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A brief review presents the results obtained by our research team in recent years on the
structures (in the solid state and in solution), thermodynamics, stereoselectivity of the
formation, and the kinetics of substitution reactions for a number of homo- and mixed-
ligand complexes of some 3d elements with enantiomerically homogeneous and racemic
forms of amino acids, natural di- and tripeptides, aromatic N-donors, new phosphorylated
dithiocarbamates and hydrazone derivatives at different salt concentrations at several
temperatures. Reliable results were obtained using spectroscopic methods, including
spectrophotometry, EPR, and NMR relaxation, X-ray diffraction analysis, the stopped-
flow method with spectrophotometric detection, and pH-metry in combination with
mathematical modeling using a number of modern, including our own, programs. The
structures of the complexes in solution were characterized by DFT quantum chemical
calculations and molecular dynamics simulations. The key factors controlling the stereo-
selectivity of the complex formation, the stability of complexes, and the kinetics of ligand
substitution reactions were revealed.
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The elucidation of the factors responsible for the nature and related biological activity of compounds
specificity and selectivity of processes in the living is a challenge in modern science. Investigations in
* Based on the materials of the XIX International Conference the field ofcos)rd'matlon and b.IOlr}OIgamC ChF:mIStI:y
"Spectroscopy of Coordination Compounds” (September 18—23, can make a significant contribution to solving this
2022, Tuapse, Russia). problem. To that end, this authors’ review presents
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the most important results obtained by our research
team in recent years on the structures, thermodyn-
amics, stereoselectivity of the formation, and kinet-
ics of substitution reactions for a number of homo-
and mixed-ligand complexes of 3d elements with
amino acids with different chirality, natural di- and
tripeptides, aromatic N-donor ligands, phosphory-
lated dithiocarbamates, and new hydrazone deriv-
atives at different salt concentrations at 25.0 and
37.0 °C.1 Reliable results were obtained using comple-
mentary spectroscopic methods, the stopped-flow
spectrophotometric method, and pH-metry. Mathe-
matical modeling methods using modern programs,
including the authors’ programs STALABS? and
STALABS-M,3 were widely applied in the calcula-
tions. The structures of many complexes in solution
were determined by DFT quantum chemical calcul-
ations and molecular dynamics (MD) simulations.

Special mention should be made on the methods
of obtaining reliable data on the complexation in
solution and the solid state. The pH potentiometry
is the most consistent and robust technique for in-
vestigating the complexation. Whenever possible,
one should start investigations with this technique
followed by the use of spectroscopic, quantum
chemical, and other methods to study the structures,
thermodynamics of formation, and kinetics of sub-
stitution reactions and ligand exchange in homo- and
mixed-ligand complexes.

Let us consider the factors responsible for the
specificity and selectivity of the complexation of
metals with enantiomerically homogeneous and
racemic forms of ligands of different nature.

Nickel(11)—L/pL-histidine (HisH) systems pro-
vide a bright example of the stereoselectivity.3 Table 1
presents the formation constants of binary com-
plexes in these systems calculated from the results
of pH-metric titration and spectrophotometry
(SP-metry). The stereoselectivity of the complex-
ation is evaluated from the difference between the
logarithms of the formation constants of the com-
plexes (AlogP) and is considered as statistically sig-
nificant when the value of Alogf3 is larger than twice
the sum of the standard deviations of each constant
to be compared (these deviations in the last digit are
given in parentheses). As can be seen in Table 1, the
bis- and tris-complexes [Ni(His)(HisH)]*, Ni(His),,
[Ni(His)(HisH_;)]~, and [Ni(His);]~ satisfy the
condition of significant stereoselectivity, the meso
forms (forms with enantiomerically different ligands)
being predominant for the last three complexes.

The experimental data on the enantioselectivity
are consistent in detail with the results of quantum
chemical calculations. Hereinafter, the calculations
were performed using the GAMESS# and ORCA
programs> by the DFT method® with the exchange-
correlation functionals B3LYP?-8 and CAM-B3LYP?
using the TZVP basis set!® and also at the PBE/
TZVPP level of theory!! with the inclusion of the
solvent effects taking into account the polarizable
continuum model C-PCM.12 In all calculations, the
local energy minima were determined with the ac-
ceptance criterion of 107> a.u. As can be seen in Fig. 1,
the formation of the pL form (meso form) is prefer-
able for nickel(11) bis-histidinate. However, the meso
form was found to be energetically less favorable than

Table 1. Logarithms of the formation constants (logf) for nickel(i1) complexes with L./pL-HisH
(25.0 °C, 1.0 M KNO3, AlogB = logB; — logBpy)3

Equilibrium logf Alogf
L-His pL-His

H* + His~ === HisH 9.200(3) — —
H* + HisH === [HisH,]* 6.265(1) — —
H* + HisH,* === [HisH;]?* 1.986(1) — —
Ni2* + HisH === [Ni(HisH)]?** 2.788(4) 2.791(3) —0.003
Ni2* + His~ === [Ni(His)]* 8.576(1) 8.572(1) 0.004
Ni2* + His~ + HisH === [Ni(His)(HisH)]™  10.781(5) 10.757(4) 0.024
Ni2* + 2 His~ === Ni(His), 15.464(1) 15.707(1) —0.243
Ni2* + 2 His~ === [Ni(His)(HisH_;)]~ + HT  2.36(1) 2.62(1) -0.26
Ni2* + 3 His~ === [Ni(His);]~ 15.77(1) 16.20(1) —0.43

