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Synthesis, structures, and spectral properties of biomimetic
azomethine metal chelates with chromophores
CuN,S,, CuN,0,, and CuN,Se,. Crystal structure of
bis[4-(benzyl)aldimino-3-methyl-1-phenyl-5-pyrazolothiolato]copper(i)
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Capperii) chielates of composition Cully were svathesized based on d-aminomethylene
derivatives ol 3-thiopyrazoles (LH). The compleaes were stadied by UV TR ESRL and
EXAFS spectroscopy. magnetochemistry. and X-ray ditfraction analysis. The coordination
polvhedra in the complexes are pscudotcetrahedra or octahedra of the 1vpes CuN,Sy or
CuNSS,. respectively, which are distorted due to the Jahn—Teller effect. The UV and ESR
spectra of copper chelates with a six-coordinate metailocyele tormed by the N and § atoms of
the azomethine ligand and the nitrogen atom of the quinoline substituent (R) ot the C=N—R
fragment are most sitnilar to the spectra observed for metals involved in the active centers of
natural metalfoenzymes (*blue” copper proteins).

Key words: azomethines, copper, pyrazolones, chelates. biomimetic models, "blue” copper
proteins, X-ray dittfraction anabysis, UV, ESR. and EXAFS spectroscopy.

The construction of biomimetic models of "bluc” "blue” band (~ = 600 nm. £ = 4000—6000). the spegific
copper proteins responsible for the outer-sphere electron ESR spectrum (4 < 100 107+ cm™Y). and a rather high
transter in bioinorganic systems'—? have uitracted the reduction potential of the Cu'';Cul pair. 34940 The
continuing interest OVEr many years. reasons for the fact that "bluc” copper proteins exhibit

The active centers in these metallocnzymes contain the above-mentioned peculiar propertics hive been dis-
the chromophore CulN,SS*, which is characterized by a cussed in the literature many times.%? Two factors re-
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sponsible for the manitestation of these propertics were
revealed, viz., the high degree of covalence of the Cu—S
bond and the low symmetry of the coordination polyhe-
dron. The latter factor is difticultly reproducible in the
case of simple biomimetic compiexes. That is the rcason
why only onc class of compounds, which adequately
reproduce the physicochemical properties of the
metallocnzymes under consideration, was found among
several tens of models of “blue” copper proteins. 274
This class involves a scries of copper chelates containing
tris( pvrazolyvljborate ligands of type §.11—13

R = CPhy, Bu', CgFs

Adeguaice syathetic models ol acrive centers of cop-
per-contanning proteins with the N, S-ligand cnviron-
ment are limited in number due to oxidation of the
thiolate group of the ligand by Cu?~ ions.2? The svnthe-
ses of stable mcetal chetates with the CuNS chiromophore
were primarily based on the use of rigid macroeychic
ligands and terradentate Schiff s bases containing a bridg-
fng fragment (for exampic. complex 2).2.9-14

Y
N N
Rl A » RI
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S S
N N N N
R 2 R
=Y = —{CH,), —
n=2-4

The tetrahedral distortion of the chelate unit of the
complexes was achieved by either lengthening the bridges
or introducing bulky substitucnts located in close prox-
imity to the metal center. Up to now. complex 3 in
which the dihedral angle between the NCuS plancs of
two different coordination units is 57° was the oniy
cxample of an open structure containing the CulN,S-
coordination unit, which was characterized by X-ray
diftraction analysis. '3

Me N
N
N v
N Cu/2
Pr
3

However, this complex was not considered!3 as a
biomimetic model of the active center of "bluc” copper
proteins.

In the present work, we developed and used a proce-
dure for the directed synthesis of biomimetic models of
active centers of "blue” copper proteins based on a
choice of ligands of type 4 for the preparation of metal
chelates with open structures 5. including metal chelates
with coordinatively active substitucnts (R) at the N atom
of the azomethine fragment.
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Results and Discussion

Compounds of tvpe 4 (LH). like other analogous
complexes. =20 have aminomethylene structure 47 with
a strong NH...X hydrogen bond, which is confirmed by
the fact that the 'H NMR spectra of systems 4a—m have
doublet signals for the protons of the NH groups (at
5 !3’—!5) with ‘]NH—--CH =12 HZA

Metal chelates 5 of composition ML, were synthe-
sized according to known procedures™22.23 (Table 1).
The [R spectra of these compounds have absorption
bands of stretching vibrations of the coordinated
pyrazoloazomethine fragment (at ~1630 em™ (X = O)
and 1390 cm™! (X = $)). In the studies of the magnetic
propertics of the metal chelates performed at =20 °C and
at the temperature of liquid nitroge n, magnctic moments
typical of the mononuclear Cu'l complexes were ob-
tained (1.76—2.0 uB3; scc Table 2).

