, we can assume NH," group of zwitter-ion form
of His (Phe, Tyr, Trp) form a hydrogen bound with CO group of glycoside 1
carboxyl NH,"xxxO=C.

The influence of glycosides 1 and 2 complexes with His on the Avena sativa
L. seeds germination was examined [51]. The germination of seeds, cultivated
by the mixtures of glycosides 1, 2 and His, proved to be better than of those
held in individual glycosides. Consequently, the complexes are less toxic than
individual glycosides. The germination of seeds held in His solution turned out
to be the same as of those affected by complexes and as control ones. The length
of roots and sprouts of germinates, affected by the complexes, changed less than
of those held in glycosides.

Unlike triterpene glycosides 1 and 2, a number of steroid glycosides were
not observed to complexation with His [28—32]. This fact had been previously
proved by time-of-flight plasma desorption mass spectrometry with ionization
by 252Cf fission fragments.

Thus, for amino acids Phe, Tyr, Trp, His and triterpene glycosides 1 and
2 the complexes of 1:1 composition are most typical. Analogical principle has
been deduced for the complexes of Phe, Tyr and Trp with steroid glycosides.
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Introduction

Nanotechnology has developed tremendously in the past decade and was
able to create many new materials with a vast range of potential applications.
Some of those innovative materials are promising to reduce environmental
pollution. The surfaces of these hybrid nanomaterials have different functional
groups capable of interacting with biological molecules such as peptides or
proteins. The biological activity of the functionalized materials is determined by
two processes: formation and dissociation of supramolecular complex between
functional groups on the surface of the material and biological molecules.
The risk that nano-particles may pose to human and environment health is not
yet fully understood. The precautionary principle therefore suggests keeping
environmental release of nano-particles minimal until their fate and toxicity
is better understood. Examination of these two processes: formation and
dissociation of supramolecular complex allows full and credible interpretations
of interaction of functional materials on biological systems.

Release testing is used to quantify the amount and extent of drug release from
solid and semisolids dosage forms. These tests are routinely applied in Quality
Control (QC) and Research & Development (R&D) Laboratories. Usually, the
studies are focused on estimation of the active compound release in respect to
in vivo performance of the drug product. The controlled release system exhibits
various advantages, such as enhancement of the drug efficiency and toxicity
reduction [1]. Recently, considerable development in different methods for
delivery of bioactive compounds using various polymeric materials as carriers
has been observed [2]. Generally, active compounds are introduced into polymer
matrix by different techniques such as direct compression, wet granulation or
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mechanical mixing [3]. QuadraPure™ scavengers are functionalized macroporous
or microporous polystyrene-based resin beads widely used in the removal and
economic recovery of precious metal contamination from products and organic
or aqueous process streams [4,5,6]. All QuadraPure™ metal scavengers were
purchased from Sigma-Aldrich. Chemical structure of QuadraPure™ reservoirs
and their characterization are summarized in Table 1.

Table.1. QuadraPure® structure and characterization.

QuadraPure Type Description Structure

TU Macroporous

400-600 pm particle size O/\NJ\NHZ
H

Macroporous Oo\’ 0
IDA 350-750 um particle size )K/ \)k

N
HO OH
M O_\ i
acroporous
AMPA 350-750 pm particle size HN*'T*OH
OH
NH
BZA Macroporous 2
400-1100 um particle size
N
/
Macroporous N
BDZ 400-750 pum particlve size O/\)
Macroporous O\/\
DET 450-650 um particle size SH
O
Microporous H
IMDAZ 100-400 um particle size N\/\/N

88



FUNCTIONALIZED POLYSTYRENE BEADS AS CARRIERS IN THE RELEASE STUDIES OF TETRAPEPTIDES

H
N
Microporous o/
MPA 100-400 um particle size :@
HS

. H
Microporous N
AEA 100-400 pm particle size O SN,

The polystyrene beads are monodisperse and exhibit relatively low swelling
in organic solvents (up to 30%). It is known that QuadraPure™ cartridges
demonstrate excellent clean-up in comparison with traditional methods for
metal removal [7]. On the other hand, the pre-treatment of polystyrene beads
with a nonpolar organic solvent is the key for the generation of mechanically
robust tablets consisting of neat functionalized polystyrene beads alone or in
combination with solid reagents or catalysts [8]. Polystyrene beads have also
been used as controlled release carriers for liquid biocides, added before
copolymerization [9].

Herein, we demonstrate the novel practical benefit of functionalized
polystyrene beads which can be applied in release studies of low molecular
peptides. It is well known that peptides exhibit low bioavailability after oral
administration and have short biological half-lives in plasma [10]. Therefore, it
is important to design a new delivery system for these compounds.

In order to understand the release behaviour of three tetrapeptides (AcPPYL
— Ac-Pro-Pro-Tyr-Leu, AcYPFF — Ac-Tyr-Pro-Phe-Phe, AcQDVH — Ac-GlIn-
Asp-Val-His) several kinds of polystyrene beads with different pore sizes and
functional groups have been studied. The formation and release of peptides is
tested scavengers following method.

The appropriate QuadraPure™ were added to the peptide solution and left
in drier at 35°C for 24 hours. When ethanol was completely evaporated, the
QuadraPure™ materials containing peptide were placed in the Enhancer cell. (In
order to maintain appropriate experiment conditions and steady surface area the
QuadraPure™ the scavengers were sandwiched between two porous synthetic
nets). In vitro release studies were performed with the use of an USP Apparatus
2 (Varian Vankel 7010). The receiving medium was chosen depending on the
solubility of the compound examined. When the active compound was AcPPYL,
potassium phosphate buffer at pH 5.8 was used, however for AcYPFF and
AcQDVH, the use of hydro-alcoholic solutions as receptor media was required
(1:1 ethanol/ potassium phosphate buffer at pH 5.8). The medium (200 ml) was
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maintained at 32.0°C + 0.5°C and stirred at 100 rpm. The samples were filtered
through 35 pum HDPE Full-Flow filters and the concentration of the dissolved
peptide was spectrometrically monitored at 276 nm for AcPPYL, 275 nm for
AcYPFF and at 260 nm for AcQDVH. The absorbance of the sample aliquots
was used to assess the amount of compound release at each time point. In
addition, the reference standard solutions of each peptide were prepared in the
appropriate receptor fluid in order to generate the standard curve of absorbance
versus concentration. Kinetic measurements were performed to determine the
release rate constant in given conditions. The rate constant (k) and the peptide
half-release time were determined from kinetics curves by the Gugenheim
method [11].

In this study two ranges of QuadraPure® macroporous and microporous
scavengers were applied. They were different not only in the particle size
but they also had various functional groups attached to polystyrene such as
thiourea (TU), imino diacetate (IDA), aminomethyl phosphonic acid (AMPA),
benzyl amine (BZA), imidazole (BDZ), thiol (DET), imidazol-1-yl propyl
amine (IMDAZ), mercaptophenyl amine (MPA), aminoethyl amine (AEA).
These functional groups are responsible for the specific properties of the above
mentioned molecules. Functional groups such as thiol, amine, imidazole are
nucleophilic and thanks to their lone pair of electrons they are readily accessible.

Table 2 presents the chemical structure and the molecular weight of three
N-terminal acetyl-tetrapeptides tested in the release studies. The molecular
weight was determined by MS MALDI technique. In Fig.1 the mass spectrum of
AcPPYL (MW:530.6) is presented. The positive ion mode spectrum of AcPPYL
shows a molecular ion with associated sodium [M+Na]* at m/z 553.6 and a
molecular ion with associated potassium [M+K]"at m/z 569.6. A similar pattern
was also observed for AcYPFF in Fig.2 whose spectrum shows a molecular ion
associated with sodium [M+Na]"at m/z 636.6 and a molecular ion associated with
potassium [M+Na]* at m/z 653.6. In Fig.3 the signals at m/z 540.5 [M+H]*, m/z
562.5 [M+Na]" and m/z 578.5 provided specific evidence for the identification
of AcQDVH (MW:539.5).
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Table 2. Tetrapeptide chemical structure and molecular weight.

Tetrapeptide Chemical structure MW
[¢] o o
| | Iy | |
HsC: U U N ‘ H—C ‘ H—C——0H
AcPPYL i i 530.6
CH—CH3
ol
OH
o o o (o} [}
H;Ci! NiCHf(‘liN Mf”iCHfD‘iHiCH*M*OH
Lo () Lok
AcYPFF 614.6
OH
o [o] o o [o]
[ I [ | I
H,—C H—C H—C H—C H—C——OH
(})H; (}:»—12 (}:chr-ia (‘:H;
AcQDVH i e cHs )w 539.5
N,
c=—o0 OH
‘ \\;NH
NHz
1 [M+NaJ* ***
[M+K]*
{ 560.6
®|
BISDS
;
{5756
1302 o 756
‘ 1902 4414 F&:a
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Figure 1. MALDI-TOF Mass spectrum of Ac-Pro-Pro-Tyr-Leu (MW: 530.5).
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Figure 2.MALDI-TOF Mass spectrum of Ac-Tyr-Pro-Phe-Phe (MW: 614.6).
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Figure 3. MALDI-TOF Mass spectrum of Ac-Gln-Asp-Val-His (MW:539.5).

In vitro release of Ac-Pro-Pro-Tyr-Leu

Figs. 4 and 5 show the amount of released AcPPYL from macroporous
and microporous particles as a function of time. Within the 10-h period, the
amount of AcPPYL released from AMPA, IDA, DET, BDZ, BZA and TU-
modified scavengers reached 99.8 %, 99.5%, 86.6%, 80.8%, 56.7%, and 39.4%,
respectively. Comparison of the six release profiles indicates that the AcPPYL
release rate is determined by the type of functional groups of the macroporous
material. The release rate depends on the number of nitrogen atoms with free
electron pair. The release profiles of AcPPYL from microporous materials are
shown in Fig. 5. The amount of AcPPYL released from AEA, MPA and IMDAZ

reached 97.7%, 90.3% and 26.6%, respectively.
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Figure 4. The release profiles of AcPPYL from various functionalized macroporous
polystyrene beads.
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Figure 5. The release profiles of AcPPYL from various functionalized microporous
polystyrene beads.

93



A. OLEWNIK, I. NowAKk AND G. SCHROEDER

Table. 3. Rate constant and half-release time of AcPPYL from various micro- and
Macroporous reservoirs.

k [h'] t,, [h]

BZA 0.44 5.50
AMPA 1.36 0.25
TU 1.08 -
FacToporens IDA 0.99 0.50
DET 0.84 0.25
BDZ 1.46 0.25
IMDAZ 1.82 -
microporous MPA 0.91 0.25
AEA 0.60 0.25

Table 3 presents the tetrapeptide AcPPYL rate constant and half-release
time from various micro- and macroporous reservoirs. In case of macroporous
materials the rate of release calculated from the Gugenheim’s method is the
highest for BDZ (1.46 ) and the lowest for BZA (0.44) where the half amount
of peptide was released only after 5.50 h. However, the results were different
for AMPA, DET and BDZ functionalized scavengers because after 0.25 h even
more than 50% was released. In the Fig.6 the mass spectrum of AcPPYL before
and after the experiment is presented. It was proven that in case of AMPA no
signal of peptide was detected after the release test, so the functional group —
aminomethyl phosphonic acid — was not bound to AcPPYL. Furthermore, the
results indicated that there were strong interactions between scavenger with
thiourea functional group (TU) and AcPPYL because even after 24 h the 50%
of the peptide was not released. The similar pattern was observed also in case of
microporous IMDAZ. The data in the Fig. 7 provided the evidence that even after
24 h the peptide was still interacting with IMDAZ functional group (imidazol-
1-yl propyl amine) because the signal of the peptide was detected. It should be
mentioned that the experiment was carried out in potassium phosphate buffer so
this is the reason why molecular ion with an associated potassium [M+K]* could
be observed.
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Figure 6. MALDI-TOF Mass spectrum of Ac-Pro-Pro-Tyr-Leu (MW: 530.5) before (4)
and after (B) the release from AMPA-functionalized beads.
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Figure. 7. MALDI-TOF Mass spectrum of Ac-Pro-Pro-Tyr-Leu (MW: 530.5) before (4)
and after (B) the release from IMDAZ-functionalized beads.
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In vitro release of Ac-Tyr-Pro-Phe-Phe (AcYPFF)

Figs. 8 and 9 present the release profiles of AcYPFF from functionalized
macroporous and microporous particles. After 10 h, the amount of AcYPFF
released from AMPA, IDA, DET, BZA, BDZ and TU functionalized macroporous
beads reached 98.3 %, 89.9%, 88.9%, 88.3%, 68.5% and66.4%, respectively
(Fig. 8). The results show that AcCYPPF release rate is determined by the kind
of the functional group of macroporous material. The release rate decreases
when the amount of free NH, increases. The release profiles of ACYPFF from
functionalized microporous materials are demonstrated in Fig. 9. The release
amount of AcYPFF from AEA, MPA and IMDAZ functionalized beads reached
99.1 %, 75.3% and 39.0%.

100
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a0 |

% released of AcYPFF
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Figure. 8. The release profiles of AcYPFF from various functionalized macroporous
polystyrene beads.

96



FUNCTIONALIZED POLYSTYRENE BEADS AS CARRIERS IN THE RELEASE STUDIES OF TETRAPEPTIDES

—=— IMDAZ
—e— AEA
—%— MPA
100 4
80
[T
[T
[a
>
& 60
S
B
®
o 407
o
N
204
0 T T T T 1
0 2 4 6 10

t[h]

Figure 9. The release profiles of AcYPFF from various functionalized microporous
polystyrene beads.

Table.4. Rate constant and half-release time of AcYPFF.

k [h'] t,,[h]
BZA 2.40 0.25
AMPA 5.09 0.25
TU 6.58 0.50
fracroporous IDA 4.13 0.25
DET 2.28 0.50
BDZ 2.82 0.50
IMDAZ 1.76 -
microporous MPA 6.27 0.25
AEA 2.62 0.25

The calculated rate constant and half-release time of AcYPFF are gathered
in Table 4. The highest k was determined for TU (6.58 h') and the lowest for
DET (2.28 h'!). Moreover, for TU (thiourea), DET (thiol) and BDZ (imidazole)
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the half-release time was 0.50 h. In case of microporous beads modified with
IMDAZ even after 24 h only 40 % of the peptide was released. The lowest rate
constant was indicated for IMDAZ (1.76) and the highest for MPA (6.27).

In vitro release of Ac-GlIn-Asp-Val-His (AcQDVH)

The data in Figs. 10 and 11 demonstrates the differences in release profiles
of AcQDVH from macroporous and microporous functionalized particles.
After 24 h the amount of AcQDVH released from TU, IDA, AMPA, DET,
BZA, BDZ functionalized macroporous beads reached 99.8 %, 98.9%, 96.0%,
73.2%, 72.9%, 53.9%, respectively (Fig. 10). These results also proved that the
release rate is strongly determined by the type of functional group attached
to the macroporous materials. The release profiles of AcQDVH from various
functionalized microporous materials are demonstrated in Fig. 11. The release
amount of AcQDVH from modified with MPA, AEA and IMDAZ microporous
solids reached 92.9 %, 85.2 %, 78.4%, respectively.

——BZA
—e— AMPA
> —¢—TU

——|DA
——DET
—»—BDZ

% released of AcQDVH

25
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Figure 10. The release profiles of AcODVH from various functionalized macroporous
polystyrene beads.
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Figure 11. The release profiles of AcODVH from various functionalized microporous
polystyrene beads.

Table.5. Rate constant and half-release time of AcODVH.

k [h] t,,[h]

BZA 0.28 9.00

AMPA 0.38 2.50

TU 0.57 1.25

THAcTOporots IDA 0.47 2.00
DET 0.51 0.50

BDZ 0.74 6.50

IMDAZ 0.34 6.25

microporous MPA 0.40 3.25
AEA 0.78 0.50

In the Table 5 the data concerning rate constant and half-release time of
AcQDVH can be found. It was calculated that in case of peptide released from
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macroporous k was the highest for BDZ (imidazole) 0.74 h'! and the lowest for
BZA (benzyl amine) 0.28 h'!. Moreover, the half-release time for those materials
was respectively 6.5 h and 9.0 h. It should be mentioned that also in this case,
microporous functionalized beads IMDAZ strongly interacted with peptide,
because the half-release time was 6.25 h.

This work had demonstrated the new ability of polystyrene beads modified
with functional groups that can be successfully used as a reservoir for the storage
and controlled release of tetrapeptides. Geometrical features, such as bead size
and pore architecture of polystyrene beads were found to govern the loading
efficiency and in vitro drug release kinetics. Generally, the smaller resin beads
offering more surface area have shown quick exchange of tetrapeptides due to
shorter diffusion path length. Whereas, the larger beads, have more diffusional
path length leading to sustained release.

Depending on the needs, the appropriate QuadraPure™ can be chosen to
design and carry out the specifically controlled release experiments. If the purpose
is to storage or prolong the release of the peptide, the microporous IMDAZ (with
imidazol-1-yl propyl amine as functional group) was determined to be the ideal
solution for all tested peptides. However, macroporous TU functionalized beads
(with tiourea as functional group) were appropriate for AcPPYL and AcYPFF
storage, whereas for AcQDVH macroporous particles modified with BDZ-
(with imidazole as functional group) were better material for this purpose. The
research also proved that AMPA with aminomethyl phosphonic acid and AEA
with aminoethyl amine are not strongly bond to peptide.
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The superposition-additive approach (SAA) is theoretically based on the
postulate about the way in which atoms exist in molecules [1]. Nowadays this
postulate is getting more widespread. Initially this approach was developed for
description of electronic structure and physicochemical properties of conjugated
systems [2]. Later SAA was applied for calculation of thermodynamic
parameters of formation and atomization of conjugated systems, their dipole
electric polarizabilites, molecular diamagnetic susceptibilities, n-electronic ring
current etc. [3]. Although calculations according different additive schemes were
done before, still they did not account the properties of molecular graphs [4-6].

In our previous study [7, 8] superposition-additive approach was exploited
for description of thermodynamic parameters of formation and clusterization of
monosubstituted alkanes which possess amphiphilic properties and are capable
of monolayer formation at the interface. Implementation of this approach
enables to reproduce the values of thermodynamic parameters of formation and
clusterization of five surfactant classes (fatty alcohols, saturated and monoienic
carboxylic acids, thioalcohols, amines) in condensed state quite accurately. It
is also applicable for calculation of the thermodynamic parameters of phase
transition for mentioned compounds. The introduction of the superposition-
additive approach offers a new and unique possibility to obtain parameters which
are unknown for some members of homologous surfactant series in the case that
corresponding experimental or theoretically calculated parameters (for example,
thermodynamic parameters at the formation of aggregates) are available for
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other members of the homologous series. Also it suggests the option to calculate
the thermodynamic parameters in the case that corresponding values for other
classes of surfactants are available. In this connection it is of interest to apply
SAA to multisubstituted alkanes, e.g. alkylamides. Thermodynamic parameters
of them could be considered as a sum of the corresponding parameters for
monosubstituted alkanes: carboxylic acids, amines and alcohols.

The objective of the present work is to obtain the thermodynamic parameters
of formation and dimerization for aliphatic amides C H, . CONH, (n=6-16) at

air/water interface under standard condition as a first stage of their clusterization
process.

1. Theoretical background of the superposition-additive approach

As it was noted above the superposition-additive approach (SAA) is
theoretically based on the postulate about the way in which atoms exist in
molecules [1]. According to this postulate, each atom in a molecule retains its
individuality in various chemical combinations (i.e., in various molecules). This
refers to transferability of atomic patterns. In addition, the atomic values, being
summed over all atoms in the molecule, yield the molecular average so that the
corresponding molecular characteristics are additive. The above presumption
about the way in which atoms exist in molecules is the background for various
additive schemes [1]. The main idea of the superposition-additive approach is
based on the transferability of atomic properties and the additivity of molecular
properties. The essence of the procedure is the assumption that when two
molecular graphs are virtually superimposed (atoms of one molecule coincide
spatially with corresponding atoms of the other molecule), the properties of the
constituent atoms remain unchanged. Then, if the same superposition can be
constructed in two different ways, each involving two entities (molecules, ions,
radicals, clusters), it become possible to calculate the structure and properties of
one of these entities, provided the structure and properties of the remaining three
entities are known.

This principle is graphically illustrated in Fig. 1. The molecules (1), (2),
(4) and (5) are the structures which involve the alkyl chain and the functional
groups X, Y and Z (these groups can be the same or different). The structure
(3) is the result of the superposition of the structures (1) and (2), and also of the
structures (4) and (5). As these two superpositions lead to the same result, the
properties of any of the four molecules could be expressed as the algebraic sum
of the corresponding properties of three other molecules. Thus, for example, to
calculate any thermodynamic parameter of the molecule (4) one has to add the
corresponding values for the molecules (1) and (2) and to subtract the value of
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the molecule (5).

In ref. [7] the superposition-additive approach was implemented for the
description of the thermodynamic parameters of formation and clusterization
of monosubstituted alkanes which possess amphiphilic structure and are
capable of monolayer formation at the air/water interface. This approach allows
reasonably accurate reproducing thermodynamic parameters of formation
and clusterization of alkanes, fatty alcohols, carboxylic acids, thioalcohols,
amines and cis-unsaturated carboxylic acids and parameters of their phase
transition, as well. It should be mentioned that SAA enables the description of
thermodynamic parameters of formation not only for monosubstituted alkanes
but also amphiphiles having two functional groups, e.g. a-amino acids. Thus,
in the framework of the regarded approach the values of the thermodynamic
parameters of formation of aliphatic a-amino acids could be expressed as the
sum of the corresponding parameters of carboxylic acids and amines after
subtraction of alkanes.

As opposed to the mentioned above, it is impossible to apply this scheme
to the case of a-amino acids clusterization. This is stipulated by the structural
inequalities of a-amino acid monolayers and monolayers of amines, carboxylic
acids and alkanes. They have a different number of intermolecular CH---HC
interactions per one monomer of the 2D cluster. Consequently, it leads to
impossibility of their superimposition in the monolayers of the considered
amphiphiles. As a result, the main requirement of superposition-additive
approach (virtual superimposition of the considered molecular graphs) is not
implemented.

The structure of alkylamide aggregates up to its monolayers built on the basis
of the most energetically preferred Monomer 2 (see ref. [9]) agrees reasonably
well with the corresponding structures of homologous amines, carboxylic
acids and alcohols studied earlier. There are an equal number of intermolecular
CH:--HC interactions per one monomer of their dimers. This ensures a maximal
region of superimposition of the molecular graphs for the regarded compounds. In
this connection it is interesting to apply the regarded approach to the description
of thermodynamic parameters of formation and dimerization of aliphatic amides
because the increment of the functional amide group in the values of these
parameters can be considered as a total increment of the functional groups of
amines and carboxylic acids after subtraction of alcohols.
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Figure 1. Generalized superposition-additive scheme for the calculation of thermodynamic
parameters of monomers of substituted alkanes.

As in the case of refs. [7, 8], the physicochemical characteristics involved
in the superposition-additive approach can either be those calculated by the
semiempirical quantum-chemical PM3 method or those obtained from the
experiment [ 10-12]. Both options are utilized in the present work. The calculated
results according to the superposition-additive schemes (SAS) for alkylamides
are listed in corresponding tables. In these tables, the column “SAS Scheme
Ne (cal)” lists the values estimated by SAS using the corresponding parameters
that were previously determined by PM3 calculations listed in the “Direct
Calculation” column. In the “SAS Scheme Ne (exp)” column the values are
shown which were estimated by SAS from the available experimental data [10-
12] listed in the “Experiment” column.

In our previous study [7] devoted to the application of the superposition-
additive approach for the description of the thermodynamic parameters of
formation and clusterization of monosubstituted alkanes we regarded different
SAS, which exploited the values of the corresponding parameters referred both
to one class of compounds and several classes as well (three in the case of
a-amino acids). In the present study for alkilamides we regard only the most
interesting SAS which exploit the data for the three surfactant classes carboxylic
acids, amines and alcohols, where X#Y+#Z (see Fig.1). But at first we illustrate
the application of the simplest SAS (where X=Y) to calculation of the required
parameters for the monosubstituted alkanes: carboxylic acids, amines and
alcohols (see Fig.2).
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Figure. 2. Superposition-additive scheme for calculation of thermodynamic parameters
of individual molecules of substituted alkanes (X and Y — schematic definition of the
functional groups).

2. Thermodynamic parameters of formation of individual molecules of sa-
turated alcohols, carboxylic acid, amines and amides

It was shown in the refs. [7, 8] that the most useful superposition-additive
schemes are those in which the maximal overlapping of the molecular graphs
is present. So, for calculation of the thermodynamic parameters of monomer
formation for alcohols, carboxylic acids and amines in gas phase will exploit the
next scheme which has the region of the molecular graphs overlapping equal to
C, _H, . This scheme is expressed as:

SAS 1:A(CH

n 2nt+l

X)=AC, H, X)+AC, H, V)-ACH,Y) (1)
where A is the thermodynamic parameter (absolute entropy, enthalpy or Gibbs
energy of the formation of the compound from elementary substances at normal
conditions (T = 298.15 K); n is the number of atoms in the alkyl chain; X and Y
stand for the functional groups, e.g OH for alcohols, NH, for amines, COOH for
carboxylic acids (see Fig. 2).

To calculate the thermodynamic parameters of a molecule using SAS 1,
containing n carbon atoms in the alkyl chain, one should add the corresponding
parameters of two molecules with (n — 1) carbon atoms in the chain, and subtract
the corresponding parameter of the molecule with (n — 2) carbon atoms in the
chain.

If X and Y are the same, this means that the parameters which correspond to
one class of compounds are used in the calculations. In the SAS 1 calculations
the experimental values of enthalpy of formation, absolute entropy and Gibbs’
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energy of formation [13-20] for saturated alcohols, amines, carboxylic acids
related parameters calculated previously in the framework of the quantum
chemical semiempirical PM3 method [21-23] were used. Note that entropy and
Gibbs’ energy of the studied molecules determined earlier [21-32] assuming
the free rotation of the methylene fragments within the molecules were used
in the calculations. The parameters calculated by SAS 1 (enthalpy of monomer
formation AHgg&m, absolute entropy Sgg& o, and Gibbs’ energy of monomer
formation AG gg& o) With X =Y for alcohols, amines, carboxylic acids are listed
in Table 1.

The standard deviations of the values calculated by SAS 1 with X =Y
from the values determined using the PM3 method and from the corresponding
experimental values for all the compound classes considered, and also the
standard deviations between the PM3 values and the experimental data are
shown in Table 2.

It is seen that the SAS 1 yields quite good results for both the calculated
and the experimental values. The fact that the standard deviations between the
PM3 values [21-23] and the experimental data are somewhat higher could be
possibly ascribed to the deficiencies in the PM3 parameterisation. Note that the
proposed superposition-additive scheme reproduces both the experimental and
calculated thermodynamic parameters better than the PM3 method reproduces
the experimental parameters.

It is known [2, 3] that it is possible to use reasonably the quite wide range
of superposition-additive schemes. However, the best results can be obtained in
the framework of schemes having maximal superimposition of the molecular
graphs. Therefore, we consider the scheme (see Fig.3) with maximal mutual
overlap of the alkyl chains (C H, | ):

SAS 2: A(CH

[XZ)=A(CH,  [XYD)+AC _H, Z)-AC _H, .Y), (2

2n+1 2n+1 [

where A is the thermodynamic parameter (absolute entropy, enthalpy or Gibbs
energy of the formation of the compound from elementary substances) at normal
conditions (T = 298.15 K); n is the number of atoms in the alkyl chain; X, Y and
Z define schematically the structural fragments of the functional groups, e.g.
[XY] = COOH for carboxylic acids, Y = OH for alcohols, Z = NH, for amines,
[XZ] = CONH, for amides.

This scheme is illustrated graphically in Fig. 1. Here, the functional COOH
group of carboxylic acids can be represented as a combination of the ketonic
C=0 group and the hydroxyl OH group of alcohols, whereas the functional
amide group CONH, can be represented as a combination of the ketonic C=O
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group and the amine NH, group. Note that the simplest superposition scheme
for calculation of thermodynamic parameters of the alkylamide formation can
be the following scheme: ‘amide = aldehyde + amine — alkane’. However, this
scheme cannot be exploited because of the presence of p-m conjugation of the
lone-electron pair of nitrogen atom and m-electrons of carbonyl oxygen atom in
the hydrophilic head group of amide and its absence in aldehyde. At the same
time, carboxylic acids have such conjugation between the lone-electron pair of
hydroxyl oxygen atom and m-electrons of carbonyl oxygen atom. As a result,
the m-electronic system realized in the compounds described above provides
planarity of the regarded atomic groups. This enables maximal superimposition
of the molecular graphs in case of using the next scheme: ‘amide = carboxylic
acid + amine — alcohol’ due to planar structure of functional groups for the two
classes of amphiphiles used in this scheme and the pyramidal structure of the
two others.

Consider now the methodology of the calculation in the framework of the
superposition-additive scheme 1 in detail. To calculate the thermodynamic
parameters of amide molecule, containing n carbon atoms in the alkyl chain,
one should use the parameters of monomer molecules of three other regarded
classes of amphiphiles with the same number (n) of carbon atoms in their alkyl
chains. For example, to calculate the thermodynamic parameter for octylamide
one should add the values of the corresponding parameter (enthalpy, entropy or
Gibbs’ energy) for octanoic acid and octylamine and subtract from the calculated
sum the corresponding thermodynamic parameter of octanol.
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Table 2. Standard derivations of the thermodynamic parameters of formation for
saturated alcohols, amines, carboxylic acids and amides calculated within SAS 1(X=Y)
and SAS 2(X#Y#Z) from results of the direct calculations and experimental data, N is
sampling amount

System AHg98 Smon’ S;)98 Smon? AG;)98 Smon’® N
kJ/mol J/(mol-K) kJ/mol
SAS (cal) - Direct_Calculation
Alcohol 0.004 5.26 1.56 8
Amine 0.02 0.53 0.15 8
Carboxylic acid 0.01 1.22 0.37 8
Amide 0.01 1.97 0.66 10
SAS (exp) - Experiment
Alcohol 5.75 0.63 5.76 9
Amine 1.00 6.11 1.78 10
Carboxylic acid 4.86 2.21 4.43 17
Amide 8.26 - - 5
Direct Calculation — Experiment
Alcohol 27.71 6.95 28.18 11
Amine 14.19 5.81 1.38 11
Carboxylic acid 10.78 24.45 8.32 11
Amide 6.31 - - 5

The results of calculation of thermodynamic parameters within the SAS 2 is
listed in Table 1. The experimental data regarding the standard thermodynamic
characteristics of the formation of alkylamides are very scarce and are available
only for enthalpy of formation. So there are results only for enthalpy as an
example in Table 1.

It should be mentioned that the superposition-additive approach cannot
account the intramolecular interaction between the oxygen of the carbonyl group
and the amino group in the amide molecule when superimposing the molecular
structures of amine, carboxylic acid and alcohol. This causes a systematic
error of the description of enthalpy, entropy and Gibbs’ energy of the amide
formation. This means these values for regarded scheme 2 was 12.98 kJ/mol,
8.17 J/(mol-K) and 15.81 kJ/mol, respectively in comparison to the data obtained
by direct calculation using the PM3 method. For experimental data this error was
calculated to be 32.45 kJ/mol. In the case of comparison data for experimental
and directly calculated values of the formation enthalpy the systematic error
was found to be 16.43 kJ/mol. The account of the mentioned errors reduces
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significantly the values of these standard deviations (the corrected values are
listed in Table 2).

3. Thermodynamic parameters of dimer formation of saturated alcohols,
carboxylic acid, amines and amides

With regard to the application of the proposed approach to the van der
Waals molecules and clusters, it should be kept in mind that, in contrast to the
individual monomers, these systems involve also intermolecular interactions. It
is evident from Fig. 3 that the application of the schemes similar to SAS 1 which
involve two terms of the (n + 1)-th order and one term of the (n + 2)-th order to
clusters is incorrect.

X Y
X Y oy x X Y
- [x e
Ne'Y .
A
+ B qu»‘* = ¢ +
) . .
4 . . o2
(= (Y ~ v
N < < v
< [ <
¢
1 2 3 4 5 6

Figure 3. Deficient superposition-additive scheme which can not be used for the
calculations of the parameters of clusters of substituted alkanes with constant m.

In fact, structure 3 in Fig. 4 is the superposition of the structures 1 and
2, while structure 4 is obtained by the superposition of structures 5 and 6. It
is seen from this Figure that the areas of superposition in these structures are
different: C,)H,, and C,,H,, for the structures 3 and 4, respectively. One can
superpose the structures to obtain equal superposition areas (C, H, ). However,
this configuration does not yield the superposition of the relevant intermolecular
CH---HC interactions, and thus contradicts the main idea of the superposition-
additive approach which requires complete matching of the superimposed areas.
One should use the clusters with the same parity (even or odd, respectively) of
carbon atoms number in the alkyl chain to construct the configuration which
ensure the complete superposition of molecular graphs and intermolecular
CH---HC interactions for the cluster with even (or odd) number of carbon atoms
in the alkyl chain.

Figure 4 illustrates SAS 2 used to calculate the thermodynamic parameters
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of formation and clusterization of van der Waals molecules. In this SAS the
number of molecules in a cluster m is the same (i.e. these molecules are dimers,
so m = 2), and the number of carbon atoms in the alkyl chain n was varied
from 6 to 16. For example, to calculate the thermodynamic parameters of
dimerization of dodecanol, one should add the corresponding values for two
dimers of decanol, and subtract the corresponding value for octanol. In formal
terms, SAS 3 is expressed as:

SAS 3: A(CnH2n+1X) A(Cn+2 2n+5X) + A(Cn+2 2n+5 ) A(Cn+4 2n+9 )2 ©)
where A is the thermodynamic parameter of cluster formation or dimerization; n
is the number of carbon atoms in the alkyl chain of the corresponding monomer.

“
(Y

33
2

'M&Y&Y&*& >
N»&‘ <

<

g
g
Pty

1 2 3 4 5

Figure 4. The superposition-additive scheme SAS 2 for the calculations of the parameters
of clusters of substituted alkanes with constant m.

In our previous papers [21-23] the thermodynamic parameters of formation
and dimerization per one monomer were listed. These parameters can directly
be used in SAS 3 because all terms in Eq. (3) can be divided by 2 for dimers.
Enthalpies of formation and absolute entropies of the clusters of alcohols,
thioalcohols, amines and cis-unsaturated carboxylic acids calculated by SAS 2
are listed in Table 3 (AH, _/mand S _/m are enthalpy and entropy of formation per
one monomer); the standard deviations of the calculated values from the Direct
Calculation results are summarized in Table 4.

The errors related to the enthalpies of dimers formation are lower than those
related to the enthalpies of formation of monomers. This should be attributed
to the fact that in the former case the domain of mutual superposition of the
structures is larger. At the same time, for the absolute entropy the standard
deviation for the dimers formation is higher than that for the monomers. This is

115



Yu.B. Vysotsky, E.A. BELYAEVA, E.S. FoMINA AND D. VOLLHARDT

because the studied structures are more complicated and, therefore, less ordered
as compared with the monomers.

Table 3. Comparison of the thermodynamic parameters of dimer formation calculated
within SAS 3 (X=Y) and SAS 4 (X#Y#Z) with the corresponding results of the direct
calculations

System SAS 3 (cal) Direct Calculation ~ SAS 3 (cal) Direct Calculation

Alcohols AH, /m, kJ/mol S,/m, J/mol-K

CH, OH —351.85 329.07
CH OH —375.74 360.79
CH OH —402.38 389.86
C,H,,OH —426.30 415.27
C,H, OH —452.91 —452.92 450.65 440.08
C,H,,OH —476.85 —476.86 469.75 472.93
C,H,.OH —503.47 —503.48 490.29 498.86
C,H, OH —527.42 —527.42 530.58 526.82
C, H,,0H —554.03 —554.04 557.65 550.39
C,H, OH —577.99 =577.99 580.72 579.92
CH,OH  —604.60 ~604.60 601.92 607.14

Amines AH_/m, kJ/mol S, /m, J/(mol-K)

CH NH, -153,02 330,72
C,H JNH, -176,94 356,94
C,H, NH, -203,56 381,38
C,H,,NH, -227,49 408,12
C,,H, NH, -254,10 -253,98 432,05 434,65
C H,NH,  -27805 -278,06 459,31 458,78
C,H,NH, -304,39 -304,52 487,92 484,31
C . H,NH, -328,63 -328,63 509,44 509,97
C, H,NH, -355,07 -355,09 533,97 534,68
C H,NH, -379,19 -378.,49 561,16 571,93

C,H,,NH, -405,66 -405,65 585,04 586,21

167733
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Carboxylic AH, /m, kJ/mol S,/m, J/(mol-K)
acids
CH,,COOH -550,58 375,44
C.H,,COOH -574,60 396,23
CH,COOH -601,00 425,73
C,H,,COOH -624,96 450,96
C,H,,COOH -651,43 -651,50 476,03 476,01
C,H,COOH  -675,32 -675,46 505,69 501,39
C,H,.COOH -701,99 702,02 526,29 526,12
C,H,,COOH  -725,95 725,95 551,81 551,91
C, H,,COOH -752,54 752,55 576,22 576,58
C,H, COOH -776,45 776,49 602,43 603,26
C,H,,COOH
Amides SAS 4 (cal) Direct Calculation ~ SAS 4 (cal) Direct Calculation
AH, /m, kJ/mol S,/m, J/(mol-K)

C.H ,CONH, -337,54 376,28
C.H,.CONH, -362.76 -361,30 412.98 396,59
C,H CONH, -386.81 -387,91 428.28 425,92
C,H ,CONH, -413.20 -411,73 453.15 448,47
C,H,CONH, -437.17 -438,38 479.71 476,51
C,H,,CONH, -463.56 -462,20 506.49 501,45
C,H,.CONH, -487.67 -488,73 523.14 529,29
C,H,,CONH, -514.08 -512,70 547.47 554,16
C H,CONH, -538.17 -539,25 570.96 578,65
C,H,CONH, -564.61 -563,22 596.77 603,34
C,H,,CONH, -588.00 -589,79 631.16 628,41

As it was shown in previous paragraph the values of thermodynamic
parameters of amide formation can be calculated in the framework of
superposition-additive approach using corresponding values for carboxylic
acids, alcohols and amines. That enables us to apply this approach to calculation
of thermodynamic parameters of formation and clusterization for small amide
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aggregates, dimers in particular. To provide the maximal molecular graphs
overlapping of compounds involved we use the next scheme:

SAS4:ACCH, , [XZ]) j/m=A(CH, [XY]) /m+AC,H, 7) im—AC, H, Y) /m, 4

where A is the thermodynamic parameter of formation or dimerization of
aggregates; m is the number of monomers in a cluster (m=2 for dimers); n is the
number of carbon atoms in the alkyl chain of the monomer.

This schemeisillustrated in Fig. 5. As inthe case of SAS 1, the thermodynamic
parameters of the entities involved in SAS 4 should have the same alkyl chain
length 7 (to obtain maximal molecular graphs overlapping).

X Z Y
XZ

Y

Figure 5. Generalized superposition-additive scheme (SAS 4) for the calculation of the
thermodynamic parameters of alkylamide dimers

According to SAS 4 described above, enthalpy and absolute entropy of the
formation for alkylamide dimers and their standard errors from the results of
the PM3 calculations were calculated (see Table 3, 4). It should be mentioned
that the deviations of the thermodynamic parameters of the formation of amide
associates are larger than the corresponding values for the monomer formation.
This is stipulated by complication of investigated structures that, in its turn, causes
a decrease in their order with respect to the monomer structure. In addition, as
in the case of monomers, there are systematic errors of the description of the
formation of enthalpy, entropy and Gibbs’ energy of amide associates. These
values were found to be 11.01 kJ/mol and 35.90 J/(mol-K) correspondingly. The
account of these errors reduce significantly the value of the standard deviation
(corrected values are listed in Table 4).
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Table 4. Standard deviations of thermodynamic parameters of formation of dimers
calculated by SAS 3 (X =Y) and SAS 4 (X#Y#Z) from the values obtained by PM3 method.
N is the sampling amount.

System AH_/m, kJ/mol S_/m, J/(mol-K) N
Alcohols 0.01 6.44 7
Amines 0.27 4.44 7
Acids 0.07 1.80 6
Amides 1.35 7.24 10

4. Thermodynamic parameters of dimerization of saturated alcohols, car-
boxylic acid, amines and amides

It was shown above that the superposition-additive approach is applicable
for the estimation of the thermodynamic parameters of formation of monomers
of substituted alkanes and their dimers. Any thermodynamic parameter (AA) of
dimerization can be calculated as AA;im =N -m- AA;)98 (AH®™ [m, AS™ [m
and AGS™ /m are enthalpy, entropy and Gibbs’ energy of dimerization per one
monomer), where m=2 for dimers. Therefore it is expected that these parameters
can be calculated within a sufficient degree of accuracy in the framework of
this approach. To verify this supposition, SAS 3 was applied accordingly to the
dimmers of monosubstituted alkanes.

The dimerization energies per one monomer for alcohols, amines and
carboxylic acids calculated by SAS 3 using the parameters for one class of
compounds (X =Y) are listed in Table 5. For all these classes of compounds, the
thermodynamic parameters calculated using the superposition-additive approach
agree well with the values determined earlier [21-23] by Direct Calculations.
Corresponding standard deviations are summarized in Table 6.

The dimerization energies per one monomer for aliphatic amides were
calculated in the frameworks of SAS 4 using the parameters for three classes
of surfactants: carboxylic acids, amines and alcohols (X#Y#Z). The results of
the calculation of enthalpy, entropy and Gibbs’ energy of clusterization per one
monomer of the amide cluster according to SAS 4 are listed in Table 5. As in the
case of thermodynamic parameters of monomer and dimer formation described
above, the calculated values of the thermodynamic parameters of dimerization
have a systematic error. This is probably stipulated by incomplete molecular
graphs overlapping of the structures involved in this scheme. The latter, in
its turn, can be drawn by the impossibility to represent the intermolecular
interactions of the hydrophilic head groups in the amide associates only as a
simple combination of the corresponding interactions realized in the clusters of
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carboxylic acids, amines and alcohols. The p-m system realized in the functional
group of amide molecule differs from that present in carboxylic acids and it is
absent in the molecules of amines and alcohols. The impact of such differences
can be retraced if one compares the contributions of the functional group
interactions to the dimerization Gibbs’ energy per one monomer molecule for
all compounds involved in SAS 4. Thus, for alcohols, amines, carboxylic acids
and amides the values of the regarded contributions were 12.08, 11.65, 14.15
and 14.42 kJ/mol, respectively. It is clearly seen that the contributions for the
two last compounds (carboxylic acids and amides), having a close structure of
the functional group, are quite approximate and differ within the statistical error
from the two other. The increments of the intermolecular CH**HC interactions
are practically the same for the different classes of amphiphiles [21-28], but the
increments of the interactions realized between structurally different functional
groups of amphiphiles are different. This causes the systematic errors of the
description of the thermodynamic parameters of clusterization for associates
of different dimensions up to infinite 2D films. Mentioned systematic error
was found to be 1.45 kJ/mol for dimerization enthalpy, 18.78 J/(mol-K) for
entropy and 4.26 for Gibbs’ energy. The corrected values of the thermodynamic
parameters of amide dimerization with account of mentioned systematic errors
are listed in Table 8. Standard deviations of thermodynamic parameters of amide
dimerization calculated using SAS 4 from the directly obtained values are listed
in Table 6.

Table 5. Comparison of the thermodynamic parameters of dimerization calculated within
SAS 3 (X =17Y) and SAS 4 (X#Y#Z) with the corresponding results of the direct calculations

SAS 3 Direct SAS 3 Direct SAS 3 Direct

System (cal)  Calculation  (cal)  Calculation (cal)  Calculation
Alcohols AH_9™/m, kJ/mol AS_dm/m, J/mol-K AG_ ‘™/m, kJ/mol
CH,,OH -15,91 -73,11 5,88
C,H, ,OH -17,13 -73,59 4,80
CH,OH -21,09 -77,30 1,94
C,H,,OH -22,33 -83,73 2,62
C,H, OH -26,28 -26,28 -81,48 -91,45 -1,99 0,97
C, H,,OH -27,54 -27,54 -93,87 -90,21 0,43 -0,65
C,H,,OH -31,47 -31,48 -105,61 -101,25 0,00 -1,31
C .H,OH -32,74 -32,74 -96,70 -99,83 -3,92 -2,99

137727
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C, H,,OH -36,68 -36,67 -111,06 -110,47 -3,58 -3,75
CH, OH -37,94 -37,94 -109,45 -111,33 -5,33 -4,76
C.H,OH -418 4187  -119.69 -117.29 619  -692
Amines AH_ “™/m, kJ/mol AS_%m/m, J/mol-K AG_“™/m, kJ/mol
C,H NH, 16,03 75,38 6.44
C.H, NH, 117,26 81,63 7,07
C,H, NH, 21,21 -89,50 5,47
C,H, NH, 22,45 295,14 5,90
C,H,NH, 2639 2626 -10361 -100,57 449 3,71
C,H,NH, 27,65 -27.66  -10865 -10821 473 4,59
C,HNH, 3131  -3144  -111,64 -11417 1,96 2,59
C,H,NH, -3285  -3286 -12128 -121.48 3,28 3,34
C,HNH, 3662  -3664 -127,78 -127,69 1,46 1,42
C.H,NH, 3807 3736  -13475 -12377 2,09 20,48
C,HNH, — -4184  -4183  -14120 -13908 0725 -0.39
Carboxylic  \ 1y sy kJ/mol AS_4™/m, J/mol-K AG 9m/m, kJ/mol
acids m m m
C,H,COOH -15.10 -80.81 8.99
CH,,COOH -16.44 -91.71 10.89
C,H_COOH 2019 -94.28 791
C,H,,COOH -21.47 -100.18 8.38
C,H, COOH -2528 -25.34 -107,75 -107.93 6,83 6.82
C,H,,COOH -26,50 -26.73 -108,64 -112.13 5,87 6.68
C,H,,COOH -30,49 -30.52 -121,58 -121.04 5,74 5.55
C,H,,COOH -31,99 -31.76 -124,08 -124.97 4,98 5.48
C H,COOH -35,70 -35.71 -134,15 -133.58 4,28 4.09
C, .H, COOH -36,79 -36.99 -137,81 -136.99 4,27 3.83

157731

C, H,.COOH

167733
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SAS 3 Direct SAS 3 Direct SAS 3 Direct

Amides (cal)  Calculation  (cal)  Calculation (cal)  Calculation
AH_ ‘™/m, kJ/mol AS_%m/m, J/mol-K AG, “™/m, kJ/mol
C,H ,CONH, -13.95 -74.89 8.37
CH ONH, -15.11 -15.04 -75.20 -86.91 10.00 10.86
CH CONH, -18.87 -18.98 -83.54 -89.45 8.73 7.67
C,H ,CONH, -20.14 -20.13 -93.60 -98.94 10.46 9.36
C,H, CONH, -24.01 -24.10 -100.56  -102.44 8.66 6.43
C,H,,CONH, -25.25 -25.24 -102.46  -109.26 7.98 7.32
C,H,.CONH, -29.19 -29.09 -120.26  -112.03 9.35 4.30
C,H,,CONH, -30.27 -30.38 -119.10  -119.39 7.92 5.20
C,H,CONH, -34.39 -34.25 -136.44  -126.29 8.97 3.39
C,H, CONH, -35.51 -35.54 -135.43  -133.23 7.55 4.16
C,H,,CONH, -39.42 -138.90 1.97

Table 6. Standard derivations of the thermodynamic parameters of dimerization of
saturated alcohols, amines, carboxylic acids and amides calculated within SAS 3 (X=Y)
and SAS 4 (X#£Y#Z) from results of the direct calculations, N is sampling amount

System AH, _“"/m, kJ/mol ~AS_™/m, J/(mol'K) ~AG, “"/m, kJ/mol N
Alcohol 0.01 4.65 1.38 11
Amine 0.28 4.49 1.07 11
Carboxylic acid 0.16 1.54 0.44 10
Amides 0.09 6.88 2.04 10

Summarizing, different superposition-additive schemes have been applied
to calculate the thermodynamic parameters of formation and dimerization of
different classes of amphiphilic compounds. Enthalpy, entropy and Gibbs’ energy
of formation and dimerization of aliphatic amides can be obtained as a sum of
corresponding parameters for carboxylic acids and amines after subtraction of
alcohols.

Conclusion
Summarizing, present work shows that superposition-additive approach can
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be applied for calculation of the thermodynamic parameters of formation and
dimerization for mono- and disubstituted alkanes. Thus, enthalpy, entropy and
Gibbs’ energy of formation and dimerization of aliphatic amides can be obtained
as a sum of corresponding parameters for carboxylic acids and amines after
subtraction of alcohols.

It should be noted that for the description of the thermodynamic parameters
of van der Waals molecules and clusters, those schemes should be used which
ensure the correct account for intermolecular CH---HC interactions. This
requirement imposes certain restrictions on the superimposed structures as
compared with the structures used in the additive method: in the superposition-
additive method the correct configuration should ensure the matching of the
molecular graphs and the relevant intermolecular CH---HC interactions. In
particular, for the description of van der Waals molecules and clusters of
homologous series of surfactants with even or odd number of carbon atoms in
the alkyl chain, the structures should be used with the same parity of the carbon
atoms number in the superimposed constituents.

Another point should be mentioned that the calculated values of the
thermodynamic parameters of amide formation and dimerization possess
a systematic error. It could be stipulated by incomplete molecular graphs
overlapping of the structures involved in considered schemes. This in its turn can
be stipulated by the impossibility to represent the intermolecular interactions of
the hydrophilic head groups in the amide associates only as a simple combination
of the corresponding interactions realized in the assosiates of carboxylic acids,
amines and alcohols. The p-n system realized in the functional group of amide
molecule differs from that present in carboxylic acids and it is absent in the
molecules of amines and alcohols. But account of found systematic error
enables one to calculate accurately the values of thermodynamic parameters of
alkylamide formation and dimerization. This gives one more proof that proposed
SAA enable to estimate the parameters for different aggregates up to monolayer
in the case when the amphiphiles in question are uncommon or lack the required
experimental data from the corresponding data concerned more widespread
surfactants as in the case of aliphatic amides.
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Self-assembled mesoporous TiO, and its application in
photoenergy systems

Maciej Zalas
Adam Mickiewicz University in Poznan, Faculty of Chemistry,
Umultowska 89b, 61-614 Poznan, Poland

1. Introduction

According to the classification of the International Union of Pure and
Applied Chemistry (IUPAC) the mesoporous materials are those with pore sizes
between 2 and 50 nm [1]. Intensive investigation of mesoporous materials has
been initiated by the first synthesis of ordered silica materials reported by Kuroda
et. al. and Mobil Oil Corporation in the early 1990’s [2, 3]. The applications
of mesoporous materials in various fields such as production of green energy,
optics, medicine, electronics or medicine are strongly connected with their
very good host properties for bulky molecules, high surface area, uniform and
tunable pore sizes and various morphologies and compositions [4]. Mesoporous
materials based on transition metal oxides mesoporous materials have been
simultaneously developed to to combine the advantages of mesoporous
structure with the electronic and optic properties of transition metals oxides [4].
Titanium dioxide (TiO,, titania) is admittedly one of the most intensively studied
mesoporous material [4-6]. As it is relatively chemically inert and environmental
friendly, TiO, has been widely used in industry as a pigment, in sunscreens,
paints, ointments, toothpaste etc. since the beginning of the 20th century, when its
commercial production began. When, in 1972, Fujishima and Honda discovered
the phenomenon of photocatalytic water splitting over the titania electrodes [7],
enormous potential to apply TiO, in such areas as photocatalysis, photovoltaics,
photo and/or electrochromics and sensor construction has been recognized [5].
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D+
Figure 1. Schematic presentation of the basic processes in the photocatalytic activity of
the TiO.,,
2

The basic mechanism of the photocatalytic process, which occurs on TiO,
surface, can be easily explained (see Fig. 1) [8]. At the beginning, a light photon
with energy greater than the bandgap of titania is absorbed, thereupon the
electrons are promoted from the valence band (VB) to the conduction band (CB)
creating electron-positive hole pairs. The electrons and positive holes migrate to
the titania surface and react with the species adsorbed adsorbed on this surface
to decompose them. The photodecomposition processes, taking place on the
TiO, surface during the photocatalytic process, usually involve one or more
intermediate species or radicals such as "OH, O, H,O, or O,. These species
are important substrates for processes such as photodegradation of various
water pollutants, photocatalytic organic and inorganic synthesis, photocatalytic
water decomposition, photocatalytic killing bacteria or even tumor cells killing
in light-induced TiO, supported cancer treatment [5, 8]. The efficiency of TiO,
photocatalytic activity depends on the catalyst surface area and crystallinity. The
larger the surface area, the higher the photocatalytic activity of the material,
but large surface area increases surface defects concentration, which increases
the electron-hole recombination process and this, in consequence, decreases
the photocatalytic process rate. To decrease the surface and bulk defects
concentration, a higher crystallinity of TiO, material is needed, high crystallinity
is usually obtained upon high temperature treatment, which leads to aggregation
of small nanoparticles and to a decrease in the surface area, so the synthesis of
the photocatalysts must be a compromise between these conditions.

128



SELF-ASSEMBLED MESOPOROUS TIO2 AND ITS APPLICATION IN PHOTOENERGY SYSTEMS

TCO TiO5 DYE ELECTROLYTE Pt TCO

%
Red D
C Ox e

TN
(o )

Figure 2. Schematic presentation of the principle rules of the DSSC working mechanism.

Almost two decades after the Fujishima’s and Honda’s discovery of
photocatalytic water splitting over the titania electrodes, O’Regan and Grétzel
have presented the first highly efficient dye sensitized solar cell (DSSC) [9]. The
device made by O’Regan and Gritzel is based on a mesoporous titania electrode
sensitized with a ruthenium dye to convert energy of incident light to electricity
with efficiencies around 7-8 %. Typical DSSC is build with two sheets of tin
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conducting oxide (TCO) coated glass, one of which, so called working electrode,
is covered by the mesoporous electrode, mostly made of nanocrystalline TiO,,
sensitized with an organic dye (mostly ruthenium complexes). The second TCO
glass sheet, the so-called counter electrode, is covered by a thin layer of platinum.
These two electrodes are arranged in a sandwich cell and the space between
them is filled with a liquid electrolyte containing I7/1, redox pair solution in
organic solvent(s) [10]. The principle mechanism of the DSSC working cycle
is straightforward (see Figure 2) and may be described with five steps electron
movement. The first step is the excitation of an electron from the ground to
the excited state of the dye molecule by a photon of incident light. Next, the
excited electron is injected from the dye molecule into the conducting band of
the mesoporous semiconducting electrode, afterwards the electron is transported
across the mesoporous electrode and external circuit into the counter electrode.
Now electron reduces the oxidized form of the redox couple in the electrolyte
and as the last step, the reaction between the reduced form of the redox mediator
and the oxidized dye molecule occurs thereupon the ground state of the dye
molecule and oxidized form of the redox couple are restored and DSSC working
cycle is closed [10-12]. In the ideal system the whole process takes place
without consumption or permanent transformation of any chemical species and
theoretically it can occur until illumination is present.

2. Synthesis of the mesoporous TiO,

The typical synthesis of the mesoporous titania (see Fig. 3), similarly to
the synthesis of mesoporous silica, requires the application of a surfactant as
a structure-directing agent and a titania source [4]. The greatest problem in the
synthesis, is the natural tendency of typical titania precursors, such as titanium
alkoxides or titanium tetrachloride, to very rapid hydrolysis, which results in
uncontrolled precipitation of TiO, without formation of mesopores, so a careful
control of synthesis conditions is critical to obtain the expected material. The
use of neutral amine surfactants to control a Ti(OPr), hydrolysis rate during
the synthesis of 2D hexagonal mesoporous titania, applied by Ulagappan et
al. [13], or addition of bidentate ligands to the synthesis mixture to modify the
reactivity of titania precursors proposed by Froba and his co-workers to obtain
ordered mesostructured titania [14], or application of novel, more stable titania
precursors presented by Niessen et al. [15] to obtain MCM-41 titania analogues
are exemplary approaches which lead to more predictable and controllable
behavior of titania precursors and in consequence to the successful synthesis of
mesoporous titania.
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Figure 3. Schematic synthesis route of the mesoporous TiO, [16].

Over the last two decades, a number of groups have developed the methods
for successful mesoporous titania synthesis by controlling such parameters as
ageing conditions, pH of the precursor solution, the type of templating agent
applied or calcination temperature. Most of the methods give well defined
2D or 3D ordered mesoporous titania bulks, films or nanoparticles. Ogawa
has been the first to propose the preparation of mesoporous films via solvent
evaporation method [17] (the so-called evaporation-induced self-assembly
method), which because of its convenience has became most widely applied
[4]. In a typical procedure the coating solution includes ethanol as a solvent,
basic or acidic inorganic hydrolysis stabilizers and a templating agent. Titania
precursor is spread on the coated surface and the hydrolysis/condensation of the
titania precursor takes place when ethanol is evaporated in mild temperature
conditions. The templating agent is removed from the obtained mesostructured
material via calcination or solvent extraction [18]. The method based on inverse
opal titania materials preparation was also studied [5]. A typical version of this
method has been proposed by Carbajo et al. [19], who prepared a hierarchically
3D-ordered meso/macroporous TiO, materials using the so-called latex arrays
as a templates. The arrays were prepared via copolymerization of styrene with
different acrylic acid derivatives, long term dialyzing against water and finally
evaporation of the solvent. The isopropanolic solution of Ti(OPr), was introduced
by capillary forces into the arrays and hydrolyzed in air at room temperature.
Finally the template was removed by calcination. The material obtained has
a system of pores including macropores being replicas of latex particles, pore
structures inside the macropores walls and a network of macro-mesopores made
of the octahedral and tetrahedral holes in the partly mineralized template. The
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solvothermal (including hydrothermal) methods have been widely applied for
preparation of mesoporous titania nanoparticles of various shapes and porosities
[4]. The hydrothermal treatment as a synthetic route to obtain mesoporous
titania nanoparticles has been found to have effective influence on the physical
properties, particularly crystal composition, crystallinity, thermal stability,
surface area, pore size distribution and photocatalytic activity of the mesoporous
titania [20]. The combination of sol-gel process with solvothermal treatment
may lead to formation of TiO, beads of high surface areas, tunable pore sizes and
walls build of well-crystallized anatase phase [21, 22]. By spraying the precursor
solution containing the template and inorganic pH regulators, into a hot chamber
it is possible to get spherical and well ordered mesoporous nanoparticles. The
main mechanism of this process, analogously to that in the method described
above, is the evaporation-induced self-assembly of the droplets [23].

An interesting method seems to be the ultrasound assisted synthesis of
mesoporous titania materials. Wang et al. have prepared the mesoporous TiO,
of high surface area using ultrasound irradiation of the Ti(OPr), solution with
octadecylamine as a templating agent [24]. More interesting in the ultrasound
assisted synthetic methods is the work published by Yu et al, who first synthesised
mesostructured TiO, titania without any templates [25]. Literature gives a few
single reports about successful synthesis of mesoporous titania without using
templating material. Qi et al. have obtained well-crystallized anatase with
disordered mesoporous structure, using only titanium precursor in ethanolic
solution and distilled water [26]. Mesoporous titania with crystalline framework
obtained via controlled hydrolysis of titanium(IV) n-butoxide in the presence
of a small amount of nitric acid as a catalyst at room temperature has been
presented by Liu et. al [27]. The as-prepared material exhibited a nanoporous
and amorphous structure and its further temperature treatment led to formation
of well-crystallized anatase with disordered mesoporous structure. Simultaneous
formation of macro and mesopores in sponge-like structures has been further
reported [28-30]. Such structures were in general obtained via dropwise addition
of titanium precursor to deionized water or a water solution of a weak inorganic
acid and calcination of the obtained precipitate after various ageing times.
Raveendran et.al. have been the first to report a short range ordered mesoporous
anatase, with spherical morphology, prepared via template-free method [31]. The
ordered structure was obtained via hydrolysis of titanium(I'V) n-butoxide in ethyl
acetate media after addition of a small amount of water. Numerous template-free
mesoporous titania materials have been applied as active photocatalysts [29, 30,
32, 33] or electrode materials in DSSCs [34-36]. The template free synthesis
of the mesoporous materials seems to be worth of further investigation, when

132



SELF-ASSEMBLED MESOPOROUS T102 AND ITS APPLICATION IN PHOTOENERGY SYSTEMS

taking into regard of the fact that it is environmentally friendly, cheaper and
often needs milder synthesis conditions.

3. Photocatalytic applications of mesoporous TiO,

The photocatalytic applications of mesoporous titania may be divided into
three main groups: photocatalysis in organic synthesis, photocatalytic oxidation
of water/air pollutants and photocatalytic water splitting [5, 37], but the latter
two have been most intensively studied because of their potential applications
in environmental friendly devices. To prepare mesoporous TiO, many organic
and inorganic compounds such as surfactants, triblock copolymers, acids and
bases have been used. In most attempts well-defined mesoporous titania with
amorphous walls were obtained, but the photocatalytic activity of such materials
was rather poor [4, 5]. As mentioned above, an effective method achieve high
photocatalytic activity is preparation of mesoporous titania of high specific
surface area and well-crystallized anatase walls. The simplest procedure to
obtain well-crystallized TiO, is the high temperature treatment, however, the
calcination results in distortion or total destruction of mesopores framework
and reduction of the surface area, so in fact it gives no improvement in the
photocatalytic activity of the material [38]. This situation poses a great challenge
to find away of synthesis of mesoporous titania with well crystallized anatase
walls and still large surface area.

Well crystallized titania with mesoporous structure has been successfully
prepared by Peng et al. [39]. The as synthesized material obtained by
hydrothermal procedure and drying at 120 °C shows well crystallized anatase
phase with a well defined short range ordered mesoporous structure which was
stable under temperature treatment up to 800 °C. The nanoparticles synthesized in
this procedure showed a high photocatalytic activity in Rhodamine B oxidation
process. The overall efficiency of the photoxidation process on the material
calcined at 400 °C was 97 %, while the efficiency of the same process in the same
conditions performed with the application of a commercial catalyst Degussa P25
was only 60 %. Beyers et al. have shown that post-synthesis treatment of the
mesostructured titania with ammonia or hydrochloric acid solution increased its
thermal stability [40]. These authors have prepared two mesoporous materials
using hexadecylamine or cetyl trimethylammonium bromide as surfactant-
directing and pore-forming agents. The post-synthesis treatmend with an
acidic or basic medium gave the material of much better crystallized titania
wells and higher surface area than those of untreated samples, moreover, the
photocatalytic activity in the Rhodamine 6G oxidation process was much higher
when post-synthesis treated materials were used as photocatalysts. About 10
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times increase in the efficiency in the photocatalytic water splitting reaction was
obtained by Hartman et al. when mesoporous anatase TiO, was compared with
nonporous TiO, nanoparticles prepared in similar conditions [38]. A mesoporous
titania photocatalyst very active in the photocatalytic water decomposition was
prepared by hydrothermal method using titanium butoxide as a starting material
and acetylacetone as a nonstandard templating agent, by Jitputti et al. [41]. This
material shows a thermal stability of the mesoporous structure up to 500 °C, and
its photocatalytic activity was up to 4 times better than that of the commercial
ST-01 Ishihara TiO,. The typically template-free synthesized mesoporous titania
was first tested by Yu and his coworkers in the photocatalytic degradation of
acetone [30]. The as prepared material showed no photocatalytic activity and
poor crystallinity and porosity, but the material calcined at 400 °C showed the
almost 20 % better activity than that of Degussa P25 powder. The use of various
metals or nonmetals as dopants of mesoporous titania may lead to better thermal
stability and higher photocatalytic activity of the materials obtained [4, 5]. An
example may be the above mentioned material synthesized by Peng et al. [39].
After incorporation of lanthanum ions into the reaction mixture the material
obtained shows much higher photoactivity than the undoped material [42]. On
the other hand, the N-doped TiO, shows much higher activity in the methylene
blue photodecomposition process when compared with that of undoped material
[43]. Generally it can be assumed that introduction of N atoms in small amount
into the TiO, structure leads to the activation of the material in the visible light
region.

4. Photoelectric applications of mesoporous TiO,

Dye sensitized solar cells had been investigated long before O’Regan and
Gritzel presented their high-effective device [10]. Initially TiO, with smooth
surface was used as anode material and, in consequence, low dye adsorption
took place, which led to the efficiencies not reaching 1 %. The critical discovery
was the application of nanocrystalline mesoporous TiO, as an electrode material,
which resulted in over 1000 times increase in the dye load and almost 10 times
better photoconversion performance in the O’Regan and Gritzel cell [9, 10].
Since this publication, the annual publication rate of papers dealing with various
aspects of DSSCs rose exponentially reaching over 1500 papers in 2011 [44].
Much more than half of these publications were concerned with synthesis and
application of mesoporous TiO,. For almost 15 years the basic material used to
prepare semiconducting mesoporous electrode was randomly ordered TiO,, but
since 2005 when Zukalova et al. reported that DSSCs electrode material prepared
of organized mesoporous titania film shows solar energy conversion efficiency
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enhanced by about 50% when compared with non-ordered ones [45], the interest
in synthesis and application in DSSCs of well-ordered mesoporous titania has
increased significantly. Lancelle-Beltran et al. have presented the self-assembly
mesoporous titania thin films for DSSC applications [46]. The films exhibit a
high porous volume and large surface area. The measurements executed by the
authors revealed that the crystallization and diffuse sintering of TiO, and, in
consequence, formation of the anatase phase occur simultaneously during the
curing of the film at temperatures between 400 and 500 °C. The photoconversion
efficiencies obtained with the use of the presented films as electrode materials in
DSSC were very promising. Thick titania mesoporous films with highly ordered
orthorombic pore organization synthesized via supramolecular templated route
have been presented and used as photoanodes in high performance DSSCs by
Zhang et al. [47]. The highly crystallized films demonstrate very good optical
transparency and have highly mesoporosity and uniformity of the mesoporous
structure. The maximum light-to-electricity conversion efficiency was equal
to 6.02 % and obtained for DSSC with the electrode made of a film of 5.08
pm in thickness. Highly crystalline mesoporous anatase was also obtained
through supramolecular self-assembly by Asefa’s group [48]. The TiO, obtained
via hydrolysis of TiOSO, assisted by cetyltrimethylammonium bromide
as a templating agent was used to prepare photoanodes of DSSCs with high
specific surface area and high surface roughness. Presented photoelectrode
films show hierarchical macro- and mesoporous structure, which leads to better
dye adsorption and electrolyte percolation, combined with improved electron
conduction pathways compared to those of the films obtained with commercial
Degusa P25 TiO,. Sodium salicylate was used as a template in highly efficient
synthesis of self-assembled mesoporous titania spherical nanoparticles with
well-defined crystal morphology by Petra et al. [49]. The material obtained
showed mesopores of diameters in the range 2.5-6.5 nm. These authors have
reported a drastic enhancement in photoconductivity of the material investigated
when sensitizing dye molecules were entrapped inside of the mesopores. This
observation was another strong evidence supporting the use of mesoporous
titania as an electrode material in DSSCs. The interesting template free
synthetic route of the non-ordered porous titania electrodes, using H,TiO, as
titania precursor has been presented by Gao and Nagai [35]. The self assembled
films were deposited on FTO substrates via soaking in the precursor solution at
various temperatures and for different time. The as-prepared materials exhibited
amorphous structure, but their post synthetic temperature treatment led to the
anatase phase formation. Unfortunately, DSSCs assembled with thus prepared
electrodes exhibited relatively low efficiencies, which were probably caused by
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poor fill factors. The microwave-assisted hydrothermal template-free synthesis
of well crystallized mesoporous TiO, was presented by Huang et al. [34]. Stable
and water soluble titanium citrate complexes were used as titania precursors.
The materials obtained exhibited large surface areas, from the range 217-323
m?xg!, which depended on hydrothermal procedure temperature. The relatively
good photon-to-current conversion efficiencies, reaching 7.1 %, have shown that
the template-free mesoporous titania synthesis leads to the materials which can
be highly effective when used for electrodes in DSSCs.

5. Conclusions

Mesoporous titania materials may be successfully applied in photoenergy
systems. In most cases the use of mesoporous material gives better results than
the use of nonporous one. A mesoporous material to be applied in photoenergy
systems should show well-defined high porosity, high specific surface area, good
crystallinity and a suitable crystallite size. Different synthetic methods have
been developed to prepare materials satisfying the above conditions, but there is
still enormous demand for more refined methods that could ensure more active
suitable materials. From among a number synthetic approaches, very interesting
is the template free synthesis of mesoporous materials, when looking through
the lens of its environmental friendliness in connection with potentially cheaper
way to obtain well defined mesostructured materials caused by elimination of
the templates and often softer synthesis conditions. It can be expected that the
template free self-assembly methods will be intensively developed and may
displace the “traditional” template assisting methods.
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Introduction

Asymmetric synthesis employing chiral catalysts has become one of the
most intensively growing field in organic chemistry for the last three decades.!
Synthesized enantio-enriched or enantiopure products are valuable compounds of
biological, medicinal or agrochemical interests. Many optically active naturally
occurring compounds, such as amino acids, carbohydrates, alkaloids or terpenes,
have been used as chiral building blocks, chiral auxiliaries and/or the source
of stereogenic centers. Among them, monoterpenes proved to be very valuable
especially as precursors of boron reagents and catalysts. a-Pinene derived
reagents were successfully applied to many asymmetric reactions, for example,
asymmetric hydroboration and reduction?, allylboration®, homologation*, ring
opening of epoxides’, and others®. This review covers the synthesis and the use
of B-amino alcohols derived from bicyclic monoterpenes. The importance of
1,2-amino alcohols has already been summarized’. Herein we present syntheses
and essentially catalytic utilizations of f-amino alcohols and their derivatives
obtained from a- and -pinene, 3-carene, and camphor.

Asymmetric reductions with borane/oxazaborolidines

Asymmetric reduction of prochiral ketones with stoichiometric
organoboranes’ or with borane in the presence of catalytic amount of
oxazaborolidines® is one of the simplest method for the preparation of chiral
secondary alcohols. In contrast to extensively studied oxazaborolidines obtained
from amino acids, for instance, derivatives of 1,1-diphenylprolinol, not many
terpene-derived oxazaborolidines are known as catalysts for the reduction of
ketones with borane. 3-Amino-2-hydroxypinane was reported for the first
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time by Burak and Chabudzinski without specifying enantiomeric purity.’
However, Masui and Shioiri slightly modified their procedure and they prepared
enantiomerically pure (1S5,25,3R,5S)-3-amino-2-hydroxypinane (1) from
(1R,5R)-a-pinene (Scheme 1).1°

NH
éﬁ KMnO, @fo NH,OH @// “OH _LiAM, @ 2
acetDne/Hzo EtOH, reflux Etzo reflux

+)-0-Pinene >99.9% ee
91% ee
Scheme 1.

o-Pinene was oxidized with potassium permanganate, utilizing the procedure
developed by Carlson and Pierce'!, followed by the reaction with aqueous
hydroxylamine. Optical purity of the oxime was upgraded by fractional
crystallization. Lithium aluminum hydride reduction of the oxime gave the
expected B-amino alcohol 1. Applying the same methodology to (—)-a-pinene of
81% ee, Masui synthesized the optically pure opposite enantiomer of the amino
alcohol 1 — (1R,2R,3S,5R)-3-amino-2-hydroxypinane (2) (Scheme 2).

=~ ,OH
. NH,
) T~ &
(-)-0-Pinene >99,9% ee
81% ee 2

Scheme 2.