Note. Here and in Tables 2—12, the standard deviations in the last digit are given in paren-
theses; statistically significant differences in the constants that refer to enantiomerically different

forms of the ligands are given in italic.
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cis-Ni(L-His)(L-His)
E=-2604.82878 a.u.

cis-Ni(L-His)(p-His)
E=-2604.82744 a.u.

cis-Ni(L-His)(L-His) * 2 H,O
= —2757.80353 a.u. = —2757.80919 a.u.

cis-Ni(L-His)(p-His) 2 H,0

cis-Ni(L-His)(r-His) * 4 H,O
=-2910.71060 a.u. =-2910.71847 a.u.

o H
@c
ON
@0
@ Ni
cis-Ni(L-His)(L-His)
E=-2604.89603 a.u.

cis-Ni(L-His)(p-His)
E=-2604.89656 a.u.

cis-Ni(L-His)(p-His) « 4 H,0

Fig. 1. Structures and formation energies of the most favorable isomers of the complexes Ni(His), *nH,0 (n = 0, 2, 4) with ligands
in different enantiomeric forms optimized at the CAM-B3LYP/TZVP level of theory in vacuum (a, b) and taking into account the

solvent effects by the C-PCM model (c—h).3

the LL form in the calculations in vacuum and only
without taking into account water molecules in terms
of a discrete model. The reasons for this phenomenon
deserve attention. The cis arrangement of identical
groups of adjacent ligands is favored by the trans
effect, resulting in that strong frans-directing ligands
avoid being mutually frans. However, in the case of

the frans arrangement of bulky imidazole groups in
the LL form, the steric repulsion between them is
diminished. If the trans effect competes with the
steric effect, the solvation effect can make a decisive
contribution. Actually, the cis structure of the meso
form has a large dipole moment, thereby facilitating
its solvation by water dipoles. As can be seen in Fig. 1,

Table 2. Logarithms of the formation constants (logf) in nickel(11)—1/p-HisH—1L-amino acid
systems (AspH,, GluH,, SerH, MetH) (25.0 °C, 1.0 M KNO3)

Equilibrium Amino acid logp Alogf
residues

Ni2™ + HisH + Asp?~ === Ni(HisH)(Asp) L-Asp, L-His 10.08(3)

L-Asp, D-His 10.19(3) —0.11
Ni2™ + His™ + Asp?~ === [Ni(His)(Asp)]~ L-Asp, L-His 14.319(5)

L-Asp, D-His 14.378(6) —0.059
Ni2* + HisH + Glu?~ === Ni(HisH)(Glu) L-Glu, L-His 9.90(6)

L-Glu, p-His 10.03(4) —0.13
Ni2* + His~ + Glu?~ === [Ni(His)(Glu)]~ L-Glu, L-His 13.28(1)

L-Glu, p-His 13.28(1) 0.00
Ni2* + His~ + Ser~ === Ni(His)(Ser) L-Ser, L-His 13.117(6)

L-Ser, D-His 13.111(7) 0.006
Ni2* + Ser~ + His™ == [Ni(His)(SerH_;)]~ + H*  1-Ser, L-His 1.776(8)

L-Ser, D-His 1.908(8) —0.132
Ni2™ + HisH + Met~ === [Ni(HisH)(Met)]" L-Met, L-His 9.13(3)

L-Met, p-His 9.11(2) 0.02
Ni2" + His~ + Met~ === Ni(His)(Met) L-Met, L-His 13.079(6)

L-Met, p-His 13.166(5) —0.087




1488  Russ. Chem. Bull., Vol. 72, No. 7, July, 2023

Shtyrlin ef al.

Table 3. Thermodynamic parameters of the complexation in the nickel(11)—L-HisH—L/p-MetH system (25.0 °C, 1.0 M KNO3)3

Equilibrium logp AG° AH° A8/ (K mol)~!
kJ mol~!
Ni2* + L-His™ === [Ni(L-His)]* 8.576+£0.001 —48.92+0.01 —31.40+0.34 58.8t1.1
Ni2* + 2 L-His— == Ni(L-His), 15.464+£0.001 —88.19+£0.01 —65.84+0.27 74.9£0.9
Ni2* + L/pL-Met~ === [Ni(L/pL-Met)] " 5.305£0.001 —30.37+£0.01 —13.80£0.95 55.6%£3.2
Ni2* + 2 L/pL-Met~— === Ni(L/pL-Met), 9.855+0.001 —56.11£0.01 —33.09+0.54 77.2+1.8
Ni2* + L-His~ + L-Met~ === Ni(L-His)(L-Met) 13.079+0.006 —74.66+0.03 —49.64%0.72 8§3.9+2.4
Ni2* + L-His~ + p-Met~ === Ni(L-His)(p-Met) 13.166+0.005 —75.171£0.03 —51.42%+0.57 79.7£1.9

the difference in the energy of formation of the above
isomers increases with increasing number of water
molecules introduced into their environment.

As follows from Table 2, there is significant stereo-
selectivity of the formation of mixed-ligand nickel(ir)
complexes with the histidinate anion, on the one
hand, and aspartate (Asp?~), serinate (SerH_,;2")
with the deprotonated alcoholic group, and methio-
ninate (Met™), on the other hand. In all three cases,
the meso forms are the major structures. This fact is
consistent with the tridentate coordination of the
mentioned amino acid anions as opposed to the bi-
dentate coordination of glutamate (Glu?~). The
predominance of the meso form is confirmed by
quantum chemical calculations.
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cis-Ni(p-His)(L-Met)
E=-2856.688980 a.u.

cis-Ni(p-His)(L-Met)
E=-2856.694153 a.u.

trans-Ni(L-His)(L-Met)
E=-2856.688808 a.u.