These datu provide evidence in favor of formula 5,
which we assigned to the chelates under consideration.
Actually, X-ray diffraction study de monstrated that com-
plex 5a in the crvstal occupics a special crystallograpiic
position on a twofold axes (C,) passing through the Cu
atom (Fig. 1). The geometry of the bidentate ligand is
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Table 1. Properties of complexes 5

characicrized by values typical of this class of com-
pounds. ! As expected, '3 the Cu atom in this chelate is

Com- Yicld N Found (e, Molecular in a distorted tetrahedral ligand cnvironment of the N»S,

pound (%) Caleulated formula tvpe. The S(H)—Cu(1)--N(1) and S(1)—Cuth)—N(1A)

bond angles are 100.74(9) and 134.23(9)°, respectively.

5a 60 CrHaNgSaCu The dihedral angle between the NCuS planes of two

sh - CoHiaNSe,Cu coordinali.on units xz. 6()_.5°. wlh_ich is ‘5()n1§whal {;1rgcr

= - than that in complex 3 (537.6°).'° The Cu--N and Cu—S§

5¢ 63 CapHyaNgOSCu bond lengths in Sa (1.982(3) and 2.2497(11) A. respec-

tively) are close 1o the corresponding values in other

5d 69 CrHayNgS-Cu four-coordinate mectal chelates of Cu'' with the

N.S-ligand covironment!® (see Tuble 2). The Cu—N

Se 72 CieHaaNgS:Cu and Cu--S bond lengths in "bluc” copper proteins are in

) ) o the ranges of 1.99--2.15 and 2.07--2.17 A. respectively.?

5 03 CankliaNpS>Cu These values are substantially smaller than the corre-

Se 0 CoiHaaNgS,Cu sponding parameters obscrved in biomimc}ic con-

- - plexes.t The tristpyrazolvlborate complex of type T is

Sh fd CrsHNgSe-Cu the only exampic!t of model compounds in which the

cqually short Cu—S bond is observed. [t should be noted

5k 69 CinH NS Cu that chelate 5a is the sccond example of complexes with

_ i N . R the CulN,S, chromophaore possessing an open structure.

5l 0 CantlzgNySeaCu which was characterized by X-ray diffraction data (¢f.
5m 03 CoaH NS Cu Refs. 9. 14, and 13).

The structurai data for the nearest environment about

the Cu atoms in chelates Sa—c,k were obtained by

Table 2. The Cu—X and Cu—N bond lengths (o) determined by X-ray diftraction analysis and EXAFS spectrascopy, the parameters
of the ESRUCHCI;, 77 Ky and UV (CHCE) spectra, and the magnetic moments of complexes 3 and 3

Com- diA ESR spectrum UV spectrum Her
pound  CyoX  Cu—N A 107 P /ub
' + i ! (e/em™mol™h
em”

3 2.2530 1.982 2149 2036 2.076 131.3 50.4 574 (1240 1.8
710 (960)

52 2.249 1.982 21583 2.040 2.074 1361 524 336 (1818) 1.76
224 1.97* 700 (1482)

5b 2136 2057 2091 131.8 63.1 334 (101 1.78
724 (1000

5S¢ 1.967 2.05* 2.234 2063 2119 143.3 51 468 (1135 1.81

5d 2152 2,058 2402 137.0 67.0 344 (1986) 1.73
680 (1470

Se 2152 2.041 2,072 137.6 RO 390 (2440 L.78
700 (2040

5f 2,130 2036 2.076 136.1 1.3 600 (1950) .86
700 (1520)

Sg 2123 2.049 183.7 432 (2217 1.90
319 (1004)
8§22 (1530

Sh 2.106 2.046 2.066 187.9 87.2 440 (3530) 1.90
520 (1413)
§39 (350

5k 230 2.02* 2,138 2.047 2.086 <106 387 425 (13375 1.82
163" 2158 RAIET 282 162.1*%* 743 S50 {245

51 244" 2.04* 2,100 2,053 2,004 <100 08.1 445 (9420} 184
2.30" 590 (320)

Sm 2183 2.050 2103 <100 37.0 427 (14360) 1.9

600 (260)