The reaction of 3-amino-2-hydroxypinane 1 with trimethylboroxine,
butylboronic acid, or phenylboronic acid was completed in refluxing toluene to
give respectively B-methyl- 3, B-n-butyl- 4, and B-phenyl- 5 oxazaborolidines
(Scheme 3). In contrast to other oxazaborolidines usually used as crude
compounds in following reactions, oxazaborolidines derived from a volatile
a-pinene could be purified by distillation.

Markowicz and co-workers demonstrated a convenient method for the
preparation of 1, and its N-derivatives, starting from inexpensive (+)-o-pinene
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of low enantiomeric purity (~65%).> 2a-Hydroxy-pinan-3-one 6 of 65% ee
could be crystallized from condensed hexane solutions containing 1% v/v of
ethylene glycol to give, after seeding, almost enantiomerically pure 6. Similarly,
optical purity of oxime 7 was upgraded utilizing different solubility of the two
forms, enantiomer and racemate, in boiling hexane (Scheme 4).

BuB(OH),
——
toluene
reflux
OH
3 wNH;
3 1 PhB(OH)2
————
toluene
reflux
5
Scheme 3.
OH OH
KMnO;4 o NH,0H N “OH
—_— B —
65% ee 6, 65% ee 7, 65% ee
resolution resolution
N Ve
l racemates l
OH OH OH OH
WNHR LNR o Neon LA, ~NH2
—_—
2) LiAlH,
>99% ee 6, >95% ee 7, >99% ee 1,>99% ee
Scheme 4.

Acetophenone is usually selected as a model ketone to test new
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oxazaborolidines as catalysts for the asymmetric reduction with borane. Table
1 summarizes reductions of acetophenone catalyzed by variously substituted
oxazaborolidines obtained from 3-amino-2-hydroxypinanes 1 and 2. B-Methyl 3
furnished the best results and produced (S)-1-phenylethanol in high enantiomeric
excess. The standard catalyst loading is 10 mol %, 5 mol % of 3 still catalyzed
the reduction with high enantioselectivity. Lowering the catalyst loading
to 2 mol % influenced the selectivity and the reaction time. The use of both
enantiomers of the catalyst for the reduction of ketone led to both enantiomers of
the product alcohol. This can be clearly seen for catalysts 3 and 9."* N-Alkylation
in oxazaborolidines 11 and 12 had a profound effect on enanantioselectivity to
yield nearly racemic 1-phenylethanol.'*

Table 1. Asymmetric reduction of acetophenone with oxazaborolidines derived from 1
and 2.

/R /R
B\ //,, O/B\
RS I NR'
or @
o 3-5,8 9-12 OH

Ph)J\

BH3—SM82 or BH3/THF
THF

Oxazaborolidine (mol %) o )
Temp., C  Time, h Ee, % Config. Ref.

R R’
3(10) Me H 25~30 0,5 91 S 13
3(10) Me H 0~5 2 93 S 13
305 Me H 0~5 6 92 S 13
3(2) Me H 0~5 24 87 S 13
4(10) Bu H 0~5 4 92 S 13
5(10) Ph H 0~5 6 91 S 13
8 (10) H H 25~30 1 94 S 13
8 (10) H H 0~5 2 93 S 13
8(10) H H 0 2 89 S 12
9 (10) Me H 0~5 2 93 R 13
10 (10) H H 0—rt 1,25 93 R 14

144



MONOTERPENE-DERIVED 1,2-AMINO ALCOHOLS AS CATALYSTS PRECURSORS FOR ASYMMETRIC REACTIONS

11 (10) H i-Pr 0—rt 1,25 24 R 14
12 (10) H Bn 0—rt 1,25 3 - 14

The stereochemical outcome of the reaction was explained using well documented
mechanism of the CBS (Corey-Bakshi-Shibatta) reduction.®® * The mechanism
implies the coordination of both the ketone and the borane to oxazaborolidine,
which allows hydride transfer to take place through chair-like transition state as
depicted on Figure 1.

Figure 1.

As a result of model studies and the mechanism of this reduction, Masui and
Shioiri introduced B-methoxy oxazaborolidine 13 in order to increase Lewis
acidity of the boron atom in oxazaborolidine ring.'® This compound, similarly
to other B-alkoxy derivatives, was generated prior to the reaction and was used
without isolation. The catalyst 13 has shown higher activity in comparison with
B-H and B-Me derivatives giving product alcohols with higher enantiomeric
excess (Scheme 5).'* ' Recently, a DFT studies of the whole catalytic cycle in
the reduction of acetophenone catalyzed with 13 was published."”

OH

Ph)K " Ph)\

BH3-SMey, THF

93% yield
95.5% ee

Scheme 5.
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Another readily available bicyclic moneterpene component of turpentine is
(-)-B-pinene, which occurs naturally only as (1S5,5S) enantiomer. Krzeminski et
al., prepared amino alcohol 16 in three-step synthesis from B-pinene (Scheme
6)."% Thus, (+)-nopinone (14), obtained by ozonolysis of (—)-B-pinene, was
converted into ketoxime 15. Reduction of 15 with lithium tetrahydridoaluminate
produced (1R,2S,3R,5R)-3-amino-apopinan-2-ol (16) in 87 % yield. The
structure was confirmed by spectroscopic methods and additionally by crystal
structure analysis of its p-toluenesulfonamide derivative.'

1) O3, -78° C ) t-BuOK, t-BuOH 0 1) LiAlH4, THF, QH
Cquz 2)n BUONO NOH reflux 24 h wNH,
T EE——
S(CHz ) HC|aq 9 2)H,0

88 % 76 % 87 %
B Pinene 15 16

Scheme 6.

Amino alcohol 16 was treated with selected trialkyl borates and the corresponding
B-alkoxy-oxazaborolidines were used directly, without isolation, to catalyze the
reduction with borane dimethylsulfide adduct (Table 2).'

Table 2. Asymmetric reduction of acetophenone with BMS catalyzed by oxazaborolidines
generated from 16 and B(OR) .

HHoR
(0] H / B/\H Me OH
N7 N
@)‘\ 16, B(OR)3 /B\O//Kph H,0 ©)
BH3-SMe,/THF 0
Entry 3 R T?,mp' : Product
(mol%) ©C) Yield (%)° Ee (%)
1 10 Me 0 98 96
2 10 Me 20 99 97
3 10 i-Pr 0 98 84
4 10 i-Pr 20 97 94
5 10 n-Bu 20 99 98
6 5 Me 20 97 97
7 3 Me 20 98 98
8 1 Me 20 96 92

“ Borane-dimethyl sulfide complex (BH -S(CH) ).
b Configuration was established by comparing the sign of rotation with an authentic
sample (Aldrich).
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¢ Isolated yields after flash chromatography.
¢ Enantiomeric excess was established by GC analysis of the 1-phenylethanol on
chiral column.

Experiments with oxazaborolidine generated from 10 mol % of 16 and 11 mmol
% of B(OMe), proceeded readily to give (S)-1-phenylethanol of 97 % ee in 99 %
yield (Table 2, entries 1 and 2). Bulkier isopropoxy group on boron atom, when
triisopropyl borate was used to generate catalyst, led to a lower enantiomeric
excess, especially at 0 °C (entries 3 and 4). Tri-n-butyl borate gave similar result
to B(OMe), (entry 5). Lower catalysts loadings did not reduce the enantiomeric
purity of the 1-phenylethanol (entries 6 and 7). The best reaction conditions, 3
mol % of 16 and B(OMe), at room temperature, were employed for the reduction
of the selected alkyl-aryl ketones and the results are presented on Figure 2.

W@ D*@f

Yleld (% 99

B OF ot

Yield (%)
Ee (%)

Figure 2.

The extension of this studies was an approach to N-hydroxyurea 21
utilizing in a key step the reduction of 6-benzyloxy-2,3-dihydrobenzofuran-3-
one (18) (Scheme 7)." N-Hydroxyureas derived from dihydrobenzofuran, and
other oxygen and sulfur heterocycles, are 5-lipoxygenase inhibitors exhibiting
antiasthmatic, antiallergic and antiinflammatory activities. Oxazaborolidine 17,
prepared from 16 and B(O-n-Bu),, was more selective then oxazaborolidine
from (1R,25)-norephedrine giving 19 in 87 % ee.
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O"Bu

/

e
\
_m

NH HN

X
OPh
o) OH O. _OPh
/@Elg 47 » BHaTHF @f& \g/ . DIAD, PPh,
BnO 0] THF BnO 0] THF

18 92 % 19 87 %ee 60%

PhOOCO, HO, JZ)
N
= NH

= NH3 A 2
—_—
:[ > t-BuOH, rt /®E>
BnO o BnO 0

63 %
20 21 31%ee

Scheme 7.

Unfortunately, the transformation of 19 to 20 under Mitsunobu conditions,
with N,O-bis(diphenoxycarbonyl)hydroxylamine, followed by treatment with
ammonia proceeded with extensive recemization to give 21 of 31 % ee. Attempts
to modify reaction conditions by switching to other phosphines instead of
triphenylphosphine have not raised the enantiomeric excess of 21. Presumably,
two oxygen atoms attached to aromatic ring exert too strong electron-donating
effect leading to partial racemization at the benzylic position."

A further constituent of turpentine, (+)-3-carene has already proved to be
a powerful chiral auxiliary in hydroboration and allylboration reactions®, as
well as a precursor of chiral ligands and reagents.?! (15,3S,4R,6R)-4-Amino-
caran-3-ol (25) was obtained by analogy to the synthesis of amino alcohol 1 in
four-step synthesis (Scheme 8). Since 3-carene is more sensitive towards strong
oxidants, first, dihydroxylation by osmium tetroxide in the presence of N-methyl-
morpholine N-oxide (NMO) as a stoichiometric oxidant was accomplished to
give a single stereoisomer of the diol 22.% In the next step, diol was oxidized
using Swern method to o-hydroxy ketone 23, which was converted into
o-hydroxy oxime 24. Reduction of the oxime with lithium aluminum hydride
gave the expected B-amino alcohol 25 (Scheme 8§).

Laczkowski et al., developed a shorter synthesis of 25 utilizing Sharpless
aminohydroxylation reaction (Scheme 9).% The aminohydroxylation of 3-carene
with chloramine-T was conducted in the presence of 1 mol % of osmium
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tetroxide producing B-hydroxy-toluenesulfonamide 26. The increased amount
of the osmium catalyst (1 mol %), much higher compared with dihydroxylation
reaction (0.2 mol %, Scheme 8), is necessary to achieve a good yield of the
hydroxy-amide 26. The reduction of the sulfonamide with sodium in liquid
ammonia gave 4-amino-caran-3-ol 25 in 72 % yield.

(OH OH
X ‘\\OH N O
OsO4/NMO/Py 1. DMSO/ (COCl),, HyNOH-HCI
acetone / H,O CH.Cl,, -78 °C AcONa, EtOH
reflux 2. Et;N
71 % 80 % 72 %
(+)-3-Carene 22 23
OH OH
X N_ _.NH2
~ OH 1. LAIHyTHF '
2.H,0
84 %
24 25
Scheme 8.
OH OH
s <_ NH
Chloramine-T, 1% mol OsQO4 .\‘NHTS Na, NH3 - 2
_—
t-BuOH/H, O, reflux Et,0, -78 °C
68 % 72 %

(+)-3-Carene 26 25
Scheme 9.

In contrast to B-isopropoxy oxazaborolidine obtained from 16, which gave
lower enantiomeric excess of 1-phenylethanol in reduction of acetophenone
(Table 2), (18,3S,4R,6R)-4-amino-caran-3-ol (25) in conjunction with
triisopropyl borate catalyzed the reduction of the selected ketones to produce
alcohols with excellent enantioselectivities (Table 3).* Alkyl-aryl ketones were
reduced with the solution of borane in tetrahydrofuran in the presence of 5 mol
% of the catalyst.
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Table 3. Reduction of selected ketones with borane catalyzed by oxazaborolidine
generated from 25 and B(O-i-Pr)..

0 5% mol. 25, B(O-i-Pr)3 OH
Arr 'R 1eq BH3 THF, THF Ar/kR
Product Yield (%) Ee (%)

OH
@/k 95 98
OH
O)\ 93 98

MeO
OH

OH

OH

@/ku 89 98

96 99

/@J\ 95 99
Br

The superior enantioselectivity of the oxazaborolidine 27 was employed in
the facile synthesis of the N-hydroxyurea 30 (Scheme 10).% 2-Acetyl-benzofuran
28, readily prepared from salicylic aldehyde and chloroacetone, was reduced with
borane/oxazaborolidine 27, generated in situ from B(O-i-Pr), and 25, producing
(S)-1-(benzofuran-2-yl)ethanol 29 with 98 % ee. The other oxazaborolidines,
generated from (15,2R)-norephedrine and (S)-diphenylvalinol, resulted in lower
enantiomeric excess of 29.

In the following step, 29 reacted with N,O-bis(diphenoxycarbonyl)
hydroxylamine under Mitsunobu conditions. The substitution product 30 after
treatment with liquid ammonia yield N-hydroxyurea 31 with 50 % ee (Scheme
10). Unfortunately, a partial racemization was observed, similarly to substitution
in 19 (Scheme 7).

Besides a- and B-pinene and 3-carene, camphor belongs to one of the most
important chiral auxiliaries. Several B-amino alcohols from camphor were
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synthesized®® long time ago, but not many reports describe their applications as
ligands or catalysts. Santhi and Rao obtained three isomers, cis-endo-endo (32

and 34) and cis-exo-exo (33) amino alcohols using reported procedures (Scheme
11).7

OlPr

@ite)
-~

o}
NH )J\
, BHa/THF
\rf
o}

27
THF O OH THF

0,
97 % 20 98%ece 54 %

BN S T
NH»
N-COOPh ¢ BUOH, rt o N
PhOOCO 76 % HO 'e)
30 31 50 % ee
Scheme 10.
. NH>»
— OH
NH
OH (0]
32 (+)-Camphor 33
OH
NH,
34
Scheme 11.

Amino alcohols 32-34 were subjected to the reaction with borane or trimethyl
borate to yield the appropriate catalysts 35-37 (Figure 3).
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H
N\
0—B-
NH o} R
O~ >
B-r HN-B. |
35a R=H 36 37a R=H
35b R=OMe 37b R=OMe

Figure 3.

Oxazaborolidines 35-37 (10 mol %) generated in situ were used in asymmetric
reduction of prochiral ketones with borane-dimethylsulfide adduct in
tetrahydrofuran at room temperature (Table 4). B-H Oxazaborolidine 35a,
obtained from 3-endo-aminoborneol 32, furnished the best enantioselectivities
for the reduced ketones. In contrast to previous results, catalyst 35b gave product
alcohols with lower enantiomeric excess. Almost total lack of selectivity was
observed for 36, which was explained based on steric factors. Coordination of
borane to the nitrogen in 36 is difficult because of the proximity of the methyl
group. Product alcohols with the opposite configuration were received, when the
reaction was catalyzed by oxazaborolidine 37 generated from the cis-exo-exo
amino alcohol 33.

Table 4. Enantioselective reduction of ketones catalyzed by oxazaborolidines 35-37.

Ketone Catalyst Yield, % Ee, % Config.

35a 84 93 R

35b 86 78 R

Acetophenone 36 71 2 S
37a 94 79 S

37b 70 56 S

35a 93 86 R

35b 90 43 R

Propiophenone 36 88 0.7 R
37a 70 68 S

37b 83 41 S

35a 95 74 R

35b 97 71 R

1-Tetralone 36 81 8 S
37a 98 63 S

37b 91 47 S
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35a 78 90 R

35b 74 68 R

2-Acetonaphtone 36 81 0.9 S
37a 85 78 S

37b 63 50 S

35a 73 85 R

35b 70 58 R

2-Octanone 36 69 9 S
37a 88 69 S

37b 79 62 S

Similarly to previous results for oxazaborolidines 11 and 12 (Table 1),
N-substituted amino alcohols 38, 39 and 40 (R = Ph, 1-Napht) (Figure 4), applied
for the in situ generation of oxazaborolidines, yielded product alcohols with low
enantioselectivities.?

NHCH,R
OH
NHCH,R OH
H NHCH,R
38 39 40

Figure 4.

Xie et al. has utilized squaric acid (41) to modify aminoalcohols 32 and
33.% Squaric acid 41, being an aromatic four-membered cyclic compound with
highly acidic hydroxyl groups, was converted into diesters 42 by refluxing in
corresponding alcohols (a: EtOH, b: n-BuOH, ¢: n-CH ,OH, d: n-C;H,,OH)
(Scheme 12). In the next step, 42 has reacted with cis-endo-endo amino
alcohol 32 and the cis-exo-exo amino alcohol 33 to give the corresponding
squaramidoalcohols 43 and 44.

0 OH ROH 0 32 or 33
reflux Et3N, Et O OH
o OH o e
41 42

43a- d 44a-d

Scheme 12.
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Squaramidoalcohols 43 and 44 were employed to the asymmetric reduction of
prochiral ketones with borane. In the optimized reaction conditions, ligands (10
mol % of 43 or 44) reacted with BH,-SMe, (1.2 equiv.) in THF at 0 °C, followed
by the addition of ketones carried out at 50 °C. The results are gathered in Table
5. o-Bromoacetophenone was used to screen the activity of catalysts prepared
from ligands 43 and 44. cis-endo-endo Amino alcohol ligands 43 reduced
o-bromoacetophenone with higher enantiomeric excess than ligands 44. The
best ligand 43b was applied to the reduction of alkyl-aryl ketones with borane.
Enantioselectivities were moderate except a-halogenated ketones (Table 5).

Table 5. Asymmetric reduction of prochiral ketones using squaric amino alcohols.

Ketone Ligand Yield, % Ee, % Config.
43a 95 S
43b 99 S
43¢ 94 S
®-Bromoacetophenone 43d >80 96 S
44a 77 R
44b 84 R
44c 82 R
Acetophenone 43b 82 56 R
Propiophenone 43b 85 51 R
1-Tetralone 43b 87 54 R
2-Acetonaphtone 43b 91 35 R
®-Chloroacetophenone 43b 81 93 S

There are some examples of chiral amplification, but in all other asymmetric
transformations chiral auxiliaries and catalysts must be optically pure in order
to obtain the highest enantioselectivity of the stereoselective reactions. From the
results presented above, it can be seen that (+)-camphor derived amino alcohols
32 and 33 were less selective in comparison with amino alcohols obtained from
a- and B-pinene. In order to ensure the enantiomeric purity of amino alcohol 33,
Zaidlewicz et al. have developed the synthesis and purification of this compound
(Scheme 13).%

Camphoroquinone monooxime obtained either by nitrosation of camphor or
oximation of camphoroquinone was a mixture of an £/Z isomers. The mixture
was isomerized in refluxing water to pure E-oxime, and then it was reduced
with lithium tetrahydridoaluminate. The crude 33 contained stereoisomeric
impurities, which were removed after the formation of oxazolidone 47. Alkaline
hydrolysis furnished enantiomerically pure 33.
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1) t-BuOK, THF OH
2) i-AmONO _ ,{j
3) H0, reflux L|A|H4 + stereoisomers
—_—
80 % THF reflux

45 O 80 % 33 crude
1) (CCO),CO
H,NOH-HCI o CH,Cl,
— 93 %| AcONa 8% 2) Crystallization
EtOH/H0

o)

+)-Camphor
) P Se0, H 3MNaOH
Ac,0, reflux o S EtOH/H,0 OH
o reflux
A % O
46 47

98% 33 >99%ee

Scheme 13.

Oxime O-benzyl ether 48, readily prepared from 2-acetyl-benzo[b]thiophene
via oxime and etherification, was reduced with borane/oxazaborolidine 37a
to produce hydroxylamine O-benzyl ether 49 with 95 % ee.® The subsequent
reaction with chlorosulfonyl isocyanate gave N-benzyloxyurea 50. (Scheme 14).

1) CISO,NCO
\ — -
S N-OBn S HN-0Bn 50

THF, rt
48 50 % 49 95 % ee 89 %
HCOONH;, Pd/C
©\/\>_( NH; @4 NH
s N EOH, rt s N
BnO e} 70% HO 0]
50 51 95 % ee
Scheme 14.

Debenzylation of 50 was achieved with ammonium formate in the presence
of Pd/C in ethanol. N-Hydroxyurea 51 is a chiral equivalent of Zileuton® a
commercial anti-asthmatic and anti-inflammatory drug.

Asymmetric reductions with borane/spiroborate esters

Chiral spiroborate esters are a new class of boron compounds exhibiting a
great potential as catalysts in modern asymmetric synthesis. What distinguish
spiroboranes from well-known oxazaborolidines is an unique structure
containing a characteristic O,BN framework, where B-N bond is a coordinate
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bond that implies a high stability of molecule towards moisture and air.
Consequently, spiroboranes are easier to prepare, purify, store, and handle. This
fact is a great advantage with respect to other organoborane catalysts, especially
oxazaborolidines.

First chiral spiroborate esters were discovered by Shan as a simple and
convenient method for the resolution of enantiomers of 1,1°-bi-2-naphtol (rac-
52).%° Shan and co-workers showed that the addition of racemic binaphthol to
boric acid and (S)-proline in toluene under reflux conditions leads to obtain
two new spiroaminoborate diastereoisomers (54A and 54B), easy to separate,
because one of them precipitated (54A), whereas the second remained in the
solution (54B) (Scheme 15).3%

OH 2H3;BO; I I O. .0 I I
_ = .B-O-BZ{ + 5H,0
OH  Toluene o o
T = O 99

rac-52 rac-53

0.09~"" 1. NaOH/HCIELO
B _—

> B@

Cr D o OO

rac-53 + ZO<COZH SLa 54A (S)-(-)-52

N

i I CCL,,
o\@,O\_&O 1. NaOHHCIELO

cosiohllNee s

54B (R)-(+)-52

Scheme 15 3%,

Recently, two general pathways concerning the synthesis of spiroborate
esters have been developed. One of them involves chiral 1,2-amino alcohols used
in double transesterification of boric acid ester (Scheme 16).*'7 What is really
important, in the first step a diol is employed to create a 1,3,2-dioxaborolane 55,
which reacts with amino alcohol in toluene under reflux condition. It is necessary
to distill out the isopropanol that is formed next to the main product 56.

156



MONOTERPENE-DERIVED 1,2-AMINO ALCOHOLS AS CATALYSTS PRECURSORS FOR ASYMMETRIC REACTIONS

R1I*OH
Rg~__OH R
Tol 3 O,
I + (Pro)B 4»0;% I B-OPr I I + 3 PProH
R4 OH retiux R4 O
55 56
Scheme 16.

In the second method, instead of amino alcohol, amino acid is applied (Scheme
17).30-31, 38-40

OIOH
Ra_OH Raw_ 0 R{ " NH
Tao \ . 1 2
I + (PrO)B ————» I 80Py [ @, . I + 3ProH
Ry~ “OH Ry~ O
55 57
Scheme 17.

Both approaches lead to spiroborate esters almost quantitatively. Certain
modification involving the use of trimethylborate instead 1,3,2-dioxaborolane
55 was proposed by Ortiz-Marciales group.’> As a result also 58 structure-type
spiroborane is available, but exists as a dimer (Figure 5).

Rie 050
IGID\I/B\O
H,

58
Figure 5.

Spiroborate esters derived from 1,2-amino alcohol as well as amino acid
are highly effective and efficient catalysts for the asymmetric borane-mediated
reduction of prochiral ketones®'-33-3 4143 " g_haloketones*, and oxime ethers®>3*
43,46 They are also successfully utilized in the asymmetric aldol condensation.*®
In particular, spiroborate ester synthesized from (S)-1,1-diphenylprolinol and
ethylene glycol achieves outstanding stereoselectivity in the reduction of a
large variety of arylalkyl and aromatic heterocyclic ketones®* #'**, comparable
in their enantioselectivity to the CBS oxazaborolidine, whereas other, derived
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from (S)-1,1-diphenylvalinol and ethylene glycol was found as a perfect
catalyst for the asymmetric reduction of arylalkyl and heterocyclic O-benzyl
oxime ethers’> %4 giving the corresponding enantiopure primary amines and
amino ethers. These two compounds were also employed in the syntheses of
mexiletine*** and nicotine*, and their analogues — a group of ligand-gated ion
channel receptors playing a vital role in many biological processes, for example,
neurotransmission. Additionally, because of their Lewis acid-base nature,
spiroboranes can be applied as catalysts for other types of reaction, for example,
the selective reduction of ketones, esters, and amides using N,N-diethylaniline-
borane.*’” Moreover, they are notably useful as synthetic templates for further
asymmetric transformations.*% 8

Because nature still inspires a great number of chemists, in this part the
attention is focused on a new class of spiroborate esters derived from a-pinene.
This system offers an interesting alternative and a great potential for the borane-
based catalytic asymmetric synthesis of enantiopure alcohols.

Obtained from (-)-a-pinene, enantiomerically pure (1R,2R,3S,5R)-3-amino-
pinan-2-0l* 12 (2) has led to the preparation of terpenyl spiroborate esters 61-
66°%, according to Scheme 16, by the reaction with ethylene glycol, propan-1,3-
diol, pinacol, catechol, (1S,2S,3R,5S)-pinane-2,3-diol*, and (1R,2R,3S,5R)-
pinane-2,3-diol*, respectively (Figure 6). Each terpenyl spiroborate ester was
formed as a white precipitate with high yield, and indicated an excellent stability
after being exposed to air for a short period of time. Furthermore, it could be
readily stored under an inert atmosphere for prolonged periods.

2.0,0 £.0,0 o\e\o
@/B» j @ @/B; :>
N O N O
Hy

"

'

H>
61 62 63
J@ ‘: J@
"
64 65 66
Figure 6.

In all cases "B NMR spectra recorded in THF-d, exhibited a characteristic singlet
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between 4—12 ppm for the central boron atom that corresponds and confirms
a unique O,BN framework in the molecule of spiroborate ester. However, the
presence of minor signals at 16,5 and 14,5 ppm, for 62 and 64 respectively,
and for 61, 63, 65, and 66 around 21 ppm, was also noticed. The reason for this
phenomenon is the inherence of equilibrium between two co-existing forms:
spiroborate and the borate lacking complexation between the nitrogen and
boron atoms. Representative properties of terpenyl spiroborate esters 61-66 are
summarized in Table 6.

Table 6. Synthesis of terpenyl spiroborate esters 61-66°°,

Spiroborate ester ~ Yield,%  Mp,°C "B NMR®", § ppm [(x]éo
61 84 161-163 8,44 +7,96 (¢ 1, THF)
62 54 147-150 3,83 8,33 (c 1, THF)
63 87 221-224 7,26 +2,12 (¢ 0.9, THF)
64 85 200 (dec) 11,80 +31,8 (¢ 0.9, THF)
65 45 241-242 8,50 +12,3 (¢ 0.9, THF)
66 84 220-222 8,34 —14,7 (¢ 1, THF)

 Spectra were recorded in THF-d,,

¥ Co-existing signals in the "B NMR spectra and their percentage: 610 (21.5 ppm,
3%), 62 (16,5 ppm, 36%), 63 (20,5 ppm, 8%), 64 (14,1 ppm, 4%), 65 (20,6 ppm,
13%), 66 (20,6 ppm, 45%,).

Terpenyl spiroborate esters show a great catalytic activity in the asymmetric
borane reduction of prochiral ketones.* Reduction of acetophenone as a model
compound with 1 molar equivalent of borane-dimethyl sulfide adduct and 0,1,
0,05 and 0,01 molar equivalent of 61-66 as the catalyst in dry THF, at room
temperature was very fast (<1 h) and always gave the corresponding (R)-1-
phenylethanol almost quantitatively (Scheme 18, Table 7).

e} 1. Xmol eq 61-66 OH
)K BHySMe, / THF, it ?
Ph 2. MeOH T PR

Scheme 18.
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Table 7. Borane reduction of acetophenone catalyzed by terpenyl spiroborate esters 61-
66,

Entry Cat. X mol. eq. Cat. Yield, % Ee, % Conf.9
1 61 0,10 94 96 R
2 61 0,05 90 93 R
3 61 0,01 93 92 R
4 62 0,10 94 96 R
5 62 0,05 92 81 R
6 62 0,01 92 66 R
7 63 0,10 90 92 R
8 64 0,10 88 7 R
9 65 0,10 86 95 R
10 65 0,05 91 86 R
11 66 0,10 94 90 R
12 66 0,05 90 88 R
@ Isolated yield.
¥ Determined by GC analysis on a chiral column, Supelco f-DEX 325™, 30 mx0.25
mm.
9 The R configuration was assigned by comparison of the rotation with the literature
data.

As it is presented in Table 7, the best results for this type of reaction indicated
spiroborate ester 61. Even decreasing catalyst loading from 0,1 to 0,01 molar
equivalent the enantiomeric excess of the product still remained above 90%
(Table 7, entries 1-3). It seems that only the size of the diol moiety and not
its chirality is an important factor in these reductions. The change of the diol
part in the spiroborate ester molecule did not affect the configuration of the
product alcohol. The chiral pinane diols exerted only a small effect on the
enantioselectivity of the reduction (Table 7, entries 9-12), whereas applying
catechol moiety caused almost total lack of selectivity for the catalyst 64 (Table
7, entry 8).

Further studies have led to employ spiroborate ester 61 in the borane
reduction of other prochiral ketones (Table 8).3¢

Table 8. Borane reduction of prochiral ketones catalyzed by spiroborate ester 61%.

Entry Ketone 61 (x eq. mol.)  Yield, %  Ee,%  Conf.?
O
0,10 94 96"
! 0,05 90 93 R
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o)
0,10 91 93
2 d\ 0,05 92 90 R
OMe
o}
0,10 88 98
3 Q)\ 0,05 93 95 R
OMe
0
0,10 91 97%
4 /©)\ 0,05 97 96 R
MeO
o)
0,10 94 920
3 ©)\/ 0,05 93 90 R
0
. _— 0,10 95 65 .
5 O 0,05 91 60
0
7 O OO 0,10 87 49 —9
9 [solated yield.

» Determined by GC analysis on a chiral column, Supelco f-DEX 325™, 30 mx0,25

mm.

9 Determined by HPLC analysis on a chiral column, Daicel Chiralcel OD-H, 250
mmx4.6 mm, 5 pum.
Y 4ssigned by comparison of the sign of rotation with literature data.
9 Absolute configuration not determined.

The corresponding optically active alcohols were obtained in excellent yields
and with high enantiomeric excess, aside from slightly worse for benzofuran-
2-yl-(phenyl)methanol and naphthalen-2-yl(phenyl)methanol (Table 8, entries

6-7).

Further studies concern on the new series of spiroborate esters derived
from (1R,2S,3R,5R)-3-amino-6,6-dimethylbicyclo[3.1.1]heptan-2-ol (16) with

161



M.P. KrRzEMINSKI, M. CWIKLINSKA AND A. KMIECIAK

the particular diols: ethylene glycol, 1,4-anhydroerythritol, and cyclopentane-
1,2-diol. This compounds offer a great catalytic activity in the enantioselective
borane reduction of carbon-oxygen double bonds, but, what is more interesting,
they can be also easily applied in the enantioselective borane reduction of
carbon-nitrogen double bonds contained in NH-, arylalkyl, and cyclic imines,
like dihydroisoquinoline systems, giving a number of corresponding optically
active amines, among them salsolidine with enantiomeric excesses up to 97% ee.

Enantioselective diethylzinc addition to aldehydes

The asymmetric dialkylzinc addition to aldehydes is a useful method to form
a new C-C bond and to synthesize chiral secondary alcohols.’® This reaction,
catalyzed with optically active amino alcohols as effective chiral ligands, was
discovered by Oguni et al. in 1983 (Scheme 19).%!

0]

Et, OH
Cat. S
+
R)J\H EtyZn —>R>\H

Scheme 19.

However, the first addition of diethylzinc to aldehydes with high
enantiomeric excess was reported by Noyori et al. in 1986.5 They used (25)-
(—)-3-exo-(dimethyloamino)isoborneol ((—)-DAIB) 67, derived from natural
camphor, as the catalyst to obtain (S)-product alcohols with high enantiomeric
excess (61-98% ee) (Table 9). When the catalyst was changed to its enantiomer
68, the addition of diethylzinc to benzaldehyde produced (R)-1-phenylpropanol
in 98 % ee.”

N _N
OH HO
67 (-)-DAIB 68 (+)-DAIB

Table 9. Enantioselective addition of diethylzinc to aldehydes catalyzed by 2 mol % of 1.

Aldehyde Time, h Yield, % Ee, % (config.)
Benzaldehyde 6 97 98 (S)
p-Chlorobenzaldehyde 12 86 93 (S)
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p-Methoxybenzaldehyde 12 96 93 (S)
E-Cinnamaldehyde 6 81 96 (S)
3-Phenylpropanal 12 80 90 (S)
n-Heptanal 24 81 61 (S)

In 1999 Nugent presented a simple structural modification of DAIB (67),
(2S)-(—)-3-exo-morpholinoisoborneol ((—)-MIB) (69) obtained in reaction of
3-exo-(amino)isoborneol 33 with bis-(bromoethyl)ether (Scheme 20).5*

o

NH> (BrCH,CH,),0 N\)
DMSO, Et;N
OH OH
33 69 (-)-MIB

Scheme 20.

Like DAIB, MIB catalyzed the enantioselective addition of diethylzinc to
aldehydes with high enantiomeric excess (91-99 % ee) (Table 10). The author
observed that during reactions detectable amounts of primary alcohols were
formed and it depended on the type of aldehyde used: 2% or less for aromatic
and primary aliphatic aldehydes, 5% or less for secondary aliphatic aldehydes
and 38% for tertiary aldehyde — trimethylacetaldehyde.

Table 10. Enantioselective addition of diethylzinc to aldehydes catalyzed by 69.

Aldehyde MIB, %mol  Time,h  Yield, %* Ee, % (config.)*
Benzaldehyde 2 3 98 98 (S)
p-Fluorobenzaldehyde 5 3 98 98 (S)
Hexanal 5 3 96 91 (S)
Isobutyraldehyde 5 3 94 99 (S)
2-Ethylbutyraldehyde 5 18 92 99 (S)
Trimethylacetaldehyde 5 24 62 97 (S)

* Reaction was quenched by addition of Ac,0 which quantitatively converts the
intermediate zinc alkoxides to the corresponding acetates

Comparing DAIB and MIB, it can be noted that the enantiomeric excess as
well as the yield of diethylzinc addition to aldehydes are similar, but one of the
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advantages that the crystalline nature of MIB imparts is greater air-stability than
DAIB.>

The results presented above show that the configuration of product is
determined by the configuration of catalyst. In contrast to (—)-camphor, the precursor
of (-)-DAIB and (-)-MIB, (+)-camphor occurs naturally. Consequently, exploration
of other optically active natural monoterpenes has began to find new chiral
auxiliaries for dialkylzinc addition. One of these compounds with the possibility
of wide application as a chiral auxiliaries is pinene. o-Pinene occurs naturally in
both enantiomers (+)- and (-)-o-pinene, although (—)-B-pinene is the only natural
product. Its derivative, (+)-nopinone is an important precursor to synthesize several
amino alcohols, which formally are derived from (—)-B-pinene. Thus, research was
carried out on -amino alcohols from (—)-B-pinene. The application of trans-B-amino
alcohols as chiral auxiliaries in diethylzinc addition to aldehydes was reported in
1997% and cis-B-amino alcohols in 2009%. (1R,2S,3S,5R)-2-Dialkylamino-6,6-
dimethylbicyclo[3.1.1]heptan-3-ols 70a-d were obtained via the hydroboration/
oxidation of the corresponding enamines of (1R,55)-(+)-nopinone (Scheme 21).

Ri<...R
1~ y-R2
03, DCM, MeOH cyclohexane BMS
—_— + —_—— —_—
78°C HNRiR; reflux THF
(-)-B-Pinene (+)-Nopinone
Rie Ry Rie. .Ry Ry Ry
H2B., CH:0H _ (H3CO),Bo, H,0, HO,,
NaOH
70
_CH /T \
NR{Ry=a) N°~ '3 b) N\/:] c) N dN o
' _/

CH,Ph
Scheme 21.

Cis-amino alcohols 71a-¢ were obtained from amino alcohol 16 by the reaction
with proper dibromoakyl derivatives in the presence of K,CO, in acetonitrile
(Scheme 22). By this way authors got diastereoisomeric amino alcohol of 70d —
71a (3-MAP).
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0 OH
Br/\/o\/\Br K/)\‘
71a (3-MAP)
K,CO3 CHLCN, reflux
OH oh
HoN B~ B C\
. r N\EE 71b

K,CO; CHLCN, reflux

@ OH
BI’/\/\/\BI’

N

K,CO, CH,CN, reflux e

(=)-B-Pinene 16

Scheme 22.

By the appropriate transformation of (+)-nopinone, frans-amino alcohol
70d was prepared, which was oxidized using Swern methodology to obtain
a-amino ketone 72. Reduction of the carbonyl group in 72 with lithium
diisopropylaminoborohydride (Li[H,BN(i-Pr),], LAB reagent) in the presence
of triethylborane greatly increased the reaction stereoselectivity giving amino
alcohol 73 (2-MAP), which is a pseudo-enantiomer of 71a (Scheme 23).

® ®

oxalyl chloride, DMSO Li[H3B(i-Pr),], Et3B,
GE @ EtaN DCM Ofé HE Ho\@

+)-Nopinone 72 73 (2-MAP)
Scheme 23.

O

All (—)-B-pinene derivatives were applied in asymmetric diethylzinc addition to
benzaldehyde (Table 11). These were utilized catalytically and have shown to be
very effective catalysts. When the results from Table 11 are compared, it can be
seen that trans-amino alcohols are less stereospecific catalysts than cis-amino
alkohols. Compounds “2-amino-3-ols” 70a-d, 73 provide the formation of
secondary alcohols with R configuration, while “3-amino-2-ols” give S-alcohols.
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Table 11. Addition of diethylzinc to benzaldehyde.

+ EtyZn —>

Amino alcohol, %emol Temp, °C Yield, % Ee, %, (config)
70a (10) 0 95 80 (R)
70b (10) 0 95 76 (R)
70c (10) 0 95 70 (R)
70d (10) 0 89 58 (R)
71b (10) 0 99 84 (S)
71c (10) 0 99 87 (S)
71a (10) 0 99 86 (S)
71a (10) -15t0 0 99 97 (S)
71a (8) -15t0 0 98 97 (S)
71a (5) -15t0 0 92 99 (S)
71a (1) -15t0 0 97 96 (S)
73 (10) -15t0 0 94 99 (R)

(1R)-(—)-Myrtenol has the same type of bicyclic structure as (—)-B-pinene
and on its skeleton several B-amino alcohols were built utilizing simple
transformations (Scheme 24).”” Myrtenol was converted into the myrtenyl
bromide 74, followed by the substitution with potassium amides to tertiary
amines 75. Dihydroxylation gave diols of series 76, which were further modified
to monoethers 77.

RyR4N
NR4R, NR/R,
PBrg, pyridine KH, NHR1R2 0504, Megho ! NaH, R3Br
benzene THF/Me;0/H,0

—)-Myrtenol
76 a b c d e f g h i j
R, Ph Ph Ph Ph H H H H H H

1

R, Me Et n-Bu Ph Ph o-MePh o-nPrPh o0-iPrPh o-BuPh 0-MeOPh

77 (R=H, R,=Ph) a b c d
R Me Et n-Pr n-Bu

3

Scheme 24.
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Ligands 76a-j and 77a-d were used in the addition of diethylzinc to benzaldehyde.
The diol ligands 76a-j gave (S)-1-phenylpropanol with higher yields and higher
enantiomeric excess than the monohydroxy ligands 77a-d (Table 12). Reaction
was carried out at room temperature by using 2,2 equiv. of Et Zn and 2% mol
of chiral auxiliaries. The reactions catalyzed by monohydroxy ligands 77a-d
provided R enantiomer of product, whereas that used diols 76a-j gave (S)-1-
phenylpropanol.

Table 12. Addition of diethylzinc to benzaldehyde catalyzed by 76 and 77.

Amino alcohol Yield, % Ee,%, config
76a 85 82 (S)
76b 84 82 (S)
76¢ 83 88 (S)
76d 84 82 (S)
76e 87 37 (S)
76f 81 77 (S)
76g 77 69 (S)
76h 83 86 ()
761 84 84 (S)
76j 79 23 (S)
77a 60 9(R)
77b 73 47 (R)
77c 68 50 (R)
77d 66 46 (R)

Another source of natural chirality is limonene, which is monocyclic
monoterpene. (R)- and (S)-(+)-Limonene are very useful and not expensive
precursors of readily available (R)- and (S)-(+)-limonene oxides. However,
epoxidation of the endocyclic double bond has led to 1:1 mixture of #rans- and
cis-limonene oxides, which are difficult to separate. It is possible to conduct the
epoxide ring opening reaction by secondary amines with water as catalyst to
isolate diastereomerically pure f-amino alcohol 80 or 83 and unreacted cis-79 or
cis-82 (Scheme 25).® This phenomena is caused by conformational differences
in transition states.*

B-Amino alcohols derived from (R)-(+)-limonene oxide and (S)-(+)-
limonene oxide were utilized as chiral catalysts in the addition of diethylzinc
to benzaldehyde to produce I-phenyl-1-propanol with good yield and high
enantiomeric excess with configuration dependent on the isomer of limonene
(Table 13).
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~ 0 ~OH ~ .0
@ HNR{R, NRR; @
+ _— +
H20, reflux
AN

A
trans-78 cis-79 80arc cis79
(+)-(4R)-Limonene oxide

e e = LOH
P NRR wNRyR
+ T +
H,0, reflux
trans-81 cis-82 83a-c cis-82

(+)-(4S)-Limonene oxide

HNRRp=a)N ) b)NQ ON O

Scheme 25.

Table 13. Diethylzinc addition to benzaldehyde catalyzed by limonene derived p-amino
alcohols.

f-Amino alcohol Yield, % Ee,% (config.)
80a 80 82 (R)
80b 80 85 (R)
80c 98 78 (R)
83a 88 87 (S)
83b 90 70 (S)
83c¢ 98 80 (S)

(+)-3-Carene, which was mentioned earlier as a precursor of cis-B-amino
alcohol 25, was used for the synthesis of #rans-pf-amino alcohol. The reaction
was completed in two steps. First, 3-carene reacted with m-chloroperbenzoic acid
(mCPBA) to form carane epoxide 84 and then MgBr, induced, diastereoselective,
nucleophilic ring opening of epoxide with morpholine into trans-B-amino
alcohol 85 (Scheme 26).%°

B-Amino alcohol 85 was used as a chiral auxiliary for the enantioselective
addition of diethylzinc to aldehydes (Table 14).%
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e oH[ o

mCPBA Morpholine
—_— —_—
CHClI3 MgBr;
(+)-3-Carene 84 85

Scheme 26.

Table 14. The addition of diethylzinc to aldehydes catalyzed by 85.

Aldehyde Yield, % Ee, % (config.)
Benzaldehyde 68 81 (R)
o-Chlorobenzaldehyde 68 73 (R)
p-Chlorobenzaldehyde 66 33 (R)
o-Methoxybenzaldehyde 76 98 (R)
p-Methoxybenzaldehyde 77 73 (R)
E-Cinnamaldehyde 69 75 (R)

Asymmetric reduction of ketones with modified lithium aluminum hydride

A number of asymmetric inductions were realized in the reduction of
prochiral ketones using chirally modified lithium aluminum hydride reagents to
obtain optically active secondary alcohols. In these reactions, the chiral reducing
agent is prepared in situ by mixing a solution of LiAIH, in diethyl ether with
chiral derivative of amino alcohol 77a-d.*” ¢ First, reducing agents were tested
in asymmetric reduction of acetophenone to find the best conditions (Table 15).
Then chiral auxiliary 77b, which gave the highest enantiomeric excess, was
checked in asymmetric reduction of aryl-methyl ketones (Table 16).

Table 15. LiAlH, reduction of acetophenone using chiral modifiers 77a-d.

(0] OH
LiAH, 77a-d ©/\
Amino alcohol Yield, % Ee,%, config
77a 83 48 (R)
77b 85 62 (R)
77¢c 85 47 (R)
77d 86 46 (R)
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Allaryl-methylketones werereduced with modified lithiumtetrahydridoaluminate
producing 1-arylethanols with high yields and moderate to high enantiomeric
excess (Table 16).5 The highest enantiomeric excess (91 % ee) was achieved in
reduction of 2-methoxyacetophenone.

Table 16. Reduction of methyl ketones with LiAIH, and chiral modifier 775.

O OH
R)J\ LiAH, 770 A
Ketone, R= Yield, % Ee, % (config.)

Ph 85 62 (R)
o-Tolyl 86 79 (R)
2-Bromophenyl 86 78 (R)
2-Chlorophenyl 86 78 (R)
2-Methoxyphenyl 86 91 (R)
2-Nitrophenyl 85 72 (R)
1-Naphtyl 93 80 (R)
2-Naphtyl 96 50 (R)
1-Cyclohexenyl 89 74 (R)

Summary

Concluding, monoterpenes derived B-amino alcohols are synthesized in
enantiomerically pure form by simple methods in good yields. All can be readily
employed as catalysts in the asymmetric borane reduction of prochiral ketones.
They can also be applied in asymmetric addition of dialkyl zinc reagents to
aldehydes. In discussed reactions, either reductions or additions high asymmetric
induction can be achieved modifying the structure of the monoterpenes.
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Introduction

Arylboronic acids are systems that attract an increasing scientific interest
due to their new applications in organic synthesis, catalysis, supramolecular
chemistry, biology, medicine and material engineering '. Phenylboronic acids
and their esters (Scheme 1) are widely used in many fields of science such as
organic chemistry 2, supramolecular chemistry 3, electrochemistry * and material
science °. Esterification reaction of phenylboronic acids is also investigated
according to its usefulness in medicine %’ and industry ®.

!

HO OH
O (0]
R, Ro -
+ >_< —_— + 2H,0
HO OH

Scheme 1. Reversible formation of cyclic esters by phenylboronic acids.

Saccharides are fundamental to regulate metabolic pathways and are
responsible for the cell-cell recognition and several biological responses.
The interaction between cellular receptors and cell surface carbohydrates
has been connected with metastatic diseases. Furthermore, the detection
of blood sugar levels is one of the global challenges. D-glucose,
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D-fructose, D-galactose are biologically important compounds. Especially
significant is glucose due to the role in human metabolism. Improper level of this
sugar can cause diabetes, hypoglycemia or syndrome x. It is said that 285 million
people have diabetes and by 2030, this number is estimated to almost double. The
most important factor in this disease is keeping the blood sugar range normal.
Boronic acids are potential solution for fast and non-invasive determination of
glucose. They are very important group of chemical receptors due to the strong
covalent binding of sugar molecules, high stability and low toxicity. Binding
constants (K) withmonoboronicacids increases in the following order: D-glucose <
D-galactose < D-fructose °. Hence, the majority of monoboronic acids have poor
selectivity as well as sensitivity for glucose. Two receptors unit are required for
selective glucose binding !,

Phenylboronic acids with aminomethyl substituent at ortho position of
the phenylboronic group (I, Fig. 1) play the special role due to their increased
binding at neutral pH that influences the sugar sensitivity.

HO. 1 _OH 5
~B” T NR4R,
2 4
3
1

Fig. 1. ortho-Aminomethylphenylboronic acids.

This class of compounds was described as early as in 1982 by Wulff > and such
compounds are often called “Wulff-type receptors” or “1-5 systems” according
to atoms arrangement.

There is a huge number of papers dealing with synthesis, structure, and, first
of all, applications of this class of compounds. In the present series of monographs
three chapters on this subject have been already published. The first, general
one, described all the classes of boronic receptors of sugars and mechanisms of
the detection '*. The second one concerned the synthetic methods, in which the
compounds I were the most numerous group '*. The third one was devoted to
the structures of only one particular group: ortho-aminomethylphenylboronic
acids .
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The aim of the present review is to discuss the newest papers published in
the last 5 years, which have not been covered by the above-mentioned materials.
It is divided to three parts: synthesis, structure and applications of ortho-
aminomethylphenylboronic acids.

Synthesis

Amination-reduction reaction — simple and versatile, sometimes tricky.

The most common method of the synthesis of ortho-
aminomethylphenylboronic acids is the amination-reduction reaction between
o-formylphenylboronic acids and secondary amines. This reaction can be realized
with the use of various reducing agents and leads to the products containing
tertiary amino group (Scheme 2a). In the reaction with primary amines followed
by reduction secondary amines are obtained as the product (Scheme 2b).

B(OH), B(OH),
CHO [red]
+ RRNH — & NR;R,
(a)
B(OH), B(OH), B(OH),

HO [red]
+ RNH, ©/\

Scheme 2. Synthesis of ortho-aminomethylphenylboronic acids by amination-reduction
reaction (a) or sequential Schiff base formation — reduction (b).

Although this method is well established, this reaction was recently further
investigated. It was found, that in the reaction of 2-formylphenylboronic acid
with secondary amines different products are formed depending on the structure
of the amines. For aliphatic amines the reaction proceeds with the formation
of 3-amino-substituted benzoxaboroles or with the formation of complexed
boroxines (Scheme 3) '°.
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[ HO
HO OH N
a
CHO way NR'R?| H0 NR'R?
+HNR'R® —— H —_—
Pathway Il —
- -H,0
0 L e
Pathway llI:
no reaction or NHR'R?
/
B_O CHO 07 %o
NHR? ©/ :©
(for R'= Ph)

Scheme 3. Reactions of 2-formylphenylboronic acid with secondary amines.

Since  3-amino-substituted benzoxaboroles have been identified as
intermediates in the synthesis of o-aminomethylphenylboronic acids, their
formation is crucial in the amination-reduction reactions. The unsubstituted
benzoxaborole has been identified as a by-product, resulting from fast reduction
of 2-formyphenylboronic acid. To obtain the highest yields of the desired
product, o-aminomethylphenylboronic acid, reaction condition of amination-
reduction have been optimized to diminish the formation of undesired product,
unsubstituted benzoxaborole '"'¥ (Scheme 4).

The decrease of temperature from 65°C to -10°C resulted in 84% of isolated
yield of the desired product (51% at 65°C) 8. The following derivatives of
aliphatic amines have been recently synthesized in the amination-reduction
reaction of 2-formylphenylboronic acid " (Fig. 2).

Adoption of the appropriate reaction conditions influences the reactivity of
2-formylphenylboronic acid with aromatic amines, enabling efficient synthesis of
so-far unobtainable 2-(arylaminomethyl)phenylboronic compounds. Satisfying
results, with the yield more than 38%, were achieved after careful examination
of reaction parameters such as solvent, reducing agent, temperature, catalyst,
dehydrating agent, reaction temperature, and molar ratio of the reagents (Fig.
3)2L
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HO__OH _ HO____OH
/R1 reduction
not N > NR,R,
Rz
dehydration
reduction reduction
HO HO
~B——0 ~B——0
NR;R,
Scheme 4. Products formed in the amination-reduction reaction.
N(n-CgH17), (HO)Z
B(OH), : @f_éj
/\N O O Ho” oW Ph
64% ®
41% 1° yields not given 2
Fig. 2. Compounds obtained in the amination-reduction reaction.
B(OH), B(OH),
© 5 ¢
66% 43% 38%

Fig. 3. Recently obtained aromatic amine derivatives !
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Nucleophilic substitution of benzyl bromides

Improvement of the synthesis of aminomethylphenylboronic acids
has been recently achieved by the application of microwave irradiation
instead of refluxing reaction mixture for several hours. The pinacol esters of
aminomethylphenylboronic have been obtained in the reaction of the appropriate
bromobenzyl bromide with secondary amines in high yields (63-100%) and
short reaction time (15 min) (Scheme 5) 2. It should be noted that authors do not
mention any attempts of cleavage of the obtained pinacol esters resulting in the
corresponding acids.

HsG  cH, HsG  CH,
o)

/ l
B
\ + NuH—>
o)
H,C  CHs H3C CHs

H
N
[ j HN HN
Nu-H: N , HNEt;, ,
)\ o) NBoc
X

i

Yield: 100% 63% 100% 100%

Br

z

Scheme 5. Synthesis of o-aminomethylphenylboronic acids via MW-mediated reaction.

Boronic esters of benzyl bromides have been reacted with secondary benzylamines
to give the corresponding o-aminomethylphenylboronic acids. Analogous
transformations of meta benzyl diamines resulted in the corresponding diboronic
acids in high yields (Scheme 6) %.
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O\B/O
H.
?Ha ?Ha i 3 HO.___OH
@4 )
B
\ HO™ oM
e —— —_—
HO.___OH
N
NH, NH/\@
Flu = napthalene 73 % Flu = napthalene 82 % Flu = napthalene 85 %
Flu = anthracene 59 % Flu = anthracene 81 % Flu = anthracene 91 %
Flu = pyrene 90 % Flu = pyrene 82 % Flu = pyrene 78 %

Scheme 6. Synthesis of fluorescent receptors by nucleophilic substitution of benzyl
bromides.

The bromobenzyl boronic acid ester has been applied in the synthesis of several
other o-aminomethylphenylboronic acids 2+ (Fig. 4).

7 @5?
sz A

R,, R, = NMe,, F (14%); NMe,, H (21%), H, F (34%) **  39% * R = NMe, (44%), H (37%) %

Fig 4. Synthesized substituted o-aminomethylphenylboronic acids.

Bromobenzyl pinacol phenylboronic ester has been applied in alkylation of
secondary amine resulting in diboronic acid fluorescent sensor (Scheme 7) %.
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H

: N o
HO
CHj
?J§<°“3
. B\O CHy K,CO;, CH4CN, reflux
KHF,, H,0/MeOH, LiOH/H,0 Q
HN
58%
Bi

" HO*B\
Q B

Scheme 7. Synthesis of the diboronic sensor, containing o-aminomethylphenylboronic
moiety.

Alkylation of the secondary o-aminomethylphenylboronic acids with boronic
benzyl bromide resulted in diboronic acid ' (Scheme 8).

(HO),B. (HO),B.
(Y Ot
O N ;@ . ) aom,
(0 ‘ (L2
N
<\

Scheme 8. Alkylation of o-aminomethylphenylboronic acid.

(H
H

+
NN
N

Boroxins have been also applied in the nucleophilic substitution with secondary
amines resulting in the corresponding o-aminomethylphenylboronic acid
(Scheme 9). Authors report no yield %'
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HO. O
B Br 1. (FPr),NH J\
? 9 — N
2.H,0
o )\

Scheme 9. Synthesis of o-aminomethylphenylboronic acid starting from boroxine bromide.

Other synthetic methods
2,7-Dichlorofluorescein derivative has been obtained by a Mannich reaction
with 2-methylaminomethylphenylboronic acid in 24% yield (Scheme 10) .

Q;B(OH& (H0)25;©
AN N

B(OH)2  HCHO/CH,CN, H,0

_—
reflux, 24 h
/NH

Scheme 10. Synthesis of o-aminomethyl fluorescein derivative.

Several complex receptors containing o-aminomethyl moiety have been lately
obtained in multistep processes with moderate yields 7-*2°. Some of them display
chirality *' (Fig. 5).
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(HO),B.
(HO),B B(OH),
NH OSSN
OOO OOO =
<>
D —
N
NHTRTNH
(HO),B
R= *< >> 28% 7
— 14% %
<}q /> 25% 7

{} 20% 7

369 R (48%); R,S (50%), S,R (39%), S,S (44%) *'
(]

Fig. 5. Complex molecules containing o-aminomethylphenylboronic moiety.
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R.R (30%), S,S (28%)

R,R (30%), 8,S (32%)

Fig. 6. Chiral o-aminomethylphenylboronic acids sensors.

Multistep synthesis resulted in a para-vinylic phenylboronic acid (Scheme
11), that was subjected to polymerization resulting in polymers containing the
o-aminomethylphenylboronic acid moiety (Fig. 7) *.
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o H (0]
CN H =

DIBAL-H/toluene MeNH,, TEA

—_— —_—

0°C,2h,85% THF, RT, 4 h, 80%

Br Br
Br
/
N
Br Br
MePh,PBr, t-BuOK
THF, RT, 24 h, 85%
X
X
1. Mg, THF, 60°C, 3 h
B(OH), -<
2. B(OBu),, HCI Br

/
N

| N

Scheme 11. Synthesis of para-vinylic phenylboronic acid.

/\

Fig. 7. Polymers containing o-aminomethylphenylboronic acid moiety.

Structures — not so simple as it appears...
In the review published in 2008 ' structures of ortho-amino- and
ortho-iminomethylphenylboronic  acids, esters and boroxines have
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been described and discussed. On the basis of the crystallographic
data, it was found, that in the case of acids, formation of
B-O-H~N bond is observed, whereas in the case of their esters the N—B bond is
formed. For 9 structures of acids described in the literature, the average O-H~N
distance is equal to 2.669 A (range from 2.559 to 2.899 A), which proves the
formation of an intramolecular hydrogen bond. In this case, the N-B distance
is much higher (more than 3 A), which precludes formation of the dative N-B
bond. For the 11 reported esters’ structures, the average N-B distance is equal to
1.710 A, which is characteristic for the dative bond. Dative bond is also present
in the boroxines, with the examples of one, two or three such bonds formed in
the boroxine molecule. There are however some exceptions:

1. In case of bulky substituents in aminomethyl group, steric hindrance
disables the formation of intramolecular dative bond. Unfavorable
arrangement of the donor atoms can also cause the lack of intramolecular
coordination 3,

2. For the compounds with amido group, the dative O—B bond is formed
instead of the N—B one as it is energetically favorable (length ca. 1.5
A) 240,

The comparison of the calculated energies of possible structures of ortho-

iminomethylphenylboronic acids (A,B) and ortho-aminomethylphenylboronic
acids (C, D, E) (Fig. 8) were recently carried out *'.

+3.8 kcal/mol 0 kcal/mol +7.3 kcal/mol +2.4 kcal/mol 0 kcal/mol

Fig. 8. Energy differences for the particular structures, related to the lowest energy forms.

The calculations on the MP2/6-31+G**level proved that both aminomethyl-
and iminomethylphenylboronic acids are stabilized by intramolecular hydrogen
bonds involving hydroxyl fragment at boronic group and nitrogen atom in 3
position of the substituent at ortho position. However, due to small difference in
energy between possible forms, the structures with the N—B dative bond may
exist in solution, gas phase, and although other polymorphs were not found,
they possibly may also exist in the solid state. Notably, the substituents at the
phenyl ring practically do not influence the preference of hydrogen bond or
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dative bond formation. This statement is in accordance with the results published
by Anslyn et al. ***. The authors postulated, that the presence or absence of
the dative N-B bond is a balance of many factors, of which crystal packing
can have a significant effect. In the solid state only forms with intramolecular
hydrogen bonds were obtained for the acids, but in the case of esters two types
of intramolecularly complexed species were obtained depending on the solvent
used during crystallization (Fig. 9).

Fig. 9. Molecular structures of catechol ester of aminomethylphenylboronic acids: (a)
with direct N—B bond, (b) with the solvent (methanol) molecule coordinating boron
atom.

As it was mentioned above basing on the results of calculations '°, discrepancies
between the structure in the solid state and in solutions can be observed. The
structures present in the solution can be deduced from the ''B NMR spectra “>%7.
On the basis of the results of titration of boronic acid with polyols in different
solvents, chemical shifts were attributed to particular species (Fig. 10).
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Fig. 10. Structures present in solutions and their 'B chemical shifis (ppm).

The values of chemical shifts were assigned on the basis of thoroughly performed
titration experiments. However, direct determination of the structure from the
single value of ''B chemical shift is rather doubtful. First of all, this value allows
only to state the presence of the three- or tetra-coordinate boron atom (values
ca. 30 and ca. 8-16 ppm, respectively). The situation is additionally complicated
by the formation of boroxines in equlibrium with acids. For example, the signal
at 26.8 ppm for the acid I (Fig. 10) is a minor one. The main signal observed
in this case is that of 15.7 ppm, which can be attributed to the four-coordinate
boron atoms in the corresponding boroxine *2. Moreover, in case of dynamic
processes an averaged signal are observed. For example, boroxines form 1:1
complexes with amines, and at room temperature only one signal for both types
(three- and four-coordinate) boron atoms is observed. The coalescence of the
signals depends not only on the exchange rate, but also on the frequency of the
spectrometer. Anslyn et al. for example 27 observed for the boronic acid/catechol
system only a single "B signal at 300 MHz, while two separated signal have
been observed for the 500 MHz experiment.

Formation of the dative N—B bond can be affected by the steric hindrance on
the nitrogen atom. As it was mentioned above, there are several examples of the
compounds possessing bulky substituents on the nitrogen atom, in which such a
bond is not formed. Anslyn et al. ?” compared the compounds with the primary,
secondary and tertiary aminomethyl groups (i.e. -CH,-NH,, -CH,-NHMe and
-CH,-NMe,) and they found, that there is only a very small increase in the extent
of N—B bonding on going from a tertiary to a secondary or a primary amine.

In the last 5 years, several papers describing the structures of the ortho-
aminomethyl-phenylboronic acids have been published '#'4!. There are several
new examples of the acids with a typical intramolecular hydrogen bond formation
(Fig. 11).
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¢~ ¢~N
@

Fig. 11. Recently synthesized amino- and iminomethylphenylboronic acids and their
molecular structures.

There is also an example of an ester with intramolecular N-B dative bond ** (Fig.
12).
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Fig. 12. Recently synthesized ester of aminomethylphenylboronic acid.

In addition to these well known structures, there is also one new unexpected
structure 2. It is the first example of the acid in which N—B dative bond is
formed instead of intramolecular hydrogen bond. This molecule cocrystallizes
with the molecule of boroxine (Fig. 13). However, in this paper only a figure of
the structure was presented, and neither crystal data nor cif file are given.

HO.__OH _-
B ==

N _B=<—N—

(a) (b)

Fig. 13. First example of ortho-aminomethylphenylboronic acid with the dative N-B
bond: units present in co-crystal (a) and molecular structure of the acidic part (b).

As it was already mentioned, the factor which strongly influences the molecular
structure and can determine the intramolecular interaction is the formation of
week interactions in crystal lattice. It is not the subject of the present review, but
one example will be given. Fig. 14 shows the different crystal organization for
the compounds of the similar molecular structures with intramolecular hydrogen
bonds.
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Fig. 14. Secondary supramolecular structure formed by C-H--O hydrogen bonds: (a)
2-D layer on (100) plane in crystals of 1a; (b) 1-D ribbon motif along [100] direction in
crystals of 2b.
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Very interesting structure was determined recently for the chiral ester of
R,R-phenylboronic acid and S,S-hydrobenzoin (Fig. 15). In this case, presence
of bulky substituents prevents the formation of the N—B bond %.

Fig. 15. Molecular structure of chiral boronic acid ester with S,S-hydrobenzoin. Hydrogen
atoms omitted for clarity.

Applications — representative examples

Molecular receptors

The most important applications of o-aminomethylphenylboronic acids are
connected with their unique binding ability of saccharides. Biologically important
analytes are glycoproteins and glycopeptides in proteomics, nucleosides in
metabolomics, and saccharides in glycomics. Most phenylboronic acids are
generally weak acids (pK, ca. 8-9), due to this fact a basic medium is required
to form a stable ester. The presence of amine group enhances the stability of
boronic acid esters and lowers the pK_ from 8.8 for phenylboronic acid to ca. 6.5,
that results in forming tetrahedral species at neutral pH.

3-(Dimethylaminomethyl)aniline-4-pinacol boronate was immobilized on a
polymer column (Scheme 12), which revealed affinity towards cis-diol under
environmental pH or above 5.5 ¥,
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Scheme 12. Immobilization of o-dimethylaminomethylphenylboronic acid.

A simple three step synthesis was developed to provide six novel
modular sensors with naphthalene, anthracene and pyrene fluorophores. All
the compounds displayed increasing fluorescence intensity upon the addition
of D-glucose, D-galactose, D-fructose and D-mannose. All the sensors show
enhanced selectivity for D-glucose, forming cyclic complexes. The most
effective compound is shown in Fig. 16 %,

O N B—OH
HO—B N

Fig. 16. Modular fluorescent photoinduced electron transfer (PET) sensor selective for
glucose.

Photoinduced electron transfer mechanism is shown in Scheme 13.
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F/OH B\ fluorophore
HO OH -
HO, OH
hy HO OH saccharide

HO OH

j O ~
@
(¢} (¢}
Scheme 13. Photoinduced Electron Transfer (PET) mechanism *.

Click synthesized boronic acid-oligomer fluorophores (Fig. 17) showed excellent
saccharide sensing function under physiological conditions in the mM range *.

HO___OH
B
OC1gHa1 OC1gHa1 OC1qH34
o 7
0 A S W Wy
N — _ _ =N
N——/ N
B H21C400 H31C400 H21C100
HO” OH

Fig. 17. Highly sensitive saccharide receptor.

A fluorescent bis(boronate) receptor (Fig. 18) with a unique response to a single
monosaccharide, sialic acid, was obtained . In presence of other common
monosaccharides only sialic acid causes fluorescent quenching of the receptor to
an extent that can be titrated. Such system may find application in design of other
fluorophores to distinguish structurally similar molecules.
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(HO),B NR

R=Me (HO).B
R=H
Fig. 18. Diboronic acid which binds selectively sialic acid.
There are several examples of chiral boronic acids receptors. Fig. 19 shows

the compound used for the rapid determination of identity, concentration and
enantiomeric excess of subtly different threo diols .

P4

T

Fig. 19. Chiral receptor for threo diols.

Modular sensor based on chiral donor photoinduced-electron-transfer (Fig. 20)

can be applied for the selective recognition of tartaric acids, disaccharides, and
ginsenosides *2.
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B(OH),
(HO),B

Fig. 20. Modular chiral receptor for ginsenosides.

Boronic acid with imidazolium group at ortho position (Scheme 14) revealed
selective binding of fluoride over acetate and phosphate anions. Meta and para
derivatives displayed no selectivity towards anions. "F NMR spectroscopy
confirmed interaction and showed that one of the bound fluoride anions is
involved in hydrogen bond *'.

HO___OH

PFg
3eqF

F
+ N | _,\\F
N R ——— B
S (1
N F
N\ \
Scheme 14. Molecular receptor for fluorides.

Another example of various applications of phenylboronic acids are
colorimetric chemosensors for copper ions with high selectivity (Fig. 20) .
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HO)2

OO

Fig. 20. Molecular receptorfor Cu’" ions.

Addition of Cu** to the solution of rhodamine B boronic acid in 20 mM HEPES
(0.5% CH,CN) at pH 7.4 caused change of the color from pink to orange.
Detection of cations was also investigated in living organisms appearing in
satisfying results.

Similar compound (Fig. 21) was found to display selective ‘Off-On’-type
fluorescent enhancements and distinct color changes with Hg?" °.

(HO),B

C O
/\

Fig. 21. Molecularreceptorfor g’ jons.

Anthracene—boronic acid ester (Fig. 22) as a new class of fluorescence PET
sensors for detection of a trace amount of water in organic solvents has been
designed and developed *.
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Fig. 22. Sensor for detection of trace amounts of water:

Biological applications

Much effort has been put in cell labeling with the use of boronic acid *.
Among several investigated compounds one (Fig. 23) was shown to label the
HepG2 selectively, liver carcinoma cell line in comparison to COS-7, a normal
fibroblast cell line .

(HO),B B(OH),

0 O
TGT

o O
Fig. 23. Compounds used for selective labeling of HepG2.

0
=y

Similar compound (Fig. 24) was used as a biomarker - the first boronolectin—-MS
tag conjugate, which allows for MALDI-based imaging of cancer based on its
cell surface carbohydrate *.
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(HO),B B(OH),

(0 U
/

)T

Fig. 24. Biomarker used for MALDI-based imaging of cancer.

e
5

Phenylboronic acids and their derivatives are known to have
antimicrobial properties. Antibacterial and antifungal activity of several
aminomethylphenylboronic acids (Fig. 25) were studied against Escherichia
coli, Staphylococcus aureus, Mycobacterium Iluteum, Aspergillus niger and
Candida tenuis .

HO.__OH HO.___OH HO._

O N NR,

0}

Fig. 25. Structures of investigated 2-aminomethylphenylboronic acids and corresponding
benzoxaborole.

None of tested phenylboronic acids derivatives with aminomethyl group,
ferrocene or fluorine substituent had significant effect. It is worth mentioning,
that amino-substituted benzoxaboroles reveal very good antimicrobial properties
contrary to the corresponding acids.

Transport across the membranes

Phenylboronic acids are potential sugar receptors for industry as well, they
can be used to transport saccharides across a thin supported liquid membrane
(Scheme 15).
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+ OH’ \

ArB + Q+x'
HO OH

N
NERWN

X + 2H,0 X + 2H,0
o O
\N_Z +
/B\ +Q
Ar  OH
Aqueous Departure Phase Organic Membrane Aqueous Receiving Phase

Scheme 15. Transport mechanism ®.

This method may be used to isolate and purify sugars i.e. lactose, glucose,
fructose and sucrose 8. Fig. 26 shows the compounds which reveals the highest
recorded fructose flux promoted by a monoboronic acid under near-neutral
conditions, and one of the highest fructose/glucose transport selectivities.

B(OH),

N(n-CgH17)2

Fig. 26. Compound active in transport of sugar across membranes.

Catalysis

Arylboronic acid bearing bulky (N, N-dialkylamino)methyl groups at the
2,6-positions (Fig. 27) catalyze the intramolecular dehydrative condensation of
di- and tetracarboxylic acids which is the first successful method for the catalytic
dehydrative self-condensation of carboxylic acids °'.
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B(OH),

Fig. 27. Arylboronic acid bearing bulky (N,N-dialkylamino)methyl groups.

Supramolecular chemistry

Boronic acids can be used as functional building blocks for the construction
of multicomponent systems such as macrocycles, cages, dendritic structures,
rotaxanes >, capsules * and polymers. Self-assembled systems have become
relevant to the field of material science *.

Condensation reactions (Scheme 16) are used to form multicomponent
systems i.e. macrocycles and molecular cages *. The paper describes numerous
examples of similar 3-component condensation reactions.

Crr D
IB\ B
o O

4\
o 0

NH.
HO. OH 2
o \B/ OH OH
4 H)k@ + 2 % + 2 e x
HO  HO o0 Q O
NH, \/ ’

N\
aSavals
Scheme 16. Reaction of 2-formylphenylboronic acid, pentaerythritol —and

1,4-diaminobenzene carried out to form macrocycle.

Interesting molecular systems were formed in dehydration reaction of
two different substituted phenylboronic acids (Scheme 17) 34, Products of this
reaction are the unique example of stable unsymmetrical boroxines.
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N/
N /OH
/OH + ROB\ R=F, OCH,, C(O)CH,
B\ OH
OH
MgSO,
Toluene, reflux
N

Scheme 17. Formation of unsymmetrical boroxine.

Polymers
Esterification reaction can be used to increase solubility of phenylboronic
acids containing polymers (Scheme 18) *.

n n n
saccharlde
OH'
OH
OH 2H20 o)

‘?/ Bl-/

/ OH c|>

N\ AN

not soluble soluble

Scheme 18. Esterification increasing solubility of polymers.

A phenylboronic acid-modified amphiphilic block polyether (Fig. 28) binds
plasmid pGL3 effectively, forms sub-mm polymer/DNA complex particles, and
greatly facilitates the cell uptake of the plasmid **.
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/ \ B(OH), /N B(OH),

Fig. 28. Biologically active polymer.