Paradoxically, the stereoselectivity of the form-
ation is not manifested in homoligand nickel(ir)
complexes with methionine, but it was observed for
mixed-ligand complexes.3 As can be seen in Table 3,
the calorimetry studies showed that this effect is
enthalpic in nature. According to the quantum
chemical calculations (Fig. 2), there is a new type of
weak interactions between the thiomethyl and im-
idazole groups in this complex, which is facilitated
by the coordination of a sulfur atom to the metal.3
It is worth noting that the new type of weak interac-
tions found in our studies can be manifested in bio-
logical systems. In general, it can be concluded that
the stereoselective preference of the meso forms of
both homo- and mixed-ligand nickel(i1) complexes

trans-Ni(p-His)(L-Met)
E=-2856.685983 a.u.

cis-Ni(p-His)(L-Met)
E=-2856.684512 a.u.

v

cis-Ni(L-His)(L-Met)
E=-2856.688022 a.u.

cis-Ni(L-His)(L-Met)
E=-2856.686993 a.u.

Fig. 2. Structures and formation energies of the possible isomers of the complexes Ni(His)(Met) with ligands in different enantio-
meric forms optimized at the CAM-B3LYP/TZVP level of theory taking into account the solvent effects by the C-PCM model.3
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Table 4. Logarithms of the formation constants (logf3) for homoligand zinc(i1) complexes with
L/pL-amino acids (HisH, MetH, PheH, TrpH) (25.0 °C, 1.0 M KNO3)

Equilibrium logp Alogp
L DL
Zn?* + HisH === [Zn(HisH)]** 2.250(2) 2.250(3) 0.000
Zn?* + His— == [Zn(His)]" 6.466(1) 6.462(1) 0.004
Zn?* + His~ + HisH = [Zn(His)(HisH)]* 8.509(2) 8.499(2) 0.010
Zn?t + 2 His™ == Zn(His), 12.026(1) 12.143(1) —-0.117
Zn?t + 2 His™ == [Zn(His),H_;]~ + H* 1.336(6) 1.35(1) —0.014
Zn?t + Met~ == [Zn(Met)]* 4.373(2) 4.373(3) 0.000
Zn?t + 2 Met~ == Zn(Met), 8.180(2) 8.174(5) 0.006
Zn%* + Phe~ == [Zn(Phe)]* 4.205(3) 4.202(3) 0.003
Zn?* + 2 Phe == Zn(Phe), 8.162(3) 8.222(2) —0.060
Zn?* + Trp~ == [Zn(Trp)]* 4.38(1) 4.39(2) 0.010
Zn?t + 2 Trp~ == Zn(Trp), 8.751(4) 8.866(4) —0.115

with amino acids is consistent with the manifestation
of the trans effect combined with the effects of hydr-
ation and interligand interactions in complexes with
cis-coordinated ligands.

The data on the complex formation of zinc(1)
with amino acids!3:4 are interesting in terms of
comparison with the nickel(i1) complexes. It can be
seen in Table 4 that, as in the case of nickel(11), the
significant stereoselectivity is manifested in the form-
ation of the homoligand complex Zn(His), (through
a d—m interaction) and the bis-complexes with
phenylalanine (PheH) and tryptophan (TrpH), which
is attributed to interligand i—a stacking interactions.
Both these types of interactions occur in the meso forms.

The significant stereoselectivity is manifested in
the formation of mixed-ligand complexes containing,

apart from histidine, cysteine (CysH), phenylalanine,
and tryptophan (Table 5). The latter two aromatic
ligands can be involved in m—a stacking interactions
with the coordinated imidazole group exactly in the
meso forms. It should be noted that, unlike the
nickel(11) complexes, the zinc(i1) complexes favor
the pseudotetrahedral coordination.

The data on the formation of complexes involving
copper(11) are of great interest. The five-coordinate
state of copper(i1) in complexes with bioligands in
aqueous solutions, which was discovered in our stud-
ies,15:16 is an important factor responsible for the
stereoselectivity of their formation and reactivity.
We established this phenomenon based on the EPR and
NMR water proton relaxation data and the results
of quantum chemical calculations, in particular for

Table 5. Logarithms of the formation constants (logf3) for mixed-ligand zinc(i1) complexes with L/p-amino
acids (HisH, CysH, MetH, SerH, TrpH, PheH) (25.0 °C, 1.0 M KNO3)

Equilibrium Amino acid logp Alogf
residues

Zn%" + His™ + Cys?~ == [Zn(His)(Cys)]~ L-Cys, L-His 15.17(1)

L-Cys, p-His 15.26(1) —0.09
Zn?* + His™ + Cys?~ === [Zn(His)(Cys)(OH)]>~ + H™ 1-Cys, L-His 4.43(2)

L-Cys, p-His 4.55(2) —0.12
Zn?* + His™ + Met~ === Zn(His)(Met) L-Met, L-His 10.427(5)