* Data of EXAFS spectroscopy.
**in DM
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Fig. L. Molccular structure of complex 3a
Principal bond lengths () and bond anales ()

Bond diA Angle /dey
Culhy—N(H 1.982(3) NOAY=Cut N—=N(D 94.8(2)
Cury=S(1)y 2.2497(t 1) NOA)--Cut =S¢l 134.259)
Sthy=C(ly 1.728¢4) N —Cu{h~S(h 100,79
Nii—Chy 1.288(4) NOA)=Cui 1y--S(IA) 1017409
Nit)—C(12) 1.469¢5) NeD~Cu(h—=StlA) 134250
Ne2)y—C(h 136005 Sth—Cut y—=S(1AY 984710
N{DH—N(H 1381 Cih=-S(h—Cuih 02711
Ni2)—C(0) 142715 Cid)y—-N(hH—C(12) IS
N(H=Ci3) 1.3103) CihHh—-N(hH—Cu(h 12743
CUHD—=N(H=Cutl) IREIRI]
C(H~NiDH—N(3) 112,303

Cihp=N(2)—=Cto) 130.7¢3)
EXAFS spectroscopy. The moduli of Fourier transforms
(MFT) of thc EXAFS spectra for chelates 3a—c .k,
wiich represent the function of radial distribution of the
adjacent atoms about the Cu atom, are shown in Fig. 2.
The structural data obtained from analysis of these MFT
are given in Table 3.

As can be scen from Fig. 2. the MET cunve for
complex 5¢ has a major peak consisting of two similar

Table 3. Structural data obtained from analysis of the EXAFS
spectra of compleves 3

Com- R/A /A Atom 0 (%)

plex

Sa 2.00 0.0030 N 20
227 0.0037 S

5b 2.04 0.0017 N {9
2.46 0.0057 Se

3¢ 2.05 0.0020 N 23
1.96 0.0038 0O

5k 2.00 00023 N i3
2,50 0.004% N
2.30 .0033 S

Nowe: R is the radius of the coordination spheres, the coordina-

tion number N = 20 @F is the Dehve—Waller factor. The

O vatue characterizes the accuracy of [itting.

MFET of EXAFS (rel. umts)
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Fig. 2. Moduli of Fourier transforms of EXAFS of the X-ray
absorption CuK spectra for complexes 3a. 3b. 5¢. and 3k (sohd
hnes). The model MFT optamed based on the structural data
are indicated by dashed lines.

coordination spheres fornied by light atoms. The best fit
corresponds to a model in which the Cu atom s sur-
rounded by two O atoms and two N atoms. The Cu—0
and Cu—N radii of the coordination spheres are 1.96
and 2.05 A, respectively (sce Table 3).

The shapes and the paramcters of MFT for com-
plexes 3a and 3k arc very similar. It is therefore con-
cluded that the nearest coordination environments about
the Cu atoms in these complexes have similar structures.
In complex 3a. the distances to two N atoms and two
S atoms coordinated to the Cu atom (2.00 and 2.27 A,
respectively), which were determined by the fitting
method. are in good agreement with the X-ray diffrac-
tion data (1.982(3) and 2.2497¢1 1) A. respectively). How-
ever, the best results of fitting for complex 3k correspond
to a model containing two additional N atoms. which
are located at a distance of 2.35 A from the Cu atom duc
to the Jahn-Tcller effect. Becase of the large Cu--N
distance. these atoms arc characterized by higher
Debyve--Waller factors (the average displacements of the
atoms from the cquilibrium positions) and. correspond-
inglv. by a small contribution 10 the EXAFS spectra.

The nearest cnvironment about the Cu atom in
complex Sh is characterized by the presence of two N
atoms at a distance of 2.04 A and two Se¢ atoms at a
substantially larger distance (2.46 A).
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The ESR spectral data for complexes 3 are given in
Table 2. The g und A values indicate that pseudotetra-
hedral complexes Sa—f (unlike tetragonal metal chelates
S5g,h) arc stmilar in the ESR characieristics to "bluc”
copper proteins. The replacement of the donor § atom
in complex 3a by the O atom Icads to an increase in the
g value, which s consistent with a decrease 1 the
degree ot covalence of the Cu—0O bond compared 1o the
Cu—S bond.* The results obtained in the present work
reflect the tendencies for an mcrease in the nephelo-
auxetic cffect, an increase in the degree of covalence,
and a decrease in the clectroncgativity in the scries
N5>O» > Ny > N>S» isee Ref. 9). The ESR characteristics
of complexcs Sa—f ditfer substantially from thosc of
natural compounds.3-® As can be seen from Table 2.
parameters of the ESR spectra similar to those of "bluc”
copper proteins were achieved by introducing the quino-
line R substituent into the amine fragment of chelates §
(compounds Sk-——m). Apparcntly, a considcrable effect
of this substitucnt on the parameters of the ESR spectra
of complexcs 5 is attributable to an additional coordina-
tion of the N atom of the quinoline fragment (¢f. Rets.
24 and 23). the distortion of the chelate unit, and a
change in the efficiency of overlapping of the atonic
orbitals of the Cu. N, and S atoms. Therefore, metal
chelates Sk——m are similar in the ESR spectral propertics
to the active conters of "blue” copper proteins.