Suzuki-Miyaura coupling

Phenylboronic acids are used in Suzuki-Miyaura coupling reaction, an useful
and convenient tool for creating C-C bond in construction of biaryls, that are
important parts in precursors of drugs *** polymers, liquid crystals and ligands for
organometallic chemistry®®!, Derivatives with 2-aminomethylbiphenyl moiety
can be found in wide range of organic compounds and in several natural and
bioactive products as well. Moieties of 2-aminomethylbiphenyls were prepared
in reaction of o-(aminomethyl)arylboronic acids and aryl halides with electron-
withdrawing and electron-donating groups at the para position (Scheme 19) 2.

Pd(PPh,),(2mol%), NaOH N
toluene, 100-110 C

1 ’
R
N R', R?=H, Me, Boc ]?

OH
-
? R®=Br, |
OH
Scheme 19. Suzuki coupling of o-aminomethylphenylboronic acids.
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Reactivity of four o-(aminomethyl)arylboronic acids was studied, higher
yields and shorter reaction times were obtained when amine group was protected
by tert-butyloxycarbonyl (t-Boc) group (<1 h compared with up to 48 h for
unprotected amine group)>.

In addition to the cited above representative papers on the applications of the
o-aminomethylphenylboronic acids, there are several papers recently published,
not discussed in detail. Fossey et al. ? reviewed the development of boronic acids
as separation tools. The review of Hansen et al. © deals with the non-invasive
continuous glucose sensors. Further applications of o-aminomethylphenylboronic
acids as saccharide sensors were mentioned in other papers #2623 Synthesis
and evaluation of boronic acids as inhibitors of penicillin binding proteins were
described by Zervosen and co-workers . The construction of bisamphiphilic
building blocks for artificial signal transduction across membranes has been
studied by Maune et al. .
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1. Introduction

Self-assembly is one of the most interesting process in modern
supramolecular chemistry. Although its nature and complexity have been
known from biochemical research, the ability to fully control it and construct
“supermolecules” has stemmed from the developments made in supramolecular
chemistry. It is now possible to design and construct molecules whose complexity
and size can match those observed in biological assemblies. The self-assembly
process of metal complexes formation is determined by two factors: the type,
geometry and number of ligand active sites and the geometric preferences of
the metal cation. While the second factor is usually known or easy to predict
(for example Pt(I) is usually square planar) the first factor can be altered by
synthesis of appropriate ligand. That is why of key importance for a successful
self-assembly process leading to target supermolecules with metal complexes is
to design and synthesise the right type of ligand.

The most extensively used ligands in metal coordination chemistry
are m-electron deficient heterocyclic compounds such as 2,2°-bipyridine,
2,2°:6°,2”-terpyridine and 1,10-phenanthroline. Because they are m-electron
deficient they act as a m-acceptors and are considered to be soft sites. Pyrazole
is an aromatic compound which is classified as a m-excessive compound [1] and
therefore acts as a hard donor site [2]. That is why it is possible to directly attach
pyrazole to common n-electron deficient heterocycles (for example pyridine)
in order to obtain ligands with interesting electronic properties. Moreover, it
is possible to attach pyrazole to a desired heterocycle with incorporation of an
appropriate linker that will provide additional space and therefore flexibility to
the ligand obtained (for example alkil chain). Such a linker can also be another
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binding site (for example amine, ether or thioether group) that will improve
coordination properties of the final ligand.

Pyrazoles act as a monodentate ligands if they coordinate metal with
nitrogen lone pair in the sp? orbital or as bidentate ligands after deprotonation of
the N-H group. Moreover, after deprotonation the corresponding anion can be
an endo (n?) or exo-bidentate (n'-n') bridging ligand (Figure 1) [3]. Substituents
at positions 3-, 4-, 5- and on N atom (instead of the N-H group) can modify the
steric properties and change the electronic properties of a pyrazole-based ligand.

SRR TS
N-NH N-N N-N, N-N

M M M M M
pn'n’ n?

Figure 1. Coordination modes of pyrazole ligand and the corresponding anion [3].

2. Bidentate ligands

Ligands described in this section have two binding sites, which are pyrazole
ring and another donor atom or two pyrazole rings linked through a spacer.

Synthesis of ligand 1, obtained by attaching pyrazole ring to pyridine,
has been reported. The highest yield of the reaction was observed when it was
carried out in DMF with the use of pyrazole and 2-bromopyridine as reagents,
copper(I) chloride with 6-(1H-pyrazol-yl) nicotinic acid as a catalyst and
K,PO, as a base (Figure 2) [4]. A simple method for the synthesis of ligand
1 with a similar yield and requires refluxing a mixture of 2-hydroxypyridine
and pyrazole in trichlorophosphate without any metal catalyst has been reported
recently [5]. Complexes of ruthenium of the stoichiometry of RuCl,(cod)
(1) (cod — 1,5-cyclooctadien) have been prepared and characterized by NMR
and IR spectroscopy [6]. It has been concluded that three isomers are possible
depending on the relative disposition of the ligands (Figure 3). The cis-chloro
isomers had C, symmetry, whereas the trans-chloro isomers had C, symmetry.
Ligand 1 was also used to prepare [Ru(bipy),1]*" (bipy — 2,2'bipyridyl) complex
[7]. Electrochemical data indicated that ligand 1 is weaker m-acceptor than bipy
but the complex obtained has similar excited-state properties to [Ru(bipy),]*".

Ligand 2, which has a methylene group between pyrazole and pyridine
ring in comparison to ligand 1, has been synthesized from pyrazole and
2-(chloromethyl)pyridine hydrochloride in the presence of sodium hydroxide
and tetrabutylammonium hydroxide with benzene as a solvent (Figure 4) [8].
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It has been used to prepare complexes with cobalt(Il) ([Co(2),CL]-4H,0)
[9], nickel(Il) ([Ni(2),CL]-4H,0) [9], palladium(II) ([PdIMe(2)]) [10] and
ruthenium(I) ([Ru(m°CH,)(2)CIJ[PF]) [11]. The crystallographic data of
complex [Co(2),CL]-4H,0) reveal that the coordination of cobalt(Il) is trans
octahedral. An interesting feature to note is that the Co-N (pyridine) bond
is longer than the Co-N (pyrazole) bond by about 0.1 A. What is more, the
four positions around cobalt(Il) occupied by nitrogen atoms of pyrazole and
pyridine rings have coordination angles ranging from 85.7° to 94.3°. Because
the theoretical value is exactly 90°, this results indicates that the structure is
distorted [9].

— CuCl/L, K3PO4, DMF — S
\ / Br —+ m \ /, N/j

N HN-N 100 °C, 24h NN

L = 6-(1H-pyrazol-yl) nicotinic acid
Figure 2. Synthetic route to N-arylated pyrazole ligand 1.

PN ﬁ ﬁ
o [T Q /|
| / | ‘N’

% N\N U

Figure 3. Isomers of RuCl,(cod)(1) dependmg on the relative disposition of the ligands
[6].

— Cl
NaOH, BuyNOH,

N
\ Nf N ‘4> benzene —N N J
AN~ N A6h N\ /
cl 2
Figure 4. Synthetic route to ligand 2.

Ligand 3 has been synthesized by the same method as that used for the
synthesis of ligand 2. Pyrazole and 2(chloromethyl)thiophene were heated in
benzene in the presence of sodium hydroxide and tetrabutylammonium hydroxide
(Figure 5) [12]. What is interesting, ligand 3 appeared to be monodentate when
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coordinating to palladium (it gave Pd(3),Cl, as a resulting complex). It has been
suggested that the nitrogen of pyrazole is the donor atom and sulphur from the
thiophene ring is not coordinated [12].

Cl
NaOH, Buy,NOH, N 4
— benzene . /
— + HN .~ —_— S N
8 N A6h @—/

Figure 5. Synthetic route to ligand 3.

Many interesting properties can be observed if the heterocycle-like pyridine
or thiophene is replaced by another pyrazole ring to give a bis(pyrazolyl) ligand.
Such a synthesis involves the reaction of pyrazole with methylene chloride (as
a reagent and solvent) with the use of tetrabutylammonium hydrogensulfate and
water solution of sodium hydroxide (Figure 6) [13]. Crystal structure of thus
obtained ligand 4 (Figure 7 A) reveals that the crystal is additionally stabilized
be weak N-H intermolecular hydrogen bonds [13]. Moreover, the bond lengths
in both pyrazole rings are in excellent agreement. The greatest difference in their
lengths is visible on C(1) atom that binds two pyrazole rings, because the length
of C(1)-N(11) bond is 1.446(2) A, while that of C(1)-N(21) bond is 1.436(2) A.

Ligand 4 forms complexes with rhenium(V) [ReCl(NNPh)(4)(PPh,)] and
[ReOCIL,(4)]. The latter slowly creates dimeric species and forms [Re,0,Cl,(4),]
(Figure 7 B) that were isolable by evaporation of acetonitrile from the solution
of [ReOCl,(4)][14]. The first of the above complexes was characterized by NMR
and IR spectroscopy, whereas the next two complexes (mono- and dimeric) were
characterized by X-ray diffractometry. [ReOCl,(4)] could be hydrogenated to
polyhydride Re(4)H, with the use of LiAIH, and further hydrolysis [15]. Ligand
4 was also used to prepare complexes with molybdenum(II) (Mo(CO),(4)Br,)
[16], tungsten(Il) (W(4)(CO),Br,) [16] and rhodium(III) ([(n°C,Me,)Rh(4)CI]
[CF,SO,] [17].
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—
BU4N(HSO4), NaOH N /,

— CHZC|21H2O \N
2 Hm +  CH,Cl, - (
N A, 14h N.
N
W
4

Figure 6. Synthetic route to ligand 4.

Figure 7. (A) Structure and labelling of atoms in the ligand 4;[13] (B) Structure of the
complex [Re,0,CL(4),] [14]..

Besides binding pyrazole ring to other heterocyclic compounds it can
be attached to aliphatic amine that could also be a donor binding site in the
ligand obtained. A simple procedure involving condensation of 6-aminohexan-
1-ol with benzaldehyde (or other aldehydes) was used to produce imine
intermediate. After reduction with NaBH, the compound obtained was
condensed with 1-hydroxymethylpyrazole at 70 °C without a solvent to form
ligand 5 (Figure 8) [18]. Complex of ligand 5 with copper(Il) was used toward
catalytic oxidation of 3,5-di-tert-butylcatechol. It appeared that the complex
formed with 5 had a higher catalytic rate for this reaction than its analogues
bearing pyridine or pyrazine residues instead of phenyl group. The authors
explained this results by a lower stability of the copper(II) complex with 5 due
to poor electronic density and higher accessibility of 3,5-di-fert-butylcatechol
to the metallic centre thanks to the absence of the coordination arm [18].
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N
A} O 1.MeOH, RT, 1h NHOH iy N~ %OH
HNTLOH + U ©/\H o T Y
2. NaBH, N

H

Figure 8. Synthetic route to ligand 5 [18].

3. Tridentate ligands

Tridentate pyrazole ligands make a wide group of ligands including
tris(pyrazolyl)borate (first introduced by Trofimenko [19]) and substituted
tris(pyrazolyl)borate. Coordination chemistry of this class of ligands has been
extensively developed because of abundant possibilities to modify steric and
electronic environment around the metal centre by different substitutions of
pyrazole ring. The research work of Trofimenko and his followers has been
extended over tris(pyrazolyl)alkanes that are isoelectronic and isosteric with
poly(pyrazolyl)borates [20].

Tris(pyrazolyl)borate can be synthesized by the reaction of alkali metal
borohydride with pyrazole. The number of attached pyrazole rings strongly
depends on the reaction temperature (Figure 9) [21]. The products are stable
compounds isolable after acidification, and can be converted into organic-soluble
quaternary ammonium salts after neutralization with NR,OH. B-substituted
ligands are accessible by starting with (BR H, ) and C-substituted ligands are
prepared by using appropriate pyrazole derivatives.

BH, + ﬁ ~120° /j 180 /j
7 —_—
¢ HN- N HZB pyrazole N

Figure 9. Synthesis of poly(pymzolyl)bomtes [21].

~220°

pyrazole

473)|

Structure of octahedral coordination compounds formed by RB(pyrazole),”
with divalent transition metals is presented in Figure 10. If the R group is another
1-pyrazolyl group the whole ligand still remains tridentate. [HB(pyrazole),],M
compounds are stable to light, air, water, dilute bases and acids, they can be
sublimated in vacuo and can be dissolved in organic solvents [21].
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/' AN an-N
R—BVQ7M// UB-R

Figure 10. Structure of coordination compounds formed by RB(pyrazole) ; with divalent
transition metals.

Reaction of 3-(2-pyridyl)pyrazole with KBH . in melt gives tris(3-(2-
pyridyl)pyrazole)borate (ligand 6). Combination of ligand 6 with [Cu(MeCN),]
[PF ] affords [Cu,(6),][PF ] (structure presented in Figure 11) [22]. In [Cu,(6),]"
each bidentate arm of each ligands is bonded to a different metal ion. Pseudo-
tetrahedral coordination environment around Cu(I) ion is therefore formed by two
bidentate arms that belong to different ligand molecules. The distances between
Cu(]) ions are not equivalent, because there is one short Cu-Cu separation (2.915
A) and two longer ones (3.500 A and 3.614 A). The length of the shortest Cu-Cu
separation is the result of -stacking interactions between ligands attached to the
two metal ions.

Figure 11. Structure of [Cu (6),]" [22].
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Tris(pyrazolyl)alkanes are ligands isoelectronic and isosteric with
poly(pyrazolyl)borates that can be easily prepared with many different
substituents that will modify the electronic and steric effects up to desired values.
The azole rings are usually very chemically resistant against both oxidizing and
reducing reagents or other chemical attacks. The simples member of this class of
ligands, tris(pyrazolyl)methane (ligand 7), can be prepared by the phase transfer
procedure involving heating at reflux of a mixture of pyrazole, potassium
carbonate, chloroform and tetrabutylammonium hydrogensulfate (Figure 12)
[23]. Complexes of tris(pyrazolyl)alkanes with titanium(III) ([Ti(7)CL]) have
been reported as catalysts for polymerization of olefins. Other compounds of the
formula RE(pyrazolyl),MX; (R = H, alkyl, aryl, halide, amino group; E = C, Si,
Ge, Pb, Sn; M = Ti, Zr, Hf) have been reported as catalysts of this process [24].
What is more, compounds of the formula RC(pyrazolyl),Cr(R) (R = halide,
chain or branched alkyl, n = 1-3) have been used as catalysts to produce 1-hexene
by ethylene trimerization [25].

R 'Tl R
,Q\R
R R CHCI3/K,CO 7 "N NN
3 R R oo, =N N pe
HN=N BusN(HSO,) ' N
R N R
7 R

Figure 12. Synthesis of tris(pyrazolyl)methane.

Tridentate pyrazole ligands can be also prepared by attaching pyrazole ring
to already existing donor sites. Ligand 8 was prepared by a simple mixing of
N-hydroxymethylpyrazole with ethylamine in acetonitrile (Figure 13) [26]. With
the use of ligand 8 compounds of the formula [M(8),]X, (M = Mn, Fe, Co, Ni,
Cu, Zn, Cd, X = BF, or M = Ni, Cu; X = NO,) were prepared [26]. The X-ray
structure of a similar complex compound [Cu(8),][CF,SO,] has revealed that
the copper cation is surrounded by four nitrogen atoms from pyrazol rings of
two ligand molecules. The geometry of the copper atom coordination is slightly
distorted tetrahedral. The tertiary amine group is 3.91 A away from the copper
atom so it is too far away to create even medium strength bond [27].
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o o '(
CH3CN -
Lo S
N N
i\ / ‘
g N\\ /;

Figure 13. Synthetic route to ligand 8.

Ligand 9, which has a hydrogen atom instead of an ethyl group on the
nitrogen atom and one methylene group more between the tertiary amine and
pyrazole ring than ligand 8, has very different coordination chemistry than
ligand 8. It was synthesized in the reaction of sodium 3,5-dimethylpyrazolate
with bis(2-chloroethyl)amine hydrochloride in DMF (Figure 14) [28]. X-ray
structure of copper(Il) complexes of Cu(9)-2NO, and Cu(9)-NO,-H,0 showed
that two symmetrically independent complexes were formed: [Cu(9)(NO,),]
and [Cu(9)(NO,)(H,0)][NO,]. The coordination of copper(Il) is an intermediate
between distorted trigonal bipyramid and an octahedron. Nitrogen atoms of the
two pyrazole rings and amino nitrogen form T-shaped arrangement around the
copper(Il) ion. In both complexes there is a nitrate group that is involved in
coordination through one short and one long bond. The second nitrate group (or
a water molecule in the second complex) coordinates monodentately [28].

H 1. NaH (\H/\

N . .
> N N
\_ 2. (CICH,CH,),NH-HCI \W/ \

Figure 14. Synthetic route to ligand 9.

Instead of a simple amine group, a pyridine ring was introduced into
the ligand system. Ligand 10 was obtained in the reaction between sodium
3,5-dimethylpyrazolate with 2,6-bis(chloromethyl)pyridine in DMF (Figure 15)
[29]. Copper(I) complexes with ligand 10 were prepared: [Cu(10)OCIO,]-CH,CI,
and [Cu(10)(PPh,)]. In the first complex, copper is coordinated with pyridine,
two pyrazole nitrogen and oxygen from the perchlorate group. The coordination
around copper(l) is distorted tetrahedron with weakly coordinated perchlorate
group that makes the coordination of the whole ligand to be similar to distorted
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trigonal-planar. In [Cu(10)(PPh,)] copper is coordinated with pyridine, two
pyrazole nitrogen and phosphorus from triphenylphosphine group and the
chelation ring has a boat-like structure [29].

g
H\ 1. NaH SN
N
\ | X N~N N N
2 N7 W \
cl cl
10

Figure 15. Synthetic route to ligand 10.

Unsymmetrical ligand 11, which also consists of two pyrazole rings
and a pyridine ring, was prepared by mixing pyrazole and sodium hydride
in freshly distilled THF. After that thionyl chloride and subsequently
2-pyridinecarboxaldehyde with a catalytic amount of cobalt(II) chloride were
added (Figure 16) [30]. Ligand 11 was used to prepare metal(Il) complexes
[M(11),][NO,] (M =Fe, Co, Ni, Cu, Zn). X-ray crystallography studies revealed
that metal(Il) complexes have octahedral geometry with a small trigonal
distortion. Moreover, the ligand-metal bonds are significantly shorter than those
in monodentate complexes of pyridine or pyrazole ligands with metals. The high
energies of the ‘d-d’ transitions indicated that ligand 11 produces a relatively
strong ligand field, stronger than monodentate pyridine or pyrazole groups [31].

Ligand 12 which is a combination of pyrazole ring and 1,10-phenanthroline
has been prepared in a multistep reaction. 2,9-Dimethyl-1,10-phenanthroline
was oxidized with selenium dioxide to produce aldehyde groups that were
subsequently reduced with sodium borohydride. Further bromination with HBr
and reaction with 3,5-dimethylpyrazole in the presence of NaOH solution and
tetrabutylammonium hydroxide (TBAH) solution results in a desired product
(Figure 17) [32].

1. NaH [

H\N 2. S0Cl, ; N N /
;\ ] 3. /Nl ~o QN
X 2

1
Figure 16. Synthetic route to ligand 11.
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Ligand 12 was used to prepare nickel(II) complex [Ni(12)Cl,]-CH,CN. This
complex has a five-coordinate geometry provided by two 1,10-phenanthroline
nitrogen atoms, the nitrogen atom from pyrazolyl ring and two chloride atoms
(structure presented in Figure 18). The geometry of the complex is described
as distorted trigonal bipyramid with one of 1,10-phenanthroline nitrogen atoms
being equatorial, while the chloride atoms and the second 1,10-phenanthroline
nitrogen and nitrogen from pyrazolyl ring being axial. In this type of complex,
nickel and three equatorial ligands should be coplanar, while the axial ligands
should be disposed above and below the plane. The mean deviation from this
four-atoms least-square plane through nickel and axial ligand atoms is only
0.039 A so they can be considered as coplanar [32].

W TBAH, 40% NaOH
/! EtOH

Figure 17. Synthetic route to ligand 12.

Figure 18. View of the structure of the neutral complex [Ni(12)CL,] [32].
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Sulphur-containing ligand 13 was prepared in a sequence of chemical
reactions. 2-Hydroxyethylhydrazine was condensed with acetylacetone to
yield N-(2-hydroxyethyl)-3,5-dimethylpyrazole that was further tosylated with
p-toluenesulfonyl chloride in water/acetone mixture and NaOH as a base [33].
The tosylated N-(2-hydroxyethyl)-3,5-dimethylpyrazole was reacted with
Na_S-7H,0 and NaOH in water to yield ligand 13 (Figure 19) [34]. It was used
to prepare complexes [M(13)(NCS),] (M = Co or Zn), Cu(13)(F)(BF,), [Ni(13)
(NCS),(H,0)], M(13)Cl, (M = Co or Cu), Zn(13)Cl,-0.5EtOH, M(13)(NO,), (M
= Co or Cu), Cu(13)X (X = Br or Cl), [Cu(13)]BF -H,0 and Ag(13)(NO,). The
coordination geometry in [Co(13)(NO,),] is distorted octahedral and cobalt ion
is coordinated by two pyrazole nitrogen atoms, thioether sulphur and two nitrate
anions of which one is bidentate. In Cu(13)Br copper(I) atom is coordinated
by two pyrazole nitrogens, one thioether and one bromide. The two nitrogen
donors are not part of one ligand molecule, which results in a polymeric nature
of Cu(13)Br [34].

OH OTs
H,N. H \ p-TsCl, NaOH

Y\ﬂ/ N 2 H/\/O a’ N psER e N
t . .

N Hy0/(CH3),CO N

° 0 M o M

Na,S, NaOH
H,0

Figure 19. Synthetic route to ligand 13.

4. Conclusions

Synthesis and coordination properties of various pyrazole based bidentate
and tridentate ligands have been presented. It is worth noting that in all cases
synthesis of appropriate ligand is limited to only few steps and a target product
can be isolated with satisfying yields. It has been demonstrated that geometries
and binding properties of chelating ligands can be varied by changing substituent
groups near the donor site of the ligand. In future the design of new pyrazole-
based ligands will depend on the creativity of researcher and requirements
imposed by a particular scientific problem. What is more, the ligands of this
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type can be used as building blocks that construct complex supramolecular
architectures, such as supramolecular polymers or other sophisticated products.
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1. Introduction
Porous materials have attracted more attention since the 1960s because of
their numerous scientific and technological applications. Generally, the term
‘pore’ means any tiny hole (unoccupied space) admitting passage of a liquid
(fluid or gas) and according to the International Union of Pure and Applied
Chemistry, three main pores categories may be distinguished: micropores (<2
nm), mesopores (2-50 nm), and macropores (>50 nm). In view of a wide variety
of materials that can be classified as porous an additional classifications are
required!, i.e. between regular and irregular porous materials (distribution of
the pores in silica particles), uniformly-sized and non-uniformly-sized materials
(when speaking of pores or particles size distribution), highly ordered and
amorphous (internal structure), spherical, fibrous and irregular (particles shape).
The breakthrough in porous materials chemistry occurred in 1992, when
researchers from Mobil Oil Corporation discovered a group of mesoporous
silica oxides known as M41S family® with MCM-41 as the most important
from among them. However, some sources mention that the discovery of such
materials had taken place over 20 years earlier, when as described ‘low-bulk
density silica’ had been obtained®.
Until now many new silica families have been discovered - as mentioned in
the literature:
«  MCM-41 (space group p6mm), MCM-50 (space group p2), MCM-
48 (space group la3d) and other from M41S silicas family (Mobil
Composition of Matter) — ordered mesoporous silicas templated by
cationic surfactants with pore diameter of about 2-10 nm!
*  SBA-1,SBA-12, SBA-15 (University of California at Santa Barbara) —
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ordered mesoporous silicas templated by neutral copolymers (triblock
copoloymers), usually larger pores

e KIT-1 (Korea Advanced Institute of Science and Technology 1) or
MSU-X (Michigan State University) - disordered mesoporous silicast”

+ IBN (Institute of Bioengineering and Nanotechnology)"

¢ FDU-n (Fudan University)®!

*  KSW ilicas - orthorhombic structure with rectangular arrangements of
semi-squared one-dimensional channels-!

e FSM (Folded Sheet Material) - hexagonal array of uniform channels®}

*  HMS (Hexagonal Mesoporous Silica)!'”}

Amongst numerous advantages of mesoporous silicas some

most important may be distinguished: good thermal stability, high

surface area (650 — >1000m%*/g) and surface/volume relationship!",
narrow  pores  size  distribution!",  tunable  pores size and
volumel',

Another advantage of mesoporous silicas is that their channels, which
serve as cargo reservoirs, can be opened or closed by different systems, i. e.
nanocrystals!'®, polymers!'¥, photosensitive derivatives!'! and other organic
or inorganic moieties. Triggers such as pH!'Y, chemicals (dithiothreitol!?],
carboxylates!'”,  pseudorotaxanes!'”,  cucurbit[6]uril'®,  cucurbit[7]uril!",
a-cyclodextrins??), light"?, ultrasound™, heat?'??, redox reactions?’,
enzymes?!, magnetism{'>?*! or a combination of two or more of them!'? can be
applied to control the cargo delivery.

Each of these families have been used in different applications including
supports for catalysis, adsorption, enzyme adsorption and immobilization®],
separation, filtration!'"!, low-k-materialsi?”, detection and sensing[*=%,

Mesoporous silicas have also been studied in the context of biomedical use
— drug delivery!"#!1%3-31 and protein delivery®® with complete cargo release in the
matter of minutes, hours or daysP'*?], drug targeting?®®*", tissue engineeringl***’),
gene transfection®! and cell tracking!*!,

However, there are several hurdles to make mesoporous silica particles
competitive with other drug formulations (microcapsules, micelles, vesicles,
dendrimers, polymeric matrices®?, nanocristals or cyclodextrins®*¥): first of them
is to develop nanocarriers that can encapsulate enough therapeutic agents with
activated release. Second one is to deliver these nanoparticles through all the in
vivo barriers to targeted location. Third is the toxicity, which is still an important
issue, and the fourth are costs of fabrication that are still too high for industrial
applicationt4,
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2. Preparation and properties
2.1. General mechanism

There are two different mechanisms involved: first, so called true liquid-
crystal template mechanism, mentions about the formation of lyotropic liquid-
crystalline phase under high surfactant concentration and prevailing conditions,
even without a presence of silica source. Second one concerns lower surfactant
concentrations, when silica source is needed for directed (hexagonal, cubic or
laminar) self-assembly of structure directing agent. This process is known as
cooperative crystal template mechanism!*,

composite: inorganic mesostructured
solid/surfactant

lyotropic liquid-crystalline phase
spherical rod-shaped votropie fid R P
micelle micelle

i

silica silica silica
source source source

final mesoporous product

-V

Figure 1. General mechanism of mesoporous silica formation.

2.2. Simple (unmodified) silica particles

Generally, the easiest way of obtaining mesoporous silicas is a solution
synthesis, similar to Stéber method for preparation of silica particles*, which
is carried out under basic conditions, but there are many other methods in both,
acidic and basic, conditions; with use of anionic, cationic or neutral surfactants,
and sometimes mediator ions are required to enhance interactions between silica
source and structure directing agent!*,
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Figure 2. Interactions between the particles during silica matrix formation.

Following Vallet-Regi’s et al. procedure a water solution of surfactant is
mixed with asolution of silica source inabasic solvent (i. e. tetramethylammonium
hydroxide - TMAOH, where hydrolysis of silica source takes place) by slow
addition of silica source to avoid its condensation, and stirred until silica source
hydrolysis is completed®".

Obtained gel is dried and the surfactant is removed by extraction with a
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mixture of concentrated hydrochloric acid and ethanol (1:10 ratio) and kept at
reflux for 24 hours. Final material is filtered, washed with water and ethanol, and
dried®!. Other possibility to remove surfactant is to calcinate condensated gel at
500°C for a few hours, while all organic content is burned out.

Under basic conditions most of existing silanol groups is deprotonated and
to match this negative charge, cationic surfactants are normally used. Moreover,
the hydrolysis and condensation rates of the silica source (tetramethoxysilane
— TMOS, tetraethoxysilane — TEOS and others) is highly dependent on several
factors such as pH, type of silica source, additives and temperaturet”.,

The influence of pH value is vital. Hydrolysis rate of silica source generally
increases with the pH increase and reaches its maximum at 8,4 for TEOS. Still,
there is no evidence, that pH value has a direct influence on size of the obtained
particles***, However, condensation rate, rather than the hydrolysis rate, is the
most important factor affecting the particles size. Chiang et al. demonstrated
that pH is more significant than the amount of silica source used and the reaction
timeP?,

Only very few trials have been made to prepare mesoporous silicas under
acidic conditions. Amongst the advantages of applying these conditions is the
capability to use other structure directing agents (SDASs), i. e. block copolymers,
allowing to achieve larger pores diameter, but at the cost of uniformity of
particles size and shapel®!l.

There have been also reports indicating that silica source has an
influence on particles size. For example, using TMOS as silica source and
hexadecyltrimethylammonium bromide (C, ,TMABr) as a SDA gave particles
smaller than 20 nm in size, while TEOS gave ca. 30 nm particles. Differences
were explained as a result of different hydrolysis rates for both silica sources?.

The particles size can also be modified by addition of organic (e. g. co-
solvents) organosilane compounds, which disturb the interactions between silica
source and surfactant®,

In a suspension of synthesized mesoporous silica, nanoparticles collide and
aggregate, attaching to each other via van der Waals forces. Aggregation usually
occurs during the removal of surfactant and reduces the quality of obtained
product®*”, However, when applying different removal procedures® or external
surface functionalization®, uniform dispersity may be achieved.

Particles morphology can also be determined by the catalyst (base) type
used: TMAOH and NaOH form sphere-shaped particles of MCM-41, NH, OH
may also be used and it leads to rod-like particles®™.

Moreover, for other silica families: Nazar et al. presented a synthesis of
SBA-15 rods with smaller, than normal, length (300-600 nm) and large pores
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(~6 nm) using very dilute solution of P1235 and Kim et al. prepared SBA-
15-type nanospheres with pluronic P104 as a template and TMOS as a silica
sourcel”., More difficult than the production of spherical-shaped particles is
the preparation of fibers. Under specific conditions, the formation of hollow
tubulest®! or fibers consisting of agglomerated particles has already been
reported?®*-6!,

Han et al. obtained IBN-type mesoporous cubic-structured silica by using
cationic fluorocarbon surfactants with a higher surface activity and lipophobic
nature and pore sizes up to 20 nmP,

Pore size depends mainly on the surfactant used in the synthesis but also
on other parameters of the synthesis®*? such as addition of auxiliary organic
molecules solubilized in the hydrophobic part of the micelles, increasing
their size!, or via hydrothermal treatment of product to restructure it
Functionalization and silica precursor typel*! can also modify the pores size.

However, pore size doesn’t affect wall thickness, which is mainly connected
with the head group of the surfactant!¥l. Walls thickness can be modulated by pH
value - it increases when pH decreases!.

External walls surface of the pores consist mainly of silanol groups and
siloxane bridges that could be used to attach many chemical species and serve as
a matrix, even without functionalization®!l. Siloxane bridges may be irreversibly
hydrolyzed, which is well documented®,

Pores order may be influenced by the surfactant used - the longer alkyl chain
used the higher is the order degree. This is explained by higher hydrophobicity of
those longer chains, which create well-defined cylindrical micelles. Moreover,
magnetic field may also be used to alter the orientation of silica-surfactant liquid
crystal before the final product is formed>%%l, Heat is an another factor influencing
on pore structure, i. €. poorly condensed MCM-41, formed in less than 2 hours
undergoes phase transformation upon thermal treatment and, depending on
experimental conditions, it can be transformed either into a lamellar phase or
into cubic MCM-4817

The nature and concentration of inorganic or organic anions existing in
reaction mixture influences many properties of the final product, such as wall
thickness, overall stability and its long range order!®’]. This can be associated with
changing the total amount of dissociated silanol groups required to balance the
surfactant electrical charge and amount of water stabilized in organic-inorganic
interface!.

Methods described in this section are classified as endotemplate methods
(“soft-matter templating”). In exotemplate methods ordered mesoporous silicas
are used as templates in place of the surfactant and, after whole synthesis process,
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cured, leaving “negative image” of mesoporous structurel®®®), However, this
strategy is complex, time-consuming and labor-intensive.

2.3. Modified mesoporous silica particles
2.3.1 Hollow sphere silica particles

Hollow sphere mesoporous particles have already been synthesized by using
different techniques: gas bubbles’, silica or latex beads!’", emulsions and
vesicles™. Making small (<200 nm) and uniformly sized particles was developed
using two co-templates — polyvinylpyrrolidone (PVP-10) and dodecylamine
(DDA).

Until now, many different synthesis methods have been developed for the
preparation of hollow silica spheres: soft templating, hard templating, layer-
by-layer method™!, Kirkendall effectl’, Ostwald ripening”” and galvanic
replacement!’®!,

s % R

Soft 1. Sol-gel process

templating

il . water

2. Surfactant removal

water

S
%
R ) —_—

o« Etchant
S
Q(
Self-templating ° Etchant

Figure 3. Routes of hollow mesoporous silica partciles preparation.

Post-treatment
_— »

Selective
etching

Soft-templating method allows to synthesize different types of hollow

235



D. LEWANDOWSKI AND G. SCHROEDER

sphere silica, i. e. yolk-shell particles prepared by Xu et al. by dispersing
SiO, or Au nanoparticles into aqueous mixtures of a zwitterionic surfactant,
lauryl sulfonate betaine (LSB) and an anionic surfactant, sodium dodecyl
benzenosulfonate (SDBS), to induce formation of vesicles with movable, solid
nanoparticle cores. Then they attached 3-aminopropyltriethoxysilane on both
surfaces of the vesicles, which served as an additional SDA. After removing
the surfactant final product may be obtained”. This method can also be used
for the synthesis of multilayered shells and hollow spheres with tunable wall
thickness®”. Mesoporous silica shells with hollow interior may also be prepared
by other soft-template methods with addition of co-templatel’?), oil-in-water!®
or water-in-o0il® microemulsions, water/oil/water emulsion®! and micelle
polymer aggregate®®™. Advantages of soft-template methods are simplicity
and effectiveness for the synthesis of hollow- and rattle-type nanomaterials.
Unfortunately, there are some disadvantages too. i. e. it is difficult to obtain good
dispersity of particles, their size and shell thickness over a broad range. Another
one is that large amounts of surfactants are needed, which greatly increases
the total cost of industrial synthesis, also complete removal of surfactants is
very difficult, and surfactant residues may cause undesirable consequences in
biomedical applications!*.,

Selective etching method uses structure and composition differences
between pure silica framework and hybrid organic-inorganic networks and their
behavior against different etching agents or under exceptional temperature or
pH conditions. It allows to easily prepare multilayer core/shell nanoparticles and
nanoreactorst*4,

So called self-template method, that doesn’t require any additional
template was firstly reported in 2005, when the alkaline treatment of cationic
polyelectrolyte (poly-(dimethyldiallylammonium chloride) (PDDA)) pre-coated
mesoporous silica spheres could transfer the nanoparticles to hollow structure!®.
It was found that hydroxyl groups permeate through PDDA layer to generate
dissolved negatively charged silicate oligomers, which then immigrate and
deposit onto the positively charged PDDA layer and cross-link forming the final
silica-PDDA complex shell.

2.3.2. Mesostructured silica thin films

Mesostructured silica thin films can be prepared from a solution at room
temperature by a process named “evaporation-induced self-assembly”, in
which one-pot sol, comprising of a silica source and a templating surfactant
in aqueous ethanol, is needed®. A substrate (glass or silicon) is dipped into
the solution and a thin film of liquid is pulled along with the substrate as it is
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retracted. Preferential evaporation of the ethanol during the film deposition leads
to the formation of surfactant micelles, that further assemble into crystalline
mesophase. Condensation of the silica source around the formed micelles finally
produces desired mesostructured silica films®*”.

Mesostructured silica films may be used as a matrix for quantum dots®*,

2.3.3. Mesoporous silica particles with incorporated metals

Mesoporous silica spheres can be formed around the metal nanocrystals
by mixing the silica precursor with an aqueous solution of surfactant-coated
nanocrystal®. The electrostatic interactions between the surfactant-coated
nanocrystals, free surfactant molecules and hydrolyzed silicate molecules
lead to base-catalyzed silica condensation and form the mesostructure. This
procedure has been used to embed iron oxide, gold and silver nanocrystals. Such
functionalized mesoporous nanoparticles may be used for imaging, as well as for
the delivery of biologically active molecules?.

Also simple impregnation of mesoporous silica can be useful — Pt/MCM-
41 is far more active catalyst than amorphous silica®!l. Basic catalysts using
MCM-41 as the matrix can also be prepared by impregnating it with caesium
and lanthanum®?,

2.3.4. Surface-functionalized mesoporous materials

Surface functionalization for mesoporous silica can be applied by
different methods, i. e. co-condensation, by preparing periodically mesoporous
organosilicas (PMOs) or by post-synthetic modification called “grafting”.

Co-condensation is an example of direct synthesis route for surface-
modified mesoporous materials. In this method SDA is stirred together with
a silica source, which is a mixture of standard tetraalkoxysilanes (TMOS
and TEOS) and organotrialkoxysilica compounds of the type (R’O),SiR. The
reaction leads to materials with organic residues anchored covalently to pore
walls. This synthetic route has some advantages in compare with other ways:
organic groups introduced into silica matrix don’t block pore opening as it
happens in post-synthetic modification and are more homogenously distributed
over material’s surface. However, co-condensation has also some disadvantages.
Increasing concentration of organic residues within the mesostructure influences
negatively its order, which can lead to totally disordered products. Maximal
reasonable content of organic groups incorporated by co-condensation method
cannot exceed 40 mol %. Also, the amount of organic functionalities inside the
matrix is generally lower than it corresponds to the starting mixture. This is
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caused by the differences in hydrolysis and condensation rates, which leads
to favorable homocondensation of organotrialkoxysilanes rather than cross-
linking. Moreover, increased content of loading of the incorporated groups
causes reduction of pore diameter, pore volume and specific surface areast’.
Another inconvenience of this method is that only extraction, as for removing of
residual surfactant, may be used, calcination is not suitable.

1. long-chained

alkyltrimethylammonium halide
+ -

2. H [,q1/ OH (49

TEOS N
(TMOS)
3. extraction / calcination
=
_ |
b= A
RO oR!
OR o TH s'. PH om
F'= CH3 or CaHs Yo N0

Figure 4. Functionalization through direct synthesis — general scheme for co-condensation
method.

The chemical nature of condensing reagents influences the final shape of
particles — hydrophilic agents lead to preparation of small, round particles while
hydrophobic ones give rod shaped particles?l.

Also mutual orientation of 2D hexagonal channels in mesoporous silicas
may be altered by an addition of chemicals, i. e. some urea-organosilane in
different amounts changes alignment of mesoporous channels from straight,
helical to radial®.

After pioneering articles of the groups of Mann®, MacQuarrie®! and Stein!*
many other organically modified mesoporous silicas have been prepared by co-
condensation, including alkyl, thiol, vinyl/allyl®”, amino, cyano/isocyanol,
alkoxy®, organophosphine and aromatic groups!'””). Mesoporous materials,
obtained by following direct synthesis route exhibit interesting catalytic and
adsorption properties!*-17], Tt is possible to modify mesoporous silica with even
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more complex groups, such as cyclam molecules!'®, large chelate ligands!'®),
cyclodextrins!"'”, calyx[8]arenes!''l and pH-sensitive dyes!''?,

Some different mesoporous materials prepared by co-condensation method
have been reported. Corriu ef al. synthesized in 1998 a new hybrid xerogels with
pores diameter less than 3,5 to 4 nm'"*l, For the preparation they used dendrimer-
like organosilanes.

Preparation of periodic mesoporous organosilicas (PMOs) is another method
of obtaining hybrid organic-inorganic materials.

It has been known for a long time in sol-gel chemistry as hydrolysis and
condensation of bridged organosilica compounds of the type (R’0),Si-R—
Si(OR’),. In this case organic units are incorporated into three-dimensional silica
network through two covalent bonds and thus distributed homogenously in the
pore walls. Materials prepared in this way as aero- and xerogels can have up
to 1800 m? g of surface area but with completely disordered pore systems and
wide pore size distribution*). PMOs differ from these amorphous materials with
periodically organized pore system and narrow pore size distribution. They were
synthesized in 1999 by three groups working independently!"'*"®! (Inagaki’s
group — ethane-bridged, Ozin’s and Stein’s groups — ethene-bridged PMOs).
PMO materials are considered as promising candidates for a series of technical
applications, i. e. catalysis, chromatography, adsorption, nanoelectronics or
cargo releasing systemstl,

1. long-chained
alkyltrimethylammonium halide

% 6 2.H" (4q/ OH )

3. extraction / calcination

P :

/ORI . . ll§:|.“"-~-L

RD Sl—R 5(—OR' 1 N0
- SL\O

§9 @ s~
B AT g
R'= CHs or CoHs 51 (E) o

Figure 5. Functionalization through direct synthesis — general scheme for preparation
of PMOs.
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In a general review of already prepared PMOs, some more interesting may
be distinguished:

aromatic PMOs -  benzene!"”, 2 5-dimethylbenzene and
2,5-dimethoxybenzene!''®! bridged with high degree of structural order
and pore diameters of about 2 nm

crystal-like benzene-, bisphenyl-bridged PMOs with long range ordered
Walls[ll9,120]

ethane-bridged PMOs with use of gemini surfactants and some swelling
agents to obtain products with 11 nm pores and without long range
order!"!

PMOs made with the use of nonionic polymers, with large pores of
a diameter up to 20 nm!'?2'21 further researches increased their walls
order by an addition of inorganic salts!">* or, without them, by changing
the silica precursor and surfactant ratios!'>); aromatic and unsaturated
PMOs with large pores have also been prepared!'?*!?”; PMOs based on
nonionic surfactants but with smaller pores have also been presented!'>*!
PMOs from tri- and multisilylated precursors!!!3

PMAs (periodic mesoporous aminosilicas) with amino groups anchored
in the matrix!*!

carbon/silica nanoparticles prepared from benzene-bridged PMOs!'*
PMOs from different mixtures of silica precursors.

There have been some studies to adapt PMOs, their morphology, pore size
and wall order to different applications: chromatography — monodispersed,
spherical, with a particle size of about a few um!'*, adsorbents — with large
surface areal*, low-k materials — PMO films!'**], nanowires and catalysis —
defined pore geometry, large inner surface areal'>,

Grafting method refers to subsequent modification of the inner surfaces of
mesoporous silica phases with organic groups. It’s usually carried out by reaction
of organosilanes of the type (R’0),SiR or chlorosilanes CISiR, or silazanes
HN(SiR,), with the free silanol groups on the pore surfaces.
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Figure 6. Post-synthetic functionalization — general scheme for grafting.

It is considered, that the reaction of anchoring silanes in presence of water
consists of four steps, which can go simultaneously after the first hydrolysis step

OH OH OH
OH OH OH
) +3H,0 +2RSi(OH) | | |
RSi(OMe); —————® RSi(OH); —————— HO—Si si Si—OH »
3McOH 2H,0 | |
OH OH OH
OH OH
HO S S
temp.
2H,0

Figure 7. Mechanism of post-synthetic modification through the grafting process in

presence of water.
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Presence of water in the reacting mixture and its influence on grafting
reaction has also been studied. Modifying with 3-aminopropyltrimethoxysilane
(APTMS) in presence of water leads to clustering of APTMS and
preferential grafting at the pore entrances, reducing uniformity of
distribution!*”). However, for the preparing of the monolayer comprised with
3-mercaptopropyltrimethoxysilane, water is crucial for the formation of
respecting hydroxysilane!'*® so there is no one certain answer to the water
presence in the reaction mixture.

Anhydrous conditions leads to one-step reaction

R
OH
R
| H;C——Si——CHj,4
, temp.
H3C——Si——CH;
-CH;0H o)
OCH3

Figure 8. Mechanism of post-synthetic modification through the grafting process in
absence of water.

Usually, only one bond between the surface and silane is formed, other two
substituents undergo condensation or remain freel'*),

This method has an advantage that the mesostructure of the starting silica
phase is usually retained. If the organosilanes react with silanol groups at the
pore entrances, the diffusion of other molecules can be impaired or even stopped
(pore blockade)'*. Also solvents used affect the distribution of functional
groups on the surface, i. e. toluene is not a proper choice, because it leads to
anchoring organosilanes near pore entrances, while alcohols or THF produce
higher degree of site isolation and more homogenous distribution!!!:142],

Obtaining of site-isolated functionalization of silica’s surface has also been
performed. McKittrick and Jones used tritylimine patterning agent to control
the minimum distance between the amino- groups anchored to the surface, and
after grafting the tritylimine to the surface and capping remaining silanol groups
with hexamethyldisilazane, they hydrolyzed patterning agent to get the final
product!'®], The use of smaller protecting group leads to higher grafting density.
Also imprinting method can be used to get site-isolated functionalization of the
surface. Circle molecules can be grafted onto internal surface, leaving some part
of the surface free. Then, another functionality can be introduced, but only on
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the unoccupied part of the surface. In the last step, circle molecules are removed,
leaving site-isolated modified surface.

Selective grafting of the external surface can be done, while SDA is still
inside the pores of as-synthesized silical'*.,

It is also possible to graft thin silica films for an additional functionality —
Tanaka et al. prepared such films modified by a new vapor-infiltration technique,
where the samples were exposed to the vapor of organosilica functionalization
reagents at high temperature for several hours in an autoclavel'+,

Grafting can also be done for larger organic groups like dendrimers!'#],
chlorophylll"*” and fullerenes!**), for making acid!'*’), basel'*", oxidative!"*!! and
chiral™? catalysts. Thiol functionalized MCM-41 has been used as an adsorptive
for heavy metals from solution!'>,

3. Application of mesoporous silicas in biomedicine and cosmetics industry
3.1. Biocompatibility and toxicity

An ideal delivery system used in biomedicine should be able do deliver
cargo to a targeted site in a controlled manner and be characterized by:

*  biocompatibility and biodegradability

» controlled release of cargo

»  controlled loading and targeted release of therapeutics

*  zero premature release

¢ stimuli responsivenessl.

Mesoporous silica MCM-41 compared to solid silica spheres was found to
be less toxic!'¥, Surface functionalization has drastic effect on the toxicity of
mesoporous silicas!'*],

Positively charged silicas induces more immune response and cytotoxicity
than neutral or negatively charged ones but they are better for transvascular
transport in tumor!'®. Silanol groups can react with biological molecules such as
lipids and proteins destroying their structures!'*”). Unmodified silica with negative
zeta potential is rapidly associated with serum opsonin in blood and cleared
from circulating system. The most effective coating, increasing biocompatibility
and half-time of mesoporous silica particles is PEGylation, approved by FDA,
which creates a protective, hydrophilic layer around them! . PEGylation
also improves silica’s properties in the hemolytic activity and cytotoxicity,
and decreases the endocytosis of modified silica particles!*”. In vitro studies
have shown how mesoporous silica interacts with different cell lines, i. e. 3T3
endothelial cells!™®”, human colon carcinoma (Caco-2)!'"", glioma cells!'®!,
human mesenchymal stem cells!'*? and HeLa cells!'®*l. /n vivo biodistribution and
excretion can be regulated by adding the functional groups like amino, carboxyl,
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phenyl and methyl phosphonate with different zeta potentials, i. e. nitrogen-
modified (different functional groups) manipulates the particle endocytosis of
HeLa cells!'*. Coating silica with lipid layer improves its biocompatibility and
performance, gives better suspensibility and much lower nonspecific binding
in vitro in compare to unmodified silical'®. Cellular uptake studies may be
performed and visualized by attaching a fluorescent dye to the silica surface by
co-condensation method™“!,

Influence of particles shape on the endocytosis rate is also significant — there
is a model with a concept of “wrapping time” which explains, why the spherical
particles undergo faster endocytosis than the cylindrical ones!'*®! for both in vitro
and in vivo (human fibroblast cells!'*”) studies.

Size of the mesoporous silica particles has an uncertain status of being
important for their toxicity — although some sources mention that the smaller
particles used the less cytotoxic they arel'®®l. Particles with a diameter less than
500 nm are easily taken up by the cell through endocytosis and can be localised
in lysosomes of the cell.

Structure and high surface area of mesoporous silica partcles may also be
an important factor influencing the total toxicity — large amount of free silanol
groups generate reactive oxygen species that are the cause of nanomaterial-
caused injuries!'®. It is also a cause of cellular and mitochondrial respiration
inhibition!'” and oxidative stress!'’".

He et al. found that the synthesis method plays also some role in the
overall toxicity — different MCM-41 particles using Triton, CTAB and SDBS as
surfactants were prepared and their toxicity was tested. CTAB-based MCM-41
was more toxic than SDBS one and the least was Triton-based MCM-4 1172,

Also the influence of size, porosity, particles coating and dosage of
mesoporous materials on the activity of hemolytic cells was tested and the
results were that the smaller particles the higher is their hemolytic activity!'”>.
However, in vivo studies have shown that mesoporous silica nanoparticles reveal
size-independent toxicity but highly dependent on the administration routel'’.

Mesoporous particles are eliminated from the human body by hepatobiliary
excretion, which was proved by Souris et a/f'”’). Elimination rate is size and
surface modification dependent as well as the way of synthesis — mesoporous
silicas prepared by extraction are much faster eliminated than calcinated and
amorphous ones!!7°,

3.2. Adsorption and release studies
Until now, a wide variety of drugs (or dyes) have been loaded and released
in a controlled manner using unmodified or modified mesoporous silicas?:
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MCM-41 — ibuprofen, vancomycin, gentamycin, aspirin, alendronate,
camptothecin, atenolol, BSA, cytochrome C, paclitaxel, DNA, vitamine
B,, calcein, safranine O,

SBA-15 — gentamycin, amoxicillin, erythromycin, alendronate,
L-tryptophan, BSA,

hollow mesoporous silicas — fluorescein isothiocyanate,

MSN - Orange II, rhodamine-B, DNA, ibuprofen, alendronate,

MSN II — DNA into plant cells,

MCM-48 — erythromycin,

FSM — Taxol,

There are many physicochemical parameters, that can affect adsorption and
release of cargo from mesoporous silicas:

particle size and morphology — Monzano ef al. studied the release of
ibuprofen from spherical MCM-41 particles with a size between 490-
770 nm and they concluded that better release control was achieved
with smaller particles. However, it was much slower than while using
irregularly shaped particles. They summarized, that spherical particles
are better in controlled delivery of ibuprofen!””. Qu et al. showed
that adsorption of captopril was higher in rod shaped particles than in
spherical ones!'”; hollow structured mesoporous silicas show higher
loading capacities than typical ones, except of pore blocking molecules
(effective pore volume decreases rapidly for hollow particles!!™),

pore size — Hata et al. first reported the effect of pore size and influence
of solvent on the loading and release of Taxol!"® and Vallet-Regi et al.
— release rate of ibuprofenP!l. Large pores are required for adsorption
and separation of proteins!'*"'%2 and adsorption of DNA or RNAUS;
pore size affects also loading kinetics, which has been proved for
captoprill'7s,

pore structure — it is demonstrated that pore connectivity, geometry
and matrix degradation have an influence on adsorption and release
properties of mesoporous silica, i. €. Linden et al.'* showed that SBA-
1 mesoporous silica with interconnected pores system revealed similar
loading capacity and slightly faster release rate of ibuprofen than SBA-
3 mesoporous silica without internal interconnection,

pore volume — it is considered as a critical factor for drug loading
and release because of drug-drug interactions which may be even
more important than drug-silica surface ones, it has been reported that
consecutive loadings of drug in ordered mesoporous materials leads to
larger filling of the mesopores!'®,
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surface area — increased number of active adsorption sites increases
amount of cargo adsorbed, which has been verified for alendronate!'*],
surface functionalization — carried out by co-condensation, grafting and
PMO synthesis methods, i. e. creating different coatings made of PEI
(polyethylineimine) increases amount of DNA and siRNA adsorbed or
improves the delivery of paclitaxel!'®”; Tourne-Peteilh et al. prepared
transport system for ibuprofen by simple anchoring it to the surface
through ester bond, where release was achieved after its cleavagel'®®,
pH at which the adsorption is carried out — for proteins the highest
amount of cargo loaded was observed near the isoelectric point!'®,
molecule’s polarity — since silica surface is polar (silanol groups)
or negatively charged (pK, ~2,5) at higher pH values, polarity is an
important factor affecting the amount and distribution of molecules
adsorbed — Okazaki and Toriyama have studied the diffusion of
isopropanol and cyclohexane in contact with MCM-41 and they have
found that alcohol preferred to occupy the regions at and near the
external surface while the cyclohexane deposited deeper within the
nanochannels!'*”,

surface polarity — silica may be functionalized with hydrophobic
species, in this case cargo-surface interactions don’t play any significant
role, but the cargo transport out of the matrix is seriously impeded as the
polar solvents don’t easily penetrate it!'*¢; hydrophobization of silica
surface makes it more resistant to hydrolysis!''.

Amount of drug needed is a very important issue, because even with achieving
high loading capacities, large amounts of mesoporous matrix is needed to create a
drug formulation, which can be digested by i. e. oral route (tablets usually). As an
examples of daily drug dose/matrix needed: gentamicin:SBA-15 150-300mg:2g,
erythromycin:SBA-15 1,5-3g:3,4¢g, ibuprofen:MCM-41 0,9-1,2g:7 g[8,

Liu et al. synthesized multi-shelled hollow spheres, which can be utilized to
load different chemicals in each shell and release them controllably by changing
the walls thickness!'??l.

Release of the cargo can be activated by different stimuli such as:

pH — it is one of the most important factor triggering release of trapped
molecules, because of the facility to control it and that in human’s
body there are regions, organs, cells differing in the pH value, which
can be used in targeted delivery; the most often pH sensitive systems
use amine functionalization because of their ability to protonate/
deprotonate at certain pH values?”; some of the more interesting
systems using pH triggering are: coating made of cyclodextrin and

246



MESOPOROUS SILICAS AS CARRIERS IN CONTROLLED RELEASE SYSTEMS IN BIOMEDICINE AND COSMETICS...

PEI complexes releasing cargo upon breaking the polypseudorotaxane
protection!'”), molecular machines made of cucurbituril complexes with
the silica, opening at lower pH values and closing at higher ones (so
called molecular clock)!'>! or the use of surface modifying individuals
with bonds breaking at certain pH values (hydrazone!'*¥, acetal!'*! or
orthoester!"®),

* enzymes — systems based on enzymes contain coatings sensitive to the
treatment of specific enzymes, i. e. capping mesoporous silica with
biotin-avidin complex makes it sensitive to proteases?¥, f-CD coating
is responsive to the a-amylase and lipase enzymes!'*”),

* chemicals — CdS capped nanoparticles sensitive to the reaction of
amidation was reported by Lai et al'"”!; gold nanoparticles associated
with the surface by photocleavable linker, thioundecyltetracthyleneg
lycoester-o-nitrobenzylethyldimethyl ammonium bromide (TUNA)
sensitive to UV irradiation reported by Lin e al.’* and Amoros et all'*’l.;
also some magnetic nanoparticles coated with supraparamagnetic iron
oxide with anti-oxidants as triggering factor were prepared; glucose
responsive delivery of insulin with a gluconic acid modified insulin
proteins immobilized on mesoporous silica is an another example of
chemical trigger for cargo release!'®! and anion-driven gate-like system
based on polyamines (sensitive to different organic and inorganic
anions like chloride, acetate or ATP)2%),

» thermal responsive systems are based on sensitive polymers like poly-
N-isopropylacrylamide (PNIPAm)®"'l; moreover, it is possible to create
a system based on PNIPAm, in which conformational changes of
polymer induce structural changes in silica — it can give a possibility to
release cargo at certain temperature?’?,

* light — irradiation at certain wavelength can induce breaking bonds
of pore blocking individuals, as presented by Mal et al. who grafted
coumarin onto the outer surface of MCM-41 mesoporous silica and
irradiated them with UV light at 310 nm. Coumarin undergoes
dimerization then and closes pore openings, making cargo release
impossible. Subsequent irradiation at 250 nm breaks the coumarin
dimer and allows to release the cargo!"; Sierocki ef al. reported similar
light responsiveness for azobenzene derivatives, that change their cis-
trans geometry upon light irradiation®®!,

There are also some sophisticated systems based on catenanes and rotaxanes

(mechanically interlocked molecules) which use different interactions such as
donor-acceptor?®, hydrogen bondingP*, metal-ligand?*® and hydrophobic?"”
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interactions to release cargo in a controllable way.

Release profiles differ from each other, depending on the adsorption and
functionalization methods: nonfunctionalized matrices (a) shows burst release at
start and then slow release, diffusion or dissolution processes (b) presents first-
order kinetics with respect to drug concentration, zero-order release kinetics (c)
for some functionalized systems, profile (d) corresponds sophisticated stimulus-
responsive system with release rate controlled by external changes!'*.

100+

a o0 o W

% Drug released

2 6 10 14 18
tih

Figure 9. Release profiles from different mesoporous systems — adapted from 139,

3.3. Sensors and some other appplications

Functionalized mesoporous silicas may also have an important meaning as
Sensors.

Radu et al. synthesized by co-condensation method thiol-functionalized
MCM-41 silica and attached epoxyhexyl groups to the outer surface before
removal of the surfactant. Inner thiol groups were modified by o-phthalaldehyde
and a layer of poly-L-lactic acid was polymerized onto the outer surface to
eventually obtain a neurotransmitter sensor, which could differentiate between
three different neurotransmitters: dopamine, tyrosine and glutamic acid. The
outer, polymeric coating has different permeability for each of them and that
caused the selectivity?%I,

Descalzo et al. prepared an ATP sensor based on N-propylanthracene-10-
amino functionalized MCM-41 silica. Presence of ATP was detected by the
reduction of fluorescence signal",
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Mesoporous silica-based may also be used in analytic chemistry, i. e.
to quantitative determination of copper ionsP!, binding mercury(IT)?",
palladium(II) and platinum(IT)?'? or borate®?'¥! ions.

Iron oxide may be used in cancer treatment as superparamagnetic
nanoparticles embedded in mesoporous silica, delivering heat under alternating
magnetic fields, as a result of Brownian rotation and Neel relaxation*'%l,
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1. Introduction

The phenomenon of the self-organization and formation of stable chemical
individua via non-bonding interactions is the area of interest of supramolecular
chemistry. This interdisciplinarly science is located at the intersection of various
branches of chemistry (inorganic, physical, organic, analytical etc.), physics,
biology, material science, mathematics, geology and biochemistry. As the other
disciplines of science, supramolecular chemistry requires the analytical methods
for studying of the processes and objects of its interest. Some of these techniques
are the same as used in other areas of chemistry, physics or biology, while the
others are unique for this discipline. Among many instrumental methods, nuclear
magnetic resonance plays very important role in studying of supramolecular
complexes in solution and solid state. This method is used not only for the
determination of the structures of supermolecules, but also for the determination
of association constants, kinetics of their formation or ligand exchanges, the
dynamics of supramolecular individua, their shape and interactions with
solvent and in many other aspects of their physicochemistry. Apart from the
application of the NMR spectroscopy of so called “common nuclei”, as 'H,
BC and, less frequent, °N, F or #’Si, the nuclear magnetic resonance of some
“exotic” elements is also used in supramolecular chemistry. As some of them
are only occasionally studied by this technique (e.g. Al or **Cl), the others are
widely used for studying of supermolecules. Among the published examples of
application of 'Li, »Na, '3Cs or '¥Xe NMR in chemistry, most of them are the
papers on various aspects of supramolecular chemistry.

The nuclear magnetic resonance spectroscopy of transition metal (d
and f blocks) nuclei takes a special place in NMR spectroscopy, because the
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measurements of their resonance signals are not routine and easy to made. This is
the effect of various limitations and experimental difficulties. Two elements (Ce,
Th) have not natural isotopes active in NMR. Only few of the elements of d and f
blocks have natural isotopes of %% nuclear spin (*Fe, Y, 1Rh, 1071 A g 113Cd,
19Tm, "1Yb, W, 1870s, 15Pt, °1“Hg), while the other transition element natural
isotopes are only the quadrupolar nuclei. This limits the application of NMR for
studying of their compounds, because of the widening of the spectral line due
to quadrupolar relaxation, e.g. for '’ Au or 2°U the signals were not recorded in
liquid or are observed only for the species of high symmetry (UF,). In conclusion,
among 44 naturally occurring transition metals, only 11 have isotopes which
nuclei have not a quadrupolar moment, 31 have only quadrupolar isotopes.
Most of them have also paramagnetic states (e.g. Cu?" or most on the Ln3"),
therefore they could not be observed by NMR method, due to fast relaxation.
Additionally, the paramagnetic impurities in the sample (e.g. presence of the
Cu?" ions in Cu’ containing complex) disturb the measurement. Other problem
is a low natural abundance of some NMR active isotopes and/or their low y
values. This causes the low sensitivity of NMR measurements of these elements
and elongates the acquisition time. The resonance frequencies of low y nuclei
are often over the range of the commercial spectrometer, so their observation
by this technique requests the expensive NMR machine hardware modification.
Moreover, the spectra recorded at low frequencies are often disturbed by so
called accusing ringing, the mechanical resonances of the NMR probehead
elements. Some elements (Co, Cu) have a huge range of chemical shifts, broader
than the frequency range possible to acquire in one experiment. This causes the
need of the measuring of a few spectra for one sample, with different resonance
frequency values (transmitter offset). Therefore, the nuclear magnetic resonance
spectroscopy of transition metal is not very popular and widely used.

This paper presents examples of application of NMR of transition metal
nuclei in supramolecular chemistry. Only these studies, where the transition
metal atom (as a inorganic ion or metalorganic species) plays the role of a guest,
were chosen for this review. The solid state NMR data have not been included.
The application of p block elements NMR spectroscopy in zeolite, mesoporous
material or heteropolyacids chemistry, traditionally included in supramolecular
chemistry, has not been either presented here.
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2. Transition metal NMR in supramolecular chemistry
2.1 Group 3 & lanthanides
2.1.1 Scandium

The only stable natural scandium isotope, #Sc is active in NMR spectroscopy,
but has a spin+7/2, so its nucleus has a quadrupolar moment (-0.22 x 102 m?), but
it is not enough large to limit seriously a possibility of *Sc NMR measurements.
Scandium has a high receptivity (0.3 of that of proton). The resonance frequency
5 = 24.292 MHz) is sufficiently high to avoid the experimental difficulties.
Scandium forms the Sc** ions, which are diamagnetic. The [UPAC recommends
reference is 0.1 M solution of Sc(ClO,), in water at low pH, which corresponds
to Sc(H,0),* species. The chemical shift range is small (-100 +250 ppm).

In 1999 Meehan and Willey have reported the *Sc NMR studies of Sc**
complexes with crown ethers in solutions.! They have used six different ligands:
12-crown-4 (12C4), 15-crown-5 (15C5), dibenzo-24-crown-8 (DB24CS),
dibenzo-30-crown-10 (DB30C10), 1-aza-15-crown-5 (N15C5) and 1-aza-18-
crown-6 (N18C6); Fig. 1. The authors have reported the chemical shifts for
the complexes of above mentioned coronands with ScCl,” in acetonitrile and
toluene (Table 1). The counter ion in these studies was SbCl.. For 15C5 and
N15C5, which fit to the ScCl," ion, to form a complex of pentagonal bipyramidal
geometry, they have observed the sharp signals. For the systems with larger
crowns (DB24C8 and DB30C10) one signal occurs in spectra at room (or
elevated) temperature, which splits into two broad ones with decreasing of the
sample temperature. The chemical shifts of these two peaks are smaller than
that after coalescence. This indicates complicated, dynamical process, involving
different modes of scandium complexation and different crown conformation.
The authors have postulated the existence of Sc**-crown ether complex at lower
temperature and have assigned the upfield shifted signals to these species. The
system with N18C6 shows one signal at 298K, which splits into three with
decreasing of the temperature (183.2, 170.0 and 144.2 ppm at 243K)). They have
been assigned to different modes of ScCl,” complexation. Two downfield shifted
signals come from two separated O,N environment, while this at 144.2 ppm is
from the O, complex. The mixture containing ScCl,” and 12C4 ligand shows two
signals, one assigned to 1:1 complex, second to L,Sc** species. The first one is
distinctly wider than the second, which indicates the highly asymmetric structure
(sandwich-like complex). The same system, in the presence of the excess of
SbCl, which stoichiometry induces the formation of Sc** ions in the place of
ScCl," cations shows the more complex spectrum and complicated temperature-
spectrum dependence. The authors have not assigned the defined structures to
the signals observed.
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Fig. 1. Structures of macrocyclic ligands studied as scandium receptors

The paper of Brown et al.? presents the series of scandium containing crown
ether complexes. The authors have prepared the compounds containing ScCI**
and ScCl,", complexed by 15C5, 18-crown-6 (18C6) and 1,4-dithia-7,10,13-
trloxacyclopentadecane ([15]aneS,O,; Fig. 1). They have been characterized
by “Sc NMR spectra (Table 1) and X-ray crystallography. The acetonitrile
solution containing [ScCL(18C6)]" (6 132 ppm) has been reacted with Lewis
acid (FeCl,), with producing new species (6 101 and -2 ppm, respectively),
assigned to [ScClI(MeCN)(18C6)]*" and [Sc(MeCN),(18C6)]**. In the presence
of SbCl; instead of FeCl, the signal at -19 ppm is observed, not detected in
solutlons containing FeCl This has been assigned to the species containing
SbCl; coordinated to the oxygen atom of 18C6 ligand, which is not bonded
to Sc center: [Sc(18C6xSbC1)(MeCN),*". The authors have studied also the
system with 12C4. They have confirmed the assignment of the signal at 25 ppm
to [Sc(12C4),]**, but the signal at 153 ppm was recognized as the product of
hydrolysis: [ScCL(H,0),]. In addition some data for hydrogen bonded scandium
containing complexes with crown ethers have been published in this paper.
It these compounds crown macrocycle is bonded via O---HO bond to water
molecules coordinated to scandium ion (e.g. [Sc(H,0),(NO,),]-18-crown-6 or
[Sc(H,0),ClL ]-15-crown-5). In solutions they dissociate to form free [Sc(H,0),]**
(ca. +2 ppm) or [Sc(H,0),CL,] (+153 ppm).
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Table 1. “Sc NMR chemical shifts of scandium(IIl) complexes with macrocyclic ligands

Complex 8 Sc [ppm] Complex 4 “Sc [ppm]
[Sc(12C4), ] 25.6 [ScCL(N15C5)]* 148.9
[ScCL(12C4)]* 152.5¢ [ScCL(N18C6)]* 182.5
soyascsy ms RCOCONmae 000
[ScCL(18C6)]* 132 [ScCI(CH,CN)(18C6)]** 101
[ScCL(DB24C8)]* 1278 [ScCI(CH,CN),(18C6)]* 2
[ScCL(DB30C10)] 1423 [ScCI(CH,CN),(18C6-SbCI )P -19

“according to Brown et al? this signal comes from the hydrolysis product

The ScCl, complexes with podand ligands have been studied by Gierczyk
et al.> The polyoxaethylene phosphates, phosphites, pyrophosphates, sulfites,
arsenates(IIl) and borates have been used as supramolecular ligands. Besides
of a large number of non-supramolecular adducts, formed when the ligands act
as monodentate ones, the signal of the Sc** ion, complexed inside a channel
surrounded by podand side arms, has been detected. Such complexes are formed
only for three ligands (Fig. 2). The chemical shift of the scandium nucleus in
these structures, is 230-233 ppm. The ligands containing O=X group (X =P, S)
prefer to coordinate via the sp’ oxygen, i.e. forming a Sc---O=X bonds.

O O O
/ / /
B-o——0—  AS_g—_O0—  F-g— O

Fig. 2. Structures of the polypodand ligands used as a scandium ion hosts

The ¥Sc NMR spectroscopy is also used for studying of fullerenes, containing
encapsulated scandium atoms. The first example has been published by Bethune
et al.* The authors have observed broad signal at 200 ppm for the solution of a
mixture containing Sc @C, species. Miyake and coworkers have obtained the
pure samples of two isomers (I and III) of Sc,@C,, and have recorded *Sc NMR
spectra in CS, and 1,2-dichlorobenzene in wide range of temperature (238-
404K).’ Contrary to IUPAC directives, the spectra were referred to 2 M solution
of ScCl, in HCI/H,O. The spectra of isomer I show two signals (ca. 190 and 250

273



B. GiErczYK

ppm), indicating on the existence of two magnetically nonequivalent sites inside
fullerene ball. The signals coalesced at 383K. The temperature dependence of
the line shape has permitted to estimate the rate constants (1-100 s at room
temperature) of the exchange of Sc ions between these two sites and energetic
barrier for this motion (80 kJ mol™). The isomer III shows only one signal in
“Sc NMR spectrum (ca. 225 ppm). As the spectrum has the same shape at
different magnetic fields, the authors have deduced, that both scandium ions are
located in the sites of the same magnetic environment (they are equivalent). The
measurements of 7', and 7', relaxation times of “*Sc nuclei in solvent of different
viscosity permit to establish that the ions are rigidly attached to fullerene cage
and its correlation time is determined by the reorientation of whole molecule.
Further investigation of this material caused the redetermination of the structure.®
They are the carbides of the formula Sc,C,@C.,.

Krause et al.” have synthesized endohedral C, fullerenes, containing
Sc,CH and Sc,N clusters. These compounds have been characterized by *Sc
NMR technique (spectra have been referred to 0.2 M solution of Sc(NO,),
in concentrated HNO,). For the second one signal at ca. 220 ppm has been
observed. The spectrum of (Sc,CH)@C,, is more complicated, because two
broad lines of the same intensity, at ca. +400 and -300 ppm occur. The authors
have rationalized it as an effect of Sc-H scalar coupling, so the signal has a
doublet structure. They have not calculated a coupling constant, but on the basis
of the experimental data it could be estimated on %/, = 85 000 Hz, which value
is completely improbable. The literature data gives *J , = 30 Hz for Sc(BH,),.
The effect of the splitting of the **Sc NMR line of (Sc,CH)@C,, must have a
different origin.

Scandium carbide containing endohedral fullerenes have been studied
by Okimoto and coworkers.® They have isolated two isomers (Il and III) of
(Sc,C)@C,, by preparative HPLC. The prepared materials have been studied
by “*Sc NMR in solid state at various temperatures to determine the activation
energy of the rotation of Sc,C, in a fullerene cage. The spectra were referred to
IM solution of S¢(NO,),. The spectra of both isomers show one broad line at 214
ppm. On the basis of temperature dependence of linewidth the £ values have
been determined to be 6.4 and 6.6 kJ mol! for isomers II and III, respectively.
The Sc,C,@C,, (C,) has also been studied.” Also two signals, coalescent at 373
K, have been observed.

Mixed metal nitrides, containing Sc atom, encapsulated in C, fullerene,
have been studied by Yang et al., Zang et al. and Wang et al.!*!3 The authors have
prepared a series of compounds containing Ln Sc o\ where Ln is Ho or Lu. The
CeSc,N@C, has been also obtained. For each clusterfullerene two isomers (I and
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II) have been isolated, although minor cerium containing isomer have not been
isolated. The authors have not given the information on used reference solution.
The chemical shifts of these compounds are collected in Table 2. The difference
between the shifts of Ce and Lu containing clusters have been rationalized by the
presence of unpaired f'electron of the cerium atom, which strongly influents the
chemical shift. Holmium containing compounds show a large paramagnetic shift
(800-1200 ppm), and their spectra shape and chemical shifts are very depending
on the temperature. The “Sc NMR signals of these compounds are distinctly
broader due to paramagnetic relaxation than those containing scandium nitride
or mixed scandium-lutetium nitride clusters. The temperature dependence of
chemical shift of HoSc,N@C,, permits to determine the contribution of Fermi
contact and pseudo-contact shifts. The prevalence of pseudo-contact effects
have been stated, although the contact term could not be also negligible. Also
for CeSc,N@C,, the pseudo-contact mechanism dominates. The authors have
discussed the temperature dependence of the chemical shift of both isomers and
have compared them with that observed for CeSc,N@C,, fullerene. The ten-fold
higher sensitivity of 8 “*Sc value of holmium analogues on temperature variation
than that of Ce one is caused by higher magnetic moment of Ho*" ion than that
of Ce* one. The differences between two Ho-containing isomers are not clear.