L-Met, p-His 10.435(4) —0.008
Zn?* + His~ + Ser~ === Zn(His)(Ser) L-Ser, L-His 10.38(1)

p-Ser, L-His 10.372(8) 0.01
Zn2" + His~ + Thr- === Zn(His)(Thr) L-Thr, L-His 10.822(5)

L-Thr, p-His 10.824(5) —0.002
Zn?* + His~ + Phe~ === Zn(His)(Phe) L-Phe, L-His 10.500(4)

D-Phe, L-His 10.555(5) —0.055
Zn%" + His™ + Trp~ == Zn(His)(Trp) L-Trp, L-His 10.776(8)

p-Trp, L-His 10.897(7) —0.121
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Cu(IDA) * 10 H,0

Cu(IDA) * 10 H,0

@ H
@cC
@N
@O0
@ Cu

Cu(IDA) * 10 H,0

=—-2992.817560 a.u. =—2992.817529 a.u. =—2992.818331 a.u.

cis-Cu(Gly), * 10 H,O
E=-2972.947405 a.u.

trans-Cu(Gly), * 10 H,0O
E=-2972.945742 a.u.

Cu(GGH_,)+ 10 H,0
E=-2972.932111 a.u.

Cu(GGGH_,)* 10 H,0
E=—3104.016885 a.u.

Fig. 3. Structures and total energies of copper(i) complexes with N,O-containing ligands optimized at the CAM-B3LYP/TZVP
level of theory taking into account the solvent effects by the C-PCM model (distances are given in A).15

copper(11) complexes with iminodiacetic acid
(IDAH,), glycine (GlyH), di- and triglycines (GGH
and GGGH) in the environment of 10 water mole-
cules (Fig. 3). As can be seen in Fig. 3, only one
axial water molecule is present in all these complexes,
and the rings of four hydrogen-bonded water mol-
ecules are located on the opposite side at significant
distances.13

The five-coordinate state of copper(i) is con-
firmed by the results of M D calculations, which were
performed using the GROMACS packagel” with
a slightly modified FFWa-SPCE force field 18 and
the GROMOS force field.!® The results of these
calculations for aqueous solutions demonstrated that
the average number of water molecules in the first
coordination sphere of copper(ir) bis-complexes is
always smaller than two.1® Note that the radial dis-
tribution functions of oxygen atoms in the second
coordination sphere of the frans isomers with glycine,
serine, lysine (Lysl—l2+), and aspartic acid have one
maximum, whereas there are two maxima for the cis
isomers (Fig. 4). The presence of two maxima is due
to the fact that the field of adjacent cis-carboxy groups

more strongly attracts the nearest water molecules,
particularly in the complex cis-[Cu(Asp),]>~.

It is worth noting that the five-coordinate state
of copper(11) in the complex CuCl,L!L2H,0
(L! = 2-amino-4-methylpyrimidine, L? = 2,3-di-
aminopyridine) was recently confirmed by the quan-
tum chemical calculations at the DFT/B3LYP
level.2% This casts doubt on the explanation of the
difference in the stability constants of the copper(i1)
complexes with N-[tris(hydroxymethyl)methyl]-f-
alanine and with N-[2-hydroxy-1,1-bis(hydroxy-
methyl)ethyl]-B-alanine (tricine) given in the study?!
on the assumption of the octahedral coordination of
these complexes with reference to the study.22 In the
cited study, a weak axial coordination of two alco-
holic groups in the tetragonally distorted octahedron
was found in the crystal of the bis[ N-(2-hydroxyethyl)-
[-alaninato]copper(i1) complex. This octahedral
coordination of copper(ir) in solution is unlikely.

The use of a combination of different methods
(DFT, MD, and NMR relaxation) allows one to
obtain complete information on the structure and
the dynamic behavior of the first and second hydr-
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Fig. 4. Radial distribution functions (RDF) for Cul'—O(H,0) solvated complexes calculated from the results of MD simulations for
10 ns at 25 °C: Cu(Glu), (a), Cu(Ser), (b), [Cu(Asp),]?~ (¢), and [Cu(LysH),|>" (d).16

ation shells of copper(i1) complexes in good agree-
ment with the experimental data (Table 6).16:23 [t
should be noted that the level of theory in the calcu-
lations has a significant effect on the accuracy of the
results. As can be seen in Table 7, only calculations
at the CAM-B3LYP/TZVP level taking into account
10 water molecules in the solvation shell and using
the polarizable continuum solvent model C-PCM
provide the results, which are in agreement with the
X-ray diffraction data for the crystals of all the
copper(11) complexes under consideration (given
in italic).1® Nevertheless, investigations of crystal
solvates (hydrates and peroxosolvates) with bio-
molecules, in particular with amino acids, will be
of ever greater value for a deeper understanding
of the important role of hydrogen bonding in so-
Iutions of metal complexes with bioligands and
their analogs. The available data in this area were
reported in the studies?4:25 (see also references
therein).

The d—a interaction, which is manifested in the
effect of the ligand nature on the spin-Hamiltonian
parameters determined from the EPR spectra of the
copper(11) complexes with di- and tripeptides (Table 8),
is an important factor responsible for the stereo-
selectivity.26—28 Thus, the introduction of an aro-
matic substituent, phenyl (Phe) or phenoxy (Tyr =Y),
into di- or triglycine leads to a decrease in the g-factor
and an increase in the isotropic hfc constant (A4),
which is indicative of the axial binding of electron-
withdrawing groups, being an evidence of a d—mxt
interaction. The blocking of the only axial position
by an aromatic substituent of oligopeptide hinders
the coordination of other ligands. For this reason,
the significant stereoselectivity is manifested in the
formation of mixed-ligand complexes containing
glycyl-L-tyrosine (GYH) and L- or p-histidine, in-
cluding the binuclear complex Cu,(GY * H_;)(His),,
unlike related complexes with diglycine, in which
the stereoselectivity is absent (Table 9).
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Table 6. Results of DFT calculations of the radial distribution functions (RDF) for Cull —=O(H,0) and Cul'—H(H,0)
and the experimental NMR relaxation data: 7, ry;, and CN; are the distance between Cu'l and the water oxygen
atom, the distance between Cul! and the water hydrogen atoms, and the average number of molecules in the i-th
coordination sphere, respectively, 7y, is the average lifetime for the second coordination sphere of water molecules!6

Complex DFT MD calculation NMR relaxation
r r CN] rz/A CN2 I'H] er rHl rH2 TMz/pS
A A A theor.  exp.

Cu(Gly),

cis isomer 240 244 1.8 4.3 7.7 3.08 4.8 3.1 4.0 5.5 5(1)

trans isomer 2.36  2.40 1.6 4.4 7.6 3.15 —a —b —b 4.9 —b
Cu(L-Ser),

cis isomer 247 243 1.7 4.3 6.8 3.10 4.8 32  4.05 6.3 10(2)

trans isomer 243 237 1.1 46 7.1 3.07 —a - 5.7 b
[Cu(L-Asp),]?~

cis isomer 2.38 241 0.5 4.0 6.0 3.10 4.8 32 4.5 154  11(2)

trans isomer 235 237 09 4.7 ~8 2.83,3.22 438 —0 — 9.7 —b
[Cu(L-LysH),]*"

cis isomer 236 2.40 1.4 4.2 7.4 3.10 4.7 32 4.05 7.4 9(2)

trans isomer 2.34 2.38 1.0 4.6 ~8 3.13 —a —b —b 7.0 —b

2 Second and third coordination sphere water molecules are indistinguishable in the RDF for Cull—H, ..
b The cis and trans isomers are indistinguishable by the NMR relaxation method.

Table 7. The Cull—0 (ro/A) and Cull—H (rHl/A, er/A) distances for the axial water molecule in the structures optimized at the
B3LYP/aug-cc-pVTZ, B3LYP/TZVP, and CAM-B3LYP/TZVP levels of theory taking into account the C-PCM solvent model for

different numbers of water molecules in the solvent shell!5
Complex B3LYP/aug-cc-pVTZ B3LYP/TZVP CAM-B3LYP/TZVP CAM-B3LYP/TZVP  XRD data
with C-PCM and with C-PCM and with C-PCM and with C-PCM and (see Ref. 15 and
1 H,0 molecule 1 H,0 molecule 1 H,0 molecule 10 H,0 molecules references
therein) rq
o rH, 'y, ro TH, 'y, ro TH, 'H, ro TH, 'H,
Cu(IDA) 246 3.04 3.08 237 298 3.01 231 292 295 234 288 297 2.38
trans-Cu(Gly), 2.49 3.05 3.17 243 299 3.10 236 292 3.05 236 291 293 —
cis-Cu(Gly), 2.56 2.83 3.1 248 289 3.10 240 283 3.14 240 291 299 2.40
Cu(GGH_)) 2.54  3.06 3.06 247 3.00 3.01 239 294 295 240 298 3.09 2.3—-2.39
[Cu(GGGHL_,)]~ 4.17 434 494 4.17 435 4.96 413 432 492 271 3.03 3.40 2.57

Table 8. Parameters of EPR spectra of copper(i1) complexes with di- and tripeptides (LH) (25 °C, 1.0 M KNOs);
TR is the rotational correlation time

System Complex & Ay AN TR 1011 /s
G
Cull—GlyGlyH CulLH_, 2.1232(2) 67.7(2) 14.2(3), 11.8(4) 3.4(2)
[Cu(LH_|)(OH)]~  2.1190(2) 37.2(3) 12.5(2), 12.2(2) 5.3(2)
Cull—GlyTyrH CuLH_, 2.1207(2) 71.4(2) 14.1(2), 11.7(3) 6.3(2)
[Cu(LH_))(OH)]~  2.1164(2) 42.0(3) 12.6(2), 12.2(2) 10.7(6)
Cul'—TyrLeuH CuLH_, 2.1196(2) 72.0(3) 14.3(3), 11.8(4) 7.0(4)
[Cu(LH_))(OH)]~  2.1137(3) 43.3(4) 12.5(3), 12.0(3) 12.9(8)
Cu'—TyrPheH CuLH_, 2.1202(2) 71.7(2) 14.3(3), 11.7(4) 8.5(6)
[Cu(LH_))(OH)]~ 2.1161(3) 42.4(4) 12.6(2), 12.5(2) 12.8(7)
Cull—TyrTyrH CuLH_, 2.1187(2) 69.6(2) 14.5(2), 11.4(2) 10.3(5)
[Cu(LH_))(OH)]~ 2.1163(2) 42.4(2) 12.5(1), 12.4(1) 19(1)
Cull—GlyGlyGlyH  [Cu((LH_,)]~ 2.0947(3) 80.9(2) 17.2(3), 14.5(3), 8.4(3) 4.3(1)
Cu'—GlyGlyTyrH  [Cu(LH_,)]~ 2.0918(2) 83.6(2) 17.5(2), 14.6(2), 8.2(3) 8.0(2)