Dunsch et al.'* have studied the clusterfullerenes containing metal
sulfide. The obtained Sc,S@C,, (8:C,) have been characterized by “Sc NMR
spectroscopy. It has been found that both scandium atoms are equivalent, or
the cluster rotates inside the fullerene cavity with a rate causing averaging of
the signals. Similar results have been obtained by Chen for Sc,S@C,, (C)."
Other studied cluster has been Sc NC@C,, (7:1,)," which shows two signals
of 1:2 intensity ratio at room temperature, which stays in accordance with a C,
symmetry of the S¢,NC unit.

Table 2. *Sc NMR data of endohedral fullerene compounds
#Sc NMR data

Compound [ppm] Condition Reference used Reference
(probab?;zg 2%‘2 @c,) 35, very broad CS, n.r. 4
Lu,ScN@C,, (7:1,) 199.5 room temperature; CS, n.r. 12
LuSc, N@C,, (7:1,) 194.7 room temperature; CS, n.r. 12
Se,N@C,, (7:1) 199.5 room temperature; CS, nr. 12
Lu,ScN@C,, (6:D;,) 194.7 room temperature; CS, nr. 12
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LuSc,N@C,, (6:D,,) 194.7 room temperature; CS, nr. 12
Se,N@C,, (6:D,,) 211.7 room temperature; CS, nr. 12
. 313K; "

CeSc,N@C,, (7:1,) 257.3 o-dichlorobenzene nr.
HoSc N@C,, (7:1,) ~1000° 298 K; CS, n.r. 13
LuSc,N@C,, (6:D,,) ~ 800° 298 K; CS, nr. 13
. ) 0.2 M S¢(NO,), ;

Se,N@C,, ~ 220 room temperature; CS, in conc. HNO,

~-400 & . 0.2 M Sc¢(NO,), ;

Sc,CH@C,, 13004 room temperature; CS, in conc. HNO,

Sc,C,@C,, 127 & 164*  293; solvent not given n.r. o
Sc,C,@C,, (C)  ~190 & 250¢ 298 K; CS, 2 M ScCl, in H,O/HCl 5
Se,C@C.. (C)  ~190 & 250¢ 23K 2MScClL inD,O/HCI 16

B (& - o-dichlorobenzene h 2

Sc,C,@C,, (C, ) ~225 293 K; CS, 2 M ScCl, in H,O/HCl 3
Sc,C,@C,, (C,) 214 300 K; solid-state 1 M S¢(NO,), 8
Sc,C,@C,, (C,) 214 300 K; solid-state 1 M S¢(NO,), 8
) 0.2 M Sc¢(NO,), "

Sc,S@Cy, (C,) 290 room temperature; CS, in conc. HNO,
room temperature; 0.2 M Sc¢(NO,), s

Se,S@C,, (C) 183.3 CS,/toluene-d, in conc. HNO,
Se,NC@C,, (7:1) 365 & 275¢ Cs, not given 10

“no chemical shift given, the & values readed from the spectrum published; * signals
reported as a doublet due to scalar Sc-H coupling; ° previously reported as Sc,@C,,
isomers

2.1.2 Yttrium

The natural yttrium contains 100% of NMR active nuclei — Y, which
has a spin %. Unfortunately, it has a low gyromagnetic factor (y), therefore its
resonance frequencies are low (£ =4.998 MHz). This causes some experimental
difficulties. First, its resonance frequencies are unavailable on most commercial
spectrometer. Additionally, its spectra are often disturbed by acoustic ringing.
The low y value causes also relatively low receptivity in Y NMR measurements
(its receptivity is 1.18 x 10 that of proton). Another problem is a long relaxation
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time of the yttrium nuclei. In consequence the NMR experiments need long
relaxation delays (10 s and more), so the acquisition is time consuming. [UPAC
recommends reference is Y(NO,), solution in water. The chemical shifts range is
not very broad, ca. 1300 ppm.

The first examples of the application of ¥Y NMR to investigate of
supramolecular systems is the report of Hall et al.'™'%, who have studied the
complexation of Y*" by cryptands, derived from 1,6-diaza-15-crown-5 and
1,10-diaza-18-crown-6 (K21, K22; Fig. 3). The K21 ligand has been used as
a receptor for Y** cations.17 The ¥Y NMR chemical shifts of this complex is
-6.0 ppm. The authors have made the NMR titration of yttrium perchlorate
with DMF to establish the chemical shift of yttrium complexes with amide
ligands and maximum number of the DMF molecules, coordinated to Y center.
The formation of DMF-Y?* adducts causes the opposite (i.e. upfield) shifts in
comparison with Y** K21 formation. The spectra have been referred to 1 M
solution of Y(CIO,), in acetonitrile/acetonitrile-d,. The complexes have been
measured as acetonitrile solutions (no temperature given). For the complex of
K22 (1:1 mixture of ligand and Y(CIO,) x 4.7 H,O in acetonitrile) two signals
have been observed, at 11.6 (sharp) and -6.7 ppm (very broad), respectively.18
The first one has been assigned to uncomplexed hydrate (Y(CIO,) x 7.6 H,0),
while the second one to two complexes (LY?** and L,Y?"), detected by 'H and *C
NMR spectroscopy. The authors have reported also the %/, coupling constant,
observed in "C NMR spectrum of the C=O group (3 Hz). The Y(CIO,) x 4.7
H,O in acetonitrile has been used as reference.

©—<N2)0 ©—<\) J%o o%\

K21 K22 Hpdapaah

Fig. 3. Ligands used as a yttrium ion hosts

Summers et al.'” have characterized the yttrium complex of pentadentate
hydrazone ligand (H,dap-R; Fig. 3) by ¥Y NMR in D,O. They have observed a
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small shift (1.53 ppm vs. YCL,), but they have not reported any details about the
reference solution (solvent, concentration) and the measurements temperature.
Bradley and coworkers have prepared a series of ether complexes of
tris(1,1,1,3,3,3-hexafluoro-2-methylpropan-2-oxy)yttrium with alkyl ethers,
ammonia and alcohols.20 Among them one linear analogue of crown ethers —
monopodand 2,5,8-trioxanonan (diglyme; Fig. 4) has been isolated in crystal
form and characterized by X-ray crystallography and NMR technique. The ¥*Y
NMR chemical shift of this complex is 78.6 ppm (in toluene-d /diglyme 2:3 v/v
mixture; referred to YCI,; no temperature and solvent of the reference given).

/\\
Fac CF3 /‘VCF;;

Fig. 4. Diglyme complex of yttrmmﬂuoraalkoxlde

CF3
CF3

The complexes of Y** with EDTA-like ligand (EDTA-PA ; Fig. 4a) have
been studied by Plates-Iglesias and coworkers. The authors have applied also
other methods ('H, *C, 7O NMR, relaxation time measurements, luminescence
measurements, nuclear magnetic relaxation dispersion, UV-Vis spectroscopy
and potentiometry) to determine the structure, stability and dynamics of the
complexes of ligand studied with various lanthanide ions. The presence of two
signals of complexed yttrium ion at 100.6 and 102.3 ppm and a signal of free
one (0 ppm) in the spectrum measured for L:Y** stoichiometry 1:2 has been
detected. This indicates the presence of two isomeric form of the complex in
solution. The increasing of the L/Y ratio to 1:1 causes the coalescence of the
downfield shifted signals into one at 101.4 ppm and disappearing of that at 0
ppm. The increasing of the ligand concentration to stoichiometry 2:1 causes the
shift of the signal upfield to 90.5 ppm. The authors have not assigned a definite
structures to the signals observed. The spectra have been recorded in D,O (0.15
M solution of YCL, pD = 6.0) and referred to 2 M solution of YCI, (solvent used
in the reference sample and temperature during the measurements have not been
given).
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Fig. 4a. Structure of EDTA-like ligand (EDTA-PA,)

In 2010 y. Merritt et al.?! have used a hyperpolarized ¥Y NMR to study
yttrium complexes and its application as a pH sensitive probes. The authors
have reported the pH dependence of the Y chemical shift of yttrium-DOTP and
yttrium-DO3A-NTs (Fig. 5) complexes. The spectra have been taken in H,0/D,0
(85:15; v/v) and have beenreferenced to YCI, (no solventand concentration given)
at 298 K. The hyperpolarization has been obtained by DNP method. In whole
studied pH range (4-9) one resonance signal has been observed, which indicated
fast exchange between protonated and unprotonated species. The chemical shifts
of Y-DOTP system vary from 150 to 140 ppm in the above mentioned pH values,
while Y-DO3A-NTs show opposite tendencies, i.e. changing from 132 to 158
ppm. The Y-DOTP chemical shift is strongly affected only by the protonation
of the first uncoordinated oxygen. The further proton bonding steps have much
less effects. For Y-DO3A-NTs in a range of pH between 5 and 7 no ¥Y NMR
signal has been detected, even in thermally polarized samples, which have been
rationalized by existence of two different species in solution. The fast exchange
between them causes the huge line broadening and absence of the measurable
signal. The T relaxation times of ¥Y nuclei in Y-DOTP complex at various pH
have been also reported. They are between 57 s (pH = 9) to 202 s (pH = 4).

The complexes of various cyclam derivatives with Y** ion have been studied
by Pullukody et al.?> They have reported some ¥Y NMR data for these adducts
(Table 3). They pointed out the higher chemical shifts of complexes of —~PO,H
containing ligands vs. that of -COOH analogues. No isotope effect of H,O/D,0
used as solvents has been observed. The spectra were recorded for solutions in
water (pH = 6.5) at 295 K and referred to 1 M YCI, (no solvent given).
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Table 3. Structured of cyclam derivatives and the Y NMR data of their complexes with
Y** ion

HOOC— /~\ ,—COOH HO-P— /\ ﬁF"—OH HO-P— /\ ,—P-OH
N N 6 N N_§ S5 N N_§
() NG L Je
Hooc—" \_/ “—COOH Ho—F“J _/ ¥|:‘>—0H HO-P—" \_/ “—P-OH
111.8 156.8 (J,, =5 Hz) 152.8 (J,,=5Hz)
HN
>—\ HO*%KN/_\N/—<\ 1
| N N o] o
HO-P— / 1\ — s NH
8jN N/_ﬁoi\_\ HOOCjN N o) 9 [N N] CH) SOz
[ ] [ HO-P—" \—/ “—pP-0H
BN N8 N \ \
) fon Hooc—" \_—/ “—COOH OMe
168.3 111.3 151.9 (J,,=5.1 Hz)

The hyperpolarized DOTAM complexes (Fig. 5) of yttrium have been
studied by Miéville et al.”® They have studied the kinetics of complexation of
Y** by the ligand in D,O/glycerol system at pH 5.01. The authors have observed
separated signals of free (0 ppm) and complexated (123 ppm) yttrium ions. The
complexation kinetics were determined from the changing of the intensities of
both signals in time. The hyperpolarization has been obtained by microwave
irradiation at 1.15 K.

HOsP— / \ —POzH HOOC— /7 \ ,/~—/\ O, H,;NOC— /7 \ ,—CONH,
[N Nj [N Nj HN-8 = )— [N Nj
N N ONCONT N N
HOPP— \/ “—POsH  HOOC—" \—/ “—COOH H,NOC—" \_/ “—CONH,
DOTP DO3A-NTs DOTAM
Fig. 5. Structures of cyclam-derived ligands

Lumata et al.** have shown that the oxygen, nitrogen and carbon nuclei of
BC-enrichted DOTA-Y?*" complex may be co-polarized during yttrium DNP-
hyperpolarization (Fig. 6). The hyporpolarization process has been optimized
to obtain the strongest *C and *Y signals. Also the 7 relaxation times have
been determined. The authors have reported the ¥Y NMR chemical shift of this
complex as 109.88 ppm. The spectra have been recorded in water, at 298 K and
referred to external 3 M YCI, in water. The non-labeled DOTA-Y* has been
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studied by the same authors as a model compound for optimizing of the DNP
enhancement method on using of various free radicals, a presence of Gd(III)
species in the sample and microwave frequency.25 The kinetic of decay of
hyperpolarized ¥Y at various concentration of Gd** has been studied as well as a
phenomenon of co-polarization of *C nuclei of [1-3C]pyruvate.

HOOC—_ /\ ,—COOH
[N N]
N N
Hooc— \_/ “—COOH

DOTA
Fig. 6. DOTA structure

The two-center homo- and heteronuclear complexes of cyclam dimer
(Fig. 7), have been studied by #*Y NMR.26 The molecules containing two Y**
ions bonded as well as one Y** and one Gd** have been synthesized. Although
the authors have mentioned the studies of homonuclear (Y**), complex, their
NMR characterization data have not been presented. The %Y NMR spectrum
heteronuclear Y,Gd L complex shows two signals, one at 126.3 ppm and second
at 175.4 ppm. The relative intensities of these two species are 4:5. The signal
at higher field has been assigned to 7SAP isomer (mono-capped twisted square
antiprismatic geometry), while the second to S4P isomer (mono-capped square
antiprismatic geometry). The T, relaxation times of ®Y nucleus have been
determined and used to calculation of Gd-Y distance. The spectra have been
measured for aqueous solutions at pH 7, at 298 K, referred to 1 M Y(NO,), in
water, containing 1 mol% of Gd(NO,),.

COOH

OH
HOOC— / \ /— (\ /w COOH
[ ] : Op
O
Hooc—"\__/ \—coon HN—§

Fig. 7. Structure of cyclam dimer
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Popovici and coworkers27 have investigated the complexation of yttrium
ions by P=0O moieties containing tridentate ligand, P11 (Fig. 8). To overcome the
problems with long relaxation times of yttrium nuclei, they have applicated the
inverse *'P detection with a 3'P,¥Y {'H} HMQC sequence. The chemical shifts
of the obtained complexes: [Y(P11)(NO,),] and [Y(P11),(NO,)](NO,), (Fig. 4)
are -1.5 and -23.7 ppm, respectively (room temperature). For [Y(P11)(NO,),] at
room temperature only the correlation with one phosphorus atom (Ar,P=0) is
observed. The other signals could be recorded at decreased temperatures. The
%Y signal of this complex shows a small temperature dependence (only ca. 0.2
ppm/60 K). The °J,, coupling constants are 7.7 Hz. The second compound,
[Y(P11),(NO,)](NO,),, shows the *Y signal splitted into seven lines (*'Y,*'P{'H}
DEPT experiments) which observation provides the coordination of six P=0O
group into yttrium cation. The %/, , coupling constants are 5.6 & 8.4 Hz. The
spectra have been referred to Y(NO ), (no solvent and concentration given) and

have been recorded in CD,CN.
o Cr
|
N
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P11 [Y(P11)(NO3)s] [Y(P11)2(NO3)](NO3),

Fig. 8. Structures of tridentate phosphor-containing ligand and its yttrium complexes

The supramolecular ligands L2 i L3 have been used for preparation of
yttrium complex (Fig. 9).28 The complexation modes were elucidated on the
basis of '"H,¥Y HMQC experiments. The observed chemical shifts are -4.9 and
0.4 ppm, respectively. The coupling with CH=N protons has been detected. The
spectra have been recorded in CD,CN, and referred to Y(NO,), solution (no
temperature of the measurements as well as reference concentration and solvent
have been given).

Zimmermann and coworkers have studied the mechanism of C-H bond
activation in rare-earth metal complexes.29 The authors have confirmed the
structure of the backbone metalated ligand on the basis of ¥Y-'H 2D HMQC
experiments. In the presence of AlMe,, complex 10B undergoes decomposition
due to matalation of iso-propyl group and methane elimination. The complex
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formed (10C) shows the Y NMR signal at 426 ppm. The yttrium nucleus is
coupled with methine ArC-H proton and one of the Y-CH -Al hydrogen atoms
(J,,; = 14.0 and 15.5 Hz, respectively). Moreover, the coupling with one AICH,
group is observed (J,,, = 1.2 Hz). On the basis of X-ray crystallography and
NMR spectra, the authors postulated the presence of two three-center bonds:
Y-H-C and Y-H-C,,,

CH2Al
H
Q ~ /Nvo N—Rin
/ \ \ N
N N \ / N’N N\ ,:,N

5 5?8

Fig. 9. Pyrldme containing llgands and their complexes

Me
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Pr Me Me’Pr ) Me/ —:C':"Z'
3 Pro\?
AN Q T S
P N Pr

/ =
A B c

Fig. 10. Tridentate nitrogen ligand (A) and its yttrium complexes (B,C)
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Fu et al.** have prepared family of Y N@C, where n = 40-43 fullerene
clusters and have characterized them by *Y NMR spectra. The chemical shift
values were as follows: Y.N@C,, (), 191.63 ppm; Y N@C,, (D,), 62.65
ppm; Y N@C,, (C), 104.32, 65.33 & -19.53 ppm. The Y N@C,, (C)) cluster
shows three signals due to coordination of one yttrium ion to pentalene motif
of the cage, resulting in the three different magnetic environment inside the
fullerene ball for the Y N clusters yttrium atoms. The spectra were recorded
in o-dichlorobenzene at 298 K and referred to YCI, in D,O (no concentration
given).

2.1.3 Lanthanum
Two natural isotopes of lanthanum are available for NMR experiments:
38La and '"¥La. First one has a spin +5 and a huge quadrupolar moment (0.47
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x 102 m?). Additionally, it has a very low natural abundance (0.09 %) which,
together with relatively low y value (£ = 13.193 MHz) causes extremely low
receptivity (7.35 x 107 that of 'H). The second NMR active isotope, *La, has
smaller quadrupolar moment (/= 7/2; O =0.21 x 102 m?) and a slightly higher
resonance frequency (£ = 14.126 MHz). The high natural abundance (99.91 %)
causes an easy observation of it in NMR experiments (receptivity: 5.92 x 107
that of 'H), although its resonance signals are usually broad. It is the only isotope
of lanthanum used in NMR studies. The IUPAC recommends reference is 0.01
M solution of LaCl, in D,0. The chemical shift range is ca. 1900 ppm.

Chen et al.*' have studied the interaction of La*"/18-crown-6 interactions,
using *La NMR method (Fig. 1). The spectrum of lanthanum chloride
heptahydrate consists of one signal at 165 ppm (0.2 M in methanol; Av, , = 1 900
Hz). An addition of crown ether causes the formation of new chemical species,
giving a broader, upfield shifted resonance line. This indicates slow exchange
between free and complexed La*" ion in NMR timescale. The authors have
performed the NMR titration at constant ion concentration. The obtained spectra
have been deconvoluted, using Gold and Zdunek model, to calculate transverse
relaxation time and chemical shifts of both lanthanum species. The spectra
measured at various salt concentration (0.2, 0.1 & 0.05 M in MeOH) show that
the T, parameter of solvated ion is concentration dependent, which indicates the
ion association in solution. Also the chemical shift of free (solvated) ion changes
(increases) with the decreasing of the concentration of the salt (from 165 to 230
ppm). The changes observed for complexed lanthanum ion are less pronounced
(from 130 to 167 ppm), however it indicates the participation of chloride ion in
La*" coordination. The transverse relaxation rates of complexed La*" are very
large and have been estimated to be 1.5-3.5 x 107 s, It is the effect of the high
electronic field anisotropy around lanthanum centre in the complex, causing fast
quadrupolar relaxation. The spectra were referred to external La(NO,), x 6H,0
in D,O/H,0O mixture (2:8, v/v) at 300 K (the spectra at other temperatures have
been also recoded).

The substituted azacrown (SK22) has been studied as La*" receptor by *’La
NMR .** The authors have measured the lanthanum spectra of La(NO,), solution
in acetonitrile (8 ppm) in the presence of K22 ligand (15 ppm) and model
compound — 1,10-diaza-18-crown-6 (N,18C6; see Fig. 11 for structures). The
signal of SK22-La*" complex is sharper than that of N,18C6, due to the higher
symmetry of lanthanum coordination sphere. This effect is a result of acting of
phenolate oxygen of SK22 as a donor atom, bonded to lanthanum ion in axial
positions.
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Fig. 11. Structures of diaza-18-crown-6 and its derivative, used as a lanthanum hosts

Israéli et al.*® have studied binding of the La** by p-sulfonatocalix[4]arene
(c[4]AS; Fig. 12). The spectra have been recorded at 300 K in 0.01 M HCl in H,O/
D,0 (95:5; w/w) and referred to 0.001 M solution of LaCl, in 0.01 M HCI (-0.22
ppm) and 0.0071 M solution of LaCl, in D,0O (0.00 ppm). The *’La NMR titration
with constant concentration of La** salt have been made to establish a stability
constant of La*-c[4]AS complexes. The experiments have been repeated at
various temperatures (290 to 340 K) to determine thermodynamic parameters of
the complexation. Two parameters, '*’La chemical shift and linewidth have been
measured. The complex formed has a 1:1 stoichiometry. At 300 K the stability
constant of the complex is 4900, while the chemical shift of the complexated ion
-7.3 ppm. The authors have stated the good agreement between the log K, 4H and
A4S of complexation obtained from NMR measurements and microcalorimetry.
The half linewidth measurements permit to determine transverse relaxation time,
T,. On the basis of the quadrupolar relaxation theory, the authors determine the
effective radius of the complex. The calculated value (6 A) permits to exclude
the possibility of formation of complexes of higher stoichiometry, observed in
solid state.

The complex formation between La** and pentadentate Schiff base (Fig. 13)
in DMSO-d, has been checked by '“’La NMR.** The signal at -265 ppm (4v,
= 6540 Hz) with respect to dilute La(ClO,), in water has been detected for this
system.

285



B. GiErczYK

HO,s HOsS SOH SOsH

OH OH OH HO
Fig. 12. Structure of p-sulfonatocalix[4]arene

X

b7

N

HN” N N “NH
» )
N N
Fig. 13. Structure of pentadentate Shiff base

Akasaka et al.”* have prepared the La,@C,, complex and have studied them
by NMR methods. They have observed single line in 1*?’La NMR spectrum (-402.6
ppm), which suggest that lanthanum atoms are equivalent. On the basis of *C
NMR measurements the authors assign to the obtained compound cage structure
of the symmetry /,. The linewidth of '*’La signal depends on temperature (258 to
363 K). The authors have postulated fast circulation of both La*" ions inside the
fullerene ball. The spectra have been recorded in o-dichlorobenzene and referred
to 0.6 M LaCl, in D,0. The La@C,, monoanion has been studied by Akasaka et
al.*® It shows the signal at -470 ppm (Av, , = 2 600 Hz; in o-dichlorobenzene-d ;
against 0.6 M LaCl, in D,0).

Kato et al.’’ have studied lanthanum containing C., fullerene (so called
“missing fullerene” due to it has not been isolated in pure form). The La, cluster,
encapsulated inside the fullerene cage gives one, broad signal in '¥La NMR
spectrum at -575.6 ppm (in o-dichlorobenzene, at 333.6 K; referred to La, @
C,, complex, -402.6 ppm). This indicates, that both are equivalent. The lower
symmetry of La,@C_, causes the signal broadening in comparison with La @
C,,- The D, non-IPR (isolated pentagon rule) structure of the C., cage has been
proposed. Wakahara and coworkers have obtained the silylated derivatives of
La,@C,, (Fig. 14A,B) and have characterized them by 'La NMR spectra,
recorded in various temperatures.*® The strong broadening of the signal of 14a
and 14b with elevation of the temperature from 183 to 303 K has been observed,
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which indicates the hopping of the La atoms inside the fullerene cage. The
X-ray structures suggest, that there is not a three dimensional motion, but the
lanthanum ions exchange between two sites along the equatorial plane of the C,
ball. The ??La NMR chemical shifts at 295 K are -400.0 and -362.1 ppm for 14A
and 14B, respectively. The spectra were recorded in CS /CD,Cl, mixture (no
composition given). The authors have not reported the reference used in *’La
NMR measurements. The same fullerene cluster has been modified by Yamada
et al.,’* by Prato reaction (two isomers, due to [5,6] and [6,6] cycloaddition). One
([5,6] isomer) has been studied by '*La NMR. The chemical shifts of adducts
obtained are -464 (two overlapping La signals). The signal chemical shift is
temperature independent, the linewidth changes from 570 Hz (278 K) to 627
Hz (313 K). The spectra have been recorded in o-dichlorobenzene vs. LaCl, as
reference (no solvent and concentration given). The temperature dependence of
the lanthanum chemical shift of two isomeric [5,6] silirane adducts of La @
C,, indicate on the both La atoms are not still but dynamically move inside the
cage.”” The chemical shifts are -397.78 and -392.48 ppm, for 14E and 14F,
respectively (in CS,/CD,CL, 1:1 v/v; 278 K).

Ar\ Ar
Si” Ph
L o
Si Ph
Ar/ \A!
A B C

Bu
R = 2,6-diethylphenyl

Fig. 14. Schematic structures of the La,@C,, adducts

80

2.1.4 Ytterbium

Among seven natural isotopes of ytterbium, two of them are active in NMR
spectroscopy. Among them one (*Yb) is a quadrupolar nucleus. Its quadrupolar
moment (3.9 x 102 m?) and low resonance frequency (= = 4.852 MHz) make it
useless for NMR experiments. The second one ('"'Yb) has a /% nuclear spin and
sufficient natural abundance (14.3 %). Its y factor (£ = 17.613 MHz) makes it
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easy to be observed by NMR method (receptivity 7.81 x 10 relatively to 'H).
Unfortunately, ytterbium(III) compounds are paramagnetic, so only the Yb*
ones are available for '""Yb NMR. ITUPAC recommends a Yb(Me,C,), in THF as
a reference. The chemical shift range is over 1 200 ppm.

The only one example of the application of "'Yb NMR spectroscopy in
supramolecular chemistry is the paper of Dietel et al.,**? who have studied
bimetallic complexes of Yb with a N3 ligand (D1; Fig. 15). The authors have
obtained three ytterbium complexes, studied by NMR method: Yb,I(D1),THF,
Yb,(D1),(THF), and [Yb,(D1),{N(SiMe,),} ]. The spectra were recorded in THF
and benzene at room temperature. They are referenced to Yb(Me,C,), in THF.
The '"'Yb spectrum of Yb I(D1),THF shows two signals, at 585.6 (broad) and
646.6 ppm. The second one has two satellites line, due to Yb-Yb coupling ('J,,
= 76.1 Hz). In THF complex Yb,I(D1),THF decomposes to form binuclear
compound Yb,(D1),(THF),, which '"'Yb spectrum composes of one signal at
681.9 ppm. The complex Yb,(D1),(THF), also contains two equivalent ytterbium

centers; 6 "'Yb = 503.4 ppm.
X =
JOWG
CeHz(iPr)3

X =
| N7 NN | 0
H KN’Bb—Ny}E—EIJI/CGH (Pr)s

/Pr SCGHZU U/

D1 [Y2(D1)3l(THF)]
(IPI')3
Q CGHZ IPI‘ QCSHZ(IPr)S
/ \ ‘\‘\ll ‘\:'//OO = _SI \\ / ‘\ /' S|—
N--- " b Yber N N—Yb Yb—N
— o ’, \‘ ,, \‘ \\ \ —SI ,' \\ :' \\ SI—
(IPF)sCeHzU U/ D (:Pr)scstU U/
/Pr 3CSH2
[Y2(D1)4(THF),] [Y2(D1)AN(TMS),}-]

Fig. 15. Structure of D1 ligand and its complexes with ytterbium
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2.2 Group §
2.2.1 Vanadium

Both naturally occurring vanadium isotopes (*°V and °'V) are NMR active,
however the first one was never studied by this technique in solution, due to
low natural abundance (0.25 %), low resonance frequency (= = 9.970 MHz)
and moderate quadrupole moment (0.21 x 102 m?; I = 6); receptivity of this
isotope is 1.33 x 10 vs. that of 'H. The 'V isotope is much more proper for
NMR measurements. Its natural abundance is high (99.75%). Together with high
y value (& = 26.289 MHz) it makes this isotope easy to detect by NMR method
(receptivity 0.381 that of 'H). It has a low quadrupolar moment (-0.052 x 10
m?; [ =7/2), so the resonance lines are often not very broad. Vanadium chemical
shifts range is over 4 500 ppm. IUPAC recommends neat VOCI, as a standard.

As the supramolecular chemistry of vanadium compounds is rather limited,
except the studies of inorganic systems, as zeolites and heteropolyacids, the
literature on the application of 'V NMR to study supermolecules is scarce.
Zhang et al.® have used this method for studying the bonding of HVO,* by
synthetic orthovanadate receptor (Z1; Fig. 16). They made titration experiments
at constant pH (10.2) to determine a stability constant of the complex formed
(K =1 100 M). The authors have not reported the >’V NMR chemical shift of
complexed vanadate ion, calculated from the fitting the experimental points to
the model. At the [Z1] to [HVO,*] ratio equal to 8, the & *'V is -544 ppm. The
authors have not given any experimental conditions (reference, temperature,
solvent etc.).

*HN™ "NH,
Fig. 16. Triguanidine ligand and its complex with vanadate ion

Nielsen et al.** have compared the 'V NMR parameters of some bpg
complexes (Fig. 17) measured in liquid and solid samples. Both hydrated and
anhydrous complexes have been studied. The peroxo complex [VO(O,)(bpg)]
gives the signal at -550 ppm, while the [VO,(bpg)] molecule — at -494 ppm.
The spectra have been measured in CD,CN vs. neat VOCI,. For [VO(O,)(bpg)]
Colpas et al. have reported slightly smaller shift, -543 ppm (in CH,CN; vs. neat
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VOCI,).* The authors have compared these results with spectra measured for
solid samples by MAS technique. They have shown that the vanadium chemical
shift is highly sensitive on the second coordination sphere — the ¢ values of
hydrates differ distinctly from anhydrous complexes.

A N

Hbpg [VO(O2)(bpg)] [VO,(bpg)]
Fig. 17. Hbpg and its oxovanadium complexes

Casny and Rehder have synthesized the oxovanadium complexes with
some nitrogen ligands.* Among them one (bpa, Fig. 18) may be considered
as supramolecular ligand. The authors have obtained two complexes of bpa
with oxovanadyl ion ([VO(O,)]"). One ([VO(O,)(Hbpa)](ClO,)) has been
characterized by *'V NMR. The compound shows a signal at -624 ppm (H,0/
D,0 mixture) or -610 (D,0/EtOH mixture). The authors report also the value for
neutral complex of bpa with VO, (-533 ppm). The spectra have been referred to
VOCI,; temperature of measurements has not been given.

— O cio; — o]
N N X Q||\N : @l\N

| V<L SV
| _N N~ 0\7; TN O/: —"\‘N =
| \ ] \
COOH Oﬁ) = O\HJ =
OH o]
Hbpa [VO(O,)(Hbpa)](CIO,) [VOx(bpa)]

Fig. 18. Hbpa and its oxovanadium complexes

Martinez et al.*’ have studied the formation of hemicryptophane-
oxodovanadium(V) complexes. Two diastercomeric hemicryptophanes have
been investigated (Fig. 19A & C) and their complexes with VO,* have been
obtained (Fig. 10c&d). For 19B two signals have been observed in the >'V NMR
spectrum (-382.5 & -397.1 ppm), which suggests the presence of two isomeric
form of the adduct (Fig. 20) in equilibrium. The similar result has been obtained
for 19D, but the signals are poorer resolved (-380.6 & -387.5 ppm). The authors
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have studied these equilibria by "H NMR. The spectra have been recorded in
CDCI, vs. VOCI, as reference. Temperature of the measurements has not been

given.
b <
M = ﬁ/@*&
O’(\A/I:O 0 OMe o Ol'\\/I/I:o g OMe MeO ?\‘ OM eeo /O MeO' ) O O’Me
~ . 3

o
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Fig. 19. Hemicryptophane 194 & C and their vanadium complexes
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< N/
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Fig. 20. Isomeric forms of 19B & D

Browne et al. have studied the vanadium complexes with N,O ligands (Fig.
21).** In DMF-d, the *'V NMR spectrum of 21A shows one signal at -450 ppm.
The acid addition, causing the protonation of 1,2,4-triazole ligands, results in
an appearing of new signal (triplet) at a -507 ppm (the value of J,  is not
given). In methanol-d, the *'V NMR spectrum of this compound show more
complicated changes upon acidification due to the formation of at least two
protonated complexes and products of their partial decomposition. The 21C in
DMF-d, gives a signal at -515 ppm. The addition of acid to the solution shifts the
signal to -565 ppm (doublet), which has been explained by solvent coordination
and ligand exchange. The oxidation of 21A with hydrogen peroxide causes the
formation of peroxovanadate complex (-567 ppm). The spectra were referred to
neat VOCI,. Two other similar complexes 21B and 21D have been characterized
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by °'V NMR spectra, with signals at -543 and -540 ppm, respectively (in
DMSO-d,, no reference and temperature given).*

SIS s

N=N
1 N @ I N /) Moo
/N N
=N
Sv—o o
o

@]

OMe

=N / /
~
V. V— V.
07\ 07\ VAN
A B c D

Fig. 21. Oxovanadium complexes of tridentate N,O ligands

The spectra of the complex of oxovanadium ion with tris(pyridine) podand
(Fig. 22) have been studied by Colpas et al.** It shows the resonance signal at
-574 ppm (in DMSO-d , vs. VOCL,).

Fig. 22. Structure of tris(pyridine) vanadium host

Baerd et al.” have reported the chemical shifts of the VOCI, adducts with
18-crown-6 ([(VOCI,),(18-crown-6)]) and 15-crown-5 ([VOCI,(15-crown-5)]);
see Fig. 1 for ligand structures. The structure of the complexes formed is not
known, however the authors postulate that the cyclic ethers act as O, donor
ligands. The 6 °'V values are -6 ppm (Av, , =2 000 Hz) for 18-crown-6 derivative
and -21 ppm (Av, , = 350 Hz) for 15-crown-5 one. The temperature dependence
'H and *'V NMR spectra indicates very fast ligand exchange, even at 183 K.

Plass has studied the vanadium(V) with amine alcohols.’! For each ligand
two isomers, fac and mer have been detected in solution. These systems are
dynamic, as at 410 K the coalescence of the signals of both isomers is observed.
Plass has reported a chemical shifts and line half-width in various solvents. The
equilibrium constants of isomerization have been determined on the basis of NMR
measurements. In methanol solution additional signals due to methanolysis have
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been detected, one has been assigned to OV(OMe), (-554 ppm) while the second
to partially methanolysed complexes, containing VO(OMe), unit, bonded to
both nitrogen and phenolate oxygen atoms (8 >'V -486 to -496 ppm, depending
on the R substituent). NMR spectra have been recorded in various solvents
(DMSO, DMF. DMF/H,0, MeOH, CHC,) in a wide range of temperatures and
have been referred to neat VOCI,. In Table 4 the data for CHCI, solutions at
room temperature are presented.

Table 4. Structures and *'V NMR data of amine alcohol complexes of vanadium
R

o)
R—< to\ll/o
HN’T:OX T
N o)
O>V|/”§>
Ne—,

R=H 8°'V =-437 ppm; 4v,, = 150 Hz 8°'V =-449 ppm; 4v,,= 310 Hz

R=0OMe §°'V=-431 ppm;dv,,=160 Hz 8°'V =-446 ppm; 4v,,, = 390 Hz

R=Br  §°V=-437 ppm; 4dv,,= 160 Hz 8°'V =-450 ppm; 4v,, =310 Hz

R=NO, §°'V=-432ppm 831V =-446 ppm; 4v,, = 350 Hz

2.3 Group 6
2.3.1 Molybdenum

Two natural isotopes of molybdenum may be studied by NMR technique,
%Mo and “’Mo. Both have a nuclear spin of 5/2. Their quadrupolar moments are
0.12 x 102 and 1.1 x 102 respectively. Their natural abundances are 15.92 and
9.55 %, while the resonance frequencies, = = 6.514 MHz and 6.652 MHz for
%Mo and *’Mo, respectively. Therefore their receptivities are rather similar, i.e.
5.07 x 10*(**Mo) and 3.25 x 10 (°’Mo) that of 'H. As it comes from comparison,
more suitable for NMR detection is **Mo, because of higher receptivity and
smaller quadrupolar moment. The chemical shift range of molybdenum nuclei is
large, ca. 7500 ppm. Similar values of = cause the possibility of observation of
signals of both isotopes on one spectrum. [UPAC recommends 2 M solution of
Na,MoO, in D,O (pH = 11) as reference.
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Although Mo NMR is widely used in studies of Mo complexes, most
structures may be not recognized as supramolecular complexes. The acyclic
Sb,N ligand (Fig. 23) forms a complex with Mo(CO),, but acts as a bidentate Sb,
ligand, therefore its supramolecular character is controversial.*> The chemical
shift observed is -1729 ppm (CDCl,, 1 M NaMoO, in water as reference;
temperature not given).

Fig. 23. Structure of Sb,N ligand

Barton et al. have studied the Mo(CO), with tripodal thia-, selena- and
telluracthers and cyclic thiacrowns.™ The spectra have been recorded at 240
K in dichloromethane-d, against aqueous solution of MoO,* as reference
(authors have not precised the counter ion and the concentration). The obtained
results are presented in Table 5. The complexes of MoO,Cl, with macrocyclic
mixed thia/oxa ligand, [15]aneS,0,, bonded via sulfur atoms, to result in
O,CLS, coordination mode have been studied by Mo NMR spectroscopy
(dichloromethane/chloroform-d, vs. 1 M Na,MoO,; 300 K 4

Table 5. Structures and Mo NMR data of molybdenum compounds with S, Se and Te
supramolecular ligands

A AT
M M
OC/ \\CO OC/ \\CO OC/ \CO

co Cco CcO
-1 138 ppm -1 216 ppm -1 336 ppm
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P °
V4 N4 co
/Mo\ Mo oc_ | _se
Mo AN Se
oc \ co oc” \\co oc” | Yse
o Cco o »
-1 345 ppm -1 311 ppm -1296 ppm
C|)I
O~ SR O
2 SN
(e} S O
cl \\/O
194 ppm
2.4 Group 7

2.4.1 Manganese

Although the NMR active manganese isotope, **Mn has a 100% natural
abundance, and has a high receptivity (0.175 that of 'H) it is very useless in NMR
studies. *Mn nucleus has a large quadrupole moment (0.55 x 102 m?; [ = 5/2),
which reduces the observability of manganese spectra. Moreover, compounds
containing manganese on only few oxidation states (-1, 0, +1) are diamagnetic
(the except among the other oxidation states is MnO,” ion), which does not cover
the major part of manganese chemistry. The y factor is high (5 = 24.664 MHz).
IUPAC recommends aqueous solution of KMnO, as a reference.

One of few examples of **Mn NMR application in supramolecular chemistry
is a characterization of Mn(CO),(CF,SO,) complex with a Sb,N tridentate ligand
(Fig. 23).”* The obtained compound [Mn(CO,)L](CF,SO,) shows the signal in
*Mn NMR spectrum at -850 ppm (CDCL; referred to aqueous KMnO,; no
concentration of reference substance and measurements temperature given).
The authors have not obtained X-ray structure but, on the basis of conductivity
measurements, mass spectrometry and IR spectra postulated a tridentate Sb,N
coordination.

Levason et al.*?' have obtained a complexes of Mn(CO),” ion with
phospha-, thia- selena- and telluratripodands. They are characterized by “Mn
NMR spectroscopy. The chemical shifts of fac isomers obtained, are collected
on Table 6. As the methyl group may occupy different position, conformer
exists in solution. Since the selenium or tellurium centers inversion is slow in
NMR timescale, the separated sets of signals are expected. The syn isomer, with
three Se(Te)Me groups pointed in the same direction is more stable, dominant
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structure. The anti one has been found in minor amounts (ca. 3-5 %). The
authors have emphasized, that the signals of the complexes with cyclic molecule
[9]-andS, are very sharp, if compared with the mono-, di- or tridentate acyclic
ligands. This indicates high electronic field symmetry around manganese
nucleus. Similarly, the complex with symmetric tripodal phosphine ligand
shows the well resolved quartet, due to *Mn-*'P coupling, while the signal of
linear triphosphine complex is broadened in effect of fast quadrupolar relaxation
of manganese nucleus. Also the complexes with larger selenacrown ([16]aneSe,)
have been obtained and their **Mn NMR spectra have been recorded. The spectra
have been measured in CH,CL/CDCI, (9:1 v/v) mixtures, using KMnO, in water
as reference. Temperature and concentration of reference solution have not been
given.

Table 6. Chemical shifts and signal half-widths of Mn(CO),* complexes with tripodal and
monopodal ligands [Ref. 49-51]

/\ CF,S0; /\ CF3S03 /\ CF3S0;3 /\ CF2S0;
) ) i 7
sS , S8 \\_Se\\s‘?\l:Se‘ \\,Tq\T:‘e\/Te\ TeT‘ejﬂ’e\,
i i e W
oc \co oc \\CO oc \\oo oc/ \co
co co
=721, 3 610 Hz (anti)  -1509, 1 200 Hz (anti)
477, 5 000 672 (syn) ~672 (syn) -1320, 2 100
NG . CF3S0; r\s N
\ N e Se Se
PhoR_PPhzpPh, weps AR Asn - K °~ MY
< N » Mn*  CF;S0; Mn*  CF3S0;
Mn* Mn* VAN /
Va \\ Va \\ oc co oc co
C co oc co co co
co co
-1798,J, ,=190 Hz -1 857, 600 Hz -696, 3 500 Hz -560, 2 540 Hz
MnP - 712, sharp
Phi, V\éﬁ \Ph ? 'S Ws g@ ((\ )>
Ph” N}, Ph K AN Se se
Yy, < CF3S0; /T\ CF3803 Mn"  CF3SO; ‘,\‘,|'n+\ CF3S0;
oc co oc co oc co oc \ co
co co co ¢o
-1 950, 1 500 Hz -963, 120 Hz -763, 550 Hz -499, 5 000 Hz
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-210, 2 100 Hz

2.4.2 Technetium

Although technetium does not occur naturally and all of its isotopes are
radioactive, easy accessibility to ®Tc and their relatively long decaying time
make a ®Tc NMR quite common technique. Technetium-99 is obtained in pure
isotopic form which together with a high y value (£ = 22.508 MHz) causes, it
is fifth most sensitive nuclei (0.275 of the sensitivity of 'H). *Tc is quadrupolar
nucleus (-0.13 x 102 m?; [ = 9/2), which causes some difficulties due to line
broadening. The compounds containing technetium on some oxidation states
(Te(Il), Te(IV) and Te(VI)) are paramagnetic. [IUPAC recommends the solution
of NH,TcO, in D,0 as a reference.

Katayev et al.*® have used *Tc NMR titration for determination of stability
constant between N, receptor (K1; Fig. 24) and pertechnetate in CDCl,. The
authors have compared the NMR result with a UV-Vis titration. Due to small
shift of *Tc signal (from 21.24 to 20.88 ppm) upon addition of three equivalents
of ligand, the NMR method has given an underestimated log K value (2.75 vs.
3.88 from UV-VIS spectra). The authors have not calculated the *Tc NMR shift
of the TcO,” complex. The same authors have studied a similar receptor (K2;
Fig. 24) and observed similar shifts (from 21.30 to 20.54 ppm; /og K = 1.96; in
CDCI,).** In both papers the authors have not given the information about the
reference used and temperature during measurements.
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Fig. 24. Technetium selective ligands studied by **Tc NMR

2.5 Group 8
2.5.1 Iron

Natural iron contains one isotope suitable for NMR measurements — *’Fe. It
has a nuclear spin /2, so *’Fe NMR spectra are not broadened due to quadrupolar
effects. Unfortunately, the natural abundance of this isotope is low, because only
2.1 %. Moreover, its low y factor (5= 3.231 MHz) causes the ’Fe NMR spectra
extremely difficult to recording. The receptivity of this nucleus is small (only
7.39 x 107 that of 'H) and the spectra are disturbed by acoustic ringing effects.
Additionally, the long relaxation times elongate the acquisition. The resonance
frequencies of this isotope is not available on the NMR spectrometers of standard
configuration. [UPAC recommends neat Fe(CO); as reference.

The application of ¥’Fe in supramolecular chemistry is limited to studying of
porphyrin complexes. The importance of iron-porphyrin systems in biochemistry
induces the intensive study on the model systems. In Table 7 available **Fe NMR
data of porphyrin complexes are presented.

La Mar and coworkers have studied the carbonyl myoglobin and model
compounds.’” They have reported the chemical shifts of protoporphyrin I1X
(FeCO)** complexes, containing immidazole ligands bonded in apical positions.
They have used the inverse detection method. The chemical shift of *’Fe nucleus
has been determined by shifting of decoupler frequency (tuned at the iron
resonance values range) with simultaneous observation of the half-width of the
carbon signal of ¥*CO ligand.
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Baltzer and Landergren®® have studied the protoporphyrin XI Fe(CO)
complexes, containing various heterocyclic aromatic amines (imidazoles and
pyridines) as a ligand in axial position. They have shown the correlation between
S"Fe NMR chemical shift and the logarithm of association constant between
Fe(PPIX)(CO) and corresponding amine (determined spectrophotometrically).
They shown also a high sensitivity of the ¢ value on solvent character. In the next
paper they have studied some hindered iron containing porphyrins.*® The ruffling
of porphyrin macrocycle has been proposed as a factor causing the d-orbital
energy levels inversion. The studies of model “basket-handle” porphyrins
complexes of Fe(Il) have been continued and presented in the next papers.®
The authors have studied these molecules by multinuclear magnetic resonance
and IR spectroscopy to determine their structure and ligand exchange dynamics.
They mentioned the large difference between the loose BH12 complexes and the
analogues with more hindered structure (BH9'). They have explained this effect
by electronic changes around Fe centre, caused by porphyrin plane. For these
crowded molecules (BH9 & BH10) the authors have observed opposite changes
upon the increasing of electron donating properties of nitrogen ligand (py, buim
etc.), when comparing with the previously studied complexes. They have also
reported the chemical shift of the pyridine complex of protoporphyrin-iron-CO
complex, measured in pyridine.®!

Gerothanassis et al.**® have studied the similar complexes. The spectrum of
FePocPiv(Me2im) complex shows two signals, attributed to two atropoisomers.
They have been assigned on the basis of 'H-'H nOe spectra. These studies
have been continuated with larger set of compounds. The authors have shown
that more crowded “basket-handle” porphyrin, BH6, forms a mixture of two
atropoisomers, which give separated signals in ’Fe NMR spectrum. Since
complex with 1,2,4,5-tetrasubstituted benzene cap (FeCap) is solid state
exists as a conformer mixture, in solution only one signal is observed in NMR
spectrum, which indicates fast interconversion between these conformers. The
S7Fe NMR spectrum of FeBB complex consists of two signals, due to presence
of two conformers is solution, stabilized by stopped rotation of imidazole unit
along Fe-N™ bond. The authors have shown a good correlation between *’Fe
chemical shift with an average displacement of the meso carbon atoms relative
to the porphyrin core mean plain, determined from X-ray experiments. They
have confirmed the hypothesis of the high influence of porphyrin ring ruffling
on iron chemical shift. The good correlation between & ’Fe and chemical shift
of meso carbon atom have been also found. The same set of complexes have

!'the further papers have cited this compound as a eight carbon long chain containing
ones (BHR)
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been discussed in next paper Gerothanassis et al.®> The new *C and O NMR
data have been presented, but not new ’Fe NMR ones. Also the effects observed
in 3’Fe NMR spectra discussed in this paper are the revision of the previously
published one. The same authors have shown the correlation between previously
published NMR data and IR parameters and X-ray structural data.®®

Mink and coworkers63,64 have investigated model heme compounds — iron
complexes of meso-tetraphenylporphyrin (TPP) and their analogues as well as
octaethylporphyrine (OEP), containing phosphines as an axial ligand, bonded
to Fe centre. To reduce acquisition times, they used ’Fe enriched samples. The
authors have observed doublet in 3'P NMR spectrum during slowly shifting
of ’Fe decoupling frequency. The frequency at which a doublet collapse, has
been used to calculate of ’Fe chemical shift. The J, , coupling constants in the
studied compounds are between 36 (TPPFe(PMe)(CO)) and 59 Hz (TPPFe(PMe)
(meim) & TPPFe(PMe)(py)). The excellent correlation between “Fe and 3'P
NMR chemical shifts has been found as well as the & *’Fe of two series of
complexes: TPP and OEP. The authors have discussed the effect of the substituent
in phenyl rings of TPP and have compared the observed trends with that for
other, previously reported porphyrins and heme proteins. For few complexes the
temperature dependence of the ¥Fe chemical shift have been studied. The linear
effects of +2.11 to +2.34 ppm/K have been observed. The authors have also
compared the chemical shifts in five different solvents (benzene, toluene, THF,
dichloromethane, chloroform) but have not found significant solvent effects (Ad
<16 ppm). Unfortunately, they have not indicated the complex(es) used in these
studies. Further comparison with cobalt analogues suggests, that the solvent
dependence has been studied for TPPFe(PMe),. The authors have discussed also
the conception of the use of cobalt(IIl) containing analogues of Fe-porphyrin
complexes as models in NMR studies. As ¥Co NMR spectra are much more
easily recorded, this is very promising approach, although Mink et al.®* have
shown many disadvantages of such approach. First, a *Co signals are broader,
so the small shifts may be overlooked. Additionally, the sensitivity of cobalt
resonance on solvent or temperature changes are more pronounced than those
observed for *’Fe, since their substituent induced shifts are smaller than those of
Fe complexes.

Polam et al.% have correlated the literature ’Fe NMR data of porphyrin
complexes with Mossbauer quadrupole splitting. The good correlation has been
found, except two points, TPPFe(py), and TPPFe(pyrr),. Re-measurement of the
chemical shift of the TPPFe(py), (with deuterated pyridine as a ligand) has given
acorrect values. The authors determine a temperature effect on °’Fe chemical shift
of these complex. It is 2.9 ppm/K. The reasons for existence of Mdssbauer-NMR
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correlation have been discussed. Godbout and coworkers have studied the *’Fe
NMR shieldings and Mdssbauer quadrupole splitting using DFT calculations,
but have used only previously published experimental data. They have obtained
excellent correlation between calculated shieldings and experimental chemical
shifts of various naturally occurring porphyrins as well as model complexes.

Godbout et al.* have calculated the *’Fe NMR chemical shifts and Mossbauer
quadrupole splitting on the basis of DFT theory. They have compared the results
with published and unpublished experimental data. The chemical shifts of two
Fe" complexes with unsubstituted porphyrin have been given.

The short review of application on NMR method (including >’Fe NMR) has
been published by Sanders et al.®’

Iron complexes with phthalocyanine ligand have been studied.®® The *’Fe
chemical shifts of only two compounds, containing phosphite ligands in axial
position, have been published. Their values have been determined from 2D
*'P,Fe{'H} HMQC spectra, measured in THF-d, and referred to external neat
Fe(CO),.

0L [0 0.0
| |
I I
— NIL - N=:'>(§,
NN N NN N
Fe N F
1

8 °"Fe = 6794 ppm; 'J,. =79.8 Hz 8 Fe = 6764 ppm; 'J, =79.2 Hz
Fig. 25. Phtalocyanine Fe’* complexes and their ”’Fe NMR data
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2.6 Group 9
2.6.1 Cobalt

The ¥Co isotope, the only naturally occurring one nuclide of cobalt, has a
nuclear spin 7/2. Therefore it is available for NMR measurements, however its
resonance signals are broadened due to quadrupole moment (0.4 x 102 m?). It
has a high receptivity (0.277 of that of 'H). The resonance frequency at 2.3488
T is 2= 23.614 MHz. The only one difficulty in the observation of ¥Co NMR
signal is its large chemical shift range (over 18 000 ppm), which could not be
observed in one experiment. Therefore, many spectra must be recorded for one
sample, with stepwise shifting of the transmitter frequency to check all possible
chemical shift regions. Moreover, the arduous effect of signal folding is difficult
to be avoided. Not all cobalt species may be observed by NMR technique, due
to the paramagnetism of cobalt ion in many compounds (containing cobalt at
oxidation +2 and some at +3). [IUPAC recommends a solution of K,[Co(CN),]
in D,0 as a reference (0.00 ppm), however some other substances are also used,
e.g. Co(acac), (ca. 12 500 ppm). Cobalt chemical shift is highly sensitive to
temperature, solvent and concentration.

Two major aspects of supramolecular chemistry of cobalt have been
studied by **Co NMR. Firs one is a structure and dynamics of cobalt containing
complexes with polyaza and polythia macrocyclic ligands, second, the chemistry
of cobalt-porphyrin (or phthalocyanin) complexes, which are widely studied as a
models of vitamin B, ,.

Lawrance et al.”! have studied the complexes of Co*" with macrobicyclic
polyamines. Unfortunately, the authors have not published the **Co NMR data,
but have included them as Supplementary Material, which are not available.

Tavagnacco et al.”” have studied some systems to understand vitamin B,
chemistry. They have chosen cobaloxime derivatives as model compounds.
The complexes with dimethylglyoxime and their bridged analogues have been
investigated by *¥Co NMR spectroscopy. The *?Co NMR data were collected
in Table 8. The spectra have been recorded in acetone at 298 K, a referred to
1 M solution of K,[Co(CN),] in water. The linewidths of the studied systems
are 1.7-12.5 kHz. The authors have found similar character of the relationship
between o **Co and the Taft ¢* constants of the alkyl substituent observed for all
four series of compounds as well as parallel trends of the R and L substituents
influence on both **Co NMR chemical shift and half wave potential of Co(III)
to Co(II) reduction.
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Voloshin et al.” have studied the macrocyclic tris-dioximates of cobalt(III),
crosslinked with tin tetrachloride and boron trifluoride (Table 9). The complexes
obtained have been characterized by ¥*Co NMR spectroscopy and other analytical
methods. The significant difference between line half-widths of boron and
tin containing clathrochelates has been explained on the basis of the different
symmetry of these two class of compounds. As a tin-stabilized molecules have a
trigonal antiprism coordination around cobalt atom, the boron containing ones are
distorted towards trigonal prismatic coordination. This decreases the symmetry
of the electronic field around cobalt atom and increases the rate of quadrupolar
relaxation. In consequence, the signals of the boron analogues are distinctly
broader. The spectra have been recorded in acetone-d, or acetonitrile-d; (the
authors have not specified which solvent has been used for each compound) and
referred to K,[Co(CN),] (no solvent of reference sample, its concentration and
temperature of measurements given). Similar structures, containing other metal
centers as clatrochelate stabilizing ones, have been studied by Drago and Elias.”™

Table 9. **Co NMR data for cobalt(Ill) clathrochelates

a. a Z
ol i
7 pee x
NN N NN N
Y AN . 7 N
Co Co,
N VN \N'\ ! \\\N/
NY N :
W\ \ N
Q 0Q O 00 o0
e a0 oS¢
Cl a cl
8%Co =4 603 ppm (519 Hz) 8 ¥Co =4 687 ppm (700 Hz) 8 ¥Co =4 662 ppm (! 000 Hz)
X = Et,NH,' X = Et,NH," X = Et,NH,"
d oo Ol |
. S PN
00 0 x* 00 0 x' 00 9 xr

N Ph PR NN

Ny Ny Ny
o\% e o\oé ] 0 o\% ) 0

n
Cl~=> e Cl~7=>Cl

ac cryc a

§9Co=4684 ppm 370 Hz)  %Co=4741 ppm (950 Hz) & ¥Co =4 658 ppm (370 Hz) (?)'

X=H" X=H" X=Et2NH+
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8%Co=5002 ppm (12 000 Hz> §%Co=5 067 ppm (28 000 Hz) ~ &%Co =5 067 ppm (880 Hz)

X =BF, X =BF, X =BF,
NH,
N Y-
o}
\
N
N
N
/
O
NH,
4 800 ppm 4620 & 9 910 ppm
X=PF,/ X=PF/

" authors have not presented the data for this complex, however in the same table presents the 59Co
NMR chemical shift for Fe complex, it is probably printing error

14 970 ppm in Ref. (74) Drago, R. S.; Elias, J. H. J. Am. Chem. Soc. 1977, 99, 6570. in acetonitrile
(3 130 ppm vs. [Co(NH3)6]CI3

The other N-donor macrocyclic ligands studied as hosts for Co(III) species
are macrocyclic polyamines (L -L,; Table 10).” Their aquacomplexes with
alkylcobalt derivatives have been studied by *?Co NMR (see Table 10 for
chemical shifts). The water molecule and alkyl substituent are in axial positions
while to nitrogen atoms coordinate to Co centre in equatorial plane. The cobalt
NMR spectra show the existence of more than one Co containing species. This
has been explained by the presence of various isomers in solution, however
the authors have not proposed their structures. The spectra were recorded in
nitromethane-d, and acetone-d, at 298 K and referred to external Co(acac), (0.00
ppm; no solvent & concentration given).
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Table 10.°Co NMR data for N-donor macrocyclic ligands

g} YOY [

H N H HN
L4 L, Ls
Complex ¥Co NMR chemical shift & peaks intensities Solvent
[MeCoL, (OH)][CIO,], 6977 (3%); 6 835 (96%); 6 421 (2%) CD,CN
[EtCoL (OH,)][CIO,], 6919 (84%); 6 561 (15%); 6 477 (1%) (CD,),CO
[PrCoL,(OH,)][CIO,], 6950 (84%); 6 531 (12%); 6 322 (4%) CD,CN
[BuCoL (OH,)][CIO,], 6964 (94%); 6 542 (4%); 6 327 (2%) (CD,),CO
[PrCoL,(OH,)][CIO,], 6996 (76%); 6 620 (7%); 6 572 (14%); 6 353 (3%) CD,CN
[BuCoL,(OH,)][CIO,], 6918 (81%); 6 350 (15%); 5 983 (4%) CD,CN

The linear (diethylenetriamine, triethyleneteramine, tetraethylenepentamine)
and cyclic (cyclam) polyamine ligands containing Co™ complexes have been
studied by Kapanadze et al.”® The authors have identified the series of isomeric
complexes, containing additional NH,, OH- and NO,” monodentate ligands in
coordination sphere (the authors have not indicated, if NO, ligand is bonded by
N or O atom is complexes studied). All individua formed have been characterized
by %Co NMR spectroscopy (Table 11). The spectra have been recorded in water
and referred to [Co(NH,),]Cl,. Although the chemical shifts of many species have
been reported, since the authors have not rationalized the signals assignments,
some results presented are highly speculative. The trans complexes of cyclam
with Co(OH)(NH,)*" ion and Co(OH)," ion show some additional peaks, assigned
to conformational isomers. The signal of cis-[Co(cyclam)(OH),]" complex has
been identified in experiment with addition of d-tartaric acid. The signals, which
split due to the formation of two diasterecoisomeric species have been assigned
to this molecule. Also the formation of dimeric (u-OH) molecules has been
detected. For complex with triethylenetetramine two signals have been assigned
to such species ([Co,(trien),(NH,),OH]"), while for tetraethylenepentamine, four
signals ([(Co(tetraen)),OH]"). Their detailed structures have not been elucidated.
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Table 11. **Co NMR data of cobalt(Ill) ion polyamine complexes

A
E,, | .B
"Co'3
D/| ~c
F
-1 430 ppm H2N1\/\N2/\/N3H2 A=NL5E=N?D=N5
280 Hz H B,F=NO,; C=NH,
-1 480 ppm H2N1\/\N2/\/N3H2 A=N5E=N%4D=N?
310 Hz H C,F=NO,; B=NH,
-1 530 ppm H2N1\/\N2/\/N3H2 E=N;D=N%C=N3
420 Hz H A,B=NO,; F = NH,
-1 550 ppm H2N1\/\N2/\/N3H2 E=N;D=N%C=N3
420 Hz H A,F=NO,; B=NH,
-1800ppm Nt Ha B=N;C=N3D=N;E=N*
685 Hz EINTNT TN, A, F=NO,
-1680 ppm Nt Hs A=N;E=N%;D=N%F=N*
510 Hz 2 \/\HZ/\/ \/\N4H2 B,C=N02
-1760 ppm H,NT Ha A=NLE=N3D=N;C=N*
560 Hz TN TN, B,F=NO,
880 ppm 1 H, B=N;C=RN;D=RN%:E
250 Hz HZN\/\HZ/\/N\/\N4H2 R =N*
,F=NH
665 ppm \ H, B=NLC=RN%;D=S8N%E
260 Hz HZN\/\HZ/\/N\/\N“HZ =N*
A, F=NH
-850 ppm H,N! Ha A=N;E=N;D=NF=N
SO NSS
350 Hz N® N“H, B, C=NH,
955 ppm 1 H, A=N;E=RN%D=RN; C
325 Hz HN e NSy, =N*
H B,F=NH,
973 ppm 1 H, A=N";E=RN%;D=SNC
MOH H2N\/\N2/\/N\/\N4H2 =N¢*
z H B,F=NH,
-122 ppm HoN' Hs B=NLC=N%,D=N%E=N*
165 Hz TN TN, A=NH, F=OH
30 ppm HoN' Ha A=NLE=N43D=N;F=N*
205 Hz TN TN, B=NH,, C=0OH
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-47 ppm H,N' H:; A=N':E=N%D=N%C=N¢
280 Hz NN TN, F=NH,, B=OH
3 ppm HoN' N3 A=NLE=N;D=N;C=N*
185 Hz TN N, B=NH,, F = OH
1095 H B=N'; C=R-N*D=R-N?
ppm H2N1\/\N2’\/N3\/\N4H E =N¢*
130 Hz N 2 o
985 ; H, B =N C=R-N%; D=S5-N’
150p1?zn AN A SN ey, E=N¢
H A,F=OH
H\ 1,_\ /H
-620 ppm CN N? B=N;C=N;D=N;E=N
1 800 Hz N3 N4> A, B= NI’I3
, (
H H
H\ 1,—\ /H
-590 ppm <:N N2> A=N;D=N3E=N;F=N
1005 Hz NN B, C=NH,
H—H
H H
\ /
14(;§Lmloo <:N1 y B=N;C=N;D=N;E=N
290 & 310 Hz NN A=OH; B =NH,
H~"H
H\ 4_\ /H
-3 ppm CN N A=N;D=N%E=N;F=N!
250 Hz NN B =OH; C = NH,
, (
H>—"H
H H
NN\
1092, 1185, N2 BNt C=Ni D= N% B=N¢
1153,1086 S
& 1 145 ppm N3 N4 ,B=
H—H
H — H
993 ppm <:N N A=N;D=N%,E=N}F=N*
. NG ONA B,C=OH
, (
H H
25 H A=N,E=N,D=N,F=N,
ppm H2N1\/\N2/\/N3\/\N4/\/N5H2 C=N’
950 Hz N N 5 ou
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B=N,E=N2,D=N’, F=N¢

H

3417001"11_31111 H2N1\/\N2/\/N3\/\N4/\/N5H2 C=N5
z H H A=OH

490 | A=N,E=N,D=N,C=N,
210p£)1m H2N1\/\N2/\/N3\/\N4/\/N5H2 F=N’
z H H B =OH

o5 | B=N.E=N:,D=N’C=N¢,
290p11—)1m H2N1\/\N2/\/N3\/\N4/\/N5H2 F=N5
? H H A=OH

485 N A=N.E=N.,D=N’F=N
_1 35(§)$Im H2N1\/\N2’\/N3\/\N4’\/N5H2 C=N’
z H H B=NH,

1 040 H B=NLE=N%4D=N3F=N
- | 220%’111 H2N1\/\N2/\/N3\/\N4/\/N5H2 C =N’
? H H A=NH,

100 N A=N,E=N,D=N5,C=N,
B 420 }I;Pm H2N1\/\N2’\/N3\/\N4’\/N5H2 F=N°
z H H B=NH,

170 N B=N.E=N:,D=N’,C=N¢,
- 485 I—?pm H2N1\/\N2/\/N3\/\N4/\/N5H2 F=N°
? H H A=NH,

Grohmann et al.” have synthesized a complex of methylcobalt(Ill) with
pentadentate amine ligand, derived from pyridine (Fig. 26). The complex has
been characterized by Co NMR spectrum. A single line at 6070 ppm has been
observed, Av, , = 30.7 kHz (in DMSO-d,, vs. K,[Co(CN),] in D,O; no standard
concentration and temperature given).

Fig. 25. Structure of Co(Ill) complex with pentadentate ligand

McClintock et al.””” have studied various carbonatecobalt(Ill) complexes
with tripodal tetraamines (Table 12). Twelve obtained compounds have been
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characterized by ¥Co NMR method (see Table 12 for details). The structures
of the complexes have been determined by X-ray diffractometry. Cobalt NMR
spectra were measured in D,0 vs. K,[Co(CN),]. The experimental NMR
results have been correlated with UV-Vis parameters (magnetogyric ratio, y vs.
wavelength of the lowest d-d transition, A ; chemical shift, § vs. wavenumber
of the lowest d-d transition, A) with very good R? coefficients. The authors have
also calculated the chemical shift by DFT method. The computed values are
smaller of about 900-1400 ppm from experimental ones, but reproduces well
the experimental trends. The DFT calculations of the experimental parameters,
among others, ¥Co NMR chemical shifts of these set of compounds have been
also published.” The good agreement between the computed and measured
value has been found (calculations reproduce trend, although in the individual
cases the significant deviation is observed).

Table 12. Polypodal carbonatecobalt complexes — structures and **Co NMR data

( NHy Clo; ( NHz Clo; < NH2 ClO;
N, | .0 N, N, | e
((eel y=o CN/C(\ A e

Ha~NH, H2~NH, |-\|\" NHz
[Co(baep)(0,CO)|(CIO,) [Co(abap)(0,CO)[(CIO,)  [Co(trpn)(0,CO)](CIO,)
4 Co =8 728 ppm 8 ¥Co=9 117 ppm 4 %Co =9 574 ppm
| \/ N(\THz clo; | \/
N, "|‘ o clo; éﬁ’io\(;: o L T‘\\\\O Cloz
[/N /C|°\O/L—O LA N éé’cf\o/&o
2_N U L2 N
N N
[Co(uns-penp)(0,CO)J(CIO,) [Co(dppa)(O,CO)](CIO,) [Co(tpa)(O,CO)](CIO,)
0%Co =8 132 ppm 4 %Co =8 365 ppm 4 %Co = 8 890 ppm
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B B B
N Clo; N clo; N Clo;
N, | .0 N, | .0 N, | .0
él/;fclo\o o é(/},clo\()):o ét/ﬂ:cf\o/L_O
\__~« N \_~« N \__~ N
N N N
[Co(Metpa)(0,CO)](CIO,)  [Co(Me,tpa)(0,CO)I(CIO,) [Co(Me,tpa)(0,CO)(CIO,)
4 ¥Co = 8 606 ppm 8 ¥Co=9 162 ppm 8 ¥Co=10251 ppm

~ O 0
N clo; N clo; N clo;
N, | .0 N, | .0 /N | 0
\/N’C|°\O/EO \/N’C|°\ >:O \N’C|°\ >:O
W & LD | (o] o (o]
Q
[Co(pmea)(O,CO)|(CIO,)  [Co(pmap)(O,CO)J(CIO,) [Co(tepa)(O,CO)|(CIO,)
6 %Co =8 509 ppm 8 ¥Co =9 096 ppm 8 ¥Co=10 121 ppm

The cobalt(Il) complexes with macrocyclic polythioethers (Fig. 26) have
been studied by Co NMR spectroscopy by Chandrasekhar and McAuley.” They
have obtained two adducts: Co([9]-aneS,),(ClO,), and Co([10]-aneS,),(CIO,),
and have recorded the cobalt-59 NMR spectra in CD,CN for the first compound
and in D,0O for the second. The spectra were measured at 298 K and referred to
K,[Co(CN),] (no solvent and concentration given). For Co([10]-aneS,),(CIO,),
two signals have been observed, at 2336 and 2268 ppm, respectively, due to
the presence of cis and trans isomers in the solution. As the electrostatic field
gradient in a cis isomer is smaller, the signal attributed to this species is narrower
(624 Hz) than that of trans one (1220 Hz). The symmetrical [9]-aneS, ligand
forms only one isomer with Co** ion, therefore single signal occurs in *?Co NMR
spectrum (1511 ppm). By addition of a paramagnetic Co([10]-aneS,),(ClO,),
complex to the solution containing Co([10]-aneS,),(ClO,), and plotting the
relation of the ¥Co NMR linewidth of diamagnetic Co** complex against an
amount of added paramagnetic Co®>* compounds, the rate of electron transfer
between these species has been determined. Similar experiment has been
performed for [9]-aneS, derivatives.

The crown thioethers of larger cavity (Fig. 26) have been studied as ligands
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for Co*" complexation by Grant et al.** They have obtained the values 2464
ppm for Co([20]-aneS)(BF,), and 1646 ppm for Co([18]-aneS,),(ClO,),. Both
spectra have been recorded in nitromethane-d, and referred to [Co(CN) 1> (no
solvent and temperature given).

K\
3/\ s/\ s s
3y O C Q
S O S G

[9]-aneS3 [10]-aneS3 [18]-aneSg [20]-aneSg
Fig. 26. Macrocyclic thioethers used as a cobalt(Ill) complexones

Cyclic ([14]andS,) and acyclic (2,5,8,11-S,[12], 2,6,9,13-S [14]) tetradentate
thioethers have been also used as ligands for complexation of CoX,* ions (where
X is the halide anion).®! The structures of the complexes formed are presented
on Fig 27. The [14]andS, forms only #rans isomers with a dihalidecobalt(III)
ions. The chemical shifts are 7 384 ppm [Co([14]andS,)CL J(BF,), 7 062 ppm
[Co([14]andS,)Br,](BF,) and 7 342 ppm [Co([14]andS,)CL](BPh,). Also
[Co(2,5,8,11-S,[12])L ](BPh,) exists only as a trans isomer (7 472 ppm). The
other complexes studied show the cis/trans isomerism. For [Co(2,5,8,11-S,[12])
CL](BPh,) and [Co(2,6,9,13-S,[14])Br,J(BPh,) two signals (at 7 584 & 7 433
for the first and 8 130 & 7 921 ppm for the second compounds, respectively)
have been detected. This indicates the presence of two isomers in solution.
Three geometric isomers have been found to be formed in the reaction leads to
[Co(2,5,8,11-S,[12])Br,](BPh,) (6 *Co NMR: 7 210, 7 030 and 6 856 ppm). The
authors have not assigned definite structures to the signal observed. The spectra
have been recorded for the solutions of the complexes in nitromethane, although
the solvent effects have been checked by measuring of cobalt-59 chemical shifts
of selected compounds in acetonitrile. Small shifts, of 1-26 ppm are observed.
The authors have isolated also the complex of S, coordination mode, [Co([14]
andsS )(2,5-S,[6])](BF,), showing the signal at 6 830 ppm (CH,NO)). All
chemical shifts were measured vs. 1 M solution of K.[Co(CN),] in water. As it
could be seen, the data for S, complexes of Co(III) published by Grant et al. are
not coherent with that of Jenkinson group.
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Y Vo B
[s sj [s S [s S [s\
s s s s~ s s~ s~
L — L
[14]aneS, 2,5,8,11-S,[12] 2,6,9,13-S,[14] 2,5-S,[6]

S
. |
Comoomgd (oo XKCO/X

V-
—~

trans p-cis a-cis

Fig. 27. Macrocyclic and acyclic polythioethers and geometry af their complexes with
cobalt(lll) ion

The selenamacrocycles have been studied as Co** ligands by Levason et al.®?
They have prepared the series of complexes of general formula presented on Fig.
28, containing various halide anion coordinated to Co centre. For Br derivative
two salts, differ in a counter ion, have been obtained. For [Co([16]aneSe,)Cl,]
(PF,) and [Co([16]aneSe,)Br,](PF,) single, broad resonance has been observed
in ¥Co NMR spectrum, indicating on the presence of only one isomer (frans) in
solution (chemical shifts 9 590 and 9 125 ppm, respectively). This observation
has been confirmed by ”’Se NMR spectroscopy. Its structure has been determined
by X-ray diffractometry and verified by IR and UV-Vis spectroscopy in solution.
The changing of the counter ion from PF, to BPh, does not result in any shift
in cobalt NMR spectrum. For [Co([16]aneSe )] |(PF,) complex two signals have
been detected in NMR spectrum, one at 8 436 and the second at 8 465 ppm. Also
in selenium-77 spectrum two sets of signals occur. They have been assigned to
two isomers, cis and trans one. The major, trans isomer gives the signal at 8
436 ppm. The spectra have been recorded in CH,NO, and referred to aqueous
[Co(CN),J*. The measurements temperature and concentration of reference have
not been given.
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X

™

Se///, \\\Se?
: “Co.
- ‘ ~

Se Se

.