[Cu(LH_3)]*~ 2.0925(2) 8§3.002) 17.2(2), 14.7(2), 8.3(3) 9.5(3)
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Table 9. Logarithms of the formation constants (logf3) for mixed-ligand complexes in copper(i1)—L/D-
HisH—dipeptide (glycylglycine (GlyGlyH=GGH)/glycyl-L-tyrosine (GlyTyrH = GYH)) systems

(25.0 °C, 1.0 M KNO;)

Equilibrium

logP Alogf

L-His Dp-His

Cu?* + GG~ + HisH == [Cu(GG)(HisH)]*
Cu?* + GG~ + His~=== Cu(GG)(His)

10.74(2)  10.75(2) —0.010
15.416(7) 15.410(7)  0.006

Cu2* + GG~ + His~ == [Cu(GG+H_,)(His)|~ + H* 6.91(1)  6.88(3)  0.030
Cu2* + GG~ + His” == [Cu(GG+H_,)(HisH_,)]>~ + 2 H*  —4.49(1) —4.46(2) —0.030
2 Cu2* + GG~ + 2 His™ === Cu,(GG+H_)(His), + H* 21.90(4)  21.87(5)  0.030

Cu?* + GY~ + HisH === [Cu(GY)(HisH)]*
Cu?t + GY~ + His™ === Cu(GY)(His)

10.64(3)  10.65(3) —0.010
15.455(9) 15.421(9) 0.034

Cu?* + GY~ + His~ === [Cu(GY+H_,)(His)]~ + H* 7.00(1) 6.87(1) 0.13
Cu2t + GY-H_,2- + His™ == [Cu(GY-H_,)(His)|>~ + H* 6.857(7)  6.817(7)  0.040
2 Cu?* + GY~ + 2 His™ == Cuy(GY+H_,)(His), + H* 22.89(1)  22.75(1) 0.14

According to the quantum chemical calculations
(Fig. 5), the stereoselectivity of the formation of two
mixed-ligand complexes with glycyl-L-tyrosine is
attributed to the fact that the amino group of histidine
is in the cis position due to the strong trans effect of

[Cu(GY + H_)(1-His)]~ (4Ngq)
= —3025.85581 a.u.

[Cu(GY * H_,)(L-His)|?>~ (4N,,)
E = —3025.37247 a.u.

the deprotonated peptide nitrogen atom. The isomers
with four equatorially coordinated nitrogen atoms
are the most favorable in the case of L-histidine; in
the case of b-histidine, one carboxy group is present
in the equatorial plane. Note that the stereoselectiv-

[Cu(GY * H_)(D-His)]~ (3NgNyy)
E = —3025.85065 a.u.

[Cu(GY * H_)(D-His)]?~ (3N¢qNyy)
E=—3025.36635 a.u.

Fig. 5. Structures and total energies of mixed-ligand copper(i1) complexes with glycyl-L-tyrosine (GYH) and L/p-histidine
(HisH) optimized using the ORCA package at the CAM-B3LYP/TZVP level of theory taking into account the solvent effects by the

C-PCM model.
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¢/L mol~! cm™! a
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160 F )-
o [Cu(GYH_)(His)]
120
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0 1 = 1 1 1 1
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Fig. 6. Simulated absorption spectra of mixed-ligand copper(i1) complexes with L/p-histidine (HisH) and glycylglycine (GGH) (a)

and with glycyl-L-tyrosine (GYH) (b); 25 °C, 1.0 M KNO;.

ity is manifested also in the absorption spectra of the
corresponding complexes (Fig. 6).

Five and six mixed-ligand complex forms (Table 10),
including binuclear structures, are produced in
ternary systems with histidine, triglycine (GGGH),
and glycylglycyl-L-tyrosine (GGYH), respectively.
The stereoselectivity of the formation is observed
only for the complex Cu(GGY)(His). According to
the results of calculations, the most favorable structure
of the complex with the Lisomer of amino acid (Fig. 7)
is that in which the amino groups of adjacent ligands
are cis to each other, thereby providing a m—at-stacking
interaction between the phenoxy and imidazole
groups, which is impossible for the trans isomers.

The modified fast-motion program?® and the
EasySpin program package3? in the slow-motion
mode in combination with the STALABS-M program
allow the simulation of the EPR spectra and the
electronic absorption spectra of many resulting forms
of the complexes (Fig. 8), thus revealing the stereo-
selectivity of the formation of one of these com-
plexes, Cu(GGY)(His).28

The kinetics of substitution reactions of oligo-
peptide ligands with histidine under pseudo-first-
order conditions was studied by the stopped-flow
method.2728 The plots presented in Fig. 9 show that
an increase in pH leads to an increase in the rate of
substitution. The scheme consisting of three and
two steps was proposed for the replacement of tri-
and dipeptide ligands, respectively, with histidine
(Scheme 1).

In both cases, the last step is rate-determining,
both the anionic and protonated forms of histidine
being active in the substitution (with the constants
kyand k3’ respectively). As can be seen in Table 11,
the presence of a phenoxy group leads to a decrease
in the rate of the ligand substitution for both dipep-
tides and tripeptides, which is due to the fact that
one axial position of copper(i1), as the site of attack
by the ligand, is sterically blocked by the tyrosine
side group. The statistically significant stercoselectiv-
ity is observed for the replacement of glycyl-L-tyro-
sine or glycylglycyl-L-tyrosine with the histidinate
anion (see Table 11).