Fig. 28. Structure of [16]aneSe, ligand Co’* complex

Open chain P,S, podands (Fig. 29) have been used as ligands in a series of
complex of general formula [CoX,(P,S,))]PF,, synthesized by Connolly et al.*
The obtained chemical shifts are collected in Table 13.

S,oP5(1) S,P5(Il) S,P5(IH)
Fig. 29. Structures of P,S, ligands

Table 13. *Co NMR chemical shifis of Co™ ion complexes with P,S, ligands

L
Complex
S,P,(D S,P,(I) S,P,(I1I)
[CoCL(L)](PF,) 3410 3390 3210
[CoBr,(L)](PF,) 3420 3290 3180

Mixed nitrogen/sulfur containing ligands have been studied by Sharrad et al.
(Table 14).86-88 They have compared them with many other Co(III) complexes,
with mono-, di- and polydentate N or S/N ligands. All spectra have been recorded
in water and referred against 0.1 M K,[Co(CN),] at 301 K. The authors have
correlated the chemical shifts with energy of ‘4, — ‘T, transient, determined
from UV-Vis spectra. The relation between linewidth and complexes symmetry
has been also included.
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Table 14. Structures and **Co NMR data of polydentate mixed N,S ligands

NH, I NH j\ HaN Nstj
H,oN A\'Es HoN %\'Es H,N NHag
meso-1,2-Me,EtN, S amp rac-1,2-Me EtN,S amp EtN,S,amp
5661 ppm (370 Hz) 5579 ppm (630 Hz) 5638 ppm (740 Hz)
as Co(L)CL(CIO,) as Co(L)CL,(CIO,) as Co(L)CI(CIO,),

§

HoN NHZS>
HoN NHag

{

HoN S)
Hqu‘/

zZ Z
I T
N N
(7))

HoN .8
HoN &Sj :

PrN,S,amp BuN,S,amp XyN,S,amp
6 125 ppm (1 700 Hz) 6223 ppm (2 700 ppm) 6476 ppm (12 000 Hz)
as Co(L)CI(CIO,), as Co(L)CL(CIO,) as Co(L)Br,

0"

S S
Sl
HoN J/ NH,

s HN S HN
H H .
{s N} c {s N} NH3
s FN s FN
__/ __/

H,N
NS, CIN,S ;sar AMN;,S sarH"
4 455 ppm (510 Hz) 4413 ppm (2 100 Hz) 4 448 ppm (2 700 Hz)
as Co(L)(CIO,), as Co(L)(CIO)), as Co(L)C],

it

S | HN
S
HoN I NH

2

NhN

JML
H,N J NH,
H,N

*

s | HN
J ™
H,N J NH,

H,oN HoN
N,S, sen NS
5390 ppm (900 Hz) 6 920 ppm (250 Hz)! 6 229 ppm (900 Hz)
as Co(L)(CIO)), as Co(L)(CIO,), as Co(L)(CIO)),
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(s

NH HN

H H
G

S_ HN

-

NH HN
— N H
N_,N;
S. HN
7

NH» NH,
daes
CIN,Ssar HN,Ssar
5553 ppm (230 Hz) 6250 ppm (1 400 Hz) 6224 ppm (1 800 Hz)
as Co(L,)Br, as Co(L)(CIO,), as Co(L)(CIO,),
NH HN NH HN NH HN
/o IaN
N\H H/N O,N H “ NO, BoH NH;*
NN — NN
NH HN NH HN NH HN
/ / /
sep diNOsar AMN sarH"
6 941 ppm (260 Hz)? 6 875 ppm (1 200 Hz)* 6 839 ppm (840 Hz)
as Co(L)CI, as Co(L)Cl, as Co(L)C],
NH HN NH HN NH HN
* H H + H + HooH
HaN g H NH3 s. N NH; N_NjN
NH HN S HN S, HN
—/ —/ _/
diAMN sarH > AMN,S sarH* AZAN Ssar
6 877 ppm (1 400 Hz)* 5416 ppm (4 000 Hz) 6229 ppm (1 000 Hz)
as Co(L)C5 as Co(L)(CIO,), as Co(L)(CIO)),
Iy -
NH HN S
=N g N= H H
X -
NK'SJN NH HN NH2 NH2 H2N H2N
N,Samp
Me docosadieneN,S, sat !
7077 ppm (5 350 Hz)
6501 ppm 6 800 ppm (280 Hz) as [Co(L)CI](ZnCl,)

as [Co(L))(CIO,),

no counter ion and
experimental details given

7 296 ppm as [Co(L)
(H,0)1(ZnCl,)

76 800 ppm (360 Hz) according to Hendry and Ludi® (no experimental details and counter ion given)
2 952 ppm (260 Hz) according to Voloshin et al.” (no solvent given, the high difference between the

values suggest a typographic error or the effect of the signal folding)

36 887 ppm (1 100 Hz) according to Voloshin et al” (no solvent given) and 6 870 (270 Hz) according

to Hendry and Ludi® (no experimental details and counter ion given)

*7 324 ppm (3 000 Hz) according to Voloshin et al. (no solvent given) and 6 790 ppm (780 Hz)
according to Hendry and Ludi® (no experimental details and counter ion given)
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lida et al.¥® have studied the formation of micelles build of substituted
polyamine complexes of Co*". The studies have been performed for two
complexes, differ in a length of alkyl chain (Fig. 30;n= 1 or 4; X = Cl- or CIO,).
The aggregation process has been studied in D,O. The authors have monitored
the *’Co linewidths and relaxation times (both transverse and longitudinal)
measured at various concentration of complex. Simultaneously the ?H and 3Cl
NMR parameters have been determined. The authors give the chemical shifts of
both derivatives (no counter ion mentioned) to be -573 (C,) and -571 ppm (C,)
vs. 5 mmol kg solution of [Co(NH,),]** (0.00 ppm; no solvent and temperature
given).

NH,
pa
1 C?NH2 3X
T,’\l |°‘NH
H  HyN

Fig. 30. Cobalt containing micelles precursor

Hagen et al.® have presented the first examples of *Co NMR spectra of Co**
ion complexes with porphyrins. The data presented are summarized in Table
15. The authors have measured the chemical shifts and line half widths for two
Co-porphyrin systems (with tetraphenyl- and octaethylporphyrin; TPP and OEP)
with different nitrogen heterocycle ligands coordinated to Co centre and different
counter ions. The authors have observed small anion (counter ion) effect,
ca. 2 ppm in MeOH and slightly higher one (10 ppm) in other solvents. Two
complexes ([TPPCo(Im),](ClO,) and [TPPCo(Melm),|(CIO,)] have been also
studied in various solvents (methanol, acetone, acetonitrile, dichloromethane,
tetrahydrofurane, dichloroethane) to estimate the sensitivity of cobalt chemical
shift on solvent character. The solvent effects are 92 and 98 ppm, respectively.
The authors have also estimated the solvent effect in THF/CH,Cl, mixtures at
various temperatures and have found, that the changes at 296.9 and 304.5 K
are different. The results for studied porphyrin as well as other Co™ complexes
have been correlated with & “’Fe NMR data obtained for analogous (or similar)
compounds. The next paper of these authors presents the influence of the
substitution of phenyl ring of TPP ligand on *Co NMR chemical shift of [T(4-
R,CH,)PCo(R,Im),](BF,) in different solvents (see Table 15; data reported for
MeOH solutions are only cited for T(4-XC H,)PCo(Im),](BF,)).*” Six different
R, substituents (CN, CF,, Cl, H, Me, OMe), four R, group (H, Me, Et, Bu)
and 28 solvents have been used. The authors have shown the linear relationship
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between & *Co value and Hammett o, constant. The tendency was observed
(i.e. the deshielding of cobalt nucleus with increasing of electronegativity of R
substituent) for both imidazole and 1-methylimidazole complexes, in all solvents
studied. The influence of R, group is also clearly seen. The shielding is increased
in the following order Me>Et>Bu. The observed changes of *¥Co chemical
shift of [TPPCo(Im)](BF,) on the addition of free imidazole indicate the high
sensitivity of this parameter on the formation of hydrogen bonds by the complex
molecule with the other species present in the solution. The line half widths
have been measured at various field strengths (B = 2.114, 5.872 & 9.395 T) to
estimate the shielding anisotropy (SA). As the differences observed are small
and random in sign, the authors have concluded, that the effects due to SA are
below the experimental error limits. The nature of R, and R, influences chemical
shift and linewidth have been discussed. The analysis of the results has shown,
that the substituent effects are transmitted to the metal via porphyrin 7 electrons
system, not o ones. The variation of Av, , has been explained on the basis of the
changes of the field gradient, caused by the substituent. The correlation between
Av,, and substituent Hammett constants has been found. These studies have
been continued and published in 1989. Eighteen porphyrine-Co** complexes,
containing octaethyl-, meso-tetraphenyl-, meso-tetrakis(4-pyridyl)-, meso-
tetramesityl- and meso-tetrakis(2,4-dichlorophenyl)porphyrine as a macrocyclic
ligand and imidazole, 1-methylimidazole, 1-ethylimidazole, 1-butylimidazole,
phenylimidazole and pyridine as ligands in axial positions have been studied in
28 different solvents. The ¥Co NMR chemical shifts and line half widths have
been measured. The data reported for the solutions in CH,CI, are presented
in Table 15 (except porphine complex, which has not been measured in this
solvent). The authors have discussed the influence of axial ligand character of
linewidth, which increases with the increasing of the imidazole N-substituent
size. The Kamlet-Taft (KAT) approach has been chosen to analyze the solvent
effects. It has been pointed, that chemical shifts of some compounds (e.g.
TPPCoMelm" and TPyPCoMelm*) measured in different solvents correlate well,
while the correlation between the other pairs of complexes (e.g. TPPCoMelm*
and OEPCoMelm®) has not been observed. The KAT equation have been applied
to five complexes (OEPColm*, OEPCoMelm*, TPPColm*, TPPCoMelm* and
TPyPCoMelm").

Cassidei et al.®® have studied some of previously reported compounds by
BC NMR relaxometry. They have cited some *Co NMR chemical shifts and
linewidth and have discussed the reasons for a huge difference in Av, , values
between the compounds with imidazole and pyridine ligands in axial positions.
This is assigned to lower effective value of quadruple coupling constant in
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imidazole derivatives.

Bang and coworkers continued their studies on cobalt-porphyrin complexes
and have published the paper on the effects of ortho substituents in phenyl rings
of TPP on chemical shifts and linewidths of cobalt complexes.?* They have based
on the data published previously92,95 but also have given the new experimental
data, measured for known compounds, but in solvents, which had not been
used previously. They have shown the X-ray structures of hindered complexes
and have presented the absence of the correlation between NMR parameters of
hindered vs. unhindered compounds, measured in wide range of solvents. Again
the KAT approach has been used to evaluate the influence of various solvent
characters of NMR parameters.

Solid state ¥Co NMR spectra of some porphyrin complexes have been
also recorded and compared with those obtained in solution.”® The authors
have studied eight compounds, among which six ones have been previously
studied by Bang and Hagen groups (TPPColm*; TPPCoMelm"; OEPColm®;
OEPCoMelm*; T(OMeP)PColm*; TPPCopy*), although the solution spectra
have been remeasured (in acetone; referred to 1M K [Co(CN) ] in water;
temperature not given). The values obtained stay in agreement with that
published previously, within the error of 5-15 ppm (probably due to different
measurements temperature and reference concentration). The authors have
reported also the results for two new complexes (Table 15). Fast MAS and
static measurements have afforded the isotropic and anisotropic chemical shift
values and quadrupolar coupling constants. The unexpectedly high shielding
anisotropies of Co sites have been found.

Munro et al. have studied the complexes of amines with meso-tetrephenyl
porphyrinecobalt(II). The structures of compounds studied and NMR data are
collected in Table 15. The spectra have been recorded in 1:1 (v/v) mixture of
chloroforom-d and corresponding amine (K,[Co(CN), in D,O has been used as
reference; the concentration of the reference solution is not given). Among studied
amines, two of them form complexes which are silent in NMR experiments,
probably due to fast ligand exchange and resulted line broadening. The °Co
chemical shifts of studied compounds are strongly temperature-depended. The
temperature coefficients are between 2.88 (TPPCoEt2N/cl) and 3.72 ppm/K
(TPPBzN/cl). The broadest signals have been observed for derivative of
2-phenethylamine, while the narrowest one for the diethylamine complex. For
complexes with benzylamine, dietyl- and dibutylamine, the splitting of *Co
signal, caused by coupling with two '“N nuclei, has been observed ("J, . =
600 Hz for all compounds). The coupling with nitrogen atoms of porphyrin
ring is not observed. In the spectra measured for hindered amine derivatives
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(diethyl- and dibutylamine), the signals assigned to molecules containing one
amine and one CI ligand in axial positions have been detected (the chemical
shift values have not been reported). Moreover, the spectrum of [Co(TPP)
(Et,NH),]Cl shows additional set of signals near the major peak. It has been
assigned to §-ruf conformer of this complex (the conformer with non-planar
geometry of porphyrin ring). This signal is about 20-30 ppm upfield shifted vs.
the signal of planar isomer. The authors have interpreted the shielding according
to Ramsey’s theory and have found the linear correlation between chemical
shifts and DFT calculated 3d orbital’s radius expectation values <r*>, . The
linewidths have been correlated with squares of DFT calculated electronic field
gradients, g, /. The authors have measured also the chemical shifts of model
compound, [Co(TPP)CI].

The short review of application on NMR method (including *Co NMR) has
been published by Sanders et al.?’
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The NMR studies of natural corrinoids have been presented by Medek et al.*
The authors have applied both solution and solid-state ¥*Co NMR spectroscopy
to investigate the structures of vitamin B, derivatives. The studied compounds
and chemical shifts are presented on Table 16. The spectra have been recorded
in water and chloroform at room temperature, and have been referred to 1 M
solution of K,[Co(CN),] in water. The further studies of the Co"" ion in corrins
have been made by Chemaly et al.”* They have studied six model compounds,
three derivatives of cobyrynic acid heptamethyl ester (CbsMe,) and thee of
5,6-dihydro-5-hydroxy-hexamethylcob(Ill)yrinate-c,6-lactone  (CSYCbsMe,).
Two complexes, dicyano- CbsMe, and dicyano- CSYCbsMe, have been studied
by ¥Co NMR spectroscopy. The authors have noted a significant difference in
chemical shifts (4074 vs. 4298 ppm, respectively). As this effect could not be
caused by differences in Co-C bond lenght and geometry, which are the same for
both compounds (as comes from X-ray crystallography and DFT calculations),
the authors have explained it by the interaction of Co™ ion with the corrine
macrocycle. The more delocalized m-electron system of CbsMe, favors the
formation of more covalent bond between the Co center and macrocyclic ligand,
causing a stronger shielding. The spectra have been recorded at 300 K and
referred to external saturated solution of K,[Co(CN),] in D,0.

Table 16. *Co NMR data for vitamin B, and their derivatives
HaNOC H2NOC

CONH, CONH,
o
HO~ "
8%Co =4 650 ppm; Av, , =28 kHz 8%Co=4215ppm; Av,, = 14.5 kHz
(water); Ref.”? (water); Ref.”
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MeOOC

COOMe
8 ¥Co=4 095 ppm; Av,, = 19.5 kHz

1/2
(CHCL); Ref.”
8 %Co =4 074 ppm; Av,, = 28.4 kHz

(CDCI,); Ref.™

MeOOC

)
HO~—
COOMe
8 Co =4 298 ppm; Av, , = 37.1 kHz 8%Co =4 480 ppm; Av, , =41 kHz
(CDCL,); Ref.** (water); Ref.”

2.6.2 Rhodium

Despite the only natural rhodium isotope, '“Rh, is NMR active and does
not have a quadrupolar moment (/ = '), it is one of the most difficult to observe
nucleus. Its low y coefficient causes its low resonance frequencies (= = 3.172
MHz). In consequence, its receptivity is low (3.12 x 107 that of 'H). The large
chemical shifts range (over 10 000 ppm) results in such experimental problems
as signals folding or necessity of the recording of many spectra to cover all
range of the § '®Rh values. Moreover, the low resonance frequencies cause such
problems as acoustic ringing provoked baseline distorsions. The 'Rh nucleus
has long relaxation times (in a range of minutes), which increases the time needed
to spectrum acquisition. If it is possible, the indirect detection experiments are
always recommended. [UPAC does not indicate the reference, most often the
Rh(acac), or spectral reference is used.

The only two examples of supramolecular complex of Rh, studied by '“Rh
NMR are presented in literature. One is a cycloheptatriene grafted tripodand,
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obtained by Herberhold et al. It forms a 1:1 complex with RhCl (Fig. 31).
The rhodium signal has been detected by indirect 3'P{'®*Rh,'H} experiment,
performed for CDCI, solution at 298 K, and referred to spectral reference
(Z("”Rh) = 3.16 MHz). The chemical shift of this complex is -355 ppm ('J,
189.5 Hz).

W

Fig. 31. Structure of cycloheptatriene ligand Rh complex

The second supramolecular complex of Rh, studied by 'Rh NMR is a
bis(ethyldiphenylphosphine) adduct with meso-tetramethylporphyrin Rh-
derivative (Fig. 32).* The '™Rh NMR spectra have been recorded by 2D
3IP1%Rh{'H} inverse method. Two compounds have been detected, the major
product, containing two ethyldiphenylphosphine ligands and a minor one, with
one ethyldiphenylphosphine and one ethylphenylphosphine addends. This two
compounds give separated 'Rh signals, first at 2 558, second at 2 711 ppm
(300K, in chloroform-d; referred to spectral reference, Z('**Rh)=3.16 MHz). The
'J,,» coupling constants are 82.1 and 82.4 Hz for major and minor components,
respectively. The authors have shown the linear temperature dependences of
both rhodium and phosphorus chemical shifts (which are ca. 0.91 and 0.0013
ppm/K, respectively) and explained them on the basis of Ramsey’s nuclear
shielding theory as well as Jameson model, based on the changes of M-L bond
length changes.

[Rh(TPPP)(PPh,Et),](SbFg) X =Y = Ph,PEt
[Rh(TPPP)(PPh,EtPPhHE)](SbFg) X = Ph,PEt; Y = PhEtPH

Fig. 32. Structure of rhodium-porphyrin complexes
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2.7 Group 10
2.7.1 Platinum

The Pt isotope of natural abundance 33.8% is widely studied by
NMR technique, because of its excellent NMR properties: 2 nuclear spin
(no quadrupolar moment), high receptivity (3.36 x 107 that of 'H) and high
magnetogiric ratio (£ = 21.499 MHz). Other natural platinum isotopes are
not active in NMR technique. Platinum has a huge chemical shift range (over
15 000 ppm) so if the recording of the spectrum in whole range is needed, it
must be measured in several parts, covering narrower chemical shifts domains.
The special caution must be paid to avoid peak folding. [UPAC recommends
K,[PtCl,] as a reference sample although many other compounds are used. As
a platinum chemical shift is strongly temperature, concentration and solvent
depended, the special care must be taken to obtain a valuable and reliably data.

The first example of supramolecular Pt complex studies by Pt NMR
has been published by Balch et al.” They have prepared a lariat crown ether,
containing PPh, groups in side arms (Fig. 33A). This has been converted into
1:1 complex with Pt(CN),, but the authors have not presented the '**Pt data.
The second complex synthesized is a derivative containing T1" ion inside the
crown ring and a Pt(CN), unit, complexed via phosphine moieties (Fig. 33B).
The small Pt-Tl distance (2.911 and 2.958 A for two independent species in the
asymmetric unit) causes the *Pt-2°¥29T1 coupling. The '*°Pt signal occurs at -4
684 ppm as a doublet of triplets ("J, , =2 293 Hz; 'J, , .. ="'/, .5, = 3 825 Hz).
The authors have not given the solvent used for spectra recording, measurements
temperature and reference.

(O O_> O\\ +,O
N----3TI---N]  NOj
NN CoSAT
Ph,P PPh -
2 & J 2 ph—P~ =~ Pt=="Repp
o o .
__/
A B

Fig. 33. Structure of lariat crown ether (4) and its complex with TI" and Pt(CN),

The further studies of supramolecular platinum complexes are concerned on
the application of polythioether (or mixed S,0 ethers) macrocycles as ligands.
Grant et al.”” have obtained two mixed oxa-/thia- macrocycles (Fig. 34) and their
complexes with Pt(II) (as PF salts). Both compounds have been characterized
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by '”’Pt NMR spectroscopy and X-ray crystallography. The [9]-aneS O ligands
form 2:1 complex [Pt([9]-aneS,0),](PF,),. The ligand molecules coordinate to
Pt centre only via sulphur atoms. In NMR spectrum one signal at -4 739 ppm
(Av,, = 557 Hz) occurs. The second macrocycle complexes Pt ion in 1:1 mode:
[Pt([18]-aneS,0,)](PF,),, but also only S atoms participate in coordination. The
signal in Pt spectrum occurs at -4 571 ppm and is distinctly narrower (only
84 Hz) than that of the first complex. The authors have not discussed these
difference. The spectra have been recorded in nitromethane-d, vs. [PtCl]* in
water (no temperature and reference concentration given).

K/O\) [¢)
[9]aneS,0 [18]aneS,0, [Pt([9]aneS,0),](PFg)> [Pt([18]aneS40,)](PFe)2

Fig. 34. Structures of mixed S/O cyclic ligands and their complexes with Pt"

Maleonitrile-dithiacrown complexes of Pt(II) have been also obtained. This
ligand molecules have limited conformational flexibility, due to a presence of
double C=C bond. Crowns with various number of oxygen atoms have been
synthesized (from S,0, to S,0.). The complex of the first ligand from this series
(mn-128,0,) with Pt(II) has been characterized by '*’Pt NMR spectra. The single
signal at -3779 ppm has been observed (vs. 0.1 M Na,[PtCl,] in D,0.

Clu.. \\Cj
[ 'Pt‘S

NC CN

Fig. 35. Structure of maleonitrile-derived thiacrown complex with Pt

The series of heteroleptic Pt complexes with [9]-aneS, ligand (see Fig.
26) have been studied by several authors. The chemical shifts are presented
in Table 17. In all studied cases the [9]-aneS, ligand molecule is coordinated
asymmetrically. Two sulphur atoms are in equatorial positions (Pt-S distance
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2.20-2.50 A), trans to phosphor or halide ligands while the third one coordinates
at axial position (Pt-S distance 2.65-3.00 A). The Grant et al.®® studies on
halogen complexes of ([9]-aneS,)Pt core show the significant influence of halide
anion of '”’Pt chemical shifts. The chemical shift correlates with Pt-S . distance
(deshielding occurs upon elongation of Pt-S bond). The further studies on
phosphine complexes do not include any extended discussion of structure-NMR
parameters relationships.104-108 For the mixed complex [Pt([9]-aneS,)(Ph,P)
CI](PF,) the authors state that the value “lies intermediate between the ones
reported for [Pt([9]-aneS,)(Ph,P)CL] (...) and for [Pt([9]-aneS,)(Ph,P),](PF,),”.”
The same authors have published the papers on the complexes on ([9]-aneS,)
Pt unit with heterocyclic diimine ligands but have not discussed the *Pt NMR
results. 109,110 The complexes of [Pt([9]aneS,)]** with arsines and stibines have
been also prepared.'® The Pt NMR spectra of the systems of S X, (where X =
As or Sb) coordination sphere have been recorded. The signals are quite narrow
and easy to detect. The molecules containing only one As(Sb) ligand and halide
anion, bonded to Pt center are NMR silent. The reasons of the absence of the
signal are not clear.

The formation of stable complexes between N-heterocyclic ligands and
[Pt([9]aneS,)]** core has been utilized for a synthesis of molecular squares.'!
The reaction of [Pt([9]aneS,)](OTf), with 4,4’-bipyridine leads to the formation
of 4+4 complex, [Pt,([9]aneS,) (4bpy),](OT1),. This has been characterized by
X-ray method and NMR spectroscopy. The Pt NMR spectrum shows only one
signal, at -3134 ppm, indicating on the S,N_+S coordination mode (Fig. 36). The
spectrum has been recorded from solution in CD,NO, at 298 K; water solution of
[PtC1 ]* has been used as reference. The by-product, [(Pt([9]aneS,)CI),(4bpy)]
(PF,), has been also isolated.'” In the same paper diaqua complex, [Pt([9]aneS.)
(H,0),](TfO), has been characterized, however the authors have given a wrong
formula for this compound and wrong theoretical elemental analysis data,
consistent with experimental ones (sic!) (see Table 17 for structures).

The excellent review on the synthesis, structure and spectral properties of
thiacrown complexes of platinum has been published by Grant.'®

335



B. GiErczYK

Table 17. Structures and 'Pt NMR data of [9]aneS, ligand with platinum species

[Pt([9]-aneS,)CL]

[Pt([9]-aneS,)Br,]

[Pt([9]-aneS,)L]

-3605 ppm; 4v =130 Hz
(CD,),SO; vs. [PtCLJ* aq;

-3779 ppm; Av =132 Hz
(CD,),SO; vs. [PtCL]* aq;

-4147 ppm; Av =135 Hz
(CD,),SO; vs. [PtCL]* aq;

Ref. Ref. %8 Ref. %8
S S S S
&SI_') 2PFg &S,—l) 2PFg Ph, Ph
7\ B i QP\P{”SﬁS] 2PF
B B Ph. L __Ph F Y
O PP Q Ph=F" P=ph Sk °
@ D Ph Ph br Ph
[Pt([9]-aneS,)(Ph,P),]  [Pt([9]-aneS )(dppf)I(PF,),
[Pt([9]-aneS )(dppm)](PF ), (PF,

-4601 ppm; 'J,,, = 3188 Hz  -4399 ppm; *J,, =3365Hz -4353 ppm; 'J,, = 3511 Hz
CD,NO,; vs. [PtCI,]* aq; CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtC],]* aq;
Ref, 104 . Ref, 104 Ref, 105

Ph
C Pt=-S ] 2PFg R r
[ Pt——s 2PF6 R s Pt<-S ] 2PFg
P Ph R, (s
i © [Pt([9]-aneS,)(dppp)] P "
-ane
[Pt(19]-aneS )(dppe)|(PF,), or ) TP [PUq91-aneS (dppb)I(PF,),
672
-4069 ppm; 'J,, = 2740 Hz  -4478 ppm; 'J,, = 3069 Hz  -4497 ppm; 'J,,, = 3211 Hz
CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtCL]* aq;
Ref. 1% Ref. 1% Ref. 1%
Ph pn Ph, Ph Ph_ Ph
\, (S N
R (S @[P\pﬁz'er 2PFg R rS
Ptz:S J 2PFg P s [ Pti:S J 2PFg
T s o G
ph Ph [Pt([9]-aneS,)(dppbe)] Ph Ph
[Pt([9]-aneS,)(dpppe)|(PF)), (PF)), [Pt([9]-aneS,)(dppV)|(PF)),

-4426 ppm; 'J,,, = 3239 Hz
CD,NO,; vs. [PtCI,]* aq;
Ref. 106

-4568 ppm; 'J,,, = 3202 Hz
CD,NO,; vs. [PtCL]* aq;
i Ref, 106

-4681 ppm; 'J,, = 3219 Hz
CD,NO,; vs. [PtCI,]* aq;

Ref. 106
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} ’Ph Ph Ph
S 5, PF R
Neger’ 6 Pt” 2PFg
o R Pt" 2PFy
C|’Pt‘ _Ph PH Ph G
pr/ Ph [Pt([9]-aneS )(RR-
[Pt([9]-aneS )(Ph,P)CI|(PF ) chlraPhOS)l [Pt([9]-ane53)(R-BINAP)]
(PFy, (PF,),

-4080 ppm; J,, =3399 Hz  -4452 ppm; 'J,, = 3144 Hz -4167 ppm; 'J,, = 3296 Hz
CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtCL ] aq; CD,NO,; vs. [PtCL]* aq;
Ref. @ Ref. 107 "~ Ref.

A | S
[~ ’s AN S . N (S )
\ Pt=:S J 2PFg /Pl::S ] 2PFg

4 {\]/ 'k:s

[Pt([9]-aneS )(bpy)|(PF),

N s
. |
[Pt([9]-aneS,)(Me,bpy)]
(PF)),

(s

[P([9]-aneS )(Bu,bpy)]
(PF),

-3261 ppm; 4v="726 Hz
CD,NO,; vs. [PtCL]* aq;

-3279 ppm; Av =678 Hz
CD,NO,; vs. [PtCL]* aq;

-3289 ppm; 4v =539 Hz
CD,NO,; vs. [PtCL]* aq;

Re£ 108 Ref 108 Ref 108
1 B B
_N .S
N .S _N -S
TS J 2PFg h s(] oPE: N ,;_f oPE:
PN . Pt 5 PECS 5
|N s N s N s
S N S S~ |
Pt([9]-aneS,)(phen)]
Pt([9]-aneS,)(non_b [ 3
[Pec] (PF~‘)§ PPyl (PF), [Pt([9]-aneS,)(Me,phen)]
672

(PF)),

-3284 ppm; Av =353 Hz
CD,NO,; vs. [PtCL]* aq;
Reﬂ 108

-3292 ppm; Av =754 Hz
CD,NO,; vs. [PtCL]* aq;
Ref 108

-3312 ppm; 4v =822 Hz
CD,NO,; vs. [PtCL]* aq;
Reﬁ 108
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X

~-N .S
N\

Pt-S ] 2PFg
JPESS

IN S
X

[Pt([9]-aneS,)(5,6-Me,phen)]

(PF,),

| X
~-N .S
N\
/Pt‘ S J 2PFg
= |N S
AN

[Pt([9]-aneS,)
(4,7-Me phen)]
(PF)),

l X

— N
‘ Pt S 2PFg

=
oh

[Pt([9]-aneS,)(Ph,phen)]
(PF)),

-3286 ppm; 4v =641 Hz
CD,NO,; vs. [PtCI]* aq;

-3298 ppm; Av =657 Hz
CD,NO,; vs. [PtCL]* aq;

-3288 ppm; 4v =501 Hz
CD,NO,; vs. [PtCL]* aq;

Ref. ' Ref. ' Ref. '
X X
N|/\N S r\m\ (s] | N _,s]
4 u I Pt=S 2PFy PtsS | 2PFg
p /Pt‘»s_‘s] 2PFs N7 IN/ (s ON ‘N/ S
N J \) X
Pt([9]-aneS,)(b [Pt([9]-aneS,)(NO,phen)]
[Pt(91-anes )(tap)(PF), | ] ?;,'; )3)( pm)l (PF),

-3198 ppm; Av, , = 446 Hz -3277 ppm; Av =567 Hz -3255 ppm; Av =552 Hz
CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtCL]* aq; CD,NO,; vs. [PtCL]* aq;
Ref 109 Ref, 10 Ref, '

/
\ /\S s S/, i \\fSi/
BN j N S SI\
/\Si/ \S /\SiJ \s \:
/ / N
-4246 ppm -4249 ppm =T, TfO; -3976 ppm
C.D,; vs. Na [PtCl,] aq. CDCl,; vs. Na,[PtCl,] aq. CD Cl,; vs. Na,[PtCl,] aq.
Ref. 10 Ref. '1° Ref. i
— S, S, 2pF;
o own S TR e
Pt -
h. Pt _Ph s s E Pt J PFe
Ph-AS ASph PRl 1P As
Fh Ph Pt([9 S.)(Ph.Sb o Ph
[Pt(9]-anes )Ph As)PF), [T l'a(';fF 3))( SPI [Pe([9]-aneS,)(dpac)|(PF),
672
-4489 ppm; 4v,, = 120 Hz ~ -4822 ppm; 4v,, =640 Hz ~ -4772 ppm; 4v, , = 140 Hz
CD,NO,; vs. [PtCL]* aq CD,NO,; vs. [PtCLJ* aq CD,NO,; vs. [PtCL]* aq
i Ref, 100 Ref, 100 i Ref, 100
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TN
s s
s~
W 2T
’Pt‘
H,0' OH,

[Pt([9]-aneS,)(H,0)|(TfO),

[Pt([9]aneS,)(phpy)|(PF,)  [{Pt([9]aneS,)(phpy)},Ag]
(PF),

-3787 ppm; A4v,,= 1200 Hz  -3582 ppm; 4v,, =875 Hz  -4848 ppm; Av, , =100 Hz
DMSO-d,, vs. [PtCl ] aq. ~ DMSO-d,, vs. [PtCL]* aq. CD,NO,; vs. [PtCI]* aq.
Ref. ! Ref. " » Ref.!%

-3343 ppm
CD,NO,; vs. [PtCI,]* aq.
Reﬁl()Z

S

(2

s°- miN

i
i
/ \Z j‘

\

4
N
|

\

Fig. 36. The 4+4 platinum-containing square, [Pt ([9]aneS) (4bpy) ] (OT}),

Homo- and heteroleptic derivatives of larger thia-crowns have been also
studied. Grant et al. have obtained a series of L Pt(PF ), and LPt(PF ), complexes
and have measured the Pt spectra.103,117 The structures and NMR data are

339



B. GiErczYK

collected in Table 18. The authors have shown, that the platinum signal undergoes
shielding with an increasing of the number of sulphur donor ligands. Moreover,
within the set of the complexes of the same number of coordinated S atoms, the
chemical shifts depend on the orientation of lone pairs of sulphur atom. Also
scattered data for heteroleptic complexes containing larger sulphur macrocycles
(Table 18) have been published. Blake et al.'"> have reported the Pt NMR
data of above mentioned compounds. The chemical shifts are slightly different
from that reported by Grant and co-workers. It is probably the effect of other
solvent used for measurements. They also obtained the platinum NMR spectra
of PtX,** complexes with selected macrocyclic thiaethers. The authors have
discussed the influence of ring diameter and flexibility and platinum oxidation
state on chemical shift. They have compared the experimental results with those
published for bidentate thiacthers and cyclic selenaethers.

Champness et al. have described the formation of Pt(Il) complex with
macrocyclic mixed phosphatia ligand, [Pt(Ph,[14]aneS,P))](PF,). The '°Pt
NMR spectrum of this molecule has been recorded.'?

Bennett et al. have reported the Pt chemical shifts of some Pt(II) and
Py(IV) organoplatinum derivatives, bonded to [9]aneS, ligand but have not
discussed these results (Table 17).""° The interesting example of cyclometalated
Pt supramolecular complex interactions with Ag" ions has been studied by
Janzen et al.!'' with application of Pt NMR spectroscopy (Table 17). The
orthometalted complex [Pt([9]aneS,)(phpy)](PF,) gives the signal at -3 787
ppm. The AgPF addition caused the significant shift of 205 ppm (to -3 582 ppm)
and narrowing of the resonance line. The solid complex, stabilized by Pt—Ag
dative bonds, containing acetonitrile molecules coordinated to Ag atom,*- has
been isolated and characterized by X-ray crystallography.

Hesfold et al.'* have studied hexadentate macrocyclic tellurium and selenium
containing ligands (crown ethers derivatives containing two Se or Te atoms) as
receptors for various metals, among them platinum has been studied. They have
characterized obtained complexes with Pt NMR (see Table 18). Other example
of this type of complexes has been reported by Levason et al.''> The Pt and 7’Se
NMR spectra have permitted to determine the coordination environment of both Pt
atoms in complex [(PtCl,),(DB2+2)] as a planar Se,Cl, coordination.

Also the compounds containing only Se atoms in macrocyclic ring have
been studied as ligands for obtaining a platinum complexes (see Table 18 for
details). These compounds have been investigated by Levason and co-workers.
The first published examples are the complexes of [16]aneSe, ligand with PtX >
ion (X = Cl, Br). The obtained complexes have been characterized by NMR and
X-ray crystallography.'® The analogical complex with Pt(I) has been obtained

340



APPLICATION OF TRANSITION METALS NMR IN SUPRAMOLECULAR CHEMISTRY

(Pt[16]aneSe,)(PF,),).""” The '*Pt NMR spectrum, recorded in acetone-d, at
300 K, shows three signals, at -4568, -4587 and -4676 ppm. The cooling of
the sample causes changes, at 210 K only one signal (-4750 ppm) occurs. This
behaviour has been explained by the existence of invertomers in solution. A
few Pt(II) complexes with tripodal Se containing ligand have been obtained,
but only for one, [Pt(tseme),](PF,), the Pt NMR data have been reported.'"®
The X-ray crystallography has shown, that this ligand acts as a bidentate one
and the structure of the complex reveals planar square Se, coordination. Due to
equilibriums between invertomers, two signals have been detected.

The alkylplatinum complexes, containing thiacoronands and thiapodands
have been studied (Table 18).""” The Pt NMR spectrum of [Me,Pt([16]-aneSe,)]
(PF,) at room temperature shows a very broad signal, which has sharpened with
temperature decreasing. This indicates the dynamic process (probably so called
“ring-whizzing”), resulting in fast interchange of free and complexed Se atoms.
Similarly, the signal of [Me,Pt(tseme)I] is broad at RT. It splits into three peaks
with cooling. This is the effect of the presence of three isomers of the complex,
two meso forms and one DL isomer. The signals have not been assigned to
definite isomers. Other studied systems are the methylplatinum complexes with
small-ring Se, ligands."” Two compounds: [Me,Pt([12]aneSe ]I, [Me,Pt(B[11]
aneSe, ]I and [Me,Pt(P[8]aneSe N]I are dynamic at 298 K, therefore the '*°Pt
NMR spectra have been also recorded at 233 K. The observed Se-Pt scalar
couplings prove the K3-coordination mode. The authors report also the chemical
shift of [Pt(B[13]aneSe,Cl,] in DMF (-3644 ppm), but have not discussed the
structure of this compound.

Table 18. Structures and Pt NMR data for Pt complexes with S, Se and Te donor ligands

2PF; K\s i
[3 S/ [S B j
\/Rt\sj S/ i \S

S, S
S&\s Qs 2PFs [s/,“ Ptl.\,s e

[Pt([9]aneS,),|(PF)), [Pt([10]aneS,),|(PF ), [Pt([12]aneS )|(PF ),
-4117 ppm; 4v = 541 Hz -4029 ppm; Av =441 Hz -4708 ppm; 4v =99 Hz
CD,NO,; vs. [PtCL J* aq; Ref. ** CD,NO,; vs. [PtC1 " aq; CD,NO,; vs. [PtCL ]* aq;
‘ "~ Ref® Ref. *
-4690 ppm

CH,CN/CD,CN; 300 K
vs. Na,[PtCl ] aq, 1M; Ref.
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2PF;

/T N\
S, s?
Pt
R

\_/S

[Pt([14]aneS )| (PF ),

2PF;

/\/\
s, s?
Pt
N

[Pt([16]aneS )|(PF,),

S";Pt
N—V
[Pt([lS]aneSs)](PFﬁ)Z

-4683 ppm; Av =78 Hz
CD,NO,; vs. [PtC] ]* aq; Ref. **
-4645 ppm
CH,CN/CD,CN; 300 K
vs. Na,[PtCl,] aq, 1M; Ref.

-4205 ppm; 4v =89 Hz
CD,NO,; vs. [PtC] ]* aq; Ref.
103,127
-4177 ppm
CH,CN/CD,CN; 300 K
vs. Na,[PtCl,] aq, IM; Ref.

-3831 ppm; 4v =162 Hz
CD,NO,; vs. [PtC] ]* aq;
Ref. %

s\ L\
Pt
<

7

[Pt([18]aneS )|(PF,),

2PF5

ﬁ?

S

[Pt([12]aneS,)|(PF,),

[Pt([10]aneS )(dppe)]
(PF,),

-4152 ppm; Av =192 Hz
CD,NO,; vs. [PtC] ]* aq; Ref.

-4201 ppm; 4v =75 Hz
CD,NO,; vs. [PtC1 > aq;

-4602 ppm; *J,, = 3224 Hz

CD,NO,; vs. [PtC1 ] aq;

103,127 Ref.”! Ref. 1
TN /TN
N 9 o <90
oy o_p: 0
@ PFe Pl Pt
X X Cl Cl
[Pt([10]aneS )(PPh,)CI] [Pt([18]aneTe,0 )X, | [Pt([18]aneSe,0,)CL)]
-4154 ppm; 'J,, = 3442 Hz X =Cl: -4257 ppm; 'J, , = X =Cl: -3861 ppm; 'J, , =
CD,NO,; vs. [PtC1 J* ag; Ref. 862 Hz 550 Hz
X =Br: -4756 ppm; 'J,, = CD,Cl; Na,[PtCl Jaq, I M
690 Hz Ref.
CD,Cl,, 223 K; Na,[P(Cl,]
aq, 1 M
Ref.'™
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f R=
Q/vw /

[(PtCL,),(DB2+2)]

—~\ 2PFg"
Se:..
< (J\b

[Pt([16] aneSeA)ClZ](PFﬁ)z

s 2o

[Pt([16]aneSe )](PF,),

-3681 ppm; J,, = 383 Hz
CH,CN/CDCL; vs. Na,[P(Cl,] aq,

X =Cl:-3079 ppm; 4v, , =

200 Hz

-4568, -4587 & -4676 ppm
acetone-d,; vs. Na,[PtCl 1>

IM X =Br: -3785 ppm in H,0O
Ref.!1s CD,CN; vs. Na,[PtCl]* in 300K
HZO Ref.!”
Ref.!®
Se
S
2PFs Se S¢ se " /
'/ PFg e
Nse se;, e Be ° Me/r \ 86
Se/Pt\SeXSQ\ ME/\ Me e 7
{ \ Me
[Pt(tseme),|(PF,), [Me,Pt([16]aneSe,)|(PF,) [MeJPt([16]aneSe4)I]

-4630 & -4888 ppm
acetone/CDCI,; 220 K;
vs. [PtC1 ]* aq; Ref. '"*

-3648 ppm; ! oo
CDCl,; 298 K

VS. Naz[PtC16] aq, 1 M; Ref.!??

=249 Hz

-3616 ppm; 'J_, =266 Hz
CDCl,; 243 K
VS. NaZ[PtClﬁ] aq, 1 M;

Ref.ll9

Se S€ se VAP,
N e S,e Se
Me., N €, \Pltl
Pt / \
Me” Se Me \ Me Me/ \\Me
| Me Me
[Me,Pt(tseme)] [Me,Pt([12]aneSe, |1 [Me,Pt(B[13]aneSe,]I

-3447, -3543 & -3550 ppm
CDCl;; 223 K
VS. NaZ[PtCI(‘] aq, 1 M; Ref.'"?

-3866 ppm; 'J,

SePt

CDCl;; 298 K

vs. Na,[PtCl, ] aq, 1| M; Ref.'?

=286 Hz

-3769 ppm
acetonirile; 298 K
vs. Na,[PtCl ] aq, 1 M;
Reﬁ 120

343



B. GiErczYK

trans-[PtXZ([l6]aneSA)] (PF,),

cis-[PtX,([14]aneS )| (PF,),

Se Se s¢ <\ 9/ /
N e Se \ Se_ Sle N
NIDs | N N7
Pt AN | NI |
/ \ Pt Pt
Me' \ Me Me/ \\Me Me/ \M
Me Me Me
[Me,Pt(B[11]aneSe, |1 [Me,Pt(BP[11]aneSe,N]I [Me,Pt(P[8]aneSe,N|I
-3674 ppm; 'Jg , =293 & 318 Hz -3082 ppm; “Jy , =279 Hz -3227 ppm (broad)
CDCl 223 K CDCl; 298 K acetonirile; 298 K
vs. Na [PtCl ] aq, 1 M; Ref. * vs. Na [PtClﬁ] aq, 1 M; Ref. 1 vs. Na,[PtCl ] ag, 1 M;
Ref. 12
2PF; 9 S/>
’\ 6 2PF 2PF;
s LA el
7 | /s - | S
S S
‘/\ g e

cis-[PtX,([12]aneS )| (PF,),

X =Cl: -2587 ppm
X = Br: -3245 ppm
CH,CN/CD,CN; 300 K
vs. Na [PtCl ] ag, IM; Ref.""?

X =Cl:-3313 ppm
X =Br: -3990 ppm
CH,CN/CD,CN; 300 K

vs. Na [PtCl] aq, IM; Ref. '

X =Cl: -3417 ppm
X =Br: -3975 ppm
CH,CN/CD,CN; 300 K
vs. Na,[PtCl ] aq, 1M;
Ref. 2

/N
2PF; Su, g \\\P?
/ \

u \
Ph
[Pt(Ph,[14]aneS,P,)|(PF,),

-5174 ppm; 'J,, = 2718 Hz
CH,CN; vs. Na,[PtCl ] aq
Ref'lm

An interesting Pt complex has been obtained by Hyrberhold et at. They
have prepared the C=C bonds containing tripodand and its complexes with
platinum(II) (Fig. 37). The signal has been observed at -462.6 ppm ('J,,, = 4048
Hz) (spectrum recorded in acetone-d, at 298 K; referred to spectral reference
EZ("Pt) =21.4 MHz).
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Fig. 37. Platinum complex with unsaturated tripodand

The chemistry of pyrazole ligands and their complexes is widely studied.
Special attention is given to scorpionate ligands, derivatives of tris(pyrazolyl)
borane. Some data of their complexes with platinum have been published, but
1Pt NMR characteristic of these compounds has been reported only by Bette
and co-workers.'? Their NMR results are presented in Table 19.

Table 19. Structures and NMR properties of platinum-pyrazole complexes

Structure & 1Pt [ppm] Conditions & standards ~ Ref.
R
X
R@ i, ‘ ............ \COMe

R=H;X=H -1618.1 (*J,,,= 1506.9 Hz) acetone-d; Na,[PtCl ] aq ~ Ref.'”
R=H;X=Cl -762.9 CDCl,; Na [PtCl ] aq Ref.!22
R=Me; X=H -1740.0 ("J,,,= 1500 Hz) =~ THF-d; Na,[PtCl ] aq Ref.!22
R=Me; X=Cl -763.0 CDCIl,; Na,[PtCl ] aq Ref.!?
R =H; X=Me -1461.5 acetone-d,; Na [PtCl Jaq ~ Ref.'?
R=H; X=Et -1396.5 acetone-d; Na,[PtCl ] aq ~ Ref.'”
R=H; X=PhCH, -1281.5 acetone-d,; Na [PtCl ] aq ~ Ref.'”
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N Pt
\
@N/ :‘ COMe
B— /":‘
NG N
@\ (@)
N
X =Me -1489.2 acetone-d,; Na,[PtCl Jaq ~ Ref.'
X =Et -1436.4 acetone-d,; Na,[PtCl Jaq ~ Ref.'
X =PhCH, -1314.8 acetone-d; Na,[PtCl Jaq ~ Ref.'”?
R
R@N« ,,,,,,,,,,,,,, “COMe
N_R P
T — 1 T~~CoMe
N '
R CN\/g 3
K* B—0 /'\‘I
H N O R
R
R=H -3351.4 THF-d; Na,[PtCl] aq Ref.'?2
R=Me -3372.7 THF-d; Na,[PtCl] aq Ref.!1?
@N/,, ,,,,,,,,,,,,, “COMe
N Z Pt
[ oo
N\//
Ko
/ N
C@T \O
L N
-3371.4 THF-d; Na,[PtCl] aq Ref.!122
Meoc\Pt/N—N\B_l WQN //// M
VRN / \N—N/ ~~~coMe
MeOC N—=N
=
K+
-3339.8 DMSO-d; Na,[PtCl ]aq  Ref.'*
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An interesting example of supramolecular complexes of platinum is
represented by the so called “Rudolph’s complexes”, containing Pt atoms
encapsulated inside cages formed by tin atoms. An example of such structure
may be cluster [Pt @Sn _]* (Fig. 38).' Its '’Pt NMR spectrum shows a single
resonance at -5713 ppm, splitted due to coupling with seventeen tin nucleus, *J,
voin = Toiirs, = 780 Hz. The spectrum has been recorded in DMF-d,, at 298 K
(referred to aqueous [PtCl ]*). The other, similar cluster [Pt@Sn,H]* has been
obtained. It has a fluxional nature sine all nine tin atoms are equivalent and are
coupled with the hydrogen atom. The Pt spectrum consists from one signal at
-5303 ppm, which shows the coupling with both ''”Sn and '°Sn isotopes ("J, .
= 1472 Hz; 'J,,,,,.,= 1540 Hz) and hydrogen atom ('J,, = 32 Hz). Its spectra
have been recorded in 1,2-diaminoethane/toluene-d, mixture at 298 K. The Sn,*
may also bond two platinum atoms. The well known example of such structure
is [Sn Pt,(PPh,)]* cluster.” The two complexed Pt atoms do not interchange
in NMR time scale, but they show two well resolved, sharp signals, at -5 270
and -6 010 ppm, respectively. The first one has been assigned to interstitial,
while the second one to vertex Pt atom. The more deshielded signal is splited
by a coupling second platinum atom (*J,,,, = 2 472 Hz), phosphorus (°/,,,, = 305
Hz) and tin ('J, =1J =1 690 Hz). The peak becoming from the vertex

t-191Sn Pt-117Sn
Pt nucleus is coupled with P ("J,, = 4 800 Hz) and Pt ("J,,, = 2 472 Hz). The

tPt

spectra have been obtained at 263 K in DMF-d, (referred to aqueous [PtCl ]*).
Similar structures have been obtained for lead (instead of tin). The first example
is the [Pt@Pb ,]* cluster.131,132 The platinum atom, enclosed into icosahedral
lead cage gives the NMR signal at -4 527 ppm. The signal is splited due to Pt-Pb
=3 440 Hz (in DMF, at 284 K referred to H,PtCl)).

couplings, 'J,

\ } [Pt@Sn, HJ*

Pt,@Sn,*
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)

[Pt@Pb,]*

[Sn,Pt,(PPh)]*
Fig. 38. Structures of Pt containing Rudolph’s complexes

2.8 Group 11
2.8.1 Copper

Both naturally occurring copper isotopes (**Cu, *Cu) are suitable for NMR
experiments, however the heavier one is much more frequently used. It has a
spin 3/2 and a rather small quadrupole moment -0.195 x 102 m? (for ©*Cu these
parameters are / = 3/2; Q = -0.211 x 10?® m?). Due to high content in natural
cooper (69.17 % vs. 30.83 for lighter isotope), it characterizes a good receptivity,
0.11 that of 'H (for ®*Cu it is 0.0931). Copper isotopes have similar resonance
frequencies, i.e. = = 26.505 for *Cu and 28.394 MHz for *Cu. The chemical
shifts range is about 3000 ppm. The only experimental problem is a presence
of broad signal, coming from the resonance of metallic copper present in a
probehead, in a spectra. Unfortunately, many copper compounds (e.g. Cu** salts)
are paramagnetic, so unavailable for ®Cu NMR studies. [UPAC recommends
[Cu(CH,CN),J(CIO,) in acetonitrile as a standard.

The copper NMR has been sparsely used in supramolecular chemistry.
Imai et al.'® have measured the *Cu NMR spectra for series of complexes of
Cu(CO)" with scorpionate pyrazoylborate ligands (Table 20). The spectra have
been recorded in toluene-d; and referred to [Cu(CH,CN),J(PF,) (no solvent of
reference and temperature given). The signals observed are quite sharp, due to
high electronic field symmetry around tetrahedral copper centre. The complexes
with phenyl substituents show the broader line due to lower field symmetry,
caused by T acceptor properties of aromatic rings. The ®Cu chemical shifts have
been correlated with a wavelength of C=O stretching vibration, determinated
from IR spectra.
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Table 20. NMR data of [Cu(CO)] " scorpionate pyrazoylborate complexes

Ro
R1\(®/
RipN— N
DR
\“N N—'QJ co
O, 5
R, R, 8 %Cu [ppm] Av,, [Hz] R, R, 3 %Cu [ppm] Av,, [Hz]
Me Me 716 110 Pr Bu 703 75
Pr Pr 730 205 Pr Ph 603 2900
Me ‘Bu 700 70 Ph Ph 583 4200

These studies have been continuated with a more diverse ligands group.
The tris(pyrazoyl), tris(imidazoyl) and tris(2-pyridyl)methane derivatives as
well as cyclic polyamines have been chosen for these studies.!?® Also the other
monodentate ligands have been used in place of CO molecule. The structures and
spectral data published are collected in Table 21. The spectra were measured in
dichloromethane-d,, except the CH,CN complexes, which have been measured
in acetonitrile. The signals of the compounds with PPh, or AN molecule, bonded
to copper atom have distinctly higher line half widths (for some compounds
peaks are to broad to measure the chemical shift).

Table 21. NMR data of [CuX]" scorpionate complexes

R X 8 %Cu[ppm] Av,,[Hz] R X 8 “Cu [ppm] Av,, [Hz]
Pr  CH,CN 166 12 000 Pr PPh, 118 11 000
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Py

R N—_—N\ e
/ \\\’R
H—C{N\N--/Cu—x
R R
R X d%Cu[ppm] Av,,[Hz] R X 3%Cu[ppm] Av,,[Hz]
Me CO 419 4700 Pr CO 449 8200
Ph CO 440 12 000 Pr CH,CN 113 9 700
\
N R
g cio;
E \\ —R
HO—C"“EN——/Cu—X
N)\R
l
R X d%Cu[ppm] Av,,[Hz] R X d3Cu[ppm] Av, ,[Hz]
Et  CO 609 1300 Pr CO 621 1 800
Ph  CO 543 4500 Pr CH,CN to broad -
R X d%Cu[ppm] Av,,[Hz] R X 3%Cu[ppm] Av,,[Hz]
OH CO 504 6 600 MeO CO 524 8700
OH CH,CN to broad - H CO 489 6 500
R
/
N
('
R—N- -Cu—X
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R X §%Cu[ppm] Av,, [Hz] R X 8 %Cu[ppm] Av , [Hz]
Pr CO 461 5500 Me CO 419 4100
Pr CH,CN -62 14 000 PhCH, CO 394 14 000
R
/
N
[
R—N"L'Clu—x
< N clof
\
R
R X 3%Cufppm] Av,[HzZl R X 3“Culppm] Av,,[Hz]
Me CO 585 410 Me CH,CN -83 6 600

s, Co;

\

HO—C”‘\/@‘R}‘:%PL
Cu—X
)@l)\ pr
I

d ®Cu =451ppm; Av,, = 10 000 Hz

Hesford et al.!'* have prepared the complex of Cu(I) with mixed tellura/oxa
crown (Fig. 39), [Cu([18]aneTe,0,),](BF,) and have recorded the “Cu NMR
spectrum (no solvent given, with excess of the ligand added). The very broad
signal at -59 ppm has been observed (4v, , = 11 000 Hz), attributed to tetrahedral
copper centre of Te, coordination. The experiment details have not been given.

N

Fig. 39. Structure of [18]aneTe,0, ligand
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2.8.2 Silver

Natural silver composes from two isotopes of almost equal content (51.84
% of '”Ag and 48.16 % of '”Ag). Both of them are NMR active, and are not a
quadrupolar nuclei (/ = '%), since '’Ag has a smaller gyromagnetic ratio, which
leads in lower resonance frequency (= = 4.046 MHz vs. 4.652 MHz for '®Ag)
and poorer receptivity (3.44 x 10 for 'Ag and 4.86x 10”° for '“Ag that of
'H). Therefore, '®Ag is preferred by NMR spectroscopists. The low y causes
other serious experimental problem, i.e. the distortion of base line caused by
acoustic ringing. The other experimental difficulty is a long relaxation time of
silver nucleus (even over 10 min.). This causes the increasing of the experiment
time. The negative y value causes the negative Overhauser effect, so using of the
broadband decoupling may decrease the signal intensity. [UPAC recommends 1
M aqueous solution of AgNO, as a reference.

The examples of the application of '’ Ag NMR in supramolecular chemistry
are very scare. Doel et al."”” have obtained the complex of P.S, ligand with Ag"
ions (Fig. 40). The spectrum, recorded at 220 K in CH,CL/CDCI, shows triplet
at 1 117 ppm (*J,,, = 510 Hz). At 300 K no '“Ag signal has been observed,
probably due to fast ligand exchange. The spectra have been referred to external
9.1 M solution of Ag” in water (-47 ppm), TEMPO has been added to the sample

as a relaxation agent.
Ph ., /\‘
B BF;
Ph™ WS

Ag;\ )
\S

Ph//"'P/

A

Ph
Fig. 40. Structure of silver(I)/P,S, ligand complex

Brevard et al.'*® have worked on application of the INEPT inverse detection
method to observe the NMR signal of low y nuclei in imine complexes. The
first published example is a dinucleate complex [L,Ag, |(TfO),, containing
trans-1,2-bis(pyridine-2-carbaldehydeimine)cyclohexane as a ligand (Table
22). The '”Ag NMR chemical shift of this compound is 580 ppm (in CD,OD).
The INEPT experiment is based on *J, gt coupling with imine hydrogen
atoms (for anisochronous imine protons *J, , gt values are 9.3 & 6.3 Hz). For
the 6-methylpyridyl analogue, the shift is 612 ppm.'” The changing of the
cyclohexane unit onto ethane one causes only small shift (to 618 ppm).'*® The

presence of one signal in the 'Ag NMR spectrum proves the formation of only
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one diastereoisomer of the complex. The thiophene and S5-methylthiophene
analogues of the parent complex has been also studied by this technique.'?!!3?
Surprisingly small difference of the chemical shift between the silver atom in
N, and N_S_ kernels has been stated. All spectra have been measured against 2
M AgNO,.

Table 22. Structures and '”Ag NMR data of silver complexes with Schiff base ligands

0@{>§%QQ

\ 2TfO Z:)_/ \_O 2TfO°
580 ppm (in CD,0D) 612 ppm (in CD,0D)
e S S S
s\ ,N N s
2TfO" j._ 2Tfor
AT o
618 ppm (in CD,0D; 294 K) 678 ppm (in CD,Cl,)

mHn ol
Dt C‘C&“@

2TfO"

659 ppm (in CD,CL,) 582 ppm (in CD,Cl; 190 K)
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583 ppm (in CD,Cl,; 190 K)

Drew and coworkers prepared a disilver complexes of imine cryptates.!*
Two of them have been characterized by '“Ag NMR spectroscopy (Fig. 41). The
INEPT sequence has been used for detection of silver NMR signal. The chemical
shifts are 610.0 ppm for thiophene derivative and 609.7 ppm for furan one. The
three bond coupling with a hydrogen nuclei has been observed (3/ o is ca. 8 Hz).
The spectra have been recorded in CD,CN at 294 and 228 K. The reference has
not been specified, however the comparison with the other complexes, measured
vs. 2 M AgNO, in water has been discussed.

S O
N4 N N4 N
/\N/\\/ S /:/\ /\N/‘\/ (@] /:N/\
<Q S0 + > < SN y >
————— Ag ---N N----"Ag g - -N

Fig. 41. Structures of Ag" cryptates

2.9 Group 12
2.9.1 Cadmium

Among eight natural stable cadmium isotopes two are suitable for NMR
measurements, ''"Cd and '"*Cd. Both of them have a nuclear spin %, therefore
their signals are not broadened due to quadrupolar interactions. However
the heavier isotope is slightly less abundant (12.22 % vs. 12.81 %) it have a
higher y coefficient, resulting in higher resonance frequency (= = 22.182 MHz
vs. 21.205 MHz) and higher receptivity — 1.34 x 1073 that of 'H (for '"'Cd this
value is 1.22 x 107). Therefore, the *Cd NMR is preferred to study cadmium
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compounds. The chemical shifts range is ca. 1 200 ppm. IUPAC recommends
neat dimethylcadmium as a reference. Since its high toxicity and volatility,
aqueous solution of Cd(NO,), or Cd(CIO,), are frequently used.

Cadmium NMR is widely used in supramolecular chemistry. The complexes
of Cd** ions with crown ethers, 15-crown-5 and benzo-15-crown-5 (Fig. 42),
have been investigated by Talebpour et al.'** The authors have used the NMR
titration technique to determine the association constants. Both changes of
'H and '"*Cd chemical shifts have been monitored. In all cases the signals of
free and complexed ions are averaged. The experiments in acetonitrile and
acetonitrile-nitromethane mixtures have been performed. In both studied host-
guest systems, in all solvents used, only formation of 1:1 complexes has been
detected. Unfortunately, the authors have not reported the chemical shifts of
bounded cadmium ion, obtained from the fitting of the experimental curves. The
chemical shifts, read from the graphs presented are -115 ppm for Cd-B15C5
system (3.5 excess of ligand; in acetonitrile) and -123 ppm (3.8 excess of ligand,
in acetonitrile). The spectra have been referred to 0.5 M Cd(NO,), in D,O and
have been measured at 298 K.

C

Y ed
Lo Lo

15C5 B15C5

Fig. 42. Structures of the crown ethers used as a ligands for Cd** ions

Kennedy et al.’*® have published the results of single crystal and CP-MAS
NMR study of CdX,-18-crown-6 compounds (see Fig. 1 for ligand structure).
The isotropic chemical shift of 33 ppm for chloride, -25 ppm for bromide and
-172 ppm for iodide salt (vs. 0.1 M Cd(NO,), in water) have been calculated
from the CP-MAS solid state measurements.

The macrocyclic thiaethers have been also used as ligand for a constructing
of cadmium containing supramolecular systems. Helm and coworkers!*® report
the synthesis of [Cd([10]aneS,),](Cl0,), complex and its characterization by
'Cd NMR method. In nitromethane-d, solution one, sharp signal at 612 ppm
(4v,, = 38.66 Hz) has been observed. For analogous octahedral complex,
[Cd([9]anes,),](CIO,),, signal at 731 ppm has been found. The authors have
not defined the reference used. The further studies of these researchers bring
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13Cd NMR results for larger set of sulfur, nitrogen and mixed sulfur/nitrogen
ligands.144,145 The NMR data are collected in Table 23. All spectra have been
recorded in CD,NO, at 298 K, and referred 0.1 M of Cd(ClO,), in D,O. It has
been shown that non-coordinating anion does not influent the chemical shift.
The increasing of sulfur donor atoms in coordination sphere cause the increasing
of the chemical shift. The corresponding nitrogen ligands causes smaller
deshielding. The signal of [Cd([18]aneS,)](CIO,), has not been detected. For
complex with [18]aneS,N, ligand two diastereoisomers have been observed in
NMR spectra. Similar troubles have occurred for [Cd([9]aneS,0),](CIO,),. These
complexes differ in orientation of NH protons. The authors have not assigned
the signals in ""*Cd NMR spectrum to definite structures. Some complexes have
been prepared as mixtures of 1:1 and 1:2 ones (e.g. [Cd([12]aneS,) ](CIO,),).
Pentaazacyclopentadecane ([15]aneN;) complexes with cadmium ion have
been studied by Franklin et al.”*” The authors have discussed the difference in
chemical shifts of the studied compounds in chloroform-d and heavy water. The
shifts observed in CDCI, correspond to the individua detected in solid state. In
water the complexes dissociate. The [Cd([15]aneN,)Cl,] forms [Cd([15]aneN,)
CIJ* cation. The loss of one chloride ligand and changing of the coordination
geometry causes the downfield shift of 16 ppm. The second complex, [Cd([15]
aneN,)(NO,)](NO,) undergoes the ligand exchange. The NO, groups from
inner coordination sphere are substituted by water molecule. This causes the
deshielding of 98 ppm. The spectra have been referred vs. CdSO, in D,0 (8 '*Cd
= -3.0 ppm) and have been recorded at 298 K.

Roy et al.!* have studied the series of Cd** complexes with a octamethyl[14]
aneN,. One complex, trans-[Cd(Me[14]aneN (NCS),] has been characterized
by "3Cd NMR method, to determine to mode of SCN ligand coordination. The
chemical shifts indicate the bonding through S atom. The spectrum has been
recorded in CDCI, (no experimental conditions and reference used have been
given).

Niu and coworkers have synthesized the cross-bridged cyclam and
cyclen ligands.'® The structures of their complexes with cadmium have been
investigated by X-ray crystallography and NMR spectroscopy. Three cadmium-
containing derivatives of cyclam have been characterized by '*Cd NMR
spectra. The spectra have been recorded in D,0O and referred to 3 M CdSO,
in the same solvent (8 '"*Cd = -3.0 ppm). The distinct difference between the
complex obtained from CdCl, and these prepared with using of cadmium nitrate
or perchlorate has been explained by the chloride ion coordination to Cd atom,
even in water solution.

Clarke et al.'® have shown the slow chemical exchange between the
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free and complexed cadmium ion in solution containing Cd(CIO,), and
tetrakis(hydroksyethyl)cyclam ligand in methanol-d, solution. The well resolved,
narrow signals of the [Cd(L)]*" and solvated Cd*" ions have been observed. The
spectra have been referred to 0.1 M solution of Cd(CIO,), in D,0O and measured
at 300.6 K.

Table 23. "3Cd NMR data of cadmium macrocyclic complexes

15Cd NMR Half
Ligand Complex chemical shifts  linewidths
[ppm] [Hz]
(S—> [Cd([9]aneS,),](CIO,), 731 (in CD,NO,) 20
S8 [Cd([9]aneS,),](PF,), 730 (inCDNO)) 28
(S
H HN [Cd([9]aneN,S),](CIO,), 521 (in CD,NO,) 34
/
H
N
[Cd([9]aneN,),](CIO,), 409 (in CD,NO,) 22
NH HN

[Cd([10]aneS,),](CIO,), 612 (in CD,NO,) 38

225 (in CD,NO,) 100

C \Sj [Cd([12]aneS,) J(CIO,),
s

S [Cd(ttn),](C1O,),

454 (in CD,NO,) 558

[Cd([16]aneS )](CIO,), 280 (in CD)NO)) 400
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s s
<: :> [Cd([14]aneS)](CIO,), 322(inCDNO,) 250
s s
§ s
[ j [Cd([12]aneS,) ](CIO,), 289 (inCDNO,) 33
s S
s s
(S ;) [Cd([15]aneS )](CIO,), 368 (inCDNO,) 700
st
N
s S 527(nCDNO,) 78
[ j [Cd([18]aneS,N,)](PF,),
s, S 560 (inCDNO,) 87
LN
N
[ ] [Cd([18]aneN,)](BF,), 277 (in D,0) 57
NH HN
N
NH H‘N\> [Cd([15]aneN,)CL] 2%330(&%8)3) .
NH L HN 267 (in D,0)
(R [Cd([15]aneN,)NO,](NO,) le9gmencl) ™
NH HN
trans-[Cd(Me[14]aneN )(SCN),] 420.54 (in CDCl,) n.r.
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N o\ [Cd(cross[14]aneN,)Cl,] 326 (in D,0) n.r.
<: :> [Cd(cross[14]aneN,)](NO,), 262 (in D,0) n.r.
[Cd(cross[14]aneN )](CIO,), 267 (in D,0) n.r.

HO ~N  N— OH
( ) [CA(HE[14]aneN )](CIO,), 68 (in CD,0D) 70
H

Jantii et al.'¥' have prepared two cadmium complexes of Schiff-base
podates. Both compounds have been characterized by ''*Cd NMR, however
the results obtained have not been discussed in details. For 42A (as [CdL,]
(ClO,),) the chemical shift is 84.4 ppm (in DMSO-d,; 348 K), while for 42B (as
[CdL,]I(NO,),), 188.1 ppm (in CDCL/DMSO-d, 10:1 v/v; 303 K). The spectra
have been referred to 0.1 M Cd(ClO,), in water. Similar compounds have been
reported by Salehzadeh et al.!*> They have measured the *Cd NMR chemical
shift of one complex (Fig. 42C; as perchlorate salt): 140.5 ppm (*J, ;= 41.9
Hz; in CD,CN; referred to 0.1 M Cd(ClO,), in water).

OO I8 ”TN\ /CN§N>\
- SPe é@@
Q\\ .
]@ édb édb

A B Cc
Fig. 42. Structures of pyridine ligands and their complexes with cadmium ion

The macrocyclic imine crown ether (Fig. 43) has been used as receptor for
Cd** ions."”® They show the signal at -75.0 ppm (in DMSO-d, at 295 K; vs.

359



B. GiErczYK

0.1 M Cd(CIO,), in water). The coupling with hydrogen atoms is clearly seen,
Y 1scan = 22 Hz). The sample has been titrated by pyridine-d, with inspection by
13Cd NMR. The progressive downfield shift has been observed, the calculated
infinite value is 8.3 ppm. This is caused by the exchange of two oxygen ligands
(water or DMSO molecules) in apical positions onto the N-coordinating ones
(pyridine). The complex shows the slow exchange in NMR timescale. The
addition of Cd(ClO,), to the solution of complex causes no line broadening and
only insignificant shift of ca. 0.4 ppm. The signal of solvated Cd** ions is also
well developed.

Fig. 43. Structure of tetraimine ligand, used as a Cd** host

The widely studied ligands, used as cadmium hosts, are hydrazones and their
derivatives. Pedrido etal.'™*'>>have synthesized a various ligand and its complexes
with several metal cations, among them, with cadmium. The obtained complexes
have been characterized by *Cd NMR. The chemical shifts have been used for
a deduction of the character of the coordination sphere. The interesting example
has been shown by Lopez-Torres and Mendiola.'* They have prepared the Cd**
complex with a ligand derived from bis(benzylhydrazone). The compound has
a stoichiometry [Cd,L,] but in the NMR spectrum two different metal ions
have been detected (6 '"*Cd = 26.4 & 2.9 ppm in DMSO-d; vs. Me,Cd). This
has been confirmed by CP-MAS spectra, which show the signals at 111.8 &
91.7 ppm (vs. Cd(NO,), x 4H,0; -100 ppm). The crystal structure has not been
determined for this complex. They have also reported a series of complexes
of pyridylhydrazone ligand.'*® The obtained cadmium complexes have been
characterized by CP-MAS '*Cd NMR spectra. Two different complexes of the
stoichiometry [Cd(NO,),LH,] have been obtained, one with a NO, ligands acting
as O, bidentate ones, second with a NO, groups bonding only via one oxygen to
Cd centre. Similar type of complexes has been prepared by Casas et al.'*¢ "“"They
also have used the "*Cd NMR spectra for a characterization of the prepared
compounds and determination of complexation modes. For aquadichlorocomplex
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with 2,6-diacetylpyridine monthiosemicarbazone ([Cd(HL)CL(H,O)]) the very
broad signal has been observed, due to the unspecified equilibria in solution.
For the thiosemicarbazone complexes with Cd(OAc), two signals have been
detected in '"*Cd NMR spectrum, at ca. 250 and 450 ppm.'*® According to the
authors, this indicates the equilibrium between five-coordinate N O,S and N S,
complexes. For complexes with CdX, (X = Cl, Br or I), only signal at ca. 400
ppm occurs.161-163

Table 24. "3Cd NMR data for hydrazone complexes of cadmium ion

Ligand Complex Chsegril fltcal Solvent E:gﬁgﬁzzza]
=
| |
HN™ N N NH
[Cd(H,L)(H,0),] 38ppm DMSO-d, 0.1 M Cd(ClO,),
OH HO
H,L
_ ]
\N
A \
HN “NH [Cd(H,L)] 305 ppm DMSO-d, 0.1 M Cd(ClO,),
~ N /§ S S)\ N -
H H
H,L
"]
A
N
HN” N N NH [Cd(H,L)CL] 270 ppm  DMSO 0.1 M Cd(ClO,),
HoN S S NH,

H,L
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=
A
N
@\ unN [CAL] 4058 ppm DMSO-d, 0.1 M Cd(CIO,),
N s
H
HL
]
™
N
un N [CAL] 4102 ppm DMSO-d, 0.1 M Cd(CIO,),
SN Ss
H
HL
=
< | [CAHL)CL]  340.1 ppm DMSO-d, 0.1 M Cd(CIO,),
| N
_N
HN
HoN /gs [CdL,] 4203 ppm DMSO-d, 0.1 M Cd(CIO,),
HL
~ ]
A
N
N o [CAHL)CL(H,0)] 358 ppm DMF-d, 0.1 M Cd(CIO,),
HoN /gs
HL

26.4 ppm
[Cd,L,] 20ppm DMSOd,  MeCd
Cd(NO,), x
[Cd,L] 19111;; PP solid state 4H,0
PP (-100 ppm)
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198.7 ppm
N [CANOYLH], 753 0
_ _ Cd(NO,), x
\ HN-N N—NH [CANO,),LH,] 88.6ppm A0
H N—§ 7 \ solid state (-100 iopm)
S N [CdL], 461.9 ppm 298 K
H,L [CA(NO,),LH,] 294.2 ppm
s [C(HL)CL]  411.5 ppm
NH  NH,
N N [Cd(HL)Br,]  378.2 ppm
) DMSO-d, 0.1 M Cd(CIO,),
NN [CdHL)L] 3015 ppm
— 450.1 ppm
HL
[CA(L)(OAC)], 251.4 ppm
s [C(HL)CL]  388.9 ppm
NH  NH,
HN N= [CA(HL)Br,]  294.6 ppm
DMSO-d, 0.1 M Cd(CIO,),
NN [CdHL)L]  366.6 ppm
— 254.8 ppm
HL [CALOA, 15} pom
s [CA(HL)CL]  408.8 ppm
NH  NH,
N N= [CA(HL)Br,]  378.7 ppm
DMSO-d, 0.1 M Cd(CIO,),
N [CAHL)L]  300.9 ppm
251.6 ppm
HL [CALYOAR, 4493 ppm
s
NH  NH,
HoN N= 249
ppm
A\ [CALNOAQ)],  py P DMSO-d, 0.1MCA(CIO)),
N
HL
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s
NH  NH
HN\ N [CA(L)(OAC)] 247PPM VIS 0.1 M Cd(CIO,)
7 \ 2 440 ppm e T 42
N
HL
s
NH  NH
_N\ N [CAL)OA)],  21PPM pNSOLd 0.1 M Cd(CIO)
7 \ 2 451 ppm 6 472
N
HL

Grapperhaus et al.'® have studied interesting models of zinc sulfur-
methylation proteins. Three cadmium complexes have been prepared and studied
by '"*Cd NMR, since the zinc is often substituted by cadmium in zinc-containing
proteins to obtain a molecule suitable for NMR measurements (the “spin-spy”
approach). The chemical shifts of the obtained complexes are presented on Fig.
44. On the basis of the *Cd NMR chemical shifts the coordination modes have
been elucidated. The spectra have been referenced to Cd(ClO,), and measured
in pyridine-d, at 373 K.

538 ppm 266 ppm 88 ppm

Fig. 44. Structures and '"*Cd NMR chemical shifis of cadmium complexes with NS,
ligands

Various polypodal pyrazole containing ligands have been studied in a
cadmium coordination chemistry. First results have been published by Reger et
al.'’*, who have investigated the pyrazolyl-borato molecules. The chemical shifts
are collected in Table 25. The authors have pointed out the trends in the chemical
shifts vs. the number of coordination nitrogen atoms. Also the series of similar
complexes, containing carbon centre in the place of boron atom, have been studied
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to estimate the effects of the charge on the anchoring atom.'' As the differences
between these two series are small, it indicates that the charge in pyrazolylborato
ligands is highly localized on boron atoms. The temperature and concentration
dependence of the chemical shifts of some complexes has been also studied.'*?
Also other pyrazolyl-borato complexes, containing 2,4-pentanedionato or
diethylaminodithiocarbamate ligands have been characterized by '*Cd NMR
method.!* The authors have discussed the effect of the number of donor atom
ant their character on chemical shift, as well as an influence of the side groups
on this parameter. Sulfur-containing ligands have been shown to produce large
deshielding. The spectra have been recorded at 298 K in CDCI, or CD,Cl, and
referenced to 0.1 M Cd(CIO,),.

Darensbourg et al.'** have studied the intermediates in the homopolymerization
of oxiranes and related processes. They have studied the model compounds,
the complexes of cadmium acetate with hydrotris(3-phenylpyrazolyl)borate
([TP™Cd(OAc),]) and their adducts with various ethers and thiaethers. The parent
compounds shows the "*Cd NMR signal at ca. 156 ppm (N,O, coordination).
An addition of ether or thiaether (1:1 stoichiometry) does not influent this value
significantly at room temperature, however the addition of the high excess of ligand
or cooling the sample causes the shift of the equilibrium and the adducts with a
Lewis bases are formed. The signals of adducts with ethers ([TP™Cd(OAc),L],
where L = THF, dioxane, propylene oxide, cyclohexane oxide) occur at 82-83
ppm (N,O, coordination sphere), since for the complex with propylene sulfide at
113 ppm (N,O,S coordination). As the addition of 2,3-dimethylbutene oxide or
toluene does not shift the signal, even at low temperatures, the authors have stated,
that these compounds do not coordinate to Cd centre. Similarly, a hydrotris(3-
tert-butylpyrazolyl)borate ([TP**Cd(OAc),]) chemical shift is insensitive on the
addition of ether (THF) or thiirane, therefore the complex formation is forbidden,
probably due to steric factors. The spectra have been referenced to 0.1 M Cd(ClO,),.

Table 24. "3Cd NMR data of cadmium-pyrazole ligands

/N_N\ AN==——=N,,,, H B/N_N\Cd"\N—N“““BH
B AN O 2 SONN e O

298.7 ppm (in CDCL,) 303.3 ppm (in CDCL,)
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201.9 ppm (in CDCI,
201.5 ppm (in CD,Cl,

\ﬂ

7,
/

EO

94.0 ppm (in CDCI,)

148.0 ppm (in CDCI; Ref. ™").
147.5 (in CDCL,; Ref 132)
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3 Q Q0

N N L 2
H— "/“"@—Ed’-- —B-H H— BK‘@-&}" —B—H

AN _ e (\ = S \ ) /ﬁﬁf\/ — =
O~ O loaNe

201.2 ppm (in CDCL,) 138.8 ppm (in CDCI,)

y ——N\ /(QN/ N ;/N\ ,(QN/ N
N / 7, N ’ ‘,
_ (\ = _\_\— /_/_ NN _ ./\\ 5532\_\ ’_/_ NN
H—B N /Cd\ N— w»-B—N H—B N /Cd\ /N\ w»B—N
\ - K o \ - S B

209.0 ppm (in CDCL,) 198.2 ppm (in CDCL,)

Q O Q"0

/N\ N~ ———N\ =N
\\ /// /,/, N N \\ /// ”,

@N—B'/“@N--:Cd:——N\ ,l’B—N@] @N B‘/“ - N>-:Cd\—; — »—B—H

N RN S \ LA S

O C oo

@) A

221.1 ppm (in CDCL,) 146.2 ppm (in CDCL,)

a0 o

N S Z, N
\ / S g
\©/N—B-"‘®N-1}:J—- - —B—N\@/ HC" "‘N“N—-Cd-- CH
\ TR S
O 0 /@

202.5 ppm (in CDCL,) 207 ppm (in CD,Cl,)

367



B. GiErczYK

Ph

OSa®)

N, W
/ P

HC '\“@'—Cd-— —'CH

Bn"Y

o .

HC;

SEs

“‘N“N Cd—-g E B H
/——\

116 ppm (in CD,CL,) 211 ppm (in CD,CL,)
g Fg]h\@ BF; \(Q/ \/Q BF;

HC, N--Cd--
N\

—B—H
,ph/ \\o‘

110 ppm (in CDCI,)

140 ppm (in CDCI,)

o

Ph, e /,,
Hc{‘mN-— Cd - B H

Q

e

—<< Cd- N~ —B H

o P S
e “d @)
(P L~ WA
168 ppm (in CDCl,) 156 ppm (in CD,Cl,)

/

_<< Cd—-N\ ,B H
N

S
N
J—

@\'B H
’Pr

Bu

146 ppm (in CD,Cl,)
148.1 ppm (in CDCI,)

168.1 ppm (in CDCL,)
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O Ph™ 3 N 0 pheS S
1B r\@ FyC l\@
Ph/K) Ph/K)
172.4 ppm (in CDCI,) 141.8 ppm (in CDCL,)
Ph\ﬂ 'Bu\©
Ph ,Q\l, Bu N=N

/ /,
O«
< Cd-- »—B—H Cd—
o8 phf \\s O tBu” @\\x
PH ﬁ:j By 3
Ph ’Bu/u

155.2 ppm (in CDCL,) 179.8 ppm (in CDCL,)
O P“@
4 \N/

7 7,

S-< // ".
EtzN—<CS e B H EtzN—<CS e -
;U 7 Q\\

265.7 ppm (in CDCL,) 237.5 ppm (in CDCL,)

Pons and coworkers have studied the Cd(II) complexes with bi- and tridentate
nitrogen donor, open chain ligands, pyrazole derivatives.'™ The obtained
complexes have been characterized by '*Cd NMR spectroscopy. First of them,
[Cd(bdmae)Cl,] shows one broad signal at 180 ppm, not changing significantly
in temperature range 233-298 K (in CD,CN). The signal broadening has been
explained on the basis of the equilibrium between two modes of coordination of
the ligand to Cd ion: k¥(N_ N )and &*(N_N . N ) (Fig. 45).

pyr pyr pyr amino pyr
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Fig. 45. Equilibrium between two modes of coordination of CdCl, by bdmae

The spectrum of the second complex (with bdeae ligand), consists of two very
broad signals, at 200 and 500 ppm (CD,CN). This is the effect of the equilibrium
between four different cadmium containing species (Fig. 46).

N N

- § [CdClar

S e — 000

Fig. 46. Equzlzbrlum between three cadmium containing complexes of CdCl, with bdeae

Z/Z
Z\Z
z\z

The oxygen and N-deethylated analogues of the above ligand, the bdeo
and bdea molecules, have been also used as ligands for cadmium ions.'*® The
complexes [Cd(bdea)(NO,),] and [Cd(bdeo)(NO,),] give the signals at -96.3
and -95.2 ppm, respectively (in MeOH/MeOD mixture; vs. 0.1 M Cd(CIO,),
in D,0). As this value is very similar to that, obtained for methanol solution of
cadmium nitrate (-94.3 ppm), the solid-state CS-MAS spectra have been made.
The isotropic chemical shifts of both complexes are ca. 106 ppm, therefore it is
quite plausible, that the compounds do not dissociate in methanol solution, but
that the chemical shift of the complexes are very close to that of the Cd(NO,),.

0 ol /_0 0w
N ~N N
/ S Y N
& N & Y%
[Cd(bdma)(NO3),] [Cd(bdmo)(NO3),]

Fig. 47. Cadmium complexes with bdea and bdea
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For a similar ligand, containing two oxygen atoms in the bridge connecting
pyrazol units, chemical shiftis 80.1 ppm ([CdLCL ] inD,0O, vs. 0.1 M Cd(CIO,),."*’
The k* NOON coordination mode has been detected for this ligand (Fig. 48).

y ( (0] Cl
/ N (e} o) N \ - d“n\\
/ \ -
—N N=< (0]

~--0_---Z
{
o

\
Z

t{\
I/

Fig. 48. Dioxatriethylene bridged pyrazole ligand and its CdCI, complex

Unique cyclotriphosphazene based pyrazolyl ligand has been obtained by
Byun et al."® The complexes of these molecules have been obtained, among
them one with CdCl,, ([Cd,LCL]). Cadmium centers are equivalent, the ligand
acts as a bis(tridentate) one. In solid state at both coordination sites the formation
of complex involves two pyrazol N? atoms and one phosphazene ring nitrogen
atom. In solution the complicate equilibria occurs. At 298 K in a '3Cd NMR
spectrum one signal is observed (at ca. 328 ppm) and two broad peaks in 3'P
spectrum. Temperature decreasing causes the signals narrowing and splitting.
In *'P NMR spectrum above 253 K two AB, spin systems are clearly visible.
Between 253 K and 233 K three species of AB, spin system in *'P NMR spectrum
are observed. At 233 K the *Cd NMR spectrum shows two signals, at 330 and
275 ppm. The existence of three Cd complexes has been postulated in solution
(Fig. 49). The spectra have been measured in CD,CI, and referenced to 0.1 M
Cd(ClO,), in D,O.
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Fig. 49. Cyclotriphosphazene derived pyrazole ligand and its three isomeric complexes
with cadmium chloride

Al-Rasi et at."** have prepared the dodecanuclear, cubooctaedral cages using
two ligands (one complexing two, one — three metal ions) and Cd** cations.
The complex formed: [Cd,,(w-L"),(u-L?),,1(ClO,),, contains three inequivalent
metal centers, since nonsymmetrical coordination to L' ligand (Fig. 50). Each
cadmium ion stays in N, coordination environment. The "*Cd NMR spectrum
(in CD,NO,) shows three signals in chemical shift range -440 to -450 ppm (no
reference given).

/_\ S VA
N J—
II\]/
N
__ —— V/
\
N
72\
L L2

Fig. 50. Structures of N, ligands, used for the construction of cubooctaedral Cd,, cage

372



APPLICATION OF TRANSITION METALS NMR IN SUPRAMOLECULAR CHEMISTRY

Some porphyrin and porphyrin-like ligands have been also studied, in a form
of cadmium complexes, by "*Cd NMR spectroscopy. Kennedy et al.'®® have
measured the solid and liquid state spectra of some texaphyrin complexes with
Cd* ion. The parent compound ([CAdTXP]CI) shows the signal at 163 ppm (298
K, in CHCL; relative to 0.1 M Cd(ClO,), in water). An addition of benzimidazole
causes the formation of [CdTXP(BzIm)]CI complex, with a BzIm molecule in
one of the apical position. The signal of Cd nucleus is shifted upfield, to 158
ppm (298 K). If pyridine is used as Lewis base, the effects are not observed, due
to the low equilibrium constant of pyridine-[CdTXP]CI adducts formation. At
233 K the exchange is so slow, that the separated signals of free [CdTXP]CI as
well as its adducts with pyridine, [CdTXP(py)]Cl and [CdTXP(py),]Cl are well
resolved. Pyridine molecule(s) occupies the axial (apical) position(s). The six
coordinate complex [CdTXP(py)]Cl gives the signal at 148 ppm, while the seven
coordinate one, at 210 ppm.

Rodesiler et al.'®! have studied the meso-tetraphenylporphinatocadmiu
m(Il) and its complex with dioxan. The shift of 'Cd signal (in MeOH/DMF
mixture) is highly concentration-dependent and varies from 454 to 419 ppm in
concentrations range between 2.7 to 16.2 mM. This has been explained by a
stacking of the CdTPP molecules in solution. It is very plausible, that the solvent
molecules coordinate to Cd atom. Upon addition of dioxan (16.1:1 excess of
ether) the cadmium nucleus is deshielded of ca. 16 ppm. The stoichiometry of
[Cd(TPP)(dioxan) ] complex in solution has not been investigated. In crystals
dioxan coordinate to Cd atom in both apical positions. The shifts have been
measured against 0.1 M Cd(CIO,),. The pyridine complexes of CdTPP have been
studied.'® The spectra have been recorded in CDCI, at 303 K. The [Cd(TPP)
(pyridine)] molecule gives the signal at 426.8 ppm (vs. 0.1 M Cd(CIO,), in
D,0). While the '*N-labeled porphyrin, the splitting due to interactions with four
nitrogen-15 nuclei has been observed ('J,,, 5, = 150.1 Hz).Also the %/, .. .
coupling has been clearly seen (5.0 Hz). The pyridine molecule coordinates in
a apical position). The systematic studies of the influence of the Lewis base
used on the *Cd NMR chemical shift of CdTPP have been published in 1985
by the same authors.'®* The results are collected in Table 26. The complexes of
stoichiometry [Cd(TPP)(L)] and [Cd(TPP)L,] have been obtained. The spectra
have been recorded in CDCI, at 300 K and referenced to the reference used
previously. The cadmium derivatives of protoporphyrin IX ([CdPPIX]) and its
dimethyl ester ((CdPPIXMe,]) have been studied by "*Cd NMR spectroscopy.'®
The [CdPPIXMe, ] complex shows the huge changes of the NMR spectrum upon
temperature variation. In CDCI, at 293 K one signal, narrow (411.5 ppm) is
observed. The decreasing of the temperature causes the progressive broadening
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and finally splitting into two peaks (405.8 & 374.0 ppm at 213 K). This has
been explained by a formation of polymeric species, stabilized by apical,
intermolecular coordination of carboxylic groups to cadmium atom. In DMF the
signal of [CdPPIXMe, ] is shifted to 390.4 ppm (298 K), due to the interaction
with solvent molecules. This sample has been titrated with pyridine. During
this reaction upfield shift of "3Cd signal has been observed. The association
constant of the formation of [Cd(PPIXMe,)(pyridine)] has been estimated
on 0.22 M. The extrapolated value of the chemical shift of cadmium ion in
[CA(PPIXMe,)(pyridine)] molecule has been calculated to be ca. 435.5 ppm.
Also the [CAPPIX] complex shows a temperature dependence of the chemical
shift. Due to the limited solubility, it has been measured in a pyridine/water (7:3;
v/v) in the presence of KOH (2.2 eq. vs. a [CdPPIX] concentration); at 293 K
the chemical shift is 432.3 ppm. The temperature dependence of the chemical
shift is caused by a equilibrium between four coordinated Cd atom in [CdPPIX]
and five coordinated in [Cd(PPIX)(pyridine)]. The [CdPPIX], measured in 0.1
M bicarbonate buffer gives the signal at 345 ppm. The chemical shifts have been
measured against 0.1 M Cd(CIO,),.

Table 25. Structures of cadmium-porphyrin complexes

Ph
Ph Ph
Ph
[CATPP]
[CATXP]CI
— —
COOH COOMe
COOH COOMe
[CdPPIX] [CAPPIXMe,|
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Table 26. Chemical shifts of [CATPP] complexes with various Lewis bases

llSCd 113Cd
Complex chemical Complex chemical

shift shift
[CA(TPP)(pyridine)] 425 [Cd(TPP)(1,2-dimethylimidazole)] 421
[Cd(TPP)(4-methylpyridine)] 423 [Cd(TPP)(tetrahydrofuran)] 434
[Cd(TPP)(4-acetylpyridine)] 432 [Cd(TPP)(tetrahydrofuran), ] 425
[CA(TPP)(3-chloropyridine)] 418 [CA(TPP)(triphenylphosphine)] 498
[Cd(TPP)(piperidine)] 438 [Cd(TPP)(dioxane)] 425
[Cd(TPP)(1-methylimidazole)] 421 [Cd(TPP)]" 476

The complexes of the cadmium ion with various piperazine-pyridine ligands
have been studied.'® The spectra have been measured in ethanol/water mixtures
(water content depends on a sample solubility) at 223 K against 0.1 M Cd(ClO),
in ethanol (Fig. 51). In water, in the temperature range 273-303 K one, averaged
signal in **Cd NMR spectra has been observed. At reduced temperatures, in
mixed solvent, the signals of the cadmium ions, complexed in different bonding
sites of the ligand, are clearly separated.

Gombler et al.'* have reported the '">*Cd NMR data for five diglyme adducts
of bis(perfluoroalkyl)cadmium or bis(perfluoroaryl)cadmium, (Rf)2Cd~diglyme
(where Rf are CF,, CF,, n-C|F_, i-C|F, and C F,). Unfortunately, they have not
presented the structures and stoichiometry of the complexes formed. As the free
bis(perfluoroalkyl)cadmium compounds are unstable and, therefore, unavailable
for comparisons, the trends observed for the above series have been likened
to non-fluorinated cadmium compounds, R,Cd (in free form, not as a complex
with diglyme). The chemical shifts of the (Rf)2Cd-diglyme adducts are: -489.7
(CF,), -432.4 (CF)), -439.1 (n-C/F.), -288.3 (i-C,F.) and -290.0 ppm (CF,).
This data are obtained for solutions in CD,CN at 295 K, referenced against 50
vol% of Me,Cd in CDCI,. The predominant contribution into a nuclear shielding
of cadmium nuclei originates from the ligand, not from R . groups. The difference
between two perfluoropropyl isomers comes from the electronegativity
differences and spatial effects. The bulky i-C,F, group decreases the complex
stability. The chemical shifts of (Rf)sz-diglyme adducts are highly solvent-
dependent, e.g. the signal of bis(pentafluoroethylcadmium)-diglyme adduct in
CDCl, is of about 34 ppm shielded vs. the compound in CD,CN. This is the effect
of the equilibrium between the (Rf ,Cd-diglyme and (Rf ,Cd-CD,CN complexes.
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Fig. 51. Structures and chemical shifts of complexes of cadmium ion with a various
piperazine-pyridine

2.9.1 Mercury

Seven stable isotopes composes a natural mercury. Two of them are NMR
active nuclei, however one of them is a quadrupolar nuclei (**'Hg; I = 3/2; Q0 =
0.5 x 102 m?), while the second (*?’Hg) has a nuclear spin /= %. In consequence,
the lighter isotope is preferred in NMR experiments. It has a natural abundance
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17.0% and a resonance frequency = = 17.827 MHz (for *'Hg: 13.2 % and 6.599
MHz, respectively). The receptivity in "Hg NMR experiments is 9.54 x 10+
that of '"H (for *'Hg — 1.90 x 10*). The chemical shift range is ca. 4000 ppm.
IUPAC recommends a neat Me,Hg as a reference, but since a deadly poisoning
of NMR specialist during preparation of a reference for mercury measurements,
other standards are used, e.g. aqueous Hg(CIO,),.

The O-donor ligands have been only once studied by a '“Hg NMR
technique. The complexes formation between crown ethers: 15-crown-5,
18-crown-6 and dibenzo-24-crown-8 (see Fig. 1) and mercury(Il) cyanide have
been investigated by 'Hg NMR titrations in various solvents (DMSO, DMF).
On the basis of observed shifts the stability constants have been calculated. The
smallest coronand does not form a complex with Hg(CN), — the shift of the ’Hg
signal is not observed upon addition of the ligand. For both larger macrocycles
the complex formation has been observed. The authors have not reported the
chemical shift of the complexed Hg?" ion.

The interactions with thiamacrocycles have been much detailer studied. The
results hitherto published are presented in Table 27. The first published result
is a [Hg([10]aneS,),](ClO,), complex and [Hg([9]aneS,),](ClO,),."* The first
system shows the fast exchange between complexed and free ligand, even at 233
K, so their chemical shift has not been published. The well formed signal has
been detected for [Hg([10]aneS,),](PF),, but the authors have not explained the
difference in the behavior of these two salts.!” The further, systematic studies on
these kinds of complexes have shown, that the anion effects are rather small (shift
of 1-2 ppm).'*® The signal of the mercury ion bonded to [18]aneS, ligand has not
been observed, both in perchlorate as in hexafluorophosphate salts. As the *C
NMR spectra have been easy to obtain and the 'H-'?Hg couplings are observed,
this is not a result of the fast exchange, that rather of the unusual mercury atom
environment. The chemical shift ranges for the definite type of coordination
kernels have been denoted. For the complex [Hg([9]aneN,)](CIO,), two signals
have been detected. It is due to the its partial dissociation and presence of both
1:1 and 1:2 complexes in the solution (the downfield shifted signal has been
assigned to L,M compound). Two observed signals for [Hg([18]aneS N, ]*" ion
correspond to two diastereoisomers present in a solution. The spectra have been
measured at 298 K, and referenced against 0.1 M solution of Hg(ClO,), in D,O
(-2250 ppm)
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Table 27. ’Hg NMR chemical shifts of mercury ion complexes with macrocyclic ligands

“Hg NMR Half
Ligand Complex chemical shifts linewidths
[ppm] [Hz]
. [Hg([9]aneS,),](C10,),  -275 (in CD,NO,) 17.19
(; _S> [Hg([9]aneS,),](PF,), -273 (in CD,NO,) 28
/
[Hg([9]aneS,),](BF,), -305 (in CD,CN) nr.
N
948 & -1313
Hg([9]aneN.,),](C1O . 141 & 167
W [Hg([9]aneN,),](CIO,), (in CD,NO,)
(\S [Hg([10]aneS,),](C10,),  -598 (in CD,NO,) 326
o,
k/S [Hg([10]JaneS,),J(PF,),  -596 (in CD,NO,) 161
S S [Hg([12]aneS,)](C1O,),  -795 (in CD,NO,) 136
s
S S
<: :> [Hg([16]aneS,)](ClO,),  -1120 (in CD,NO,) 322
s s
s s
<: :> [Hg([14]aneS,)](CIO,),  -827 (in CD,NO,) 436
s s
_/
s s
[ j [Hg([12]aneS,) ](PF,), -718 (in CD,NO,) 159
s s
_/
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s s
(S \> [Hg([15]aneS )](CIO,),  -484 (in CD,NO,) 335

S
st
N
S S 948 & -1313 124 & 211

[ j [Hg([18]aneS,N )](PF,), (in CD,NO,)
S S
(N

The thioether complexes with organomercury compounds have been
studied by Wiljhelm et al.'® For two complexes, [MeHg([9]andS,)](BF,) and
[MeHg([12]andS,)](BF,) the ”Hg NMR spectra have been recorded. The first
complex shows the signal at -194 ppm, while the second one at -886 ppm (both
in acetonitrile-d,). The NMR titration experiments of [MeHg(OH,)](BF,) by a
above ligands have shown that [MeHg([9]andS,)](BF,) complex is stable against
solvolysis in acetonitrile, but undergoes fast chemical exchange between free and
complexated forms. The second complex, [MeHg([12]andS,)](BF,), is markedly
dissociated in acetonitrile. Moreover, the thiacther macrocycles tend to bind
more than one methylmercury units in solution. In solid state the methylmercury
ion is bonded to three sulfur atoms of one macrocyclic ring ((MeHg([9]andS,)]
(BF))) or to three S-donor atoms of three different rings and a fluorine atom of
BF, anion ([MeHg([12]andS,)](BF,)). The authors have not explained the high
difference in ”Hg NMR chemical shifts of these complexes. The spectra have
been measured against 0.1 M Hg(ClO,), in D,0O (-2250 ppm) at 290 K.

A scattered examples of the mercury complexes with polydentate
phosphine ligands, studied by ”’Hg NMR have been published. The complex of
methylmercury ion with a tris[2-(diphenylphosphino)ethyl]amine (np,) has been
characterized by this technique.!”® At 296 K the spectrum shows a quartet at 2
442 ppm (3J oot 11— 172 Hz), while at 205 K, a quartet-of-quartets at 2 515 ppm
¢ =172 Hz; 'J =75 Hz). The lost of Hg-P coupling occurs at ca.

199Hg-1H 199Hg-31P . R . .
230 K. The value of 7/ coupling continuously increases with a temperature

decreasing and a incrégggigngof the concentration of the solution. This indicates
the dissociation of the complex in a solution and the rapid interconversion
between the isomers. The analogous complexes with ethylmercury ([EtHg(np,)]
(TfO)] and phenylmercury ([PhHg(np,)](TfO)) show similar chemical shifts (2
380 ppm at 243 K for the first one and 2 225 ppm at 292 K for the second

compound) but distinctly higher Hg-P coupling constants, i.e. 443 and 318 Hz,
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respectively.!”! Analogous complexes with tris[2-(diphenylphosphino)ethyl]
amine (pp,) have been obtained: [PhHg(pp,)](BF,) and [MeHg(pp,)I(BF,)."”
These ones give the signals at 2 004 and 2 192 ppm, respectively (at 223 K). In
solid state, as for complexes with np, ligand, Hg atom is bonded in P, kernel,
however the P(CH,), phosphor atom participates in complex formation in the
place of one P(Ph,) P-donor. In solution all phosphor atom are coupled with
Hg. The signal appears as a doublet of quartets, while the coupling constants
with P(CH,), are much higher (2 004 & 1 745 Hz for [PhHg(pp,)](BF,) and
[MeHg(pp,)](BF,), respectively) than with a P(Ph)) atom (598 & 584 Hz,
respectively). The authors have postulated, that in solution these complexes
retain the coordination observed in solid state, but undergo a rapid exchange
of terminal P(Ph,) phosphorus. The spectra of all above discussed phosphine
complexes have been recorded in dichloromethane-d, against 0.1 M Hg(ClO,),
in 0.1 M HCIO,.

R = Me, Et, Ph
(\N/,>\ (\P//prhz
PhoP. PPh, |
.. Pphy Ph,P-_ ! _.PPh,
N I// ‘Hg’
. Hg
TfO |
' Tio- R

Fig. 52. Tripodal phosphine complexes with organomercury ions

The complexes of porphyrin and porphyrin-like ligands with (organo)
mercury cations have been studied by Tung et al.'®81%° The authors have
reported the Hg NMR chemical shifts of these compounds (Table 28). The
N-substituted meso-tetraphenylporphyrin (TpCOTPP) forms a 1:1 complex
with phenylmercury ion. The thiophene unit does not participate in mercury
complexation. The ?Hg NMR chemical shift of this compound is -1108 ppm (in
CD,Cl,; at 293 K). The similar ligand, (BuBSOTPP) bonds two phenylmercury
ions. One of them is coordinated by three pyrrole nitrogen atoms, while the
second one bonds to sulfoamide N-atom. The spectrum of this compound shows
two signal, at -1 074 & -1 191 ppm, respectively (in CDCl,; at 293 K). The first
one has been assigned to HgN, center, while the second one to HgN one. Other
complex, containing two metal centers, has been obtained from N-benzamido
derivative of TPP (BATPP). In the Hg NMR spectrum two signals have been
detected, at -1 088 ppm (°J,,,,,, ,, = 188 Hz) and -1 119 ppm (J,,,,, = 177 Hz).
The authors have assigned the downfield shifted signal to benzamide nitrogen
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atom complexed one. Spectrum has been obtained for CDCI, at 293 K). In the
complex of inverted porphyrin (MeITPP) the mercury nucleus gives the signal
at -1037 ppm (3J,99Hg_H = 172 Hz) (solution in CDCl,; 293 K). All mercury-199
spectra of porphyrin-Hg complexes have been measured against 0.5 M solution
of PhHg(OAc) in DMSO-d, (-1439.5 ppm).

Table 28. Structures of mercury-porphyrin complexes

[(PhHg),(BuBSOTPP)| [(PhHg),(BATPP)]

[PhHg(MeITPP)]

Calatayud et al. have characterized some thiosemicarbazone complexes of
Hg?" and characterize them by "’Hg spectra.157,191 Similar structures have
been studied by Bermejo et al.'#®

Interesting structures, containing mercurous dimer (Hg,*") encapsulated
inside the metallocryptand (M = Pt(0) or Pd(0)) cavity have been studied by
Catalano and coworkers (Fig. 53).!”” The obtained complexes have been
characterized by NMR spectroscopy and X-ray crystallography. The signals
have been observed at 770.8 ppm (M = Pt; 1J199Hg-3]P =620 Hz; ]J199Hg-]95Pt =1602
Hz) and 833 ppm (M = Pd; 1J199Hg—31P = 638 Hz). The Hg,* cluster undergoes
fast motion inside the cage, therefore all phosphorus atoms are equivalent (the
9"Hg signal is splitted onto a triplet of septets). The spectra have been measured
in CD,CI, at 298 K against Hg(OAc), in DMSO-d,. Similar metallocryptand,
based on Au-P interaction, complex one Hg atom.!” The chemical shift of this
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compound is -1199.8 ppm (1']199Hg-3lP =48 Hz) in CD,CN, at 298 K (reference
not given).

Table 29. "’Hg NMR data of mercury-hydrazone complexes

. Chemical Experimental
Ligand Complex shift Solvent conditions
) [Hg(H,0)(LH,)]J(NO,), -1209.3 DMSO-d,  Me,Hg
\ HN-N  N-NH
HN—<\ B\ [Hg(NO,)(LH)] -1232.1 DMSO-d,  Me,Hg
S N
HL [Hg(H,0)(L)] -1222.0 DMSO-d,  Me,Hg
S
NH  NH;
—N N=
B\ [Hg(L)C1], -1059 DMEF/D,0 0.1 M Me,Hg
N
HL
S
>—NH NH,
N N=
€ ) N/ \ [Hg(HL)CL,] -1051 DMSO-d, nr.
HL

Fig. 53. Structures of metalocryptands containing mercury(0) species
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3. Conclusions

As it has been shown, the NMR spectroscopy of transition metal nuclides
offers a excellent tools for supramolecular chemistry. Unfortunately, the
possibilities given by these methods are often underestimated. In consequence,
many supramolecular systems, containing transition metal elements are not
studied by less-common nuclei NMR. This decreases the number of information
about the particular system, about the structure, interaction and dynamics
of the supermolecule. Moreover, this reduces the set of the data, available
for comparison. In the author opinion, more attention should be paid to the
multinuclear magnetic resonance studies, even of the hardly observed nuclei, as
19Ag or '%Rh.
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The phase transfer catalysis is powerful technique in organic synthesis. It
allows performing chemical transformation in the organic phase. In contrast to
this, reactions can also be performed by transferring the organic reactants from
the organic phase into the aqueous phase for reaction with a second reactant.
Such a complementary methodology is named as “inverse phase transfer
catalysis” (IPTC) by Mathias and Vaidya [1]. Recently, it was shown that the
use of host compounds, such as cyclodextrins [2] and water-soluble calix|n]
arenes [3], offers the opportunity to combine IPTC, molecular recognition,
and transition metal catalysis, with additional economic and environmental
advantages deriving from the use of water as a bulk solvent.

Cyclodextrins

Cyclodextrins are cyclic oligosaccharide/polyalcohols of a-D-glucose with
six to eight monomeric units terms are commercially available under the names
of a-, B-, and y-cyclodextrin, respectively. These compounds are characterized
by cyclindrical-like structures in aqueous solution (Fig. 1). The inner cavity is
essentially hydrophobic and can host organic guests via the various intermolecular
forces between host and guest molecules [4], whereas hydrophilic-OH groups
span from the upper and the lower rim, ensuring water solubility to the molecule.
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Before the concept of IPTC was created, unmodified a- and B-cyclodextrins
were used as carriers of organic molecules into water. For example, Trifonov and
Nikiforov showed that B-cyclodextrin accelerate the reaction of the nucleophilic
displacement of neat octyl bromide with aqueous cyanide, iodide, and thiocyanate
anions [5]. Also, it was shown that a-cyclodextrin can catalyzed reaction too, but
B-cyclodextrin are preferable.

After establishing of the IPTC concept, cyclodextrins found applications
as IPTC catalysis in several important organic reactions catalyzed by transition
metals. For instance, isomerization of 4-allylanisole catalyzed by IrCl, [6],
oxidation CuCl, of olefins to ketones in water under aerobic condition and in
presence of PdCl, and CuCl, (Wacker process) [7], the HCo(CN)* catalyzed
hydrogenation of conjugated dienes to monoolefins [8].

Further, the influence of chemically modification hydroxyls group of
cyclodextrins on catalytic activity was studied. In 1994 by Mortreux and
coworkers were found that the Wacker process of oxidation of 1-decene to
2-decanone with excellent yield (98%) in water, using O,/PdSO,/CuSO4/HPV -
Mo, O, as the redox system. The lipophilic substrate was transferred into the
aqueous phase by an amphiphilic B-cyclodextrin, in which about 60% of the
free-OH groups were methylated [9]. Testing of other cyclodextrins (native
a-, B-, y-, fully acetylated B-cyclodextrin or 2-hydroxypropyl-B-cyclodextrins
with different degrees of substitution) shows limited success. The optimal
ratio of lipophilic and hydrophilic properties had a great importance, but
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obtained results shows a significant role of molecular recognition based on
reversible interactions between the cyclodextrins’ host cavity and 1-decene. The
methylated B-cyclodextrin was used as IPTC catalysts for the rhodium-catalyzed
hydroformylation of water-insoluble olefins with high yield in an aqueous two-
phase system free of organic solvent [10]. In contrast to terminal olefins, less-
reactive internal olefins were found to be almost inert [11].

A general scheme obtained from these research studies: the amphiphilic
cyclodextrin wraps the hydrophobic substrate (guest-molecule), acting as a host-
molecule and transferring it into the aqueous phase, where the reaction occurs.
The stability constant of the new host-guest complex is lower, and the product is
then released into the organic phase (Fig. 5).

product substrate

organic phase
aqueous phase
OH)

14

— -
catalyst

OH) OH)

7

7

Figure 2. Catalytic cycle of cyclodextrin.

This scheme was confirmed by other catalytic organometallic reactions.
Interesting results were obtained in the cleavage of allylic substrates in the
presence of Pd(OAc),/P(CH,SO,Na), [12-13], the hydrocarboxylation of
olefins catalyzed by PdCl,/ P(C,H,S0,Na), to give carboxylic acids [14], and the
biphasic hydrogenation of water-insoluble aldehydes to alcohols catalyzed by
RuCl/ P(C,H4SO,Na), [15].

The effect of partly methylated f-cyclodextrins on the other component of
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the catalytic system was studied in the case of the hydroformylation of alkenes.
Monflier and coworkers reviewed their previous model, considering formation
of complexes between the cyclodextrin and some components of the catalytic
system (e.g., P(C,H,-SO,Na),) [16]. Independently, Kalck and coworkers
proposed that the catalytically active rhodium complex include at least two
cyclodextrin molecules [17]. From these results was concluded that chemically
cyclodextrins influence the biphasic reaction not only as IPTC catalyst but also
by modifying the equilibria between the components of the catalytic system [18].

More complicated catalytic systems based on -cyclodextrin with
combination of different functions in the same molecule were also conceived.
Such complexes of modified B-cyclodextrin (Fig. 3) with rhodium were used
as IPTC catalysts for the hydrogenation and the hydroformylation of alkenes in
water-organic two-phase systems [19].

OH), OCHy)
PN

(CaHslP™ N oH) (CeHslP” N OCH,)
6 6

(CeHs )P (CeHs )P

OH) |
(CeHs), P/\N—égz\)\
615)2 nS OH)

6
(CeHs)P

Figure 3. Multicomponent ligands for organometallic catalysis.

Such supramolecular catalysts showed high catalytic activity in
the hydroformylation reactions and substrate selectivity in competition
hydrogenation experiments. In contrast to the simple methylated 3-cyclodextrin
mentioned above, internal and cyclic olefins were oxidation into aldehydes.
These improvements were explained with the formation of an inclusion complex
at the phase boundary, with the cylodextrin host fixing the substrate in the
proximity of the catalytically active metal center (Fig. 4) [20].
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Figure 4. Proposed scheme of olefins oxidation by rhodium complexes of chelating
phosphines tethered to f-cyclodextins.

The effect of guest-molecule structure and type of cyclodextrin on
binding constant was investigated using NMR and UV/VIS spectroscopy [21].
Chlorinated phenols were used as guest-molecules. o- and f-cyclodextrin form
inclusion complexes with several chlorophenols with modest to low equilibrium
constants. Results of studies are consistent with a simple 1 : 1 stoichiometry and
the stability of the complexes is dependent on the structure of the chlorophenol
and the cyclodextrin used. In general, the most stable complexes are formed
between B-cyclodextrin and the 4-substituted chlorophenols. This suggests that
the stability of the complexes is strongly influenced by the sizes and shapes of
the guest and the cavity of the host. The polarity of the host chlorophenol plays
an important role on the stability of the complex but is far less important than
geometric fitting.

Recently, the Markovnikov enantioselective hydration of double bounds
by an oxymercuration-demercuration reaction with cyclodextrins as catalysts
was investigated [22]. Moderate ee (up to 32%) and yields (14—60%) were
obtained for allylic amines and protected allylic alcohols as starting materials.
It was found that an aromatic ring must be present in the substrate to achieve
enantioselectivity. The best results are always obtained with a- or f-cyclodextrin.
Modified cyclodextrins (2,6-di-O-methyl and random methyl cyclodextrins)
neither improve yield nor enantioselectivity. N-allyl- N-benzylmethylamine
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is an interesting example as the benzyl group may be removed by catalytic
hydrogenation.

Kunishima and co-workers reported about a novel system for substrate-
specific activation of carboxylic acids leading to the formation of carboxamides
[23]. A combination of a water-soluble dehydrocondensing agent,
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM), and (hydroxypropyl)cyclodextrin (HP-B-CD), in a water/ether biphasic
solvent system was found to be most effective. A lipophilic carboxylic acid
with a strong affinity for the cavity of HP-B-CD can be selectively transferred
to the aqueous phase and predominantly reacts with DMT-MM, dissolving
in the aqueous phase. The substrate specificity was similar to that observed
with a complex artificial enzyme based on CD. In result was found that
substrate specificity similar to that obtained with a complex artificial enzyme
can be achieved by using DMT-MM and a CD. This is the first example of a
dehydrocondensation involving a step of carboxylic acid activation under IPTC
conditions. It can be expected that this concept to be applicable to various solvent
systems composed of fluorous solvents or ionic liquids, and such applications
are now under investigation.

A novel and efficient procedure has been developed by Li et al. for the
preparation of Urapidil, from 6-[(3-chloropropyl)amino]-1,3-dimethyluracil and
1-(2-methoxyphenyl) piperazine hydrochloride under IPTC conditions [24]. To
optimize the reaction conditions, the alkylation reaction was carried out with a
range of IPTC catalysts, agitation speeds, reaction times, reaction temperatures,
mole ratios and catalyst loadings. The experimental results demonstrate
that the alkylation of 1-(2-methoxy- phenyl) piperazine hydrochloride with
6-[(3-chloropropyl)amino]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione is very
rapid in the presence of cyclodextrins in aqueous media. B-cyclodextrin is the
best catalyst owing to its excellent catalytic activity and eco-friendly nature.
Urapidil was obtained as a white crystalline powder in 82.6% isolated yield
with 99.6% purity after 2-3 h reaction in alkaline aqueous media at 95°C with
an agitation rate of 1500 rpm. Compared to the N-alkylation under the same
conditions without catalyst, the proposed method is suitable for the industrial
scale synthesis of Urapidil.

Calix[n]arenes

Another class of supramolecules which was successfully used as IPTC
catalysts are calix[n]arenes (Fig. 5). In contrast to mentioned above cyclodextrins,
water-soluble calix[n]arenes (n - 4, 6, 8) were proposed as IPTC catalysts only
a few years ago [25].
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Figure 5. Calix[n]arenes.

Shimizu and coworkers found that nucleophilic displacement of arylalkyl
and alkyl halides with NaCN, KI, KSCN in water can be catalyzed by substituted
calix[nJarenes with trimethylammoniomethyl groups (Fig. 6). The catalytic
activity of such compounds exceeded that of various cyclodextrin, whereas
monomeric unit of the calix[n]arene (4-methoxybenzyltrimethylammonium
chloride) did not catalyzed reaction. It was also noted that the efficiency of the
calix[n]arenes strongly depends on the geometry of the substrates, because of
that it was proposed that they behave similarly to cyclodextrins.

!\\\ !\\\
N of N Cl
oY § i oY §
n n = 4,6;8;
OCH3 OCHj3

Figure 6. Water-soluable calix[n]arenes (a) and their monomeric unit (b).

Calix[n]arenes were used as IPTC catalysts in the aldol-type condensation
and Michael addition reactions [26], and in alkylation of active methylene
compounds with alkyl halides in aqueous NaOH solutions [27].

The aldol-type condensation of indene or acetophenone with benzaldehyde
in aqueous NaOH under IPTC condition were compared with those conducted
in aqueous micelles in the presence of cetyltrimethylammonium bromide as the
surfactant. It was shown that in both cases selectivity’s and yields were similar.
On the other hand the IPTC procedure avoided the formation of emulsions,
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thus facilitating product separation and catalyst recovery. The alkylation under
IPTC of phenylacetone with octyl bromide allows intensifying alkylation
versus hydrolysis and selectivities of reaction (C versus O alkylation) in
comparison to the classical PTC reaction (with tetrabutylammonium bromide
or hexadecyltributylammonium bromide as catalysis). Furthermore, the aqueous
layer containing catalyst solution can be easily separated from the organic phase,
where products contains, and no organic solvent was required.

Further, water-soluble calyx[n]arenes were integrated into catalytic
systems, where organometallic catalysis are combined with calyx[n]arenes in
a single molecule. Phosphacalix[4]arenes (Fig. 7) were synthesized and used as
polydentate ligands in the rhodium-catalyzed hydroformylation of 1-octene and
l-decene [28].

NaO,S
@ SO,Na
Na033/©\ =
N2\

Figure 7. Water-soluble phosphacalix[4]arenes.

Recently, stability of the complexes formed in result of the inclusion of
aromatic guests in the hydrophobic pocket of the water-soluble calixarenes
I-IV was studied. For that reason 1H-NMR titration experiments in aqueous
buffered solutions were conducted. Additionally, molecular modeling studies in
combination with ab initio NMR shift calculations were performed [29].
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SO;Na N(CHz),

Association constants of various aromatic compounds with I were found
to be close to those observed with B-cyclodextrin. But, it should be noted
that iodobenzene, showed a higher affinity to B-cyclodextrin in contrast to
the calixarenes. The association constants with the amino methyl-substituted
calixarene I under acidic conditions were also higher than those measured with
I at pH 7.4. Calix[n]arenes I-IV were used for catalyzing the Suzuki coupling of
phenylboronic acid and iodobenzene in water under IPTC, yielding diphenyl as
a product. In order to avoid the effect of inhibiting by product and to compare
initial reaction rates the effect of I-I'V was studied at low levels of conversions
(10-15%). Better results were achieved with using amino-substituted calix[4]
arenes II-IV.

Conclusion

In this chapter, a review of supramolecules (cyclodextrins and calyx[n]
arenes) application as IPTC catalysts in different type of organic reactions
is presented. The studies reviewed were directed on the development of new
synthesis methods that meet the requirements of “green chemistry”. Cyclodextrins
and calyx[n]arenes have already established as valuable catalysts. And no doubt,
variety of novel ways of using these catalysts wait for discovery and exploration.
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Chapter 14

Role of electronic correlation in the calculations of
supramolecular interactions in graphene-like aromatic
systems
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Litvinenko Institute of Physical Organic Chemistry and Coal Chemistry,
National Academy of Sciences of Ukraine, Donetsk, 83114 Ukraine

Coal beds almost always contain different gases, of which methane is of
greatest interest as it is dangerous as a source of explosions in mines on one
hand, and an environmentally friendly and efficient fuel on theother. It was found
in [1] by means of X-ray structural analysis that many natural carbon-containing
minerals over the lithogenetic diapason from peat to the graphitic stage contain
structures consisting of two dimensional graphite-like networks 20-25 A in
diameter. Such flat networks are arranged into stacks of 4—7 parallel layers,
forming domains. It is known that molecules of various elements and compounds
canpenetrate between graphite layers. Graphite crystallites are not destroyed in
the process but are elongated along the direction perpendicular to the layers’ plane
[2, 3], forming so-called inclusion compounds in which the most important role
is played by Van der Waals interactions. The molecular structures of polynuclear
aromatichydrocarbons (PAHs) are similar to the basic graphitic plane. So-called
stacking interactions occur in the condensed state of these compounds, leading
to the formation of molecular stacks. The Van der Waals forces between the
PAH molecules predominate as inthe case of graphitic planes. These common
features allow us to use PAHs as model systems for investigating graphite-like
layers in coals. This work is devotedto a quantum-chemical investigation of the
possible intercalation of methane molecules between graphite-like planes.For
most PAH dimers, the most energetically advantageous structure is one in which
the planes arearranged in parallel with the layers shifted with respect to one
another, the so-called AB type corresponding approximately to the stacking in
graphite. Depending on the direction in which the molecules are shifted with
respect to one another, several types of AB structures can exist. However, small
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positional changes of the dimeric structure produce very small differences in
energy, since the interaction potential is shallow with respect to these in-plane
shifts and depends mainly on shifts in the vertical direction [4].

At the beginning it was studied the possibility of formation of stacings,
consisting of 2 molecules of benzol, as a molecule of benzol is a fragment of
structures of all of PAHs, which are more large fragments of graphene. It was
assumed that the built clusters would serve as a starting model both for the
choice of more exact method of calculation and for the construction of more
complicated polyatomic fragments of graphene structures of coal.

On a Fig. 1 the results of quantum-chemical calculations of stacking-
structure of benzol are presented. Calculations were made in the semi empiric
approximation of PM3 (program MOPAC) and nonempiric (HF-6-31G, MP2,
DFT) (program GAMESS).

E (kkanimont)

HF-+hP2

-4 s
ir 1= P P x P

28 34 4.0 46 s g . -
R (&)
Fig. 1. Dependence of relative energy of interaction of molecules of benzol on distance
in the different approximations (PM3, HE, HF+MP2,DFT).

The obtained results correlate with the known literature information on
structures of liquid benzol, which show that in the liquid phase of benzol the
parallel orientation of molecules prevails and the distances between them is
~3 -4 A. As we can see from Fig. 1 the minimum energy of intermolecular
interaction is observed for distance 3,5 A (HF+MP2).
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On Fig. 2 the results of analogical quantum-chemical calculations are
presented (PM3, HF(6-31G), MP2, DFT) for the stacking-structure of fragments
of graphene layers of coal, that are described more detaily further.

As we can see from Figs. 1 and 2, the minimum energy of intermolecular
interaction is observed for distance 3,5 A (HF+MP2). An analogical result is
observed and for the polynuclear systems, that accords well with the known
interplane distance in a graphite.

0.6
HF

0.4

HF +MP2
0.2

Efa.e)

oo

0.2

0.4
22 26 30 3"1 38 ﬂlBZZ 25 3o XY 3= L 5
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Fig. 2. Dependence of relative energy of interaction of two polynuclear aromatic
molecules on distance in the different approximations (PM3, HF, HF+MP2, DFT).

Presented on Figs. 1 and 2 the nonlinear dependences of energy of
intermolecular interaction on distance for both types of the systems are well
described by the known Lennard-Jones potential, the obtained here constant
of dispersion interaction is in a good agreement with known from literature
estimations.

Thus, from the analysis of results, obtained with the different quantum-
chemical approximations, we can see that description of intermolecular
interaction in the structures of similar type in the single-electron approaching of
Hartree—Fock approximation is not correct, it is nessesary to take in to account
the multielectronic correlation energy.

Next in this work we studiedthe possibility of introduction of molecule of
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methane between graphene planes.

An ovalene (C,,H,,) dimer with a parallel-shifted structure corresponding
to the hexagonal form of graphite was, along with the clathrates (I, II, III, and
IV) resulting from consecutive inclusion of methane (in amounts of one to four
molecules) into the interplane space of the dimer (C,,H,,),, chosen as our model
of interacting graphene layers (Fig. 3). Ab initio calculations were performed
using the GAMESS [5] program complex and the 6-31G basisset with full
optimization of the geometrical structures of ovalene and methane. Only the
interplane distances were varied for structures -1V and the ovalene dimer. As
intermolecular interactions in the systems under study are determined by mostly
dispersive forces whose nature is dictated by electron correlation effects, and
the Hartree—Fock approximation is not sufficient for a correct estimation of
noncovalent interactions, the electron correlation energy was considered within
the second orderMpoller—Plesset perturbation theory (MP2), which lends itself
well to such tasks [6].

L

:‘

(n

=

) (V)
Fig. 3. Structures of clathrates of ovalene dimer with methane molecules.

408



ROLE OF ELECTRONIC CORRELATION IN THE CALCULATIONS OF SUPRAMOLECULAR INTERACTIONS IN...

The relative energy of intermolecular interaction was calculated as

AEn = Enmt B 2Eoth —nE

tot”

where 2E°V_ is the total energy of two ovalene molecules, E°* is the electronic
energy of a methane molecule, E" is the total energy of the cluster [#CH,
+(C,,H,,),], and n is the number of CH, molecules.

The binding energy of two ovalene molecules is thus.

AEO - Eotot -2 Eovtot

The obtained dependence of the electronic energy of ovalene dimer on the
interplane distance is presented in Fig. 4. It has the form of a classic Van der
Waals curve. The energy minimum corresponds to adistance of 3.354 A, which
is close to the experimental value of the interplane distance in graphite (3.35 A)
[2]. The calculated energy of cohesion for the basic layers is 0.94 kcal/atom,
fitting the known experimental range 0.8—1.2 kcal/atom for graphite [4, 7]. As
clathrates I, III, and IV contain two and more methane molecules, the energetics
of methane dimmer formation was preliminarily investigated. For the level of
theory used in this work, it was established that thereis an energy minimum
at a distance of 4.4 A between the carbon atoms of methane molecules. The
relative binding energy was —0.16 kcal/mol. This result is closeto the data of
other authors: intermolecular distance, 3.63—4.87 A; intermolecular bond energy,
0.20-0.84 kcal/mol [8-10].

Due to the limited size of our model graphitic plane, the geometries of the
trimer and tetramer of methane were set constant on the basis of the calculation
results for the dimer of methane. The trimer of methane in structure III was
represented by an equilateral triangle with a side length of 4.4 A, with methane
molecules in its corners. The tetramer of methanein structure IV was represented
as a square with sidesof 4.4 A and methane molecules at its vertices. The results
from calculating the relative electronic energy of clathrates I-1V in the interplane
distance in the dimer of ovalene are presented in Fig. 3. It follows from our data
that inclusion structures with one, two, and three methane molecules mayexist.
A structure with four methane molecules formsno bound supramolecular system.
The equilibrium interplane distance rises with an increase in the amount of
intercalated methane: 7.1 A for I,7.2 A for II, and 7.5 A for IIL. 1t should be
noted that the relative intermolecular interaction energy of two grapheme layers
is close to zero at a distance of 7.0 A between the planes of ovalene molecules
(Fig. 4), while in structures I, II, and III it lies in the range of the formation of
bound systems. The stabilization energy of system I is 3.91 kcal/mol, which
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is within the known interval of adsorption energies of methane on a surface
of graphite (2.9 kcal/mol) [10] and a carbon nanotube (5.4 kcal/mol) [11]. It
should be noted that the clathrate with methane in the dimeric form is the most
stable of the studied systems. The binding energies for the studied clathrates
are, respectively, —8.7 kcal/mol for system II, —3.9 kcal/mol for I, and —1.5 kcal/
mol for III. Despite the modest basis set, our results within the Moller—Plesset
perturbation theory are thus in satisfactory agreement with other investigations
and can be used for the qualitative estimation of noncovalent interactions of
methane and graphene layers.
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Fig. 4. Dependence of the relative electronic energy ofovalene dimer on the interplane
distance.
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Fig. 5. Dependence of the relative electronic energy ofclathrates I-1V on the interplane
distance

It should be noted that the 6-31G basis used in this work is the minimal basis
set possible in such investigations. Investigating dispersive interaction effects
naturally requires the use of a more developed basis set that includes diffuse
functions. However, such calculations for multiatomic systems are still tedious
andtime-consuming. We therefore performed calculations using polarization
functions (the 6-31G(d) basis set) for the relative electronic energy dependence
on the interatomic distance in a dimer of ovalene only for an inclusion structure
with one methane molecule (clathrate I). The calculations were performed using
the PC version of the GAMESS 7.1 (Firefly) program [12]. Several points were
calculated in the range of the potential energy minimum (Fig. 5, curve I’).
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Fig. 6. Decomposition of clathrate I.

As follows from our results, extending the basis set raises the system’s
stabilization and binding energy to —5.52 kcal/mol, the interatomic distance
remaining unchanged.

Conclusions

Our data demonstrate that the existence of inclusion compounds of
methane in graphite-like systems is possible. However, such compounds are
endothermic,i.e., unstable, as was observed in calculations with full geometry
optimization (Fig. 6). Formally, graphene layers are separated in the process
of intercalation, which requires the corresponding work be done. In natural
coal substances, this workis performed by the surrounding medium under
considerable external pressure. This could explain methane accumulation in
deep-lying coal beds (1 km and lower) [13]. Upon a release of external pressure,
spontaneous decomposition should occur, for which an increase in entropy and a
large heat effect leading to an explosion is typical.
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Introduction

Supramolecular assemblies based on amphiphilic compounds are in the
focus of modern physicochemical investigations including both fundamental
and practical aspects. On the one hand, self-assembling systems are related to
biomimetic object [1-3] and therefore information on their behavior makes it
possible to model key factors controlling functions of biological systems. On
the other, assemblies based on amphiphilic compounds (surfactants, block-
copolymers, hydrophobized macrocycles and polymers) are widely used in high
technologies [2-6]. Two main properties of amphiphiles are responsible for the
growing interest to supramolecular systems, namely their capacity of aggregating
in solutions beyond a certain concentration called for typical surfactants as critical
micelle concentration (cmc), and the solubilization capacity of aggregates toward
organic and bioorganic substrates [7-9]. The development of novel functional
nanosystems assumes the elucidation of the correlation between chemical
structure of amphiphiles, their aggregation behavior and functional activity as
nanocontainers, catalysts, sensors, etc. Noteworthy that due to intensive growth
of modern technologies, novel challenging tasks are appeared and therefore
stronger criterions are nowadays advanced, such as biocompatibility, ecological
safety, low cmcs, etc. In this connection it is evident that practical tasks dictate
the necessity of systematic investigations of homological series of amphiphilic
compounds, with the structure of hydrophobic and polar fragments varied [10-
16].
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1. Supramolecular systems based on dicationic gemini surfactants

Our works are focused on the development of polyfunctional systems based
on the diversity of cationic surfactants. For this purpose, the correlation between
their structure, aggregation capacity and functional characteristics, including
solubilizing, catalytic, biological activity need to be studied. Taking into account
current tendency in this field we pay special attention to the investigation of
gemini surfactants. Geminis are composed of two head groups bearing
hydrophobic alkyl tails, with heads bridged with each other by a spacer. Typical
geminis have a polymethylene spacer and are abbreviated as m-s-m, here m is the
number of carbon atoms in alkyl tail, while s is the number of methylene groups
in the spacer. These surfactants demonstrate a number of advantages over their
monocationic analogs. In particular, their cmcs are lower (by more than an order
of magnitude) than those of conventional single-head surfactants [17]. Geminis
stronger decrease the surface tension of water and show higher solubilization
capacity [18]. Aggregation behavior of gemini surfactants are summarized in
recent reviews [17-20] in which their quantitative characteristics are analyzed,
i.e. cmcs, size and morphology of aggregates, counterion binding, numbers of
aggregation, rheological behavior, surface properties, etc. The solubilization
capacity of geminis and their catalytic activity are much less studied. In our
works, the functional supramolecular systems are designed on the basis of
alkylammonium geminis of general formula [>(R)N(CH,) N(R)<]*2Br", with
R varied from n-decyl to n-hexadecyl, and the number of methylene group in
polymethylene spacer ranged from 4 to 12. Surfactant series with head groups of
dialkylammonium, dimethylhydroxyethylammonium, and morpholinium types
are involved in the study [21-31].

1.1. Aggregation behavior of dicationic gemini surfactants

In our works [21,23,26,31], aggregation behavior of homological series
of dicationic surfactants has been studied by variety of methods and compared
with that of monocationic analogs. Trends revealed are shown to be in line with
literary data. Conductomery, tensiometry, potentiometry and others data indicate
that a decrease in cmc by ca. two orders of magnitude occurs on transiting
from monocationic to gemini surfactant with the same alkyl tail [21]. In the
case of dicationic surfactants with hydroxyethyl fragment in the head group an
additional 5-fold decrease in the cmc value is observed [31]. EPR-spectroscopy
study with using spine probes demonstrated that dicationic surfactants with the
shorter alkyl tails are characterized by less closer packing of surfactant molecules
and their higher lability. In addition, these aggregates have lower polarity of
their interior as compared to monocationic analogs [23]. NMR self-diffusion and
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dynamic light scattering data prove a nanometer dimension of aggregate size,
and determine the concentration ranges of existence of spherical and ellipsoid
micelles [23].

1.2. Solubilizing capacity of micelles based on gemini surfactants

Dicationic surfactants above cmc show high solubilizing ability toward a
variety of organic guests. The solubility of hydrophobic amines, fat acids and
their esters in aqueous solutions of dicationic surfactants are quantitatively
characterized by methods of potentiometry and spectrophotometry [24,31]. A
marked 20-fold increase in the solubility of the above substrates is shown on
transiting from water to micellar systems. This effect essentially depends on
the alkyl chain length of surfactants, while the size of the spacer plays a minor
role. The substitution of a methyl group in polar fragment by hydroxyalkyl
moiety results in the enhanced solubilization capacity of micelles, which is
exemplified by data on the solubility of p-nitrophenyl esters of carbonic acid in
mono- and dicationic surfactant solutions as compared to water (Figure 1). Due
to high solubilizing capacity of dicationic surfactants they may be considered as
candidates for the design of nanoconteiners for organic and bioorganic substrates.

Relative solubility of

esters upon transiting
from water to micellar
solution

Acetate
% Caprylate

D Caprate

Y Laurate
L

Figure 1. The solubility of p-nitrophenyl esters in micellar solutions of
monocationic  surfactants  cetyltrimethylammonium  bromide  (CTAB)  and
cetylhydroxyethyldimethylammonium bromide (CHAB) and geminis related to that of
water.
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Due to the solubilization of compounds in nanosized aggregates the
concentration effect and changes in their microenvironment occur, which may
modify their reactivity, acid-base properties, spectral characteristics, etc. As an
example, marked decrease in pK_ value (of 1.0 to 1.5) for long-chain amines is
shown as compared to water [22,24]. This is mainly due to the preferable binding
of uncharged basic form of amines by cationic micelles relative to positively
charged acid form, with the effect increasing with the surface potential of
micelles. Based on this trend the surface potential of micelles may be estimated
with the help of p-nitrophenol as a spectral probe capable of localizing in the
interface and serve as an indicator of its properties. The value of the surface
potential (V) determined in such a way slightly depends on the structure of
head group, while it is responsive to the transition from mono- to dicationic
surfactants, e.g. Y=130 mV for CTAB, while it increases to ¥=155 mV for 16-
6-16 [27,31]. This difference is essential to distinguish between micellar rate
effects of these surfactants, when they are used as reaction media especially for
ion-molecular reactions.

1.3. Catalytic activity of gemini surfactants

Micellar rate effect of dicationic surfactants of m-s-m type is studied toward
basic hydrolysis of carbonic acid esters p-nitrophenyl acetate (PNPA), caprylate
(PNPC), caprinate (PNPCn), laurate (PNPL), and myristate (PNPM) (Scheme 1)
[21,31] and phosphorus acid esters [26].

o]
&
R=C_ a a @
0 NO, + 20H—= RCOO + O NO; + H,0

R = CH, (PNPA), n-C;H 5 (PNPC), n-CyH g (PNPCn), n-Cy Hy; (PNPL), n-C\3Hy; (PNPM)

Scheme 1. Scheme of basic hydrolysis of carbonic acid esters.

Kinetic data obtained provide evidences on high catalytic effect of these
surfactants, which realizes at lower concentrations as compared to monocationic
analogs. High accelerations reaching in some cases three orders of magnitude
are observes beyond cmc in the range of existence of spherical micelles. The
micellar effect on the hydrolysis of substrates is mainly determined by factor
of hydrophobicity, viz. catalytic effect increases with an increase in alkyl chain
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length and the substrate hydrophobicity. In particular, micelles of 16-6-16
accelerate hydrolysis of PNPA by factor of 5, while hydrolysis of PNPCn is
accelerated by factors of 115 (Figure 2).

0.06 i
-
")
&
2

0.04 i

0.02 i

o/
0.00 . . .3 . .
0.000 0.001 0.002 0.003 0.004 0.005
Gsurf- M

Figure 2. The observed rate constant of basic hydrolysis of PNPCn (1), PNPC (2), PNPA
(3), PNPL (4) in micellar solutions of 16-6-16 (open symbols) and 16-6-16 (OH) (solid
symbols) versus surfactant concentration; pH 9.2; 25 °C.

The substrate specificity is probably due to the substrate partition between
micellar and bulk phases. For compounds with higher affinity toward micellar
phase, their stronger binding by aggregates occurs, and therefore the larger
concentration of reagents in micelles is observed, which is the main source of
the acceleration.

Catalytic activity of dicationic surfactants can be controlled by both their
directed functionalization (the covalent way) and by the addition of inert or
reactive compounds capable of modifying structural and catalytic behavior (non-
covalent way). Thus, the replacement of one of methyl substituents in head groups
of the m-s-m molecule by hydroxyethyl moiety (hereinafter the abbreviation
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m-s-m(OH) is used) makes it possible to involve specific intermolecular
interactions along with hydrophobic effect and electrostatic forces. In this
case, more effective self-assembling and additional contribution to the reagent
binding may be expected. In addition, more polar substituent in head groups
would increase the micropolarity in the reactive zone, thus favoring the chemical
interaction due to stabilization of the transition state of reactions through the
H-bonding. As a result, catalytic effect of hydroxyethylated surfactants is by 10-
fold higher as compared to non-functionalized analogs (Figure 2). On the other
hand, catalytic effect of dicationic surfactants can be modified by introducing of
salt additives thereby affecting the value of the surface potential of aggregates
[21,27]. For example, an addition of 0.01 M KCI to the micellar solution of
16-6-16 results in a decrease of the surface potential from 155 to 90 mV, which
is followed by the change in cmc of the surfactant from 4.5x107 to 1.7x10°M
[27]. Such a decrease in the surface potential reduces the concentration of the
negatively charged nucleophiles in the surface layer and slows down the reaction
in micellar phase up to the complete suppression of the catalytic effect (Figure
3).

600+
500+
400
300+
200+
100

0 1

acceleration

0 0.001 0.01 0.1

[KCI], M

Figure 3. The influence of the additives of KCI on the catalytic effect of 16-6-16 toward
basic hydrolysis of PNPCn,; 0.001 M NaOH; 25 °C.

1.4. Mixed surfactant-polymer catalytic systems

One of the ways of modifying the functional activity of nanosystems based
on surfactants is their admixture with polymers, which can play the role of
matrix for surfactant molecules and their assemblies. Mixed polymer-colloid
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aggregates possess properties differing from those of single systems, and combine
advantages of both covalent and non-covalent assemblies. For the purpose of the
design of nanocontainers and nanoreactors on the basis of dicationic surfactants
and polymers, nonionic water-soluble polymers, polyethyleneglycol (PEG) with
molecular mass of 20 KDa and block-copolymers polyethylencoxide (PEO)/
polypropyleneoxide (PPO) with different PEO/PPO ratio, viz. Pluronic 31R1,
Pluronic F-127, and Synperonic L64 are used [28]. The formation of mixed
surfactant systems is proved by methods of tensiometry, NMR self-diffusion and
dynamic light scattering (DLS). Surface tension isotherms of mixed dicationic
surfactant-polymer systems have two critical aggregation concentrations (cac),
i.e. cac, and cac,, where first point indicates the onset of the formation of micelles
immobilized on polymer matrix, while second critical point corresponds to the
saturation of macromolecules by micelles and the formation of polymer-free
aggregates. Typically, cac, value is lower than cmc of single surfactant solution,
with the difference being larger for the higher polymer concentration. For block-
copolymers, cac, decreases with their hydrophobicity (Table 1).

Table 1. Values of cac and surface potential of single and mixed systems based on cationic
surfactants.

System cac *(cac,) (MM) Y (mV)
CTAB 0.9 129
CTAB + PEG (0.05 M) 0.9 128
16-6-16 0.045 (0.9) 155
16-6-16 + PEG (0.05 M) 0.010 (1.8) 145
16-6-16 + Pluronic F127 (0.05 M) 0.015 (2.3) 121

“In single surfactant systems cac, corresponds to cmc.

The formation of mixed dicationic surfactant-polymer systems is followed
by a decrease in the surface potential, with this effect being more marked for the
less hydrophilic polymers. As shown with the use of spectral probes, the addition
of PEG to the micellar 16-6-16 solution results in a decrease in the surface
potential by 10 mV, while the more hydrophobic block-copolymer Pluronic
F-127 reduce the ¥ value by 35 mV. This effect is responsible for the decrease
in the catalytic activity of mixed systems toward ion-molecular reactions, in
particular, basic hydrolysis of carbonic acid esters (Figure 4).
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Figure 4. The observed rate constant of the cleavage of PNPA (a) and PNPC (b) in
micellar 16-6-16 solutions without of additives (1) and in the presence of 0.02 M PEG
(2), 0.05 M PEG (3), 0.05 M Pluronic F127 (4); pH 9.2; 25 °C.

Polymers bearing functional groups, such as polyethyleneimine (PEI)
demonstrate specific behavior. On the one hand, similar to conventional
hydrophilic polymers, PEI can mediate surfactant aggregation, thereby
changing structural behavior of the system. On the other, primary and secondary
aminogroups of PEI can contribute to chemical reactions, e.g. nucleophilic
substitution at electrophilic phosphorus or carbon atoms [29,30] as both,
reagents or catalysts. Mutual affinity of components in mixed surfactant-PEI
systems may be enhanced by the hydrophobization of macromolecules, as it is
exemplified in the comparative study of unsubstituted PEI (molecular mass of 25
KDa) and its analogs alkylated with dodecyl tails, APEI (the degree of alkylation
of 0.1 to 0.4) [29,30]. The PEI-dicationic geminis systems demonstrate typical
aggregation behavior, i.e. mixed aggregates are formed, which are characterized
by two critical concentrations, with first critical point, cac , lowering as the
hydrophobicity of polymers increases. Catalytic activity of these systems
is studied toward the cleavage of PNPA under basic conditions. In this case,
parallel to the hydrolysis the aminolysis of the substrate occurs, that makes it
possible to cleave the ester bond in mild conditions (pH 8-10, 25 °C) with a
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high rate. Under these conditions, unsubstituted PEI is less active as compared
to APEI Probably, hydrophobic effect contributed by alkyl groups of APEI and
surfactants favors the formation of mixed aggregates, which in turn allows the
solubilized substrate and reactive aminogroups of PEI to approach, thereby
resulting in the acceleration of the cleavage of substrate.

To sum up, nanoreactors based on the PEI-dicationic surfactant systems
demonstrate advanced characteristics; in particular, (i) they are stimuli responsive
systems, since mutual affinity of components and contribution of hydrolysis and
aminolysis of esters are strongly pH dependent, and therefore may be controlled
by the variation of solution pH; (ii) geminis are characterized by higher micellar
rate effect at the much lower surfactant concentrations as compared to single-
head surfactants; (iii) far more accelerations and decrease of the concentration
threshold may be achieved on transiting to mixed systems based on unsubstituted
PEI and alkylated PEI. The summary augmentation of the catalytic effect
(k/k,), toward the cleavage of PNPA in the series: aqueous molecular
solution® CTAB®CTAB/PEI®CTAB/APEI is as follows: 1®4®22®120, while
for 16-6-16 the order is: 1®4®56®200 (k, is the rate constant in alkali solution
without additives, k  is the rate constant in the presence of catalyst).