Table 10. Logarithms of the formation constants (logf3) for mixed-ligand complexes in copper(i1)—L/p-HisH—tripeptide (gly-
cylglycylglycine (GGGH)/glycylglycyl-L-tyrosine (GGYH)) systems (25.0 °C, 1.0 M KNO;)?7-28

Equilibrium logp Alogf
L-His D-His
Cu?" + GGG~ + HisH == [Cu(GGG)(HisH)]" 10.56(2) 10.58(2) —0.02
Cu?* + GGG~ + His~ == Cu(GGG)(His) 14.915(5) 14.906(6) 0.011
Cu?* + GGG~ + His™ == [Cu(GGG - H_)(His)]~ + H* 6.39(2) 6.36(2) 0.03
Cu?* + GGG~ + His™ == [Cu(GGG - H,g)(His)]Z— +2H" —4.141(8) —4.126(9) 0.015
2 Cu?* + GGG~ + 2 His™ == [Cuy(GGG- H_z)(His)(HisH_l)]Z— +3HTt 1.99(8) 2.04(8) —0.05
Cu?* + GGY~ + HisH == [Cu(GGY)(HisH)]* 10.75(1) 10.76(1) —0.01
Cu?* + GGY~ + His™ == Cu(GGY)(His) 15.086(3) 14.983(4) 0.103
Cu?* + GGY™ + His™ == [Cu(GGY- H_))(His)]- + H* 6.72(1) 6.74(2) —0.02
Cu?* + [GGY- H_l]z— + His—™ == [Cu(GGY" H_z)(His)]z— +H™* 6.94(1) 6.91(2) 0.03
2 Cu?t + GGY~ + 2 His™ === Cu,y(GGY+H_,)(His), + H* 20.65(9) 20.61(8) 0.04
2 Cu?t + [GGY+H_|]> + 2 His == [Cuy(GGY+H_3)(His)(HisH_,)]>~ + 3 H* 2.34(5) 2.37(6) —0.03
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Scheme 1

v = kops[[Cu(LH_)]7] = (kg + kp[HisT]+ kpy[HisH] [[Cu(LH_»)]7]
kobs = ko + ki [His™]+ kyy[HisH] = ky + kpy* Cjsp + (k. — k) [His™]

Cu(LH_p)~ + His~ - [Cu(LH_,)(His)]?~

1

[Cu(LH_,)(His)]2~ + H,0 :4—_>2 [Cu(LH_4)(His)]~ + OH-
[Cu(LH_;)(His)]~ + His~ + Hy,0 o Cu(His), + L~ + OH-

[Cu(LH_)(His)]~ + HisH L Cu(His), + L~

v H
@c
ON
®o0
@® Cu

cis-Cu(GGY)(L-His)

E=-3234.14708 a.u. cis-Cu(GGY)(p-His)
AE = 0kJ mol~! E=-3234.14340 a.u.
AE=9.7 k] mol~!

trans-Cu(GGY)(L-His) trans-Cu(GGY)(p-His)
E=-3234.13663 a.u. E=-3234.13669 a.u.
AE =27.4 kJ mol~! AE =27.3 kJ mol~!

Fig. 7. Structures and total energies of the most stable mixed-ligand copper(i1) complexes with glycylglycyl-L-tyrosine (GGYH) and
L/p-histidine (HisH) optimized at the CAM-B3LYP/TZVP level of theory including the solvent effects by the C-PCM model and

with the D3BJ dispersion correction.28
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a
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g/L mol~! cm™! b
400 500 600 700 800 A/nm

Fig. 8. Experimental EPR spectra for the copper(i1)—glycylgly-
cyl-L-tyrosine—L/p-histidine systems (1:1:1) (pH 6.60, 25 °C)
(a) and the simulated absorption spectra of the mixed-ligand
copper(i1) complexes with glycylglycyl-L-tyrosine (GGYH) and
L/p-histidine (HisH) at 25 °C (), 1.0 M KNO;: 1, [Cu(GGY)
(HisH)]™; 2, Cu(GGY)(His); 3, [Cu(GGY-H_,)(His)]~;
4, [Cu(GGY+ H_,)(His)]?~.27:28

Kexp/s™! a

1 1 1 1

8.0 8.5 9.0 9.5pH

Fig. 9. Plots of the observed rate constants (key,) versus pH
in the copper(Il)—glycylglycylglycine—L-histidine systems
(1:1:10) (a; His concentration: 0.03 (7), 0.032 (2), 0.040 (3),
0.045 (4), 0.05 mol L~! (5)) and the copper(i1)—glycylglycyl-L-
tyrosine—L-histidine systems (1 : 1 : 10) (b; His concentration:
0.03 (1), 0.04 (2), 0.05 mol L~! (3)) obtained by the stopped-flow
method by mixing equivalent volumes of solutions I and I with
the detection at L, = 550 nm (/= 1cm); I, Cull, GGH+ H (a)/Cull,
GGY-H (b); 11, L-HisH (a, b); Cryis= 0.1 mol L1, T=298 K 2728

Copper(11) complexes with phosphorylated di-
thiocarbamates (PDTC), which were synthesized for

Table 11. Rate constants of the substitution reactions of oligo-
peptide ligands from copper(i1) complexes with L/p/pL-histidine
(25 °C, 1.0 M KNO;, Tris buffer)?7-28