1.5. Mixed systems dicationic surfactant — long-chain amine

The integration of low molecular mass long-chain amines into micelles based
on geminis results in the formation of mixed aggregates, which is accompanied
by the increase in micellar sizes, decrease in the mobility of alkyl chains, and
changes in the counterion binding [24]. The properties of amines themselves
change as well, i.e. a marked decrease in their basicity and the alteration of
reactivity are observed. The pK, of decylamine in micellar solution of 16-6-
16 is lower by unity as compared to water [22,24]. This increases the fraction
of neutral form of amine that possesses nucleophilic properties and therefore
may take part in chemical reactions. Due to the increase in the concentration
of a neutral form and the formation of mixed surfactant-amine aggregates the
aminolysis of PNPA by decylamine accelerates by factor of 50 in the 16-6-16
solution.

In work [22], the application of aqueous gemini solutions as the reaction
medium for the interaction of long-chain amines with benzaldehyde is
demonstrated (Scheme 2).

423



L. ZaknHAROVA, E. ZHILTSOVA, A. MIRGORODSKAYA AND A. KoNovaLov

HC=0 HC =NR

+ RNH, — + HO
Scheme 2. Scheme of the reaction of long-chain amines with benzaldehyde

This reaction yielding the azomethines (Schiff bases) is used for the
analytic determination of benzaldehyde and primary amines in their mixtures
with other amines. This analysis is not carried out in water, since the reaction
is in equilibrium and the product formed can undergo fast hydrolysis. The
solubilization of reagents and products in micelles based on dicationic surfactants
shifts the equilibrium to the right. The reaction rate for the amine-benzaldehyde
interaction is ca.10-fold higher in the micellar solution as compared to ethanol
(Figure 5).

Amine content, %

0o 2 4 6 8 10
Time, min

Figure 5. The conversion of amines due to its interaction with benzaldehyde in ethanol
and aqueous micellar solutions: decylamine in ethanol (1), CTAB micelles (2), 16-6-16
micelles (3); octylamine in 16-6-16 micelles (4); 0.005 M surfactant; 25 °C.

It is noteworthy that in the case of hydrophilic amines the complete
conversion cannot be achieved, since the parallel reaction in bulk phase can
occur, hereupon the equilibrium shifts to the left. The high solubilization capacity
of dicationic surfactants toward long-chained amines and benzaldehyde makes it
possible to handle with high reagent concentrations and solve not only analytic
tasks but also synthetic ones.
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2. Supramolecular systems based on mono- and dicationic single-tailed de-
rivatives of 1,4-diazabicyclo[2,2,2]octane

Due to wide applications of cationic surfactants as drug and gene carriers,
antimicrobial preparations, and micellar catalysts design of novel amphiphiles
with advanced property-activity relation is of current importance. The structure
of the head group is shown to affect micellization and catalytic activity of
cationic surfactant [32]. In particular, the introduction of bicyclic moiety in head
group markedly enhances the effectiveness of the catalysis of cleavage of toxic
phosphorus acid esters [33,34]. The use of cationic surfactants bearing bicyclic
fragments in the head group as micellar catalysts is scarcely documented [35,36]
and is exemplified by the acceleration of hydrolysis of p-nitrophenyl diphenyl
phosphate in the micelar solution of alkylated 1,4-diazabicyclo[2,2,2]octane
(DABCO) [36]. These surfactants are also attractive due to their potentiality as
ionic liquids [37] and extraction agents for nucleotides [38]. Noteworthy that
despite the key role of hydrophobicity of surfactants in their micellization and
functional activity this aspect is poorly studied for alkylated DABCO excepting
isolated publications [36,39]. Our works focus on the aggregation activity
of mono- (MCD) and dicationic (DCD) derivatives of DABCO in water and
chloroform [40-45,46,47], their catalytic and biological activity [42,44,47-49],
adsorption on the air/water interface [40,47] in both single solution and in the
presence of calixarenes [46-49], phosphorus substrates [44], and polymers [48].
As can be seen from the structural formulas below these surfactant series make
it possible to compare the behavior of gemini surfactants bearing two charged
fragments and two long-chain alkyl groups with dicationic surfactants bearing
one long-chain alkyl fragment.

/T \+ +/  \+
N-\_N-CHom1 RCH,CHyN-\_N-CigHas

Br- Br\—/Br'
n=12(MCD-12), R=H (DCD-Et-16),
14 (MCD-14), OH (DCD-EtOH-16).
16 (MCD-16),
18 (MCD-18).

2.1. Aggregation behavior of alkylated 1,4-diazabicyclo[2,2,2]octane
Aggregation characteristics of surfactants studied (cmec, aggregation
number, N, hydrodynamic radius/diameter of aggregates, R, /D,,, degree of
counterion binding, B) are determined by methods of tensiometry, conductometry,
potentiometry [40,46,47], dynamic light scattering [40,42], viscosimetry
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[40], dye solubilization [46], fluorimetry [45], EPR-spectroscopy [40], NMR
self-diffusion [41,43,44,46], and dielcometry [48]. Figures 6,7 exemplify
tensiometry and conductometry data for MCD, from which the characteristic
breakpoints are evident indicating the onset of the micellization in solution.
Cmc values determined as breakpoints from concentration dependences of
different parameters are summarized in Table 2. The data demonstrate that cmc
values depend on both the hydrophobicity and number of charge fragments
of surfactants. An increase in the number of carbon atoms in alkyl groups (1)
results in a predictable decrease in cmc in accordance with a linear dependence:
- log emc = a + bn. For homological series of monocationic bicyclic surfactants
MCD, values of a and b are close to those for single-tailed cationic and anionic
surfactants (Table 3). Noteworthy that dicationic single-tailed surfactants, DCD
show higher cmcs as compared to monocationic analogs with head group of
bicyclic (MCD), monocyclic (cetylpyridinium bromide, CPB) and acyclic
(CTAB) type (Table 2). This behavior differs markedly from that of dicationic
geminis and is probably due to a higher repulsion between two heads in Stern
layer that is not compensated by a favorable contribution of second alkyl group
as in the case of geminis.

5 iEd TiEs oo 01
Cmcp-M

Figure 6. Surface tension isotherms of aqueous solutions of MCD-12 (1), MCD-14 (2),
MCD-16 (3), MCD-18 (4); 25 °C.
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Figure 7. Specific conductivity versus surfactant concentration dependence for aqueous
solutions of MCD-12 (1) and MCD-14 (2); 25 °C.

Table 2. Values of cmc of cationic surfactants in water; 25 °C.

cme x 10* (M)

Surfactant
Tensiometry Conductometry  Potentiometry I\illi\gfissizf_ EPR
MCD-12 11 14 16 15 -
MCD -14 4.0 3.0 3.7 34 -
MCD -16 1.0 1.0; 11°¢ 1.9 0.85 1.0 10
MCD -18 0.12 0.11; 091°¢ 0.22 0.11 -
DCD -Et-16 3.0 3.1 10° 2.0 - -
DCD -EtOH-16 2.0 2.5; 10° 3.0 - -
CPB 0.68¢ 0.68¢ - - -
CTAB 0.8° 0.90° - - -
MCD-16 — NDEP © - - - 0.9 -
MCD-16 — CR-1f 0.4 0.1; 4.0¢ 49¢ 0.45 -
CR-1 9.0 13 - 5.0 -
“ Data from [50] . * Data from [51]. “value of cmc,.*22°C. < C, .= 0.00l M./C,, , =
0.001 M.
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Table 3. Values a and b determined by different methods, (Eq..: - log cmc = a +
bn).

Method MCD Reference -a b
-a b re surfactant
Tensiometry 2.0 032 0986 n-Alkyltrimethylammoniumbromides® 1.9 0.31
Conductometry 2.3 034 0.991 n-Alkylpyridinium bromides®* 1.7 031
Potentiometry 1.7 029 0.980 n-Alkylsodium sulfates ® 1.5 030
NMR self-diffusion 2.4 0.35 0.996 CH,  (OCH,)OH " 1.8 049

“ris a correlation coefficient. *Data from [9]. ¢ 30 °C.

Additives are shown to affect the cmc values. For aqueous MCD-16 solution
the influence of the substrate, p-nitrophenyl diethyl phosphate (NDEP) [44] and
water-soluble calix[4]arene (CR-1) [46,47] capable of self-assembling are used.

,L R10 OR;
HO OH

R3 4

R4 = Ro = C;H40H, Rz = n-C7H45 (CR-2) ;
CRT LoNa Ry = CoH4OH, Ry = CoH40P(O)(OH)CH,C, Rg = n-CoHyg (CR-3).

The presence of phosphate exerts a slight effect on the micellization of MCD,
while the addition of CR-1 promotes the formation of mixed MCD-16/CR-1
aggregates and induces their further rearrangement at critical concentrations
of emc, and cmc, respectively (Table 2) [46,47]. It has been found that mixed
aggregates enriched by CR-1 are formed beyond 0.4 mM due to electrostatic
interactions, while above 5 mM aggregates based on MCD-16 occur contributed
by hydrophobic effect, in which CR-1 is a minor component. In nonpolar media
(chloroform), aggregation of MCD-16 is facilitated by the addition of PEI
alkylated by tetradecyl moieties (APEI, the fraction of alkylation of 0.6) and
calix[4]arene CR-2, as well as their mixture (Table 4) [48].
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Table 4. Cmc and cac values of the systems based on cationic surfactants, APEI and CR-2
in chloroform; 25 °C.

surfactant cmc, x 10* (M) cmc, x 10° (M) system * cac, x 10° (M) cac, x 10° (M)
MCD-12 1.9 5.9 MCD-16 - APEI 16 8.1
MCD-16 2.0 7.5 MCD-16 - CR-2 9.0 5.0
MCD-18 1.6 7.0 MCD-16 - APEI - CR-2 9.0 5.0

*C = 5.0 X 10°M, C = 8.0 X 10° M.

APEI

Apart from cmcs the degree of counterion binding B, radiuses of MCD
aggregates and number of aggregation are determined. For MCD-12, MCD-14
and MCD-18, B ranges from 0.67 to 0.84, while for MCD-16 it changes from
0.81t00.91 [40]. NMR diffusivity data reveal that around the cmc hydrodynamic
radiuses equal 15.1, 20.3 and 22.8 A, while aggregation numbers equal 24, 54,
and 72 for MCD-12, MCD-14 and MCD-16 respectively [41,43], that is both
parameters increase with the hydrophobicity of surfactants. For concentration
range above cmc the radiuses and aggregation numbers are shown to depend
on the MCD concentration (Table 5) [45]. At high MCD-14 concentrations
the larger micelles are formed that are characterized by higher numbers of
aggregation. This is confirmed by the fluorimetry data indicating that for the
MCD-14 concentrations of 5 x 103, 7.5 x 103 and 2.5 x 102 M aggregation
numbers equal 40, 59 and 114 respectively.

Table 5. Hydrodynamic radiuses (R,) and aggregation numbers (Nag g) at different MCD-
14 concentrations in DZO; 25 °C.

Chreprs ¥-10° (M) R, %10 (m) N,
5.0 20.3 54

75 227 75

8.75 23.4 83

10 23.6 86

25 26.3 118

375 26.2 116

50 273 132
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Based on surface tension isotherms, the surface excess (I', ), the surface
area per molecule (4, ), the standard free energy of micellization (AG, ) and
the standard free energy of interfacial adsorption at the air/saturated monolayer
interface (AG, ) have been calculated (Table 6) [40]. An increase in the surfactant
hydrophobicity slightly decreases I', and increases A4 .. These trends provide
evidence on the less compact packing the molecules for more hydrophobic
homologs, which is in line with their lower cmcs. At the same time, an increase
in alkyl chain length results in a decrease of free energy of adsorption and
micellization, i.e. favors these processes.

Table 6. Values of the surface excess, U, , the surface area, A, the standard fiee energy
of micellization, AG, and the standard free energy of adsorption AG,, for cationic
surfactants; 25 °C.

surfactant L 10° Ay -AG, -AG,
(mol/m?) (nm?) (kJ/mol) (kJ/mol)
MCD-12 2.69 0.62 32.1 22.2
MCD-14 2.46 0.67 37.4 26.8
MCD-16 2.37 0.7 46.6 34.1
MCD-18 2.12 0.79 53.1 41.3

Along with the micellization, the liquid crystalline behavior of the systems
based on MCD-16 is studied [41]. MCD-16 is shown to belong to amphotropic
compounds capable of forming the mesophase of different types, i.e. thermotropic
and lyotropic. It is found, that for lyotropic liquid crystals the wider temperature
diapason is observed as compared to thermotropic phase. The existence of
lyomesophase within the wide temperature range extends the application of these
systems as matrix for the design of nanomaterials and models of membranes in
biotechnological protocols.

2.2. Catalytic activity of surfactants with bicyclic head group

Catalytic activity of the systems based on MCD and DCD is exemplified by
basic hydrolysis (in water) and aminolysis (in chloroform) of phosphorus acid
esters (Schemes 3, 4) monitored by methods of spectrophotometry [42-44,47-
49] and NMR spectroscopy [44].
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(0] 1 0
R ) R
o0 NO, + 20H ——»  ZP-0" + 0 NO, +H,0

R!'=CICH,, R>=0C,Hs (NECP), OC4H, (NBCP), OC¢H;; (NHCP);
R'=R?=0C,Hs (NDEP)

Scheme 3. Scheme of basic hydrolysis of phosphorus acid esters.

>NH + (CICH,),P(O)OC,H,NO-4 — >N-P(O)(CH,CI), + 4-NO,C,H,OH
APEI PNCP

Scheme 4. Scheme of aminolysis of phosphorus acid ester

Concentration dependences of observed rate constants of basic hydrolysis
of NBCP in 0.001 M NaOH in the presence of MCD demonstrate extremal
character (Figure 8) [43] and are treated in terms of pseudophase model of
micellar catalysis (eq. 1) [52]:

k
kz,o + 2’% )KSKNuC

1+K,O)(1+K,,C)

)

2,0bs =

herek, (M's") is the observed second order rate constant obtained by division
of k . by the nucleophile concentration; k, jand k, | (M's) are second order rate
constants in bulk and micellar phases respectively; V' (M) is the molar volume
of surfactant; K and K (M) are binding constants of substrate and nucleophile
respectively; C is the surfactant concentration minus cmec.

Results of quantitative treatment of kinetic data in terms of eq. 1 are

summarized in Table 7.
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Figure 8. The observed rate constants of basic hydrolysis of NBCP in aqueous basic
solutions of MCD-12 (1), MCD-14 (2), MCD-16 (3), MCD-18 (4), DABCO (35) as function
of surfactant concentration; 0.001 M NaOH, 25 °C.

Table 7. Results of fitting the kinetic data on basic hydrolysis of NBCP in micellar
solutions of MCD with the help of eq. 1.

k K. K k /

surfactant (M.ng.l) (M‘Sl) (MN?‘,) k, ;:ax F. F, F_xF,_ cmc(M)
MCD-12 0.91 330 10 77 029 247 72 0.012
MCD-14 0.43 2000 96 25 0.14 215 30 0.0046
MCD-16 048 4570 110 41 0.16 274 42 0.00075
MCD-18 0.56 2560 148 74 018 321 58 0.00008

DCD-Et-16 0.24 5440 30 15  0.068 210 14 0.0029
DCD-EtOH-16  0.33 5000 13 3.6 0.095 39 3.7 0.0019
MCD-16* 0.0012 3800 70 23 0.125 180 23 0.0027

“ for basic hydrolysis of NDEP.

It is evident that &, _slightly depend on the hydrophobicity of monocationic
surfactants, with the exception of MCD-12. For the latter, second order
rate constants in both phases are roughly similar, which is probably due to
inconsiderable changes of micropolarity in the site of the location of reagents
in micelles as compared to bulk phase. For all MCDs high binding constants of
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substrate occur reaching one to two orders of magnitude, with the highest value
being observed for cetyl homologs. Values of binding constants of OH ions and
maximum acceleration of the reaction (k , /k ) increase with an increase in
alkyl chain length of surfactants. Maximum acceleration can be expressed by eq.
2 that is obtained by the conversion of eq. 1.

CAE .
kO max k2,0 V(K% + KAI? )2

where the first term on the right is associated with the influence of the micellar
microenvironment (F ) and the second term reflects concentrating the reagents
in micelles (F ).

As can be seen from Table 7 in all cases F_ values are less than 1, while F,
exceeds two orders of magnitude. High F, values compensate the negative effect
of the factor of micellar microenvironment and resultant micellar effect equal to
the multiplication of the two factors appears to be positive and increases with
alkyl chain length of MCD by factor of 60. The key role of the hydrophobicity
is evident from the comparison of the rate effect of long-chain MCDs with
non-alkylated DABCO (Figure 8). Thus, catalytic effect of MCD on the basic
hydrolysis of phosphonates is mainly contributed by the factor of concentration
and increases with the surfactant hydrophobicity.

The micellar rate effect of the MCD series is compared with that of
surfactants bearing head groups of monocyclic and acyclic structure exemplified
by hexadecyl homologs. Kinetic curves of basic hydrolysis of NBCP for CPB
and CTAB systems demonstrating the plateau are treated in terms of eq. 3 [53].

, 2)

_ kK (C—cme)+k,
o 1+ K (C—cmc)

) ©)

here k and k_(s") are first order rate constants in bulk and micellar phases
respectively; K  (M™) is binding constants of substrate.

Results of quantitative treatment reveal that MCD-16 demonstrates higher
binding constant with substrate and advanced micellar rate effect as compared to
those of CPB and CTAB (Tables 7, 8).
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Table 8. Results of the quantitative treatment of kinetic data of basic hydrolysis of NBCP
catalyzed by cationic surfactants in terms of eq.3.

System pH k K, cme x 104 k [k,
sH MY M)
CPB 11 0.13 2400 4.9 37
CTAB 11 0.099 1200 4.6 28
MCD-16-CR-1* 10  0.0019 14000 3.5 5.0°
MCD-16 —CR-1* 9.0 0.00051 6900 1.8 14°

“ Cop = 0.001 M. * Micellar rate effect compared to the reaction in the absence of
surfactant and CR.

Transition from monocationic MCD-16 to dicationic surfactants DCD-
16 and DCD-EtOH-16 results in a marked (more than tenfold) decrease in
effectiveness of catalysis (Table 7) [42], which is contributed by a decrease in
the concentration effect and a yet unfavorable microenvironmental factor.

The influence of macrocyclic additives on catalytic effect of DCD series is
exemplified by the hydrolysis of phosphorus acid esters in the MCD-16-CR-1
system [47,49]. The addition of calixarene results in an increase of substrate
binding constant and a decrease in catalytic activity (Tables 7,8). The effect of
the macrocycle on catalysis becomes less negative upon decreasing the solution
pH.

In nonaqueous media, viz. in the case of phosphorylation of PEI in
chloroform MCD-16 solution (Scheme 4) the character and degree of the
influence of macrocycle (CR-3) depend on the content of each component of the
system (CR, surfactant, and PEI) [48]. In MCD chloroform solutions with no
macrocycle added a ca.2.7-fold increase in k , occurs in the range of structural
rearrangement of the system (0.015 to 0.03 M MCD) and then a ca.4.3-fold
increase occurs again after the rearrangement (Figure 9, Table 9).
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Figure 9. The observed rate constant of reaction of APEI with PNCP in the presence
of MCD-12 (1), MCD-16 (2), MCD-18 (3) in chloroform as a function of surfactant
concentration; C,,. = 0.01 M, 25 °C.

APEI

Table 9. Results of the quantitative treatment of kinetic data of the reaction of APEI with
PNCP in chloroform MCD solutions in terms of eq. 3.

surfactant kf"(;;(y (1\1/<[-Sl) cmz:NXl)IO“ k k.
MCD-12 6.30 170 2.5 1.8
MCD -16 9.3 110 2.6 2.7
MCD -18 6.9 290 2.1 2.0

In the presence of phosphorus-bearing CR-3 a twofold increase in the
catalytic effect of MCD-16 occurs within the low concentration range of the
surfactant chloroform solutions. An increase in the calixarene concentration is
accompanied by a decrease in the catalytic effect of the system up to the transition
to a fourfold inhibition. Within the range of positive influence of calixarene a
decrease in the concentration of surfactant and polymer in the APEI-MCD-16-
CR-3 system increases the catalytic effect [48].

2.3. Antimicrobial activity of alkylated DABCO
In addition to the aggregation and catalytic properties, antimicrobic activity
of alkylated DABCO is also studied, whereby the correlation of antimicrobial
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and aggregation properties is analyzed [44]. The bacteriostatic, fungistatic,
bactericidal, and fungicidal effects are tested for alkylated DABCO toward
the collection of test-strains of microorganisms: Staphylococcus aureus-209 P
(St.aureus); Escherichia coli F50 (E. coli); Bacillus cereus 8035 (B. cereus);
Pseudomonas aeruginosa 9027 (Ps. Aeruginosa); Trichophyton gipseum (Tr.
Gipseum); Aspergillus niger (Asp. Niger); and Candida albicans (C. alb.). As
reference compounds, antibacterial commercial preparation ciprofloxacin,
antifungal agent amphotericin B, and typical cationic surfactant CTAB are used.
Data obtained reveal that surfactants studied exhibit antimicrobial activity that
markedly depends on the alkyl chain length, with maximum effect occurring
for octadecyl homolog. This trend is observed for almost the whole series of
strains used and is most pronounced for static activity. The influence of head
group is mostly evident in the case of St. Aureus, for which the transition from
CTAB to MCD-16 provides a tenfold increase in bactericidal activity. Much
higher antifungal activity exemplified by Tr. gipseum and C. Alb should also
be noted for MCD-18 as compared to CTAB. Fungistatic activity of MCD-18
toward these strains is by 2-fold and 4-fold higher and fungicidal activity is by
16-fold and 10-fold higher than those for CTAB.

Second charge moiety exerts a negative influence on antifungal activity,
e.g. the transition from MCD-16 to DCD-Et-16 results in fourfold decrease in
antifungal activity toward Tr. gipseum and in tenfold decrease toward C. alb. At
the same time antimicrobial activity toward B. Cereus, E. coli and St. Aureus
remains practically the same. Data obtained demonstrate that the introduction
of bicyclic polar fragment into surfactant platform may be of interest from the
viewpoint of the design of antimicrobial preparations (in particular, antifungal
ones) of little toxicity. The highest effect can be achieved by the increase of alkyl
chain length and optimization of hydrophilic-lipophilic properties [44].

Thus, cationic surfactants based on alkylated DABCO are capable of
forming micellar aggregates in water with high solubilization capacity toward
the model organophosphorus toxicants, i.e. p-nitrophenyl esters of phosphorus
acids and highly affect their basic hydrolysis. They demonstrate advanced
antimicrobial activity as compared to analogs with acyclic head groups. All
this nominates alkylated DABCO as promising candidates for application in
modern technologies, which can be used for the development of polyfunctional
nanosystems of comlex activity.

3. Self-assembling systems based on cationic surfactants with phosphonium
head group
Unlike typical cationic surfactants with ammonium head group amphiphilic
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phosphonium salts are much less studied [54-56]. Meanwhile they find wide
application in biotechnologies focused on the inhibition of aging the living
systems, are used in antimicrobial and catalytic compositions, etc. [57,58].
Taking into account their high potential in the practice, we carried out
systematic investigation of aggregation capacity of homological series of alkyl
triphenylphosphonium bromides (TPPB-n, where n=8, 10, 12, 14, 16, 18) and
compared their characteristics with other cationic surfactants. The estimation of
micellizationinaqueous solutions with the help of variety of methods (tensiometry,
conductometry, potentiometry, dynamic light scattering, dye solubilization)
demonstrates that cmc values and Krafft temperatures (T,) of phosphonium
salts are much lower as compared to corresponding trimethylammonium (TMA)
analogs [59]. For homological series studied, the Ig cmc vs. n dependences are
described with linear equations with a very close slope coefficients.

* lgeme=0.319 n—1.055 for TPPB series [59].

+ Igemc= 0.308 n—1.901 for TMAB series [59].

¢ lgeme=0.324 n—2.05 for DABCO series (Table 3).

Close slopes indicate that contributions of hydrophobic effect to the
micellization of phosphonium and ammonium surfactants are similar, and
therefore markedly lower cmcs of TPPB-n are contributed by interactions of
charged moieties, i.e. head groups and counterions. Indeed the determination of
counterion binding B with using the bromine-selective electrode revealed that
for low homologs 3 does not exceed 0.5 to 0.6, while for TPPB-16 and TPPB-
18 it reaches 0.80 to 0.97 [59]. Thus, high TPPB homologs are characterized
by higher B values as compared to TMAB analogs. At the same time values of
surface potential W little differ for corresponding ammonium and phosphonium
surfactants. Figure 10 shows that ¥ values almost linearly increase with the
surfactant hydrophobicity in both series, with slopes being identical, i.e. of 7.1
and 7.0 for TPPB and TMAB homologs respectively.

High counterion binding for TPPB-16 and TPPB-18 are in apparent
disagreement with the bulky phenyl groups located in the vicinity of charged
atoms that can prevent their access for bromide-ions. RSA data obtained for close
analog of TPPB-16, amphiphilic hexadecyl betaine with triphenylphosphonium
head group, demonstrate [59] that for all the conformations, one of the phenyl
fragments is spaced in such a manner that there is a channel towards the
phosphorus cation.
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Figure 10. The surface potentials for homological series TPPB-n and TMAB-n.

Application of surfactants in biomedical protocols is due to the capacity
of micellar systems to solubilize the water insoluble substrates. According to
literary data [54] TPPB-n micelles have low numbers of aggregation, which
would allow us to assume their low solubilizing capacity. Figure 11 presents
data on the solubilization of hydrophobic probe Orange OT in TPPB micellar
solutions.

30 T T T T T T T T T
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20+
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Figure 11. The solubilization capacity of TPPB and TMAB micelles toward the dye
Orange OT.
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The solubilization power S is calculated from the spectrophotometric
measurements of the absorbency (A) of the probe at 500 nm using formula
S=b/e, here b is a slope of the dependence A/l vs. C, | is an optical pathway, C
is surfactant concentration, and € is a molar extinction. The data indicate that
the solubilization power of TPPB micelles is higher as compared to TMAB
homologs, in particular, slopes of 3.22x10 and 2.15x103 are found for TPPB
and TMAB series respectively. Noteworthy that alkylated DABCO, i.e. MCD-n
series demonstrates still higher solubilization capacity [60].

The data obtained make it possible to consider novel monocationic
surfactants with bicyclic and phosphonium head groups along with geminis as
promising structural units for the design of nanocontainers for gene and drug
delivery.

4. Cationic surfactants as gene delivery systems

In modern biotechnology, cationic surfactants approve themselves as a
viable alternative for viral vectors [61,62], since the letter have such disadvantage
as immune response, the impossibility of scale-up of protocols, etc. In our
studies [60,62,63], mono- and dicationic surfactants are used for complexing
the oligonucleotide (ONu) and DNA, with special focusing on those bearing
pyrimidine fragment, i.e. structural analogs of uracil.
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These structures make it possible to evaluate contributions of different
interactions to the surfactant/DNA complexation. Bolaform surfactants 2-6-2
and BPM incapable of micellizing may provide information on stoichiometric
electrostatic interactions with phosphate moieties of nucleotide bases.
Micellizable surfactants may contribute to the nucleotide complexation through
both electrostatic cooperative interactions of surface charge of micelles and
solubiliuzation mechanism. Monocationic pyrimidinic surfactant (MPM) with
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mobile hydrogen is capable of complementary specific interactions through
hydrogen bonds. The involvement of pyrimidinic geminis GPM-1 and GPM-2
as well as their conventional ammonium analogs of m-s-m type makes it possible
to estimate the role of the hydrophobicity and micellizing capacity. Two main
tasks upon the DNA complexation is the compaction of giant DNA molecules
and the neutralization of anionic phosphate groups aimed at the facilitation of
their transferring trough cell membranes. Therefore the development of nonviral
vectors assumes the control of the size of surfactant/ONu complexes (lipoplexes)
and their charge.

10

Number (%)

o

0 2 10 50 250 1300
Dy (nm)
Figure 12. The DLS titration data in terms of number averaged size distribution for the

ONu-16-6-16 pair, single ONu 2 mM (1), single 16-6-16 6 mM (2), N/P=0.01 (3), 0.05
(4), 0.05 (5), 0.5 (6), 1.0 (7), 2.50 (8), 25 °C.

Figure 12 exemplifies the DLS data for the lipoplex based on gemini 16-6-16
and ONu with the following base order: GCGTTAACGC. For all N/P ratio (here
N is the number of charged ammonium groups and P is the number of phosphate
anions) monomodal size distribution occurs, with prevail hydrodynamic diameter
(D,,) being around 100-150 nm. This size answers geometric criterion of D ;<200
nm that allows long circulation of complexes in the organism. Re-charging of
the lipoplexes is controlled by the measuring of zeta-potential. Although charge
compensation is observed for bolaform surfactants 2-6-2 and BPM, no re-
charging occurs even at high N/P values of ~50. For micellizable surfactants
this value is close to unit, with higher concentrations in the point of recharging
being observed for pyrimidinic surfactants as compared to m-s-m geminis. This
may indicate that electrostatic mechanism is less involved in the case of GPMs.

Additional information on the surfactant/DNA complexation can be
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obtained by method of fluorescent spectroscopy in the ethidium bromide (EB)
exclusion study (Figure 13). Most effective complexing agent is revealed to be
pyrimidinic surfactant GPM-2 and hydroxyalkylated gemini 16-12-16(OH). The
latter is studied as transfectant along with other hydroxyalkylated geminis [63].
By method of flow cytometry, the effectiveness of plasmid DNA delivery into
cells with the help of synthetic vectors is estimated. It has been shown that the
fraction of cells incubated in the presence of 16-12-16(OH) inducing the eGFP
expression reaches >50%, which is higher than for commercial transfectant
Metafectene used as a reference sample.
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Figure 13. Fraction of the ONu bound by surfactants as a function of the surfactant/ONu
molar ratio determined from the EB exclusion experiments.

5. Cationic surfactant-calixarene systems for controlled binding/release of
hydrophobic guests

Supramolecular systems are widely used for the drug delivery due to their
capacity of effectively binding of compounds with poor water solubility. Among
such systems the priority belongs to the so-called lipid compositions [64,65],
including micelles and microemulsions based on synthetic surfactants. The
application of mixed surfactant-calixarene systems opens additional opportunities
in this field, since the involvement of macrocyclic receptors may provide a high
selectivity of the guest binding based on principles of the molecular recognition.
A key point is that the self-assembling mechanism of surfactants and calixarenes
may be strongly different that provides the possibility for the development of
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nanocontainers with controlled binding/release properties by means of inducing
the morphological re-arrangements.

As mention above (section 2.1) in the presence of CR-1 cationic surfactant
MCD-16 starts to associate at the lower concentration and undergoes further
morphological transitions with an increase in the concentration [46]. We carried
out the design of nanocontainers based on mixed systems of MCD-16 with
calix[4]resorcines CR-1 and CR-4, bearing amine groups at upper rim and
sulfonate groups at lower rim.

QN

HO. OH

SO;3Na

CR-4

In single aqueous solutions, CR-1 and CR-4 form “head-to-tail” associates
due to electrostatic interaction of the negatively charged low rim and a partially
protonated (depending on pH) upper rim of the calixarene cavity. Cationic
surfactant MCD-16 is shown to form normal micelles in water due to contribution
of hydrophobic effect. In mixed system, structural behavior is essentially
governed by the ratio of components. In the case when the surfactant is a minor
component, the “head-to-tail” association is preserved, while an increase in
the surfactant/CR ratio induces structural transition resulting in the formation
of micelle-like aggregates, and vice versa. By methods of conductometry,
tensiometry, and NMR self-diffusion two critical concentrations (C_) are
revealed for mixed system, viz. C_=0.4 mM corresponding to the formation
of the stack-like aggregates through electrostatic mechanism, and C_,=5 mM at
which micelle-like aggregates are observed [46] (Scheme 5).
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Scheme 5. Schematic representation of binding/release behavior of mixed surfactant-
calix[4]resorcine mixtures controlled by morphological transitions.

Spectrophotometric control of the solubilization of hydrophobic dye Orange
OT reveals that only mixed aggregates formed above C_, enriched by surfactant
molecules are capable of binding the hydrophobic molecules, while increase in
the CR concentration destructs micelles thereby triggering the substrate release.
This approach may be put into the basis for the development of nanocontainers
for controlled drug delivery.

6. The fabrication of polyelectrolyte capsules for small water insoluble gu-
ests via layer-by-layer strategy

The above design of supramolecular nanocontainer is based on non-covalent
self-assembly of amphiphilic compounds. The obvious advantages of the latter
are simple protocols, accessibility and low concentration of ingredients, high
solubilization capacity of micelles and microemulsions, and nanoscale dimension
of particles. Among few limitations of non-covalent strategy, dynamic character
of the systems may be mentioned, whereupon the composition of aggregates
changes at a time and depend on the bulk conditions. Alternative approach that is
intensively developed at present is the strategy of layer-by-layer (LbL) deposition
of the oppositely charged polyelectrolytes upon the sacrificial matrix or just
upon the encapsulated substrate [66,67]. This method is nowadays widely used
in different technologies including food industry, drug and gene delivery, sensor
technologies, etc. [68,69]. In our work [70] novel simple protocol is developed
for the encapsulation of water insoluble low molecular weight substrates (these
include the majority of drugs and diagnostic probes). Unlike known procedures
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this protocol need no sacrificial matrix for the capsule formation, and therefore
exclude the stage of their removing, which markedly decrease the loss of the
loads. The peculiarity of our method is the preliminary treatment of uncharged
hydrophobic substrate with cationic surfactants, which imparts a positive
charge to dispersed substrate particles and determines the order of alternation of
polyelectrolyte layers. This protocol is used for the encapsulation of hydrophobic
guests, namely p-nitrophenyl esters of carbonic acids laurate (PNPL), caprinate
(PNPCp), and myristate (PNPM) (Scheme 1). In addition, their basic hydrolysis
is investigated, with conditions of the capsule fabrication being varied.
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Figure 14. The pH-dependence of the fraction of charged forms in PAA and PEI
macromolecules.

As polyelectrolytes, polyacrylic acid (PAA) and polyethyleneimine
are used. These polyelectrolytes have carboxylic and amine groups in the
molecules capable of pH dependent dissociating. Therefore, the fraction of
charged fragments in both macromolecules can be controlled by the variation
of solution pH. As evident from Figure 14, maximum charge density for both
polyelectrolytes is achieved in the range of pH 6 to 8. Under these conditions,
50 to 90% of carboxylic groups of PAA and 40 to 80% of amine groups of PEI
are in ionic form.

The key issue for the design of drug delivery carriers is their size. The
majority of publications is devoted to the microcapsules with their size being in
microscale range (up to >10 um) [71]. The proposed approach allows us to not
only simplify procedure of loading the substrate, but also markedly decrease a
capsule size. From the viewpoint of longtime circulation of drugs, the preferable
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size is <200 nm. As can be seen in Figure 15, three- and five-layered capsules
fabricated at pH 6.0 with the preliminary sonication correspond to this criterion.
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Figure 15. Size distribution analysis as function of pH adjusted at the LbL coating
exemplified by three-layered PNPL-loaded capsules, 25 °C. Inset at the top shows AFM
images of the PNPL@CTAB particles (a), PNPL loaded five-layered capsules fabricated
under pH 7.0 without preliminary CTAB treatment (b) and PNPL@CTAB loaded three-
layered capsules fabricated under pH 6.0 with ultrasonication (c).

In aqueous basic solutions the hydrolysis of esters is slow process, whereas
it accelerates manyfold in cationic micelles [8,31,32]. Thus, in 0.005 M CTAB
and CHAB micellar solutions 275-fold and 500-fold accelerations of hydrolytic
cleavage of PNPL occur [72], with the rate markedly depending on the nature
of substrate: PNPM<PNPL<PNPCn. In the case of encapsulated esters their
rate of hydrolysis is determined not only by chemical reaction that depends
on the solution conditions (temperature, pH, the presence and concentration
of admixtures), but also on the permeability of the capsule shells, with the
latter factor becoming prevail. Indeed, as shown in work [70], the reactivity of
encapsulated esters practically does not depend on the factors that play a key role
in the molecular solution, i.e. pH, nature and concentration of surfactants, the
structure of substrates. Therefore the rate of the release of loaded substrates and
hence their reactivity toward reagents localized in bulk phase will be strongly
controlled by the permeability of shells tuned by fabrication parameters. The
advantages of the protocol developed are exemplified by data of half-life values
(1) for hydrolysis of encapsulated esters (Figure 16) demonstrating that T can be
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widely varied (from several minutes to hours) by alteration in the procedure of
the capsule fabrication.

300 + ||@no ultrasonication
_\| mwith ultrasonication

1 2 3 4

Figure 16. Half-life values for hydrolysis of free PNPL (1) and PNPL encapsulated in
three-layered capsules fabricated in unbuffered conditions (2) under pH 6.0 (3), 7.0 (4);
(bulk conditions: 0.0015 M CHAB; pH 9.2; 25 °C).

The information obtained is used for the working out the method of express
monitoring of permeability of polyelectrolyte capsules and their integrity as well
as for the control of the load and loss of substrates at all stages of encapsulation.
The maximum loss of substrates is shown to occur on the stage of preparing of
charged dispersed particles PNPL@CTAB (up to 20%), while stages of layer
deposition is characterized by inconsiderable losses (within 1-2%).

‘We thank the Russian Foundation for Basic Researches (Grant 12-03-00668)
for financial support.

List of abbreviations

DLS — dynamic light scattering

cmc — critical micelle concentration

cac — critical aggregation concentrations

CTAB — cetyltrimethylammonium bromide
CHAB - cetylhydroxyethyldimethylammonium bromide
CPB - cetylpyridinium bromide

TPPB-n — alkyltriphenylphosphonium bromides
TMAB-n — alkyltrimethylammonium bromides
DABCO - 1,4-diazabicyclo[2,2,2]octane

MCD — monocationic derivatives of DABCO
DCD - dicationic derivatives of DABCO

MPM — monocationic pyrimidinic surfactant
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BPM — bolaform pyrimidinic surfactant

GPM - gemini pyrimidinic surfactant

PNPA — p-nitrophenyl acetate

PNPC — p-nitrophenyl caprylate

PNPCn — p-nitrophenyl! caprinate

PNPL — p-nitrophenyl laurate

PNPM - p-nitrophenyl myristate

NECP — p-nitrophenyl ethyl chloromethyl phosphonate
NBCP - p-nitrophenyl n-buthyl chloromethyl phosphonate
NHCP — p-nitrophenyl hexyl chloromethyl phosphonate
NDEP - p-nitropheny! diethyl phosphate

BNMP - bis-p-nitrophenyl methyl phosphonate

PEO - polyethyleneoxide

PPO — polypropyleneoxide

PEG - polyethyleneglycol

PEI — polyethyleneimine

APEI — alkylated polyethyleneimine

CR — calix[4]resorcine

ONu - oligonucleotide

LbL — layer-by-layer

PAA — polyacrylic acid

EB — ethidium bromide
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Chapter 16

Adsorption behavior, surface dilational rheology and foam
stability of mixed sodium humates / cetyltrimethylammonium
bromide solutions

Svetlana Khil’ko', Volodymyr Rybachenko' and Grzegorz Schroeder?
'L.M. Lytvynenko Institute of Physico-Organic and Coal Chemistry of
Ukrainian National Academy of Sciences, 70 R. Luxemburg Street,
Donetsk 83114, Ukraine
? Adam Mickiewicz University in Poznan, Faculty of Chemistry,
Umultowska 89b, 61-614 Poznan, Poland

Introduction

Mixtures of polyelectrolytes and oppositely charged surfactants are of
increasing interest due to their importance in different branches of industry.
Understanding interfacial rheology of adsorbed layers of such systems is very
important for foam and emulsion stabilization. Indeed, destabilization of these
systems can be due to several mechanisms such as drainage and thin-liquid film
rupture both of which are known to be linked to the interfacial rheology of the
dispersion interface [1].

Mixed polyelectrolyte / surfactant solutions show drastic changes of the
surface properties with increasing surfactant concentration [2 — 4]. Even small
additives of surfactant to polyelectrolyte solution lead to strong decrease of
surface tension. This strong synergistic effect was known for many decades and
explained by the formation of relatively hydrophobic polyelectrolyte / surfactant
complexes.

Goddard proposed a simple model of the surface structure of dilute
polyelectrolyte/surfactant solutions: the surfactant ions form a monolayer at the
liquid surface and attract electrostatically the elongated charged macromolecules
[5]. The charged groups of the polymer play the role of counterions. In [6] was
shown that Goddard’s model has some disadvantages: it does not take into
account the chemical nature of the polyelectrolyte backbone chains, insufficient
to explain the high surface elasticity at extremely dilute solutions. Authors [6]

455



S. KHiL ko, V. RYBACHENKO AND G. SCHROEDER

proposed a modification of this classic model by taking into account hydrophobic
interactions in the adsorption layer leading to the formation of almost two-
dimensional nano- or micro-aggregates. These conclusions were corroborated by
ellipsometry measurements [6]. Moreover application of the neutron reflectivity
[7] has shown that the surface structure of polyelectrolyte/surfactant solutions
can be divided into two main types. In the first case, as shown by neutron
reflectivity, the adsorption layers are relatively thick and cannot be described in
terms of a surfactant layer with some extended polymer (type 1). In the second
case the adsorption layer thickness approaches the typical values of surfactant
layers (type 2). The adsorption layers of these two kinds lead to different patterns
of the surface tension dependency on surfactant concentration [7].

Humic acids (HA) are natural weak-acid polyelectrolytes. They contain
hydrophilic functional groups (mainly carboxylic and hydroxyl) and
hydrophobic aromatic and aliphatic moieties giving to the HA characteristics
of an amphiphile [8, 9]. Thus, HA exhibit surface activity in aqueous solution
[10 — 12] and the ability to associate with different molecules by electrostatic
and/or hydrophobic interactions [13 — 18]. In [19] soluble and insoluble
complexes, which are formed due to the interactions between the sodium
humates and cetyltrimethylammonium bromide, were analyzed by small-angle
X-ray scattering technics, and the possible structures of these complexes were
proposed. In [15, 16, 18] for mixtures of humic acids with cationic dye and
cationic surfactants (dodecyl-and cetylpyridinium chloride) was shown that the
binding capacity of HA increases with pH (increasing degree of ionization of a
polyelectrolyte) and the length of the surfactant hydrocarbon radical .

The effect of alkyltrimethylammonium bromides additives on surface
tension of sodium humates solutions was studied in [20]. It was shown that
the effectiveness of reducing the surface tension increases with increasing
surfactantchain length.

In this paper we aim to measure interfacial rheological properties of
oppositely charged surfactant/polyelectrolyte layers at different pH wvalues,
composed of anionic polyelectrolyte, sodium humates, and a cationic surfactant,
CTAB, with interfacial dilatational rheological measurement techniques.
Furthermore, we attempt to correlate the surface rheology data to the foamability
(e.g., the propensity of a system to generate foam) and the foam stability of the
corresponding solutions.

Experimental
Humic acids and their sodium salts were received from brown coal of
Alexandrian deposit (Ukraine). The procedure for producing HA samples and
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the results of their elemental and functional analyses are presented in [21].
Sodium humates solutions to be examined were obtained by dissolving dry HA
in a 0.1 N NaOH solution. The pH of the SH solutions was 11.5. The cationic
surfactant, cetyltrimethylammonium bromide was from Sigma. The solutions
were prepared in bidistilled water. All the measurements in this work were
performed at two SH concentrations of C, = 0.6 g/I; 7.6 g/l and various CTAB
concentrations and at three pH values: 4.0; 7.0; 11.5.

Regularities of the precipitation of humic substances from mixed with CTAB
solutions were studied by photocolorimetry. The sediment precipitated after 1
day was separated by centrifugation at 1500 revolutions per minute during 15
minutes, and the optical density of the supernatant liquid was measured with an
KF-11 colorimeter at A = 430 nm. The measurement results were presented in
the form of relationship between the ratio of the optical density of the sodium
humates solution at a given concentration of the added CTAB, D, to that of the
initial sodium humates solution, D,.

The dynamic surface properties at the liquid/air interface of mixed solutions
of sodium humates with CTAB were measured as a function of surface age,
concentration of components, pH. The experiments were performed by the
Du Noily ring method (TE-1, Lauda, Germany) and drop profile analysis
tensiometry (PAT-2P, SINTERFACE Technologies, Germany) at 25 °C. To
study the dilational elasticity, the drop, after having reached the adsorption
equilibrium, was subjected to harmonic oscillations with an amplitude of 7-8%
and frequencies in the range between 0.005 and 0.2 Hz.

Dilatation modulus (E, mN/m) characterizes the viscoelastic properties
of surfactant surface layers and takes into account all relaxation processes that
affect surface tension y. At a small amplitude AS of harmonic oscillations of a
surface with an angular frequency of Q=2nv , AS =ASexp(iQ¢) and the
following expression can be derived for the dilatation viscoelastic modulus [22,
23]:

po_AY _ v
AS/S, dInS

The visco-elastic modulus E is a complex number, with a real part E_(the
storage modulus) equal to the elasticity and the imaginary part E, (the loss
modulus) given by the product of the viscosity, n,, and the imposed angular
frequency, Q, of the area variations: E=E_+iE,
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|E| = /E? + E

The foam was formed due to air barbotage at a rate of 50-60 mm?/s. Foam
stability was evaluated as the ratio of the volume of foam remaining after 10
minutes, V, to the initial volume of foam, V.

Results and discussion
1. Phase behavior

In this paper, the salts of humic acid (HA) were considered as promising
natural compounds having properties of molecular receptors. It has been known
that these are nano-sized (4-16 nm) polymeric aromatic polyoxipolycarboxylic
acids, able to come into ionic and donor-acceptor interactions, form hydrogen
bonds, and participate in redox and sorption processes. The presence of both
hydrophobic and hydrophilic fragments in the structure of these macromolecules
forms surface-active properties of the HA salts. The Diagram of elementary units
of the macromolecules of HA has been shown in Figure 1.

a b

oMo oH

COOH COOH COOH 0, COOH
HO é
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Ho D—QN o o O
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R-?H
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Figure 1. Diagram of elementary units of humic acids according to Orlov-Chukov (a)
and Stevenson (b).

Before discussing the adsorption behavior of polyelectrolyte / surfactant
mixtures, it is useful to give a brief description of the bulk phase behavior
typical of these systems. Phase behavior of sodium humates solutions in the
presence of CTAB additives is similar to that for other mixed oppositely
charged polyelectrolyte / ionic surfactant solutions. When the concentration
of CTAB is close to the concentration of oppositely charged groups of humic
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substances macroscopic aggregates in solution are formed and phase separation
or precipitation is observed [19, 24, 25]. With further increase in the CTAB
concentration complexes may again become soluble due to their hydrophilization
by interactions between the hydrophobic regions of HA chains and CTAB
hydrocarbon radicals [19, 25].

Figure 2 is an illustration of the possible configurations of the SH-CTAB
complexes as a function of CTAB concentration according to the data of [19].

HA dispersed in 0.1 W NaOH

[ 7.8 nn
N

1-10 mM CTAB 20-30 mM CTAB 40-mM CTAB

. ‘. R - _
CTARB micelle \ CTA 1/— charged HA

Figure 2. lllustration of possible configurations between humic acids (HA) and CTAB
complexes under various experimental conditions.

The effects of CTAB additives on the solubility of humic substances
according to the present work are shown in Fig. 3.

At very dilute CTAB concentrations, the mixtures are clear and transparent
and it is assumed that any surfactant / polyelectrolyte complex is completely
soluble. As the CTAB concentration is increased the optical density of solutions
decreases, solutions tend to become increasingly turbid or cloudy, owing to
the decrease in solubility of the complex. There is a minimum of solubility on
the dependences of change in optical density of SH/CTAB solutions on CTAB
concentration, after which further increase in the CTAB concentration leads
to an increase in the optical density of the mixed solutions and the solutions
become clear again. So the complexes can be resolubilized with the surfactant
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concentration increase owing to the excess charge that accumulates on the
complexes.

pH reduction shifts solubility minimum to lower CTAB concentrations,
and the SH concentration increase — toward higher CTAB concentrations. This
behavior is probably due to a change in the number of dissociated functional
groups of HA macromolecules available for interactions with CTAB when pH
and the SH concentration in the solution are changed.

D/Dy

0,01 0,1 1 10 100

Cctas, mmolll

Figure 3. Dependences of the ratios of optical densities of mixed SH/CTAB solutions, D,
to that of SH solution, D, on CTAB concentration and pH:
1,2-pH=11.5;3—-pH=7.0;, 4—pH = 4.0.
1,3,4-Cy,,=06g/l2-C, =76gl

2. Adsorption behavior and surface dilational rheology

Figure 4 shows equilibrium surface tension isotherms for mixed sodium
humates/CTAB solutions. There are two CTAB concentration ranges on the
surface tension isotherms of SH/CTAB mixtures wich are characterized by
various slope angles of tangent line to these dependences. The surface tension
of mixed SH / CTAB solutions is sharply reduced in the CTAB concentration
range below C, and reaches a plateau. In this case the region of sharp change in
the slope angle of the surface tension isotherm (C,) can be associated with the
beginning of ionic surfactant aggregates formation at some points of the polymer
chains and is designated as a critical concentration of aggregation. The presence

of a plateau in the surface tension isotherm in the range of C, <C_,, , <C, may be
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the result of aggregation in the bulk solution, leading to a nearly constant activity
of the monomer. Further surface tension reducing of mixed solutions at CTAB
concentrations above C, indicates the saturation of the polyelectrolyte molecules
by ionic surfactant and the beginnig of CTAB monomer concentration growth,
wich replace SH/CTAB complexes in the adsorption layer. The solubility of SH/
CTAB complexes starts to decrease at CTAB concentrations above C,.

1
A2
£
>
€
Py
0,0001 0,001 0,01 0.1 1

[CerasVIC™ (.coom + -om)]

Figure 4. Dependences of equilibrium surface tension of SH/CTAB mixtures (pH = 11.5)
on the ratio of CTAB concentration to the concentration of SH functional groups (1, 2),
[CCTAB]/[CSH(.COOH—.OH;]' Sodium humates concentration in the solution, g/l: 1 — 0.6; 2 —
7.6.

Surface viscoelasticity increases and reaches a maximum at CTAB
concentrations below C, (Fig. 5), adsorption layers are elastic.

High elasticity modulus values of SH/CTAB solutions (up to ~97 mN/m and
65 mN/m for the C_,= 0.6 and C, = 7.6 g/, respectively) indicate that the rigid
structure of the adsorption layer is formed, probably both through electrostatic
and hydrophobic interactions between the hydrophobic parts of the SH chains or
hydrocarbon radicals of CTAB and hydrophobic regions of the SH chains.

Further increase of the CTAB concentration leads to the beginnig of
viscoelastic modulus decrease and increase of the Ei/Er ratio in the C,
concentration range (Fig. 5). Adsorption layers become viscoelastic. Such
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changes of surface rheological characteristics demonstrate the appearance of a
new mechanism of surface stress relaxations, which may be related to exchange
processes in consequence of the aggregates formation and disintegration in the
adsorption layer.

Reduction of surface viscoelasticity is accompanied by a change of the Er
and Ei frequency dependences character (Fig. 6).

Thus, in the range of CTAB concentrations below values corresponding to
the maximum Er values slope angle of the elasticity modulus on the oscillation
frequency dependence increases, and after reaching a maximum surface elasticity
begins to decrease (Fig. 6 a).

1 A2
O 1* A2*

40

20

o A A N - S—
0,0001 0,001 0,01 0.1 1

[CerasIC™ coom + -om)]
Figure 5. Dependences of surface elasticity E_(1, 2) and viscosity E, (1%, 2*) moduli of
SH/CTAB mixtures (pH = 11.5) on the ratio of CTAB concentration to the concentration
of SH functional groups (1, 2), [CCTAB]/[CSH-COOH+-OH)]' Sodium humates concentration in

(
the solution, g/l: 1 — 0.6, 2 — 7.6. Oscillation frequency: 0.1 Hz.
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Figure 6. Dependences of surface elasticity E, (a) and viscosity E, (b) moduli of SH/CTAB
mixtures (pH = 11,5) on the oscillation frequency. Ratios of CTAB concentration to the
concentration of SH functional groups, [C.., /[ CS”FCOOHH)H*]: 1-0.0004; 2—-0.0016;
3—0.004; 4—0.008; 5—0.012; 6 —0.024; 7—0.08; 8§ — 0.18; 9—0.24; 10 — 0. Sodium
humates concentration in the solution — 0.6 g/I.

Viscosity modulus decreases with increasing of oscillation frequency
at CTAB concentrations below the values corresponding to a maximum Ei.
At higher CTAB concentrations Ei increases with increasing of oscillation
frequency (Fig. 6 b). At CTAB concentrations corresponding to the maximum
values of the surface viscosity Ei = f (v) dependences pass through a maximum.

The above results indicate a change in the structure of the adsorption layer
of mixed SH/CTAB solutions in CTAB concentration range corresponding to
the first kink in the surface tension isotherm, and may be due to the formation
of aggregates.

In spite of different chemical nature and extent of hydrophobic molecules
obtained in this study for the SH/CTAB mixtures concentration dependences
of equilibrium surface tension, elasticity and viscosity moduli are qualitatively
similar to those of a number of mixtures of synthetic polyelectrolytes with
oppositely charged surfactants: polyethylenimine/sodium dodecylsulfate (PEI/
SDS) [26], polyvinyl chloride/sodium dodecyl sulfate/NaCl (PVP chloride / SDS/
NaCl) [27], polyacrylic acid/alkyltrimethylammonium bromide (PAA/CnTAB)
[28], polystyrene sulfonate/dodecyltrimethylammonium bromide (PSS/DTAB)
[6] and for mixtures of natural polyelectrolyte A-carrageenan with DTAB [29].

All of the surface tension concentration dependencies for the systems
described above are characterized by at least two concentration ranges with
abrupt changes of the slope of the surface tension isotherm and the plateau
region between them. At low surfactant concentrations adsorption layers are
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elastic and characterized by high values of the elasticity modulus. At ionic
surfactant concentrations corresponding to the first kink in the surface tension
isotherm elasticity modulus sharply decreases and the contribution of the
imaginary components to the surface viscoelasticity increases. Such changes in
the surface properties of synthetic polyelectrolyte/ionic surfactant mixtures are
connected with the formation of three-dimensional aggregates in the adsorption
layer. Formation of the latter for PSS/DTAB solutions is confirmed by a strong
increase in ellipsometric signal [6]. For the listed above synthetic polyelectrolyte/
surfactant mixtures neutron reflection measurements indicate the formation of
the multilayer structure of the adsorption layer [7] at surfactant concentrations
higher than the first kink in the surface tension isotherm.

Adsorption and surface rheological properties of protein solutions mixed
with ionic surfactant, as well as for other polyelectrolyte/ionic surfactant
mixtures determined by complex formation between the components.
Dependences of the equilibrium surface tension of protein/surfactant solutions
on surfactant concentration are similar to the described above [2, 30]. The
character of the concentration dependences of surface viscoelasticity for such
systems is more complex and depends on the nature of the protein [3, 31, 32],
the nature of surfactant — cationic or anionic [33]. As a result, with increasing
surfactant concentration viscoelasticity modulus for such mixtures may go up,
passing through a maximum [2, 3, 31], and may decrease from values which are
character for individual protein solutions to the values which are character for
surfactant [32].

The complexity of the studied in this work SH/CTAB systems does not
permit to do a reliable conclusions about the behavior of the adsorption layer.
The similarity between the concentration dependencies of the surface tension,
dilational elasticity and viscosity moduli measured in this work (Figs. 4 and 5)
and the results for synthetic polyelectrolyte/surfactant mixed solutions [6, 26 —
28] indicate that the same changes in the adsorption layers structure of these
systems occur at increasing surfactant concentration. Considering the similarity
in the adsorption and rheological characteristics of mixed SH/CTAB solutions
with mixtures of synthetic polyelectrolyte/surfactant, and a high degree of
hydrophobicity of humic acid macromolecules, we can assume that the structure
of SH/CTAB adsorbtion layers could be close to a model for the absorption layer
polyelectrolyte/surfactant mixtures [6], which takes into account the hydrophobic
interactions in the surface layer, leading to the formation of two-dimensional
nano- and micro-aggregates at low surfactant concentrations. The destruction
of the rigid structure of the SH/CTAB adsorption layer with increasing CTAB
concentration by analogy with mixtures of synthetic polyelectrolyte/surfactant
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may occur due to the formation of three-dimensional aggregates in the surface
layer.

The ionization degree of weak polyelectrolytes, which is a function of pH,
affects the nature of their interactions with oppositely charged surfactant and on
the adsorption behavior of such mixtures.

pH decrease leads to an increase in the values of equilibrium surface tension
of mixed SH/CTAB solutions (Fig. 7). At low CTAB concentrations the surface
tension value of mixture at pH 4.0 and 7.0 is slightly lower than at pH 11.5.
This may be due to the higher surface activity of SH in the neutral and acidic
pH. There is a maximum in the plateau region of surface tension isotherm
of mixed SH/CTAB solutions at pH 4.0 (Fig. 7). The abrupt surface tension
increase may be connected with the desorption of SH/CTAB complexes and
their transition to the bulk phase due to the formation of macroscopic aggregates.
So the optical density of SH/CTAB mixtures at pH 4.0 decreases in the same
CTAB concentration range (0.1 — 0.4 mmol/l) in which the maximum on surface
tension isotherm is observed.

Character of the elasticity and the viscosity moduli dependences of the SH/
CTAB mixture on CTAB concentration in the neutral and acidic conditions
is similar to those in the alkaline pH range (Fig. 8). pH reduction results in
dilational elasticity increase and Ei/Er decrease.
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Figure 7. Dependences of equilibrium surface tension of SH/CTAB mixed solutions on
CTAB concentration at different pH values: 1 —11.5, 2~ 7.0, 3—4.0. C,,=0.6 g/l.
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It is interesting to compare results obtained in this work with results for
other weak polyelectrolytes. In [7] it was shown that controlling the degree of
charge on weak polyelectrolytes by varying the pH of the system effects the
adsorption behavior of mixed polyacrylic acid/dodecyltrimethylammonium
bromide (PAA/DTAB) and branched polyethylenimine/sodium dodecylsulfate
(PEI/SDS) solutions. PAA is anionic at high pH but neutral at low pH whereas
PEI is cationic at low pH owing to protonation of the nitrogens but neutral at
high pH.

For mixtures of PAA/DTAB were obtained similar to our results of the pH
effect on the equilibrium surface tension value: the y values in the range of ionic
surfactant concentration below CMC in alkaline pH region is lower than in the
acidic.

For mixtures of branched PEI with SDS the variation in adsorption behavior
with pH is the opposite of what would be expected if the interactions in the
system were predominantly electrostatic. There should be more pronounced
adsorption behavior at low pH where the polymer is strongly cationic, whereas
it appears that the strongest interactions in this system occur at pH 10 (y values
at pH 7 and 10 lower than at pH 3), when the polymer is essentially neutral. It
seems likely, therefore, that the main driving force for interaction in this system
is hydrophobic forces between the surfactant chains and the polymer backbones
rather than electrostatic attractions between the oppositely charged headgroups
and the protonated nitrogens on the polymer.

0,001 0,01 0,1 1 10

Cetag, mmol/l

Figure 8. Dependences of surface elasticity E_(1, 2, 3) and viscosity E, (1* 2% 3%)
moduli of SH/CTAB mixed solutions on CTAB concentration at different pH values: 1
—11.5,2-7.0,3-4.0. Cy,=0.6 g/l. Oscillation frequency: 0.1 Hz.
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Probably the effect of pH on the adsorption behavior of SH/CTAB mixtures
as well as PAA/DTAB, is associated with a strong interactions at high pH due
to the greater degree of ionization of the polyanion and controlled mainly by
electrostatic interactions between oppositely charged groups of ionic surfactant
and polyelectrolyte, leading to the formation of surface-active complexes SH/
CTAB. At low pH, when the number of ionized groups in the SH molecules
lower, the interactions between polyelectrolyte and ionic surfactant have to be
predominantly hydrophobic. This assumption is also consistent with an increase
in the surface elasticity at lower pH. The contribution of the different types of
interactions in the binding of HA with ionic surfactants depending on the pH, the
length of the ionic surfactant hydrocarbon radical are shown in [13 — 19].

3. Foam stability of mixed SH/CTAB solutions

Figure 9 represents the dependences of foam stability for mixed SH/
CTAB solutions at different pH and individual CTAB solutions as a function of
CTAB concentration. For pure surfactant solutions, the foam volume increases
monotonically from zero to 1 when the concentration of surfactant is raised from
0.01 to 10 mmol/l. For SH/CTAB mixtures there exist two CTAB concentration
ranges where stable foam is formed.

There is a clear relationship between the dependences of foam stability
(Fig. 9) and optical density (Fig. 3) of mixed SH/CTAB solutions on CTAB
concentration at different pH values. The foam stability of mixtures increases
with increasing of CTAB concentration and reaches a maximum at the limit of
SH/CTAB complexes solubility. Reduction of the optical density of the mixed
solutions is accompanied by a decrease of foam stability. At full deposition
of precipitates from mixed solutions foam does not formed, while the foam
stability for pure CTAB attain the maximum (Fig. 9). Further increase of CTAB
concentration in the mixture leads to increase of the solubility and foam stability
of SH/CTAB mixtures to values characteristic for the individual solutions of
CTAB.

In [1] the foam formation and foam stability for mixtures of
polystyrenesulfonate sodium salt (PSS) with dodecyltrimethylammonium
bromide (DTAB) were studied. Dependences of foam stability of PSS/DTAB
mixtures are similar to those obtained in the present work for SH/CTAB. Such
dependences are characterized by two zones of surfactant concentrations where
the foam stability measured with mixed solutions is higher than the foam stability
for pure surfactant (or pure polyelectrolyte) solutions and a precipitation range
between them, in which the foam is absent. It was shown that the first maximum
of foam stability occurs when the polyelectrolyte/surfactant complexes are
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on the limit of their solubility. The foam stability of PSS/DTAB mixtures is
strongly correlated to shear surface moduli. The authors [1] believe that two
phenomena are likely responsible for the absence of foam in a PSS/DTAB
mixture in the precipitation region: (1) most of the surfactant is bound to the
polymer complexes that have precipitated out of solution, leaving insufficient
amounts for high foam stability, (2) the polymer-surfactant precipitates act as
hydrophobic antifoam particles, which can provoke foam collapse. The foam
absence at full deposition of precipitates from SH/CTAB mixture can probably

be attributed to the same reasons.
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Figure 9. Dependences of ratios of foam volume remaining after 10 minutes, V, to the
initial foam volume V,, of CTAB solutions (4) and SH/CTAB mixtures (1-3) on CTAB
concentration at different pH: | —pH=11.5; 2 -~ pH=7.0; 3 - pH=4.0. C,, = 0.6 g/I.

We also note that the protein solutions [34] and mixtures of polyelectrolyte/
ionic surfactant [35] are capable to form stable foam at pH values close to the
isoelectric point (IEP), with a minimum of foam films stability for polyelectrolyte/

surfactant found in the IEP.

As can be seen from Fig. §, foam stability of SH/CTAB mixtures increases
with a pH decrease. This may be connected with increase in elasticity of mixed
adsorbed layers on conversion from base to acid pH. The first maximum of foam
stability shifts to lower CTAB concentrations with a pH decrease. Thus we can
obtain more stable foams from mixed solutions than from pure surfactant (or pure
polyelectrolyte) solutions by regulating the pH and proportion of components in

the mixture.
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Conclusions

1.

The investigation of adsorption and surface rheological properties of
mixed sodium humates/CTAB solutions at the liquid—gas interface
is presented and the possible mechanism of mixed adsorption layers
formation is proposed.

The main features of concentration dependences of surface tension,
elasticity, viscosity moduli and of frequency dependences of rhelogical
properties for mixed sodium humates/CTAB solutions give evidence
on the change of adsorption layer structure and may be connected with
the aggregate formation in the adsorption layers at appropriate CTAB
concentrations.

The foam stability of mixed sodium humates/CTAB solutions is
determined by the proportion of components in the mixture and
increases with pH decrease, that leads to increase of elasticity modulus
of SH/CTAB adsorption layers. The intervals of CTAB concentrations
and pH values which characterized by formation of stable foams are
determined.
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Chapter 17
Nanoporous films — model catalysts in the materials gap

Izabela Nowak
Adam Mickiewicz University in Poznan, Faculty of Chemistry,
Umultowska 89b, 61-614 Poznan, Poland

Catalysis is the single most important interdisciplinary technology in the
chemical industry. More than 85% of all today’s chemical products are produced
using catalytic processes. As a phenomenon, catalysis started to be known in
the first decades of the nineteenth century, i.e. when Berzelius defined catalysis
as a spectacle that changes the composition of a reaction mixture but leaves
the catalyst unaltered [1]. Generally, a catalyst is a ‘object’that accelerates a
chemical reaction without being consumed itself in the process. Without
catalysts, some chemical reactions would not take place or proceed so slowly at
a certain temperature that they could not be detected because of high activation
barriers.

Surface science (spectroscopic analyses at UHV) and heterogeneous
catalysis (industrial reactions carried out at higher pressures) have a lot in
common but they are still separated by ‘materials’ as well as ‘pressure’ gaps
(scheme 1) [2]. Accordingly, in the last two decades increasing efforts to bridge
the gaps between reaction conditions, often known as the ‘pressure gap’, and
between materials (the ‘materials gap’) were undertaken [3-7]. There is a long
history of studies in surface science of the uncomplicated steps in catalytic
reactions with idealized model systems. In order to bridge the ‘materials gap’
between the high-area-surface real catalysts and single crystal metal surfaces (or
even single species), one should design a kind of material that is not porous or a
powder, which have too complicated surface structures to be analysed easily by
spectroscopy. The material should not be as ideal as a single crystal surface, it
has to be a solid material. Bearing in mind the materials applied in real catalysts,
people thought naturally of metals supported on oxides. Furthermore, because
the metal nanoparticles supported on oxides have large exposed surface and
interface area, this led to the synthesis of supported metal nanoparticles, e.g.
films on oxide supports.
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Scheme 1. Illustration of the ‘pressure and materials gap’ between surface science and
heterogeneous catalysis. The largest gap exists between UHV investigations of single
crystals and atmospheric-pressure processes on supported metal nanoparticles (adapted

from [2]).

Themodel catalysts can be prepared in different ways falling into one of
three broad categories: wet chemical deposition; physical vapour deposition and
chemical vapour deposition. Among others the most popular is depositionof
the respective active metal phase by evaporation, depositionof preformed metal
nanoparticles or chemical impregnation. While structurallyand chemically still
reasonably well defined, these systems arealso more realistic than pure metal
substrates in that theyinclude, e.g., particle size effects or effects resulting from
theinterface between the support and the active material. These model systems
differ from realistic catalysts, however, inone important aspect with respect
to their (internal) transportproperties, as given, e.g., by the absence/presence
of pore diffusion. Therefore, recently scientists started to develop a new type
ofmodel system, consisting of a nanoscale catalyst layer of ahundred to a few
hundred nanometers thickness on a planarsupport. It has been recognized that
the thickness of the oxide films, as they are grown on metal substrates, may
be used as a design parameter to create materials of potential in catalysis. A
concept to control the catalytic activity of a dispersed metal by the thickness of
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an insulating oxide layer was introduced 25 years ago by Maier and co-workers
using silica layers covering Pt[8,9] (in this case, the catalytic performance for
dehydrogenation of cycloalkenes depended significantly on the thickness of
the silica films, which was explained by the decreasing transport of hydrogen
atoms produced at the Pt surface through the silica film). However, there are
lots of opportunities to explore various combinations of metals with varying
electronegativities in combination with metal/oxide thin film systems [10].

The preparation of a model catalyst, illustrated schematically in scheme 2,
begins with a cleaning a surface (typically a metal one) by of high-temperature
annealing and/or O, treatment. The next step is to deposit a thin metal oxide
film, typically 1-10 nm thick. The final step in model catalyst preparation is to
vapour deposit the metal of choice onto the thin oxide film. By controlling the
metal exposure and flux, tight control can be exercised over both cluster sizes
and densities. Various supported metal systems have been studied and applied
in the catalysis field, however in this paper some representative examples will
be presented.

Scheme 2. Schematic illustration of model oxide-supported metal catalysts preparation.
Please bear in mind the following sizes: oxide thin films (e.g. SiO, MgO, TiO, etc.) —
1-10 nm; supported metal clusters (e.g. Ni, Pt, Pd, Au, Ag, etc.) — 1-50 nm.

Hydrogen production

Amorphous molybdenum sulphide films are efficient hydrogen evolution
catalysts in water. The films were prepared via simple electro-polymerization
procedures and were characterized by XPS, electron microscopy and electronic
absorption spectroscopy. The catalysis was compatible with a wide range of pHs
(e.g., 0 to 13). The amorphous molybdenum sulphide films are among the most
active non-precious hydrogen evolution catalyst [11].
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Reduction/oxidation/decompositionreactions

Au nanoparticle (NP)-gelatine mesoporous composite thin films were
successfully prepared by the formation of Au NPs in the mesoporous gelatine
films through in situ reduction of HAuCl, at room temperature. The mesoporous
gelatine films were prepared by using copper hydroxide nanostrands as both
the assembling frames and the pore generators. It was found that both the trace
aldehyde groups of the glutaraldehyde cross-linker and the reduction groups of
gelatine contributed to the formation of Au NPs. The AuNPs were homogeneously
formed and dispersed in the gelatine films. These Au NP—gelatine mesoporous
composite films demonstrated superior catalytic properties for the reduction of
o-nitroaniline to 1,2-benzenediamine, and several to tens times higher activity
than those reported of the Au NP—polymer (or oxide) composites [12].

Three CoS,-, NiS,- and (Co,Ni)S-based thin films were prepared by
magnetron sputtering and studied as catalysts for the oxygen reduction
reaction (ORR). Electrochemical assessments indicate that all three films have
significant ORR catalytic activities, with that of (Co,Ni)S,-type showing the
best performance with regard to both open circuit potential (OCP) and current
density. The ternary film has an OCP value of 0.89 V vs. the reversible hydrogen
electrode, and shows a closer approach to values for Pt than have been obtained
to date for other transition metal chalcogenides [13].

A new method of sol-gel polymer template synthesis of mesoporous
catalytic titania thin films has been proposed which allows controlling the
chemical nature of the film, the porosity, thickness and loading with an active
species. The mesoporous films with a long-order structure can be obtained
in a narrow range of surfactant-to-metal precursor molar ratios from 0.006
to 0.009. The catalytic film thickness was varied from 300 to 1000 nm while
providing a uniform catalyst distribution with a desired catalyst loading (1 wt.
% Au nanoparticles) throughout the film. The calcination of the as-synthesized
films at 573 K reduced Ti*" sites to Ti*". A 300 nm thick Au-containing film
showed an initial TOF of 1.4 s™! and a selectivity towards unsaturated alcohols
as high as 90% in the hydrogenation of citral. Thicker films demonstrated a high
selectivity towards the saturated aldehyde (above 55%) and a lower intrinsic
catalytic activity (initial TOF of 0.7-0.9 s™') in the absence of internal diffusion
limitations [14].

The stability ranges of potassium promoted iron oxide model catalyst films
in dependence on the annealing temperature and oxygen partial pressure was
investigated at Fritz-Haber-Institute of the MPG in Berlin. At conditions which
simulate the technical ethylbenzenedehydrogenation reaction, K Fe, O,,(0001)
is partially covered by KFeO,. Both phases are exposed at the surface. As the
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same KFeO,-shell around a K Fe,,0,,-core was identified for the active state in
technical catalyst samples [15].

CO oxidation with oxygen over model Au catalysts was also studied [16,17]
in an attempt to shed light on the well-known structure sensitivity. It was
evidenced that a maximum in reactivity is observed for clusters with a diameter
of 3.2 nm. This result is identical to that obtained over high-surface area Au/
TiO, catalyst. These results suggest that the onset of CO oxidation activity may
be related to the unique electronic structure of 2D clusters. On the other hand
the activity over supported Pd clusters for CO oxidation with NO follow the
same trend as that of the single-crystal data: smaller clusters are more like open
surfaces and larger clusters are morelike close-packed surfaces [18].

In order to solve the problems of fuel combustion in internal-combustion
engines and exhaust gas purification, one may use catalytic coatings deposited
either on cylinders and pistons or on the surfaces of bulk supports in the systems
of catalytic afterburning of exhaust gas. Both problems can be solved by using
the manufactorable method of depositing the coatings with catalytic properties —
plasma electrolytic oxidation [19].

The decomposition and (partial) oxidation of methanol were studied on Pd
model catalysts based on ordered Al,O, and Fe,O, thin films, i.e. either on well-
defined particles supported on powders or on Pd single crystals. The interaction
of Pd nanoparticles and Pd(111) with CH,OH and CH,OH/O, mixtures was
examined from ultrahigh vacuum conditions up to ambient pressures, utilizing
a broad range of surface specific vibrational spectroscopies. Detailed kinetic
studies in the low pressure region were performed by molecular beam methods,
providing comprehensive insights into the microkinetics of the reaction
system. The results showed that, by combining suitable experimental and
theoreticalapproaches, a detailed picture of a complex catalytic reactionsystem
can be developed, which provides a microscopic-levelunderstanding of structure,
size and support dependent effectsin heterogeneous catalysis, ranging from ideal
ultra-highvacuum to real ambient pressure conditions [20].

The next reaction — overall reaction of NO, leading to decomposition, is
almost identical in the two systems, i.e. on Cu(110) and on Cu nanoclusters
deposited on a 0.5 nm thick AL O, film. Both types of Cu surfaces promotes the
formation of NO dimers, which are precursors to the dissociation products N, O,
N, and O. Although the overall reaction is independent of surface structure, the
IR spectra clearly showed differences in the adsorption sites occupied on the
single crystal and the clusters, a disparity that was also shown by CO adsorption
experiments (Fig. 1 left). In contrast, the reaction pathway of dichloroethene
did show differences on the two types of Cu surfaces. On both surfaces, the
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initial reaction step is insensitive to structure and efficient dechlorination leads
to the production of adsorbed acetylene (Fig. 1 right). However, the fate of
this intermediate depends critically on the underlying surface. On Cu(110), the
acetylene trimerises readily into benzene at 350 K. However, this reaction shows
a significant size dependent behaviour on the supported nanocluster systems,
with the probability for trimerisation diminishing with decreasing cluster size
[21].

[a—

Nyt N2Oygy CoHyClag CeHeie)

Cu single crystal

NGO, Naggr NaOyg CoHClyy CeHa
NOy, e NiO CHCly, CHag

@

3ZIS ¥31SN12/30v44NS OL IALLISNAS INSINVHIIN NOLLDVYIY

Cu crystals on ALO, film

REACTION MECHANISM NOT SENSITIVE TO SURFACE/CLUSTERSIZE

Figure 1. Schematic diagrams of NO and dichloroethene reactivity on Cu single crystal
(top) and supported Cu nanoparticles (bottom) (adapted from [21])

Photocatalysis

Photo-oxidation by using TiO, photocatalyst is being widely studied as
a relatively new technique of pollution abatement. Coating of mesoporous
TiO, nanocrystalline films on stainless steel (Grade 304) was conducted using
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an evaporation-induced self-assembly (EISA) process in the presence of a
Pluronic F127 triblock copolymer. The photocatalytic properties of mesoporous
TiO, films were evaluated using orange II in aqueous solution under ultraviolet
irradiation. The photocatalytic activities of the subsequently deposited
mesoporous TiO, films were significantly improved, which can be attributed to
the enhanced charge carrier separation and excellent optical reflection properties
of the interlayer [22].

On the other hand thin films of iron (Fe) doped titanium dioxide (Fe-TiO,)
were prepared on a variety of substrates by using Ti-peroxy sol—gel dip coating
method. The surface structure of the film was modified by adding different
concentrations of polyethylene glycol (PEG) into the TiO, sol. Most of the
metal ion doped entered TiO, lattice resulting the shift in optical absorption
edge towards visible side. The adsorbed hydroxyl content of such porous films
is found to increase with amount of PEG added. Photocatalytic properties of the
surface modified and Fe ion doped TiO, catalyst was investigated by degradation
of methyl orange in sunlight. The photocatalytic activity of the PEG added Fe—
TiO, catalyst was enhanced by 2-2.5 times than undoped TiO, [23].

A novel approach that adds reactant selectivity to existing, non-porous oxide
catalysts by first grafting the catalyst particles with single-molecule sacrificial
templates, then partially overcoating the catalyst with a second oxide through
atomic layer deposition was recently presented [24]. This technique is used to
create sieving layers of Al,O, (thickness, 0.4-0.7 nm) with ‘nanocavities’ (<2 nm
in diameter) on a TiO, photocatalyst. The additional layers result in selectivity
(up to 9:1) towards less hindered reactants in otherwise unselective, competitive
photocatalytic oxidations and transfer hydrogenations.

Conclusions

The use of thin films as supports enables complete characterization using
surface science techniques. In this short review a number film oxide-supported
catalysts were presented to investigate reaction kinetics in an attempt to address
such issues as structure sensitive/insensitive reactions and size-dependent
catalytic properties. Activity comparisons between model catalysts and
traditional supported catalysts provide convincing evidence that the ‘materials
gap’ has indeed been bridged.
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Chapter 18

Silica surface functionalized by supramolecular systems as
effective agent for cesium ions removal

Joanna Kurczewska
Adam Mickiewicz University in Poznan, Faculty of Chemistry
Umultowska 89b, 61-614 Poznan, Poland

Nuclear technologies are responsible for the production of cesium isotopes
(Cs-135 and Cs-137) through uranium fission in nuclear reactors. Their presence
in the environment results from several sources like nuclear accidents, nuclear
weapon testing or radioactive wastes. Cs-137 is characterized by relatively
long half-life (about 30 years) and gamma energy of 661 keV, therefore it is
considered as potential source of radiation and heat (heat emitting nuclide) in
medicine and industry [1-7].

Cs-137 (T=30.04 years) ‘

Ep=512 keV/

Radioactive decay of
radionuclides
137CS and ]37mBa

’ Ba-137m (T=2.6 min) ‘

E,=661 keV

v

’ Ba-137 (stable) ‘

Figure 1. Decay of cesium-137.

However, before it can be applied anywhere, it has to be separated from
highly active liquid waste (HLW). The unlimited solubility of the nuclide takes
in effect in its migration to the underground water. In the consequence of its
presence in the food chain and water supply, radiocesium is taken up by living
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organisms instead of potassium. Therefore safer storage of HLW is possible
after separation of cesium, which should reduce radiation risk to health and
environment. Selective separation of Cs-137 is very difficult and challenging
problem for chemical engineering. For example concentration of nanomolar
level of cesium in sea and river waters is not only difficult to be removed but
also to be detected because of concurrent presence of other cations (sodium,
potassium...) in much higher concentration. The concentration of cesium-137 in
HLW can be monitored by Ge detectors of high purity but these measurements
are disturbed by the presence of other fission products.

The most common methods of cesium separation are ion exchange,
adsorption or liquid-liquid solvent extraction. Zeolites are often applied as
selective ion exchangers of metal ions from radioactive wastes. Very good
sorption of 1*’Cs properties are demonstrated by hexacyanoferrate and potassium
nickel or cobalt ferrocyanides (FCN) of different composition have been used for
treatment of active nuclear waste solutions. Ferrocyanides of transient metals,
commonly used in nuclear technology, are characterized by low solubility and
high selectivity for cesium in the presence of other alkali as well as alkaline
metals. They are also stable in the wide range of pH. Generally, the sorbents
are prepared by the precipitation method. After that it is usually filtrated, dried
and crushed to small particles. There are two methods of practical application of
FCN. If the product is stable enough, it can be used itself in a column. However,
it is difficult to achieve therefore a composite sorbent is effective alternative.
Silica gel provides very good mechanical stability for the matrix. On the other
hand it does not influence negatively the sorption capacity of FCN compared to
pure FCN. However, before detailed analysis of composite sorbents, it is worth
to mention about the adsorption behaviour of Cs on unmodified silica gel [8].
The adsorption process takes place in the pores and it is commonly applied for
wastewater treatment. Dependently on, particle size, cation concentration and
temperature, the cesium adsorption could differ. The experiments described by
Bascetin et al. were carried out for the concentration between 1 x 10 and 1 x 107
mol/dm?. It was observed that the adsorption capability was low but increased
with increasing particle size and the exchange process was responsible for the ion
adsorption on silica gel. The calculation of thermodynamic parameters supplied
additional information. In case of particles 15-40 um, the reaction was favorable
in higher temperatures and the process was spontaneous. For particles 40-63 and
63-200 pum, the spontaneity of the reaction was even enhanced. Generally, the
differences caused by changing temperature were insignificant.

Orechowska et al. [9, 10] focused on composite sorbents based on silica
gel and ferrocyanide in order to combine the properties of FCN for Cs removal
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and incorporate additional stable matrix. Firstly, they prepared several sorbents
with different amount of the active components (K, Ni, , Fe(CN),1.01 KNO,;
K, ,Ni, ,Fe(CN); Ni,Fe(CN),2.93 KNO,; K, Ni , Fe(CN),0.95 KNO,). The
sorption studies were carried out in the concentration range 1 x 10'-10 mol/
dm?®. It was observed that the distribution coefficient decreased below and above
the concentration 1 x 10* mol/dm?®. In higher concentration it can be explained
by the decrease of sorption capacity due to occupied sorption sites of the sorbents
by cesium. In case of low concentration, colloids formation should be seen as
a cause of the distribution coefficient decreasing. This problem can be easily
avoided by ultrafiltration that removes colloids. The other studied parameter,
the influence of competitive ions (K, Na, Ca cations), confirmed the assumption
about potassium competing influence because of its similar ionic radius, hydration
energy, dimension and charge density. Moreover the presence of calcium ions
can take effect in coagulation of colloidal particles. Nevertheless, such sorbents
can be used for removal of radiocesium in the presence of competitive ions.

The same research group developed other composite sorbents named
“NIFSIL”. Again sorbents, based on potassium nickel ferrocyanideand silica gel,
were used as matrix. This time they were prepared as spherical beads by a sol-
gel method. Generally, the sorbent capacity depends on the FCN amount in the
sorbent. Again it was proved that the silica matrix was neutral for cesium sorption.
It was also demonstrated that sorption of other radionuclides (strontium and
plutonium) was rather low. If such systems could be used in column operations,
there is higher possibility of their practical application.

Independently on commonly applied FCN, it would be interesting to
consider other compounds as selective separator of radio-cesium. A combination
of supramolecular systems: calixarene and crown-ethers gives new class of
compounds: calix-crown molecules that are characterized by a complementary
cavity for cesium ion. Moreover, an application of bis-crown ligands generates
even higher uptake of cesium when compared to monocrowns. Mohapatra et al.
[11] discussed the properties of three calix-crowns (Figure 2) as potential agents
for cesium removal from highly active liquid waste.

The abilities of calix -mono and biscrowns for cesium removal can be
applied for the formation of chromatographic resin. Hao et al. [12] immobilized
calix[4]-bis-crown-6 on polymeric material (polystyrene —divinylbenzene)
that demonstrated high absorption ability of cesium(I) in the presence of other
radioactive elements.
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Figure 2. The calix-biscrown ligands’ structures.

Another step of discussed subject is the usage of silica core surrounded by
organic surface bearing layer with receptor molecules. Such selective receptors
were prepared by Nechifor et al. [13]. Firstly they obtained suitable calixarene
derivative (Figure 3) by adding undecyl chains with terminal OH groups. It
is well known that surface silanol groups are easily esterified with octadecyl
alcohol giving colloids. Then they focused on the control of colloidal stability
in different conditions by choosing a proper solvent. A solvent should be
common for “bare” silica particles, organic molecules and final grafted particles.
2-nitrophenyl octyl ether and triethyl phosphate were choosen for that purpose.
The first one is very good solvent of calixarenes and the second one is able to
disperse silica particles (charged and hydrophobic). The process was monitored
by light-scattering measurements in order to detect aggregates formation.
The ability of silica colloids for cesium complexation was studied during the
contact of dispersed colloids in chloroform and cesium chloride water solution.
According to the results, it was proved that the modified calix[4]arene-crown-6
was stable during grafting process i. e. in the temperature range 140-160°C.
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When considering silica particles, commercial Ludox ones and Stdber spheres
were used. It was observed that silica was partly covered with solvent triethyl
phosphate giving good colloidal stability but lower grafting by receptors. In case
of another solvent, the percentage of grafting was much higher but Ludox silica
has a tendency to flocculate, which was not observed for Stober spheres.
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Figure 3. Synthesis of silica spheres coated with calixarene derivative having two long
alkyl chains

Research group of Arena [14-16] focused on the synthesis of calixcrowns,
characterized by different cavity of crown ether, immobilized on silica gel.
According to the scheme presented in Figure 4, the synthesis procedure of
macrocycles A was started from 1.3-diallylcalix[4]arene, through alkylation
of hydroxyl groups, Claisen rearrangement and transformation of upper part
into the crowns. The macrocycles obtained where then linked to silica gel by
heating with triethoxysilane and used as stationary phases in chromatographic
columns. As expected the macrocycle having smaller cavity of crown ether
unit showed good selectivity for potassium ions and the second one-for cesium
ions. Unfortunately, long-term usage of the column takes effect in its efficiency
decreasing and the removal of e.g. cesium in the presence of other alkali metals
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is no more sufficient. However, it can be easily improved by a column cleaning
with acidic aqueous solutions.

In the following studies the same research group compared the properties
of three chromatographic stationary phases (Figure 4, A (n=1 or 2) and
B). They focused on the role of a length of the attaching arm on the column
behaviour. They applied X-ray photoelectron spectroscopy (XPS) in order to
estimate the degree of coverage of the activated silica-gel surface. Compared
with elemental analysis, this is more convenient technique for that purpose. It
was proved that the coverage calculated by elemental analysis data was lower
than the one determined via XPS. It results from the fact that the elemental
analysis data include not only the macrocycle but also other sources of carbon
(contamination). As it was demonstrated in previous paper, smaller crown cavity
takes effect in higher efficiency towards potassium ions than cesium ones. Two
other discussed phases contain the same macrocyclic receptor-calixcrown-6 and
both demonstrated the ability of total separation of cesium in the presence of
sodium and potassium ions. The degree of silica gel surface coverage was a bit
higher (10-15%) when the attaching arm was shorter.

Several papers of Zhang [17-19] describe the application of another silica
based adsorbent. They used 1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-
Calix[4]-arene (Calix[4]arene-R14; Figure 5) as supramolecular recognition
agent that should be potentially responsible for the complexation of alkali and
alkaline-earth metal ions. Firstly supramolecular compound was modified with
Methyloctyl-2-dimethylbutanemide (MOBD). Then calix[4]-arene and MOBD
were impregnated and immobilized into the pores of SiO -P particles (P: styrene-
divinylbenzene copolymer obtained after the polymerization reaction inside the
macroporous SiO,) and (Calix[4] + MOBD)/SiO,-P was obtained.

Several alkali metals (potassium, rubidium, cesium) and alkaline-earth
metals (strontium, barium) are fission products are present in HLW that results
from nuclear spent fuel reprocessing process. The presence of sodium in HLW
is due its addition (sodium nitrate(IlI) ) during the process. The adsorption
studies of mentioned metals on the support studied were carried out for different
contact time. It was observed that Na(I), K(I), Sr(Il) and Ba(Il) were adsorbed
insignificantly when the contact time increased. However, such a tendency was
not demonstrated by Rb(I). On the other hand, the adsorption of Cs(I) shows
the opposite tendency as it increases with increasing contact time. Generally,
the composite support demonstrates high selectivity for heat-emitting nuclide
Cs(I) with the exception of rubidium(I). Another important item that favours the
support is extremely low adsorption of other heat-emitting nuclide-strontium(II).

488



SILICA SURFACE FUNCTIONALIZED BY SUPRAMOLECULAR SYSTEMS AS EFFECTIVE AGENT FOR CESIUM...

({O«J n(tor2)
0 0

O O

!
(

8o
l/ sl oug

o\
e a® T o\ \ A)o)/

_— \
— siica 92

__o__“

Figure 4. Synthesis of immobilized calixcrowns for different cations removal.

The adsorption studies were carried out in nitric acid of different concentration
(0.3-7.0 mol dm). Typically, nuclear spent fuel reprocessing is conducted using
3.0 mol dm® HNO,. Therefore, the results were predictable to a certain degree.
The adsorption abilities increased starting from 0.3 till 3.0 mol dm? and then
decreased from 3.0 to 7.0 mol dm? nitric acid solution. It was explained by the
effective complexation of cesium in lower (below 3.0) acid concentration or the
protonation of calix[4]arene-R14 with HNO, in higher (above 3.0) one.

The mechanism of cesium sorption is chemisorption therefore it was
important to investigate also the influence of the temperature (293-333 K). It
was proved that the adsorption process was exothermic as it decreased with
increased temperature. According to the calculated thermodynamic parameters
it was stated that the adsorption process is spontaneous and is favorable at lower
temperature.

The only defect of the composite polymeric material is co-adsorption of
rubidium(I), which should be separated from cesium(I). The authors suggested
that it could be achieved by using other silica-based composite bearing Ar-OH
functional groups.
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Figure 5. Structure of 1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-Calix[4]-arene;
Calix[4]arene-R14.

In another paper, the same research group broadened their studies in order
to estimate the adsorption of other typical fission products (molybdenum,
palladium, lanthanum, yttrium, ruthenium, rhodium, and zirconium) on the
composite material Calix[4] + MOBD)/SiO,-P. The research studies were result
of complex composition of HLW, i.e. it was reported that it contained about 30
elements that could influence unfavorably elimination of cesium(I). Again, it
was proved that the tested metals were not adsorbed onto polymeric composite
with increasing contact time but the situation was exactly opposite in case of
cesium(I). In other words, other fission products do not have any influence on the
adsorption of Cs(I). Analogous conclusions, with reference to previous paper,
were described, i.e. chemical nature of the cesium(I) adsorption process, optimal
sorption of the desired ion in 3.0 M HNO,.

The molecular modification of calix[4]arene-R 14 with MODB resulted from
some disadvantages of the calixcrown in selective complexation of cesium(I).
The lipophilic nature of calix[4]arene and hydrophilic one of crown ether made
the synthesis unsatisfactory. Moreover, the optimal concentration of nitric
acid for cesium ions separation by extraction chromatography was different
than that of HLW. In order to evaluate the influence of different modifier M,
the authors decided to compare the properties of the composite material by the
modification of calix[4]arene-R14 with tri-n-butyl phosphate (TBP), octanol
(Oct) and previously discussed methyloctyl-2-dimethylbutanemide (MOBD).
The chromatographic partioning was carried out in the presence of some typical
fission and nonfission products, including uranium(VI), strontium(Il) and
cesium(I), in nitric acid solution. Most of uranium (more than 99%) is separated
by liquid-liquid solvent extraction but a small quantity is still present in HLW
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and it is important to test if it has any impact on the separation of Cs(I). However,
it was shown that uranium adsorption was weak, slightly better than strontium.

The presence of varied modifiers, having different functional groups, should
result in different adsorption properties. The first distinction was observed
when comparing the adsorption capacity in nitric acid concentration range
0.3-7.0 M. In case of the modifiers Oct and TBD the optimal adsorption was
achieved for 4.0 M HNO,, while for MODB - 3.0 M. In the optimal conditions,
the highest distribution coefficient was obtained by (Calix[4] + Oct)/SiO,-P,
that was interpreted by several factors (matching of size between cavity and
cesium, w-bonding interactions with arene groups, molecule reorganization).
According to the authors, the mechanism of adsorption and elution of cesium(I)
in chromatographic partioning by the composite materials discussed is as
following (Figure 6).

Aqueous phase Adsorption Elution
NOy :
NO-  H* Cs <—— (Calix[4]-R14+M)/SiO,-P NO3
) - )
other

NO5 \ cations
Adsorption cycle

NOj3
B H* (Calix[4]-R14+M)/SiO-P Water
NO3
other
cations

Figure 6. Mechanism of cesium(l) adsorption and elution in partioning by the composite
materials.

Another version of Calix[4]arene-R 14 modification was described by Wu et
al. [20]. This time the supramolecular system was modified with dodecanol to
form (Calix[4] + Dodecanol)/SiO,-P. The results obtained were similar with the
previous studies as the material demonstrated an excellent adsorption ability of
cesium(I) and the maximum separation was observed for 4 M nitric acid solution.

It seems that composite matrices, having calixcrowns as molecular receptors
for cesium(I) complexation, are very promising tool for Cs(I) separation from
highly active liquid waste. In optimal conditions, they are able to eliminate
selectively the desired cation in the presence of great number of other ones.
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Unfortunately, the synthesis cost could exclude it from a practical application
because of economical aspects.
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1. Introduction

Algae are differential group of organisms, which consist of both unicellular
microalgae (e.g. Spirulina, Chlorella) and multicellular macroalgae (e.g. Ulva,
Fucus). However, they have several common features, as a existence in aquatic
habitat or their simple morphology. Due to their chemical diversity and unique
properties, algae have been the subject of many studies and they are widely used
in pharmaceutical, cosmetic and agricultural industry. The algae are common
on all seashores and can produce in time an important amount of biomass in
nutrient-enriched waters. They are characterized by chelating properties and
they are able to form complexes with cations.The problem of finding compounds
to capable complex formation is also one of the main subject of supramolecular
chemistry.

The term “ulvan” refers to the anionic polysaccharides found in the cell
wall of green seaweeds belonging to the genus Ulva(Chlorophyta), in which it
represents from 8 to 29% of the dryweight. Ulvan is a complex anionic sulfated
polysaccharide extracted from the cell-walls of green sea weeds.

Algal cell walls are freely permeable to low molecular-weight constituents
such as water, ions, gases, and other species [1]. Hence, marine algae (e.g.
Fucusvesiculosus) are characterized by high concentration of e.g. iodine,
chlorine or potassium in their cell walls by contrast to algae, which exists in
fresh waters. Furthermore, algae are able to uptake biogenic elements such as
nitrogen and phosphorus from surfacewaters. This process is widely studied for
using in water treatment because of algae potential as biofilters [2-4]. Moreover,
in recent years algae have received increasing attention for heavy metal removal
[1]. This organisms can absorb various metals, especially heavy metals such as:
Cd, Cu, Zn, Pb, Cr, Hg, Fe, Ni, Co, Au. Therefore, algae are used as bioindicators
and biosorbents [5]. They can be also potentially applied in rare metal recovery
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from water, e.g. gold [6].

The accumulation of metals in algal biomass is the result of the presence of
specific compounds, which generally bond metal ions by chelation. There are
several functional groups responsible for coordination bond formation with metal
ions, e.g. hydroxyl, carboxyl, amino, ester. The major chemical components in
algae, which contain these functional groups are polysaccharides (alginic acid
and alginates, cellulose, xylans, ulvans, fucoidan), proteins and lipids [1,5].
Depending on species of algae the composition of individual compounds can
be different in a biomass. As a result, particular groups of algae have distinct
chelating properties due to differences in composition of chelators. For example,
the cell walls of brown algae (Phaeophyta) generally containsuch components
as cellulose, alginic acid and the corresponding salts of sodium, potassium,
magnesium and calcium and sulphated polysaccharides (fucoidan). The red
algae (Rhodophyta) also contain cellulose, but the main compounds responsible
for chelation of metals aresulphated polysaccharides made of galactanes (agar
and carragenates). Finally, green algae (Chlorophyta) mainly consist of cellulose
and proteins bonded to polysaccharidesto form glycoproteins [7,8]. The Table 1
shows the main cell wall components occurring in green, brown and red algae.

Table 1. The major classes of chemical components present in different groups of algae[8].

Group of algae Cell wall component

Cellulose, hydroxyproline glucosides,

Green algae
xylans, mannan

Cellulose, alginic acid, sulfated mucopolisaccharidies

Brown algae (fucoidan)

Red algae Cellulose, xylans, sulfated polysaccharidies (galactanes)

On the basis of a number of studies it was found that brown algae have
the greatest ability to accumulation of heavy metals than green or red algae.
Brown algae have also higher uptake capacity and they offer better sorption
of metal ions [5,9,10]. This fact is probably caused by higher amount of
alginates and fucoidans in cell walls of brown algae, which are responsible for
bioaccumulation process [5]. In the Table 2 this is evident that brown algae are
the best biosorbents due to the highest values of maximum biosorption capacity.
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Table 2, The value of maximum biosorption capacity [mmol/g biomass] for brown, red
and green algae[7].

Metal ions Brown alga Red alga Green alga Average value
Cd 0.930 0.260 0.598 0.812
Ni 0.865 0.272 0.515 0.734
Zn 0.676 - 0.370 0.213
Cu 1.017 - 0.504 0.909
Pb 1.239 0.651 0.813 1.127

Moreover, the efficiency of absorption of metal ions depends on species
of algae. There are many researches shows that various species of algae are
characterized by different uptake capacity of heavy metals. Romera et al. studied
the sorption capacity of six different species of algae (Codium vermilara,
Spirogyra insignis, Asparagopsis armata, Chondrus crispus, Fucus spiralis,
Ascophyllum nodosum) in the recovery of Cd, Ni, Zn, Cu and Pb. The best results
were obtained with Fucus spiralis[11].Baran et al. reported that the maximum
sorption capacity of Halimeda tuna, Sargassum vulgare, Pterocladia capillacea,
Hypnea musciformis, Laurencia papillosa for Cr(VI) were 2.3; 33.0; 6.6; 4.7 and
5.3 mg/g, respectively. The results showed that Sargassum vulgare was suitable
for removing chromium from aqueous solution [12].L¢ska at al. proved that
freshwater Ulva species were characterized by high ability to uptake cadmium
and lead ions. As a result Ulva spp. can potentially be used as a biosorbent of this
ions [13]. However, the same research group examined freshwater populations
of Ulva, which exhibited a greater efficiency to bioaccumulate nickel as
compared to species derived from marine ecosystems. That is why Ulva maybe
also used as bioaccumulator for Ni [14].Murphy et al. investigated several
species of the marine macroalgae: Fucus spiralis, Fucus vesiculosus, Ulva
linza, Ulva compressa, Ulva intestinalis, Ulva lactuca, Polysiphonia palmata
and Polysiphonia lanosa, in terms of their Cu(Il) biosorption performance.
Consequently, Ulva spp. performed extremely efficiently in sequestering copper
ions (0.326 mmol/g biomass) [15].

2. Alginates

One of the most essential group of compounds, which enables algae to chelate
heavy metal ions is alginic acid and alginates — its sodium, potassium, magnesium,
calcium or ammonium salts. Generally this components occur in brown algae [5].
They are derived by extraction with diluted alkaline solution from such species as:
Laminaria, Lessonia, Macrocystis, Ascophyllum, Durvillea [16, 17].
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Alginic acid and alginates areclassified as polysaccharides and they are
polymers of B-D-mannuronic acid and o-L-guluronic acid. B-D-mannuronic
acid creates M-blocks in alginate chain and a-L-guluronic acid creates G-blocks,
which have diferent spatial conformation [5]. Thanks to presence of carboxyl or
hydroxyl groups they are able to create complexes with metal ions. The Figure 1
presents the structure of alginic acid.

HO HOOC
o o)
~ OH
HOOC Y /
OH d
o
OH

M

G

Fig. 1. Structure of alginic acid [18].

Blocks M and G occur in various location and ratio in alginic chain. There
are three possible types of location of M and G blocks: homopolymeric blocks of
guluronate (GGGG), homopolymeric blocks of mannuronate (MMMM) or the
blocks with alternating sequence (MGMG) [19]. It was found that the structure
of alginates depends on species of algae, their geographical location and climatic
conditions. For example, alginates extracted from Laminaria hyperborea are
characterized by a high amount of G-blocks, in contrast to Laminaria japonica,
which contains alginates with a small amount of G-blocks [20].

Hence, individual types of alginate chains represent different capacity to
metals binding. The most favourable structure of alginic chain is the GGGG
type of structure. The reason why this structure provides the most efficient metal
chelation must be due to suitable geometry of the particle. There are specific
cavities between G-blocks, which offer convenient places for metal ion because
of the possibility of interactions between metal ion and functional groups from
alginates. The GGGG type of alginate creates zigzac structure, which enables the
stronger impact of metal cation and its more stable connection with alginate. By
contrast, the MMMM structure do not offer such effective geometry for stable
chelation of metal ions. As a result, the homopolymeric blocks of guluronate
shows a better specificity for cations bonding and represents well-defined
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chelate spaces. The consequence of this fact is that higher amount of the GGGG
blocks in alginate allows the highest values of maximum biosorption capacity.
The interaction between poliguluronate blocks and metal cation is described by
the “egg-box” model, where homopolymeric G-blocks form three-dimensional
structures, in which metal ions are embedded like eggs in a cardboard egg-
box [21, 22]. The structure of alginic chain can be regulated with action of the
enzyme - alginate C5-epimerase [23]. The Figure 2 shows three types of blocks
in alginic chain.
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Fig. 2. Types of blocks in alginic chain [16].
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The interactions of alginic acid with diverse bivalent cations, particularly with
Ca?ions, have been studied frequently. This ions readily links between GGGG
blocks in alginic acid thanks to creating chelating bonds comes from carboxyl
and hydroxyl groups. In the presence of calcium ions alginates create gel, which
is additionally stabilised by intermolecular hydrogen bonds [23]. These gels are
used in preparing active dressings. If alginic dressing consist of high amount
of GGGG blocks there are obtain high-apsorptive compact gels with efficiently
bonded calcium ions. On the contary, if we use alginic acid with small amount
of polyguluronate blocks there we obtain more liquid and less-apsorptive gels
[24]. Also manganese ions prefer to link with polyguluronate chain, by contrast
to polymannuronate blocks, which do not form stable complexes with Mn?* ions.
However, there were observed impacts between carboxyl carbon C, and carbon
C, comes from polyguluronate blocks and Mn** ion [25].

3. Ulvan

Another interesting group of chelators in algae classified to polysaccharides
are ulvans. This compounds were discovered and extracted from Ulva species,
so they are characteristic for this green algae. Ulvans are extracted e.g. from
Ulva armoricana,Ulva lactuca, Ulva rotundata, Ulva rigidaor Ulva mutabilis
with hot water containinga divalent cationchelator such as ammonium oxalate.
Recovery of ulvan is generally done by precipitation by adding an alcohol or a
quaternary ammonium salt [26,27]. An alternative extraction can be sequential
extraction on AIR (alcohol insoluble residue) e.g.AIR extraction with hot HCI or
AIR extraction with acidified ammonium oxalate [28].

Ulvans are water-soluble sulfated polysaccharides, in general consist of
rhamnose, xylose and glucuronic acid. The other constituents of ulvans could
be mannose, galactose or arabinose. However, it is difficult to determine the
sugar composition in ulvans due to changes in the composition with seasons,
environmental conditions and ecophysiological growth conditions of algae [26].
The Figure 3 presents the main disaccharides occuring in ulvan.

Ulvansare able to form chelate coplexes with metal ions and to create gels.
The mechanism of gel formation is complex and not fully explained. Actually,
conditions, in which the gel is formed with ulvans, are following: a presence of
boric acid, calcium ions and pH between 7.5-8 [29]. However, increasing elastic
modulus in the gel were obtained with Cu > Zn > Mn > Ca for Ulva armoricana
ulvans, but no gel was obtained with Mg ions [26]. In normal conditions ulvans
have linear structure. In the presence of boric acid and metal ion (e.g. Ca>")
they form spherical-shaped structures, which have diameter of about 10 nm.
Afterwards this spherical-shaped structures can associate with each other and
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create grouping of associates with diameter of 500-1200 nm, which look like
raspberry fruit (bead-like structures). Subsequently bead-like structures link
with each other by linear fibers (fiber-like materials) thanks to ionic interactions.
Probably fiber-like materials can consist of protein chains, glucuronic acid or
ulvans, which do not create spherical-shaped structures. As a result, there is
formed three-dimensional structure, characteristic for ulvans. There are creating
specific zones between spherical-shaped structures, in which metal ion can
be embedded and complexed [27]. The Figure 4 shows the three-dimensional
structure formed by ulvans in the presence of boric acid and bivalent metal ion.
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Fig. 3. Structure of the main disaccharides occuring in ulvan: ulvanobiuronic

acids A, and B, and ulvanobioses U,gand U, .. [27].

Fig. 4. Structure formed by ulvans in water solution in the presence of boric acid and
bivalent cation [27].
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There are several proposed interactions between ulvans and metal ions.
One of the proposed machanisms explains that few borate esters are formed
with the cisdiol functions of unsulfated rhamnose residues to cross-link ulvan
chains (Figure 5. I). Calcium ions can bridge complexes and stabilize the borate
esters. On the other hand, direct ulvan cross-links by borate esters are unlikely
(Figure 5. II). Finally, sulfate and carboxylic acid groups from ulvans are able to
coordinate metal ions (Figure 5. 111, IV) [26].

So far, it was proved that ulvans extracted from Ulva armoricana have
had the most applicable gelling properties. Ulvans from this species showed an
affinity for chelating metal ions in the following order: Al > Cu > Pb > Zn > Cd
=Mn > Sr> Mg = Ca [26].

4. Use of the chelating properties of algae

Due to chelating properties of algae there are a range of applications in
various industries of this water organisms. First of all, algac may be used as
biosorbents due to their ability to accumulation of heavy metal ions [1,5,7,9].
Biosorption is an innovative technology, which uses inactive and dead biomass
for the recovery of heavy metals from aqueous solutions. Because of high
values of biosorption capacity obtained for many species of algae, especially
for brown algae [11,12,15], biosortion seems to be a promising alternative to
traditional methods of water treatment. Apart from high yield of metal chelation,
algae present other advantages, e.g.: rapid increase in biomass in a short time,
low nutritional requirements (water, light, CO,), environmentally friendly
production of algae biomass [5,11]. There are available researches showing
that algae can be competitive biosorbents with other types. For example, it was
found that Fucus vesiculosus presents higher maximum biosorption capacity for
lead than bacterias, fungi or natural zeolite [10].The comparision of the value
of maximum biosorption capacity is showed at Table 3. What is more, algae
can be potentially used as a bioindicators of metal contamination in aquatic
environments [3,13,14].
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Table 3. Comparision of the value of maximum biosorption capacity
[mmol/g mass] for different types of sorbents [10].

Sorbents Pb Cu Cr
Fucus vesiculosus (alga) 1.04 0.97 1.12
Pseudomonas aeruginosa (bacteria) 0.33 0.29 -
Rhizopus arrhizus (fungus) 0.50 0.25 0.27
Natural zeolite 0.18 - -
Ion exchange resin 1.37 - 0.59

Secondly, algae are also able to accumulate radioactive ions. Oszczak et
al. investigated the sorption of U®*, Eu** and Am*" wih using calcium alginate
as a biosorbent. It was found that all of the radionuclides used were removed
efficiently [30]. Another research concerned of identification of the level of '*’Cs
concentrations in three macroalgae species: Polysiphonia fucoides, Furcellaria
lumbricalis and Cladophora glomerata coming from Puck Bay. Polysiphonia
fucoides turned out to be the best bioindicator for the monitoring of *’Cs
contamination due to the high efficiency ofbioaccumulation [31]. Therefore,
algae may be potentially used in removal of radionuclides from liquid radioactive
waste. They also can be applied in study of the marine environment as a
bioindicators of the presence of transuranic elements and products of fission of
nuclear fuel. Furthermore, algae are considered as potential reference organisms
to be used in models for assessing the radiological consequences of radioactive
releases, arising both from the routine operation of nuclear facilities [32] and
from accidental situations [33].

Moreover, chelating properties of algae are widely used in medicine. Their
ability to removing heavy metals is applied in detoxify a body from this metals,
e.g. Spirulina platensis is used in this respect [34]. Algae are usually applied
for this purpose in the form of tablets, capsules or solutions [35]. Nowadays,
different kinds of biomaterials, such as alginate fibers, become more and more
popular in medical applications as a modern active dressings. There are many
types of alginate fibers, which are made from: alginic acid, zinc alginate, copper
alginate, sodium alginate, calcium alginate, calcium alginate with nanosilica.
Generally, in the case of calcium alginate the mechanism of action is that calcium

504



ALGAE AND THEIR CHELATING PROPERTIES

ions from dressing are converted to sodium ions from the wound exudate [36].
In addition, Ca*" ions are able to activate thrombocytes. Hence, this ions have
hemostatic properties and they accelerate blood clotting and wound healing
when they are released into the wound [37]. Additionally, in case of zinc and
copper alginate fibers application, dressings is achieved with bacteriostatic and
antifungal properties [5]. The sorption properties of active dressings depends
on the structure of alginate contained in the material. In the presence of high
amount of GGGG blocks in an alginate there is possible ‘egg-box’ structure,
which allows for the absorption of larger amounts of secretions from the wound
[24]. Also ulvans can be proposed for the applications as wound dressings. What
is more, ulvans were investigated in the release of dexamethasone from ulvan
membranes. Results showed that these membranes may be potentially used as a
drug delivery systems [38]. There are many others researches which proves the
ability of algae materials, e.g. ulvans and alginates, to drug release [39,40,41].
Furthermore, there is still increasing interest in algae as a very attractive
natural products used in cosmetics. Thanks to contents of a range of bioactive
agents especially in marine algae, e.g. polysaccharides, proteins, fatty acids,
vitamines, polyphenols, micro- and macroelemetns, algae have multifunctional
applications and activity in cosmetics industry. Therefore, algae are able to
hydrate the skin, cure acne and cellulite, and they also have anti-inflammatory,
anti-irritant, anti-ageing or UVB-photoprotective activities [5,42-45]. However,
in recent years the attention was focused mainly on antioxidative properties
of algae [44,46]. Free radicals (ROS — reactive oxygen species) are largely
responsible for destruction of DNA and other components of the skin, and —
as a result — for skin aging. One of the mechanisms of formation of ROS is
catalysis of this process by traces of heavy metals, e.g. iron [42]. Because algae
contain chelators, such as alginates and ulvans, they are able to chelate heavy
metals cations into complexes. Consequently, algae are used in cosmetics as a
free radicalsscavengers to prevent skin aging. The antioxidant activities of algae
have been investigated in many researches. Gomez-Ordonez et al. examined the
antioxidant activity of red alga Mastocarpus stellatus by FRAP (ferric reducing
ability of plasma) method. The antioxidant status improvement in caecum of
ratswas observed, probably because of presence of sulphated-galactans [46].
Moreover, Ngo et al. determined the antioxidant activities of micro- and
macroalgae with DPPH (1,1-diphenyl-2-pricrylhydrazyl), hydroxyl radical,
hydrogen peroxide and superoxide anion scavenging methods [47]. Apart from
alginates and ulvanes, there are numerous others antioxidants having chelating
properties in algae, such as polyphenols, e.g. fucols, phlorethols, fucophlorethols
[43]. In addition, the red alga Ancanthophora delilei has been described as a
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source of carnosine (B-alanyl-L-histidine), a histidyl peptide with an antioxidant
activity as well as is associated the ability of chelate transition metals [48].
Hence, algae are very useful in preparing functional cosmetics.

Last but not least, various preparations based on algae are applied in organic
farming. They may be used successfully as fertilizers [49], plant protection
measures [50] or biostimulators [51], which are more environmentally friendly
than measures used in traditional agriculture. In studies of AlgaminoPlant (a
biostimulator consisting of Sargassum spp.) it was found that this measure
impoved germination and growth of carrots and parsley, and also it resulted
in a decrease of nitrate and increase of carotenoid [52]. What is more, algae
are an attractive material for the production of animal feed. Because of their
chelating properties, algae are able to accumulate micro- and macroelements in
their biomass. Therefore, such microelements as Zn, Cu, I, Fe, Mg or Mn occur
in algae in the form of organometallic compounds or complexes, which are
particularly well absorbed by animal organisms, much better than the individual
micronutrients [5,53]. Also macroelements such as N, P, K, Na occuring in feed
based on algae biomass turned out to be better absorbed than in inorganic form
[54]. Furthermore, in the literature there are described attempts to enrich the
biomass of Spirulina platensis in iodine and selenium [55,56]. Thanks to ability
of algae to bioaccumulation they can be enriched in micro- and macronutrients,
and — as a result — they may solve the problem of deficiency of important nutrients
in the diet of farm animals (fish, poultry, cattle, pigs) [53].

5. Conclusion

To sum up, both microalgae and macroalgae are currently the subject of
many studies. This is probably because of the range of various compounds
occuring in algae, which are responsible for their unique properties. One of the
most unusual compouns in algae are chelators such as alginic acid, alginates
[5], ulvans[26], but also fucols, phlorethols, fucophlorethols [43] and carnosine
[48]. Due to chaleting properties and the bioaccumulation process algac may
be applied in many areas. With regard to heavy metals chelation, numerous
species of algae are considered for applications as cleaning agents in aqueous
reservoirs [1,5], bioindicators for monitoring of aquatic environments [3,13,14],
in medicine as antiodotes in heavy metal poisonings [34] and active dressings
[36] or antioxidants in cosmetics [44,46]. Because of ability of algae to
absorbing of micro- and macroelements they are videly used in production of
valuable cosmetics [5,42], supplements and farm animal feed [53]. However, the
bioaccumulation process is determined by different factors, e.g.: temperature,
light conditions, water motion, salanity, species of algae and their morphology
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and physiology, nature and content of the chelating agents occuring in algae,
concentration of absorbed elements and their physical and chemical form [31].
Nevertheless, algae seems to be very efficient biosorbents [10] and they may
be succesfully used in various industries as very attractive and useful natural
products.
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In recent years, decomposition of highly toxic chemical products becomes
pressing problem due to a great amount of ecotoxicants and chemical warfare agents
(CWA) accumulated throughout the world [1-6]. Decontamination (detoxication)
of such environmentally hazardous compounds can be performed by a variety of
chemical, thermal and biological techniques.

Chemical decontamination of ecotoxicants sends one in search of innovative
technologies to meet the following requirements:

» commercial availability and high reactivity of the reagents;

» versatility of decontamination system toward a wide diversity of

chemical warfare agents;

»  freedom from special conditions for use;

*  high degree of environmental safety both of chemical composition of

the decontamination system and the resulting decomposition products;

*  possibility to remove the toxic agents from the human skin surface

» chemical stability of the decontamination system during storage and

transportation.

Of great importance are high decontamination efficiency and manageability
of the decontamination process.

Hydrogen peroxide as a component of oxidative-nucleophilic decontamina-
tion systems
The most common chemical warfare agents can be divided into three groups
1. Neurotoxins — organophosphorus esters and structurally related
pesticides:
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2. Blister chemical agents — organic sulfur compounds:
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3. Nerve chemical agents (V gases) - compounds of the combined effects:
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The main technological processes in chemical decomposition of
organophosphorus compounds are aqueous alkaline hydrolysis, oxidative
chlorination by the mixture of chlorinated lime and calcium hypochlorite,
alcoholysis by monoethanol amine or potassium butylate [7—10] followed by
thermal bituminization of the salt concentrates. On the other hand, decomposition
of sulfur organic compounds involves reactions of selective oxidation [11-14].
The drawbacks to the above methods of chemical detoxication are occasional use,
significant corrosion attack on the equipment due to aggressive decontamination
media, and considerable sewage pollution. It should be noted also that industrially
used reagents (alkalies, alkali metal alcoholates and monoethanol amine) not-too
reactive toward the esters of phosphoric and phosphonic acids.

In view of hydrophobic properties of the toxic substances an optimum
decontamination system must provide both solubilization and high decomposition
rates of the toxic agents. That is why the most promising guidelines in the
development of environmentally friendly systems is the use of organized nano-
systems — micellar solutions and microemulsions (ME) [11, 12, 15-21]. Such
systems provide reagents concentrating at the interphase boundary micelle (oil
drop)/water and favorable conditions for nucleophilic attack on the electrophilic
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centers in the ecotoxic susbstrates [21, 22].

In a search for chemically active components for rapid and irreversible
decomposition of the ecotoxicants, the emphasis is on the versatile oxidative-
nicleophilic systems for destruction of a large variety of CWA. Thus, nucleophiles
are efficient in decomposition of organophosphorus acid esters and halides (GB)
[23, 24], oxidizers are the most reactive toward dialkyl sulfides like mustard
gas (HD) [16, 25], whereas efficient decomposition of VX or the mixtures of
the three types of the toxic substances (GB, HD and VX) requires oxidative-
nucleophilic systems involved the pair HOX-OX~ (where X = OH, Hal and
others) [1, 20]. In this connection hydrogen peroxide - due to its dual nature as
an efficient oxidizer toward the mustard gas analogs and reactive o-nucleophile
for nucleophilic substitution in organophosphorus esters - can be considered as
multi-function agent in the development of the soft and environmentally safe
decontamination systems.

Versatility of hydrogen peroxide and its derivatives as an oxidizers and
nucleophilic agents was used in design of decontaminating compositions for
materials polluted by toxic compounds, in particular, organophosphorus esters
and organic sulfur compounds like paraoxon, parathion and mustard gas [26,
27]. Such compositions involve aqueous solutions of hydrogen peroxide, tert-
butyl hydroperoxides, perborates and peroxy acids [28], and surfactant (usually
quaternary ammonium salts). Although aqueous micellar systems on the basis of
peroxides and peroxy acids feature relatively high reactivity toward paraoxon,
mustard gas and its analogs, they are extremely unstable.

Studies on the reactions involving a-nucleophiles and recommendations on
the development of the nucleophile-based formulations for decomposition of the
chemical warfare agents were reported in [28—31]. It was shown that GB undergo
rapid decomposition due to nucleophilic attack of hydroperoxide and hydroxide
ions at phosphorus atom to form peroxy acids followed by their irreversible
decomposition to the corresponding phosphonic acids [29-31]:
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Under these conditions, peroxyhydrolysis of VX proceeds by the Scheme
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to form ethyl methyl phosphonic acid and VX N-oxide followed by nucleophilic
attack of the latter to form acid. Then the resulting thiol undergoes oxidation to
sulfonate [5].

It is known that hydrogen peroxide oxidizes mustard gas and V-gases in
the neutral and acid media. Addition of the activators (carbonates, borates,
molybdates, phtalates, etc.) into the oxidizing system gives rise to a significant
increase in the rate of oxidation due to formation of the efficient oxidizers —
peroxo anions [15, 25, 32]. However, this is incomplete solving the problem of
chemical warfare agents decontamination by combining oxidation processes with
nucleophilic destruction since peroxoanions are reactive at pH < 9. Nucleophilic
reactions with the participation of HOO" ion require more alkaline media since
acid dissociation constant of hydrogen peroxide amounts to pK_= 11,6 [1], i.e.
only 0,03-0,3% of hydrogen peroxide exists as a reactive ionic species HOO.

Thus, the essential restrictions to the use of such versatile agent as H,O, in
decomposition of ecotoxic substrates are as follows:

1. Extremely low solubility of hydrophobic substrates in aqueous media
(the most favorable to meet the “green” technologies), and low reactivity
of both H,0O, as an oxidizer and HOO" as a-nucleophile;

2. Differences in the acidity of the reaction medium, necessary for
maximum rates of oxidation and nucleophilic substitution;

3. Insufficient chemical stability of aqueous reactive systems with the
participation of hydrogen peroxide and its derivatives.

For this reason combined oxidative-nucleophilic reactions, especially in
the presence of the activators, require additional studies for determination of
the optimum pH, that provide maximum reaction rates both for oxidation and
nucleophilic substitution in the microorganized catalytic systems with high
solubilizing ability toward the various ecotoxic substrates. Potentialities of the

516



DECONTAMINATION SYSTEMS ON THE BASIS OF HYDROGEN PEROXIDE: DECOMPOSITION OF ECOTOXIC...

alternative source of hydrogen peroxide, e.g., hydroperit [33] will be considered
as well. Hydroperit (urea-hydrogen peroxide, UHP), an adduct of hydrogen
peroxide with urea (H,0,-CO(NH,),) is commercially available compound, non-
toxic and stable in storage. Dry mixtures of UHP with the solid activators and
detergents are of interest as efficient and long-term storage decontamination
systems, as opposed to aqueous solutions on the basis of hydrogen peroxide
whose long-term oxidative ability is restricted due to acid-base transformations
of the reactive peroxoanions [33, 34].

In this paper 4-nitrophenyl ester of diethyl phosphoric acid (paraoxon,
NPDEP), an analog of nerve gases and organophosphorus pesticides, and
methylphenyl sulfide (MPS) as a close analog of mustard gas in reactivity and
hydrophobic properties were studied as model substrates:

0
Eto\lpl NO Me—S
—
EtO0” 2
NPDEP MPS

The main decontamination agents were hydrogen peroxide H,O, and
hydroperit. It is known, that their anionic species HOO" exhibit supernuclophilic
activity toward phosphorus acid esters and their neutral species are sofft,
environmentally friendly oxidizers of mustard gas analogs. Oxidizing properties
of H,0, were enhanced by addition of activators - ammonium hydrocarbonate
NH,HCO, and boric acid B(OH), [15, 19, 25, 35, 36].

In order to increase the solubility of the substrates, decomposition of NPDEP
and MPS was carried out in the nano-sized polycomponent systems (Table 1):
microemulsions (ME), micelles of various nature and aqueous alcohols with and
without detergents added. Cationic cetyltrimethyl ammonium bromide (CTABr)
was used as a detergent, since anionic detergents decelerate reactions in the
system under studied [37-39], whereas the rates of the chemical transformations
in such systems are unaffected by the neutral detergents.

General characteristic of the nucleophilic and oxidative systems
Transformations of paraoxon in the solution of H O,~HO" in the media under

study proceed mainly in two directions: perhydrolysis with the participation
of the resulting HOO" anion (H,0, + HO© === H,0 + HOO) and alkaline
hydrolysis by HO" anion:
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In this case a contribution from alkaline hydrolysis is minimal and does
not exceed 1-5 % that from the overall rate of substrate loss [40]. According
to kinetic and spectroscopic measurements, pK_of hydrogen peroxide in water
was calculated to be 11.6. This suggests that the considerable amounts of HOO"
anion are formed at high pH (Figure 1, curves a).

As was shown by gas chromatography technique, the only oxidation product
under conditions of MPS oxidation by hydrogen peroxide at [MPS] = 2.0x10-
%, [H,0,] = 1.1 molxI"', and [NH,HCO,] 0.5 molxI" is methylphenyl sulfoxide
[39].

3

H\O R'\ R’\
| + S —_— S=0 + H.O
/ / 2
-0 R R (4)

Further oxidation of sulfoxide to more toxic sulfone was not detected during
at least 24 hours from the onset of MPS oxidation.

In H,O-NH,HCO, system the activating effect of HCO : in oxidation
of sulfides with hydrogen peroxide is caused by the formation of
peroxyhydrocarbonate anion HCO; which exhibits higher oxidative ability than
hydrogen peroxide [15, 25, 39, 40]:

- K .
HCO5; + H,0, —‘HCO4 + H,O %)
B /O—OH R R _ ©
0=C + S —_— ,S5=0 + HCO,-
o R R

Equilibrium (5) is established relatively rapidly (from ~ 5 to 30 min at pH
8-9) [15]. In this case the acid-base dissociation of HCO, anions (pK = 10.3
[25]) and HCO, can be neglected [39].
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In the solutions of H,0,-B(OH), peroxoborates are predominantly formed
[41,42]:

B(OH), + H,0 «—>B(OH); +H", 7
B(OH); + H,0, «—>B(OH),(OOH)™ +H,0, ®)
B(OH),(OOH)™ + H,0, «—B(OH), (O0H); + H,0. ©9)

A ratio between the resulting peroxoborates depends on pH and proportion of the
initial concentrations of B(OH), and H,O, [42]. At relatively low concentrations
of B(OH),, H,O, (< 1 molxI") and pH 614 the main reaction products are
monoperoxoborate B(OH),(OOH) and diperoxoborate B(OH),(OOH) , anions,
whereas at the higher reagent concentrations those are polyperoxoborates

Table 1. Composition of reaction media (wt %)

No. Medium Water CTABr i-propanol n-butanol Ethyleneglycol Hexane
1 Water 100
2 Water/alcohol 74.8 252
3 74.7 253
4 67.7 323
5 Water/alcohol/detergent 70 5 25
6 68.8 1.8 29.4

8 Micellar solution 99.73-99.45 0.27-0.55

9 Microemulsion 88 5 5 2

B,(0,),(O,H) (OH),, (n = 0, 2 or 4). Therefore, the strict separation
of the reaction routes combined with the determination of reactivity of the
peroxoborates meets with difficulties. Nevertheless, an enhancements in reaction
rates of sulfides with H,O, in the presence of B(OH),, as against the oxidation
only by hydrogen peroxide, is unquestionable fact [35, 41].
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It should be noted that there is no literature data on the nucleophilic reactivity
of peroxoborates. It is known, however, that peroxoanions HCO, and COi'
can serve as typical nucleophilic reagents [36]. In aqueous media the second-
order rate constants for reactions of HCO, and COi' with 4-nitrophenyl
esters of diethyl phosphonic acid were calculated to be 0.01 Ix(mol*!-s!) and
0.105 Ix(mol!-s™), respectively. On this basis it is reasonably to expect that the
activation of H,O, by borates and hydrocarbonates can provide additional routes
in decomposition of organophosphorus compounds by nucleophilic mechanism
with the participation of peroxo anions formed in systems B(OH),/H,O, and
NH,HCO,/H,0,.

Effects of pH

Changes in the observed rate constants in decomposition of NPDEP and
MPS by hydrogen peroxide vs pH with and without activators are shown in
Figure 1.

A general trend for the above reaction profiles is a drastic decrease in
oxidation rate of MPS by hydrogen peroxide (Figures 1.1 and 1.2, (b)) and
peroxymono carbonate HCO, (Figures 1.3 and 1.4, (b)) with increasing
alkaline properties (pH > 9.5). Such a behavior can be explained on the basis of
participation of two species of hydrogen peroxide (H,0, and HO, in oxidation.
Anionic species, whose amount increases in alkaline media, are more reactive
than the neutral molecule [36, 43]. At increased pH the concentration of the
active species of oxidizer is decreased due to dissociation of HCO; anion to
CO7 . The latter, as is the case with HO3, exhibits a lesser oxidation ability than
that of its protonated species [36, 44].

Addition of B(OH), into the system with hydrogen peroxide results in a
maximum in the plot of observed rate constants in oxidation of MPS at pH = 10
(Figure 1.5. (b)). This is in agreement with the concentration changes (at a varied
pH) of the active anions — monoperoxoborate B(OH),(OOH)  and diperoxo-
borate B(OH),(OOH), — calculated from Eqns. (8) and (9) [35].

Table 2. gives the data on the reactivity of hydrogen peroxide (4,0, ),
peroxymoncarbonate anion (k. o, ), monoperoxoborate (k) and diperoxoborate
(k,) in oxidation of MPS in water and aqueous alcohol with the use of hydrogen
peroxide and its complex with carbamide (UPH) as a source of oxidizers.
Maximum observed rate enhancements due to the formation of peroxoanions are
up to 200 times in activation by NH,HCO, at pH 9 and 300 times for activation
by B(OH), at pH 10.
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Figure 1. Observed rate constants vs pH in nucleophilic substitution in paraoxon (a,
c) and oxidation of methylphenyl sulfide (b) by hydrogen peroxide with and without
activators at 25 °C.

1.1. water, phosphate buffer: a — [H,0,] = 1.12 molxl"; b - [H,0,] = 1.12 molx[";
1.2. water/IPA (74.8/25.2 wt %) a — [H,0,], = molxl"; b—[H,0,] = 1.13 molxl';

1.3. water: a—[H,0,] = 1 molxl", [NH HCO,]= 0.1 molxl"; b—[H,0,] = 1.13 molxl’,
[NH,HCO,] = 0.066 molxI"; ¢ — [H,0,] = I molxl';

1.4. water/IPA (74.8/25.2 wt %): a — [H,0,], = 1 molxl", [NH HCO ] = 0.066 molx["';
b—[H0,], = 1.13 molxl'; [NH HCO ] = 0.066 molxl'; c — [H,0,] = 1.13 molxl';

1.5. water: a — [H,0,] = 1 molxl', [B(OH),] = 0.1 moIxl'; b — [H,0,] = 1 molxl’,
[B(OH) ] = 0.1 molxl; ¢ - [H,0,] = 1 molxI".
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Table 2. Second-order reaction rates in oxidation of methyl phenyl sulfide by hydrogen

peroxide and hydroperite ( ky ) hydroperoxocarbonate- ( k ), monoperoxoborate-
(k,) and diperoxoborate (k,) ahtons at 25 °C

k %102 k. x10?
C g 4 1 5 5 5
Solvent  Oxidizer kHZOZ x10%, kHC04 x102,

Ix(mol'xs")  Ix(mol'xs")

Water H,O 143+0.2 25.6+0.3 2.10+0.11 40.0+0.9

272

Ix(mol'xs1)  Ix(mol'xs™)

UHP 16.0£0.3 244+04 2.20+0.34 51.0+1.2

Water/IPA H,0, 4.00£0.12 5.67x0.16 0.40+0.02 29.140.8

UHP 4.06 £0.08 6.80£0.15 0.35+0.02 31.6+1.3

Effects of pH on the observed rates in decomposition of NPDEP by peroxide
anion with and without activators in water and aqueous alcohols are conventional:
appearance of more or less significant route of nucleophilic substitution at pH
> 10 and further rate increase with alkalinity of medium (Figures 1.1-1.5, (a)).
We failed to detect a high nucleophilic reactivity of peroxo anions toward
paraoxon, as is the case in oxidation of MPS (Table 2). However, near two-
fold acceleration of the nucleophilic reaction in activation of hydrogen peroxide
by B(OH), (Figure 1.5, cf. (a) and (c)) and that of 1.3 times in activation by
NH,HCO, (Figure. 1.3 (a)) was found in comparison with the corresponding
reactlon rates in the absence of activator (Figure 1.3 (c)). The only explanation
of the observed gains in the decomposition rates of NPDEP is the participation
of peroxo anions (HCO; , B(OH),(OOH),, B(OH), (OOH); , etc.) in nucleophilic
substitution. In other words, peroxycarbonate and peroxoborate anions exhibit
dual oxidative-nucleophilic properties, thus providing additional prospects
(besides those of economical and ecological) in the development of multi-
purpose decontamination systems.

All the above shows unambiguously that the main criterion for the
development of oxidative-nucleophilic systems on the basis of hydrogen
peroxide is a selection of activating agent and acidity of medium to provide
maximum decomposition rates of NPDEP in combination with the maintenance
of maximum oxidation rate of MPS.

Nano-sized systems
The use of the micellar aqueous solutions and microemulsions of the “water-
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0il” type on the basis of cationic detergents is the conventional approach to
increase the solubility of hydrophobic substrates in decontamination systems.

Figure 2 gives the results of the kinetic studies of decomposition of
NPDEP in system H,O,-HO —CTABr at pH 8.5-12.5, constant [HOO"], and
a varying concentration of CTABr. The data demonstrate clear tendency for
more than two-fold increase in absolute value of the observed micellar effect
with decreasing pH from 12.5 to 8.5. A shift in pK, of hydrogen peroxide under
micellar conditions [45], especially pronounced at weakly alkaline media, at pH
8.5 and jointly with catalytic effect of micelle can provide a reaction rate of
nucleophilic decomposition of substrate commensurable with those at pH ~ 10.2
and constant [H,O_].

0 0,01 0,02 0,03 0,04
[CTABr], M

Figure 2. Effect of CTABr on decomposition rate of NPDEP in system H,0 ~HO" at pH
85(1),9.5(2),10.53), 11.5(4), 12.0 (5); [HOO] = 0.002 mol/l; 25 °C.

Micellar effects in oxidation of MPS by hydrogen peroxide and peroxy-
monocarbonate HCO; were reported in [44]. Comparison examination of the
micelle-catalyzed oxidation of MPS by hydrogen peroxide and HCO; anion
at pH 9 showed an increase both in reaction rates in the micelles (near 6-fold)
and binding constant of the substrate K, when passing to the system containing
HCO; -anion. Generally a degree of binding of MPS with micelles is increased
in the presence of anionic species (HCO; , OH, HCO;) in the micellar system.
The same is true for micellar oxidation of MPS in the presence of B(OH),.
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Figure 3. Effect of CTABr on the observed rate constants for nucleophilic substitution in
MPDEP (a) and oxidation of MPS (b) by hydrogen peroxide with and without activators
at 25 °C.

3.1. water/CTABr: a - [H,0,] = I molxl", pH = 8.5, b— [H,0,] = 1 molxl", pH = 8.2;
3.2. water/CTABr: a — [H,0,] = I molxl", [NH HCO ] = 0.5 molxl', pH = 8.5; b —
[H,0,], = 1.14 molxl'; [NH HCO ] = 0.083 molxl", pH = 8.5; ¢ — [H,0,] = 1 molxl'';
3.3. water/CTABr: a - [H,0,] = I molxl", [B(OH) ] = 0.1 moIxl", pH = 9.5; b—[H,0,],
= 1 molxl", [B(OH) ] = 0.1 molxI", pH = 9.5; ¢ — [H,0,] = 1 molxl", pH = 9.5.

Studies on decomposition of MPDEP and MPS in micellar systems H,O,-
CTABr (Figure 3.1), H,O,-NH,HCO,~CTABr (Figure 3.2), H,O,-B(OH),
(Figure 3.3) made it possible to draw some preliminary conclusions:

*  micellar catalysis is efficient in mucleophilic and oxidative reactions
with the participation of anionic species (HOO", HCO; , B(OH),(OOHY
and B(OH), (OOH);, in the presence of cationic detergent CTABr at low
pH (8.5-9.5) (Figures 3.1 — 3.3).

* activation of hydrogen peroxide by B(OH), in decomposition of MPDEP
causes near 1.5 fold increase of the micellar effect decomposition of
NPDEP (Figure 3.3, cf. (a) and (c)), whereas NH HCO, decreases the
catalytic effect of CTABr (Figure 3.2, cf. (a) and (¢)).
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Hydroperit in decomposition of paraoxon and oxidation of methylphenyl
sulfide

Comparison studies on the reactivity of hydrogen peroxide (H,O,) and
hydroperite (UHP) in reactions (3) and (4) were reported in [33, 34]. Kinetic
parameters of oxidation of MPS by alternative sources of H,0, (Table 2)
and nucleophilic substitution in MPDEP (Table 3) are indicative of complete
dissociation of the complex H,0,"CO(NH,), into the starting compounds without
any assistance from carbamide to the processes under study.

Table 3. Second-order rate constants () of perhydrolysis of 4-nitrophenyl ester of
. . . o HOO
diethylphosphoric acid at 25 °C

No. Medium kHOU - I(mols)
H,0, UHP
1 H,O 0.54+£0.02 0.58 £0.07
2 H,O-IPA 0.35+£0.02 0.23£0.01
3 H,O-CTABr 2.30 8.2
4 ME 0.77 £0.03 0.81+0.06

Data on the kinetic of decomposition of paraoxon in the micellar systems
H,0,/HO/CTABTr (No. 3, Table 3) at a constant pH 10, concentration of HOO
anion in aqueous phase ([HOO7] = 0.002 mol-I"") and variable concentration
of CTABr (0 — 0.4 mol-1") should be considered separately. Figure 4 shows
that rates of hydrolysis of paraoxon in the micelles of CTABr differ markedly
from those for sources of nucleophile HOO" — solution of hydrogen peroxide or
hydroperit. In the case of the formation of HOO" anion from hydroperit (Figure 4,
curve 2) micellar effect increased to a maximum in comparison with the reaction
in solution of H,O, (Figure 4, curve 1). Taking into account that the reactivity
of HOO" anion in the system UHP/HO/CTABr remains unchanged ( Kyoo.m =
0.071 I'mol"'-s™" is similar to that reported in [9]), a decrease in size of the
micelles and, therefore, an increase in surface area of the chemical interaction,
is mainly responsible for abnormal micellar acceleration in the presence of
carbamide.
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Figure 4. Effect of CTABr on the rate of nucleophilic substitution in 4-nitrophenyl
diethylphosphate in systems H,0/HO/CTABr (1), UHP/HO/CTABr (2) at pH = 10,
[HOO] = 0,002 mol'lI"", 25 °C.

Thus, hydroperit can be used in decontamination of organophosphorus acids
and mustard gas analogs. Moreover, hydroperit has some advantages in its use as
a solid carrier of hydrogen peroxide in the micellar reactions. It is clear that the
mixtures of water-free sources of hydrogen peroxide with a certain amount of the
solid components (activators and detergents) can be recommended as efficient,
long-term storage systems for mild and environmentally safe decomposition of
highly toxic compounds

Comparison of the efficiency of decontamination systems

Table 4 gives the apparent second-order rate constants for oxidation of
MPS (k.. Ix(mol'xs™)) and nucleophilic substitution in MPDEP (k"
Ix(mol'xs™)) by hydrogen peroxide with and without activators of hydrogen
peroxide, NH,HCO, and B(OH),, at pH 9. These were calculated starting from
total concentrations of H,O, (for oxidation) and HOO" anion (for nucleophilic
substitution) in the system without regard for their distribution over the
pseudophases (in the micelle of the detergent or drop of “oil”’) and contributions
from the reaction routes with the participation of peroxoanions formed according
to Eqns. (6), (8) and (9). In our opinion, such an approach is more informative
in comparison of decomposition rates of the substrates in the dynamic media
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which are prone to the phase and aggregation transitions and exhibit different
solubilization properties toward the hydrophobic substrate. Relative values
i°™ — the ratio of k;’pp. (kazp; ) for all systems under study to the apparent rate
constants in water in the absence of activators - are also given in Table 4 (No.
1). The values of i°™ were taken as a measure of the efficiency of the oxidative
(nucleophilic) system in going from aqueous to nano-sized and/or activated
media. The products (i°:1™) were considered as a quantitative measure of the
efficiency of versatile system for oxidation of MPS together with decomposition

of MPDEP.

Table 4. Apparent second-order rate constants ( kazpp‘, l/(mol-s)) of oxidation of MPS and
nucleophilic substitution in NPDEP by H 0,

Oxidation TSEL?EEEE;C
No. Medium Activator o™
ke, X104 ) kg X10°%
Ix(mol'xs™) Ix(mol'xs™)

1 H,O (1) - 14.3 1 53.0 1 1
2 H,0 (1) NH,HCO, 85.8 8 95.6 1.8 14
3 H,0 (1) B(OH), 170 12 132 2.5 30
4 H,O-IPA (2) - 4.00 0.3 41.0 0.8 0.2
5 H,0-IPA (2) NH,HCO, 20.5 1.4 35.1 0.7 1
6 H,0-TBA (3) - 2.00 0.14 434 0.8 0.1
7 H,O0-TBA (3) NH,HCO, 10.6 0.7 38.8 0.7 0.5
8 H,O-EG (4) - 8.32 0.6 32.0 0.6 0.4
9 H,0-EG (4) NH,HCO, 40.6 2.8 30.1 0.6 2
10 H,O-IPA -CTABr (5) - 2.00 0.1 393 0.7 0.1
11 H,0-TPA-CTABr(5) NHHCO, 50.1 3.5 68.5 1.3 5
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12 H,0EG- CTABt (6) - 202 1.4 86.4 16 2
13 H,0-EG-CTABr(6) NH,HCO, 94.4 6.6 100 19 13
14 H,0-EG-CTABr(6)  B(OH), 67 5 250 47 25
15 H0-CTABr(8) - 6.77 0.5 602 11 6

16  HO-CTABr(8)  NHHCO, 75.5 53 142 27 14
17 H,0-CTABr (8) B(OH), 165 11.5 721 14 161
18 ME (9) - 472 0.3 74 14 04
19 ME (9) NH,HCO, 6.23 0.4 34 0.6 02
20 ME (9) B(OH), 4.68 0.3 21 04 0.1

@ Enumerated as in Table 1.

Table 4 reveals that there are no strict regularities between the properties
of the medium and the reactivity of the main decontamination agents both in
oxidation of MPS and nucleophilic decomposition of MPDEP in the absence
(H,0,, HOO") and in the presence (H,0,, HOO-, HCO,, B(OH),(OOH) and
B(OH), (OOH)y) as activators. Nevertheless, the main general tendencies for
a change in efficiency of the systems with participation of hydrogen peroxide
in going from aqueous media to aqueous alcohols and organized media and the
reactivity rating of the decontamination systems under study can be established.
Thus the activation of hydrogen peroxide by ammonium hydrocarbonate and
boric acid increases the oxidation rate of MPS no les than an order of magnitude
and decomposition rate of NPDEP by a factor of 1.5-2 (Nos. 2, 3, 13, 14,
and /7 in Table 4). The use of B(OH), as an activator is more favorable than
NH,HCO, since the maximum oxidation activity of peroxoborates at pH 10
remains unchanged at a similar acceleration of the two processes, whereas
peroxycarbonate anion is active at pH 7-9.

A comparison of the products i°i™ for Nos. 2 and /6, 5 and //, 9 and /3 in
Table 4 shows that cationic detergent (CTABr) in the activated media increases
decontamination efficiency of the system. Moreover, in this case micelles and
aqueous alcohols, especially in the presence of salt activators, cause significant
increase in solubility of the substrates (Table 5). This is the main advantage of such
reaction media in the development of oxidative-nucleophilic formulations for
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decomposition of ecotoxicants. The most efficient and versatile decontamination
system on the basis of hydrogen peroxide is the micellar solution of CTABTr in the
presence of B(OH), (No. /7, Table 4). This system exhibits the highest reactivity
of anions in oxidative-nucleophilic reactions and high binding constant K, (No.
3, Table 5) of both substrates (MPS and NPDEP) by the micelles of CTABr.

Table 5. Binding constants (K, I/mol) of MPS and MPDEP

K, Ixmol!
No. Medium
MPS NPDEP
1 H,0-CTABr 400 350
2 H,0-CTABr-NH,HCO, 900 700
3 H,O-CTABr-B(OH), 300 500
4 H,0-EG-CTABr 150 50
5 H,0-EG-CTABr-NH,HCO, 250 90
6 ME 300 250

Despite the attractiveness of ME as a media of high solubilizing ability
(No. 6, Table 5), their use for oxidative-nucleophilic reactions have a number
of disadvantages. In the first place, ME are multi-component systems with a
compulsory presence of toxic organic solvents served as an oil. This reduces
ecological safety of the reaction medium. Secondly, as evidenced by the data in
Table 4 (Nos. /8-20) both oxidative and nucleophilic reactions in ME proceed at
lower rates than those in water, aqueous alcohols, and micellar systems at similar
K, for both substrates (Cf. Nos. / and 6 in Table 5).

To summarize, water and aqueous alcohols containing hydrogen peroxide,
cationic detergent and activator provide a high degree of substrate solubilization,
an increase in reactivity of oxidizers and nucleophiles at pH 8-9 (in comparison
with pure water as a solvent). The mixtures are simple in preparation and exhibit
environmentally friendly properties. This gives grounds to consider the above
media as promising components in oxidative-nucleophilic decomposition of
ecotoxic compounds.
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