Complex Amino  ky/s”! kin ky
wid T
Cu(GG-H_)) L-Histidine  0.72£0.1 34.9+1.6 359+6
Cu(GG-H_) pL-Histidine 0.9+0.1 32.8+2.0 33717
Cu(GY-H_)) L-Histidine 0.20%0.01 — 26.7£1.0
Cu(GY-H_)) p-Histidine 0.25%0.01 — 21.8+0.7
[Cu(GGG-+H_,)]~ vr-Histidine 4.9+0.2 68.7£6.0 740+6
[Cu(GGG+H_,)]- bpr-Histidine 4.1£0.3 87.7+85 782+6
[Cu(GGY+H_,)]~ vr-Histidine 3.46+0.03 44.910.7 439%5
[Cu(GGY+H_,)]~ bp-Histidine 3.37£0.10 43.9%£3.1 459+3

the first time in the study,3! are of particular interest.
As can be seen in Table 12, the formation constants
of mixed-ligand complexes with these dithiocarb-
amates and aromatic N-donors, including 1,10-phen-
anthroline (phen) and 2-methylpyrido[3,2-£:2",3"-A]-
quinoxaline (MeDPQ), which were determined by
SP-metry, provide evidence of significant extra-
stabilization of these complexes according to the
standard criterion logX = 2 logByap — l0gBma, —
- logBMB2 (the indices correspond to the mixed-
ligand complex of the composition MAB and homo-
ligand bis-complexes of the compositions MA,
and MB,, respectively; the statistical evaluation
logX=0.60). This fact is attributed to the strong d—mt
interaction with the electron density transfer as from
the m-donor orbitals of carboxy groups of amino
acids through the central ion to the m-acceptor orbit-
als of aromatic N-donors. It is important that these
complexes exhibit the highest antineoplastic activity
among all the compounds characterized in our

studies.32
O\ _C(S)SK

/\/\N/C(S)SK N
k e kpéo
/P\ /' \
ko OEt ko OFt

KoBu(OEt)PDTC

)\N/C(S)SK

KocHex(OEt)PDTC

O~ ~CIsIsK

N
k -0 k ~0
/P\ /P\
ko  OEt ko OBu
K,Pri(OEt)PDTC K2EtOMe(OBu)PDTC
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Table 12. Formation constants of copper(ir) complexes with phosphorylated dithio-
carbamates and aromatic N-donors, phen and MeDPQ (37.0 °C, 0.15 M NaCl)

Ligand (PDTS) [Cu(PDTC),]>~ Cu(phen)(PDTC) Cu(MeDPQ)(PDTC)
logP logp logX logp logX
[Bu(OEt)PDTC]?~ 16.3(2) 16.96(6) 3.32 16.64(5) 4.49
[cHex(OEt)PDTC]?~  16.8(4) 17.17(3) 3.21 17.01(3) 4.71
[Pri(OEt)PDTC]?~ 16.30(2) 16.83(5) 3.06 16.50(4) 4.21
[EtOMe(OBu)PDTC]? 16.7(1) 16.17(3) 2.71 16.34(6) 3.54

It is worth noting that new isonicotinoyl hydr-
azones with vitamin By derivatives were synthesized
in the Scientific and Educational Center of Pharma-
ceutics of the Kazan Federal University. One of these
compounds, (E/Z)-N’-{[5-hydroxy-3,4-bis(hydr-
oxymethyl)-6-methylpyridin-2-ylJmethylene}iso-
nicotinohydrazide (LH), exhibited high antibacterial
activity.33 The structure of the new ligand LH as the
Fisomer (Fig. 10) was determined by X-ray diffrac-
tion,33 and the formation constants of a series of 3d
metal complexes with this ligand were determined
by SP-metry. The lead ligand (LH) is a promising
candidate as an antituberculosis agent, the activity
of which is much higher than that of the known agent
pyridoxal isonicotinoyl hydrazone (PIH).33

o)

l ~ NH HO

N AN Ho \ OH O

HO | AN OH Mo N/ /N\H | AN

Me” N7 N
PIH LH

Research in this area is being continued.
Therefore, the main factors controlling the ste-
reoselectivity of the complexation, the stability of

Fig. 10. X-ray diffraction structure of the E isomer of LH.33

the complexes, and the kinetics of ligand substitution
reactions are as follows:

— trans effect;

— solvation interactions;

— intracomplex hydrogen bonding;

— new type of a weak thiomethyl group—imid-
azole ring interaction;

— softness of ligands and the central ion;

— m—am-stacking interactions;

— effect of interligand hydrogen bonds;

— the five-coordinate environment of copper(in)
in solution;

— metal—ligand d—m interaction;

— steric blocking of the axial position of copper(ir).

Note that the methodology of investigations,
which allows one to obtain complete data on coor-
dination compounds, requires the competent use of
a number of complementary spectroscopic methods,
including SP-metry, EPR, and NMR relaxation,
X-ray diffraction analysis, the stopped-flow spectro-
photometric method, and pH-metry, combined with
mathematical modeling methods using modern pro-
grams and accurate calculations by MD and high-
level quantum chemical methods.

The study was financially supported by the Govern-
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of Kazan Federal University, the Subsidy allocated
to Kazan Federal University for the state assignment
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Russian Science Foundation (Project Nos 16-33-
00674, 16-33-00691, 18-33-20072, and 20-33-90235).
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