The clectronic absorption spectra of natural "blue”
cnzyvmes arc characterized by an imntense band i the
region of 600--700 nm. which was assigned to the S—Cu
charge transfer band.# The UV spectra of complexes Sa—f
have absorption bands in the region of 300—700 nm,
which we assigned to the Sa—Cul! (A 300—600 nm) and
Sr—Cu'l (L 700 am) charge transfer bands. In the
spectrum of compound Sc, absorption in this region is
absent. In the spectra of metal chelates Sk—m, strong
absorption at 430—300 nm prevails, whereas only weak
peaks are observed in the region of 600--700 nn.

Previously 2425 it has been demonstrated that the
intraduction of the coordinatively active gquinoling frag-
ment into the ligand system is of fundamental impor-
tance for constructing biomimcetic modcels of nitrtle
hvdratase based on pvrazole complexes of Fel'!. In the
present work. we uscd the same ligand systems for the
construction of new biomimetic models ot "blue” copper
proteins whose ESR spectral properties arc similar o
those of the metallocnzymes.

Experimental

The *H NMR spectra of compounds 4 were recorded on a
Varian UNITY-300 spectrometer (300 MHz) in solutions
in CDCHs.

The ESR spectrma of solutions of metal chelates 5 were
measured on an SE/X-2343 Radiopan instrument (Poland) in
the X range at 298 and 77 K.

The clectronic absorption spectra of the complexes in solu-
tions in CHCl; and CHy were recorded on a Specord M-40
spectophotometer.

The mugnetic moments of the complexes in the crystatiine
state were determined at 299 K on an instrument designed at
the Rostov State University?® using the Faraday method:
HelCotNCS)y| was used as the standard. The effective muag-
netic moments were caleuiated by the formula uy = (873,07
where A, s the molar magnetic susceptibility taking into ac-
count the Pascal magnetic corrections. Intormation on the
structures of the nearest environments about the Cu atoms in
the complexes under study were obtained by Fourier analysis off
the extended X-ray absorption fine structure (EXAFS) of X-ray
absomption CuK spectra.??

X-ray absorption CuK spectra wore recorded on an EXAFS

spectrometer devised based on a DRON-3M diffractometer?s
with the use of a (1340) quartz crystal as the monochromator
The Fouricr transformations of the EXAFS spectra were per-
formed in the range of wave vectors of photoclectrons &
2 3-42.5 A7 with the &7 weighting function. The amplitudes
and scattering phases ot photoclectrons required tor the Fourier
analvsis were determined with the use of the FEFF 7.0 pro-
gram?? based on analogous compounds whose crystal structures
are known. The parameters of the structures of the nearest
cnvironments about the Cu atoms {the interatonnic distances.,
the coordination numbers, and the Debye—Waller factors) were
determined using nonlinear fitting ot the paramceters of the
corresponding coordination spheres by comparing the modcl
EXAFS signal and the signal, which was extracted from the
total EXAFS spectrum by the Fourier-filicring method. The
target function @ minimized in the course of fitting of the
structural parameters was no dugher than 3%, which corre-
sponds 1o the accuracy of determination of intecratomic dis-
tances cqual to .02 A

X-ray diffraction study of complex Sa. The crwvstals arc
monoclinic, at 293 K ¢ = 28.862(8) A. » = 6.937(2) A,
co= ITAS3E) AL R T 106920, ¥ o 333N AT dy =
1.337 mg m ™ space group C2/c. £ = 4. The intensities of
2425 reflectnions were measured on an automated four-circle
Sicmens P3/PC ditfractometer at 298 K (Mo-Kea radia-
tion. wraphite monochromator. 8/28 scanning technique.
20,5, = 309 and 17538 observed reflections were used in
subsequent calculations. The structure was solved by the
dircet method and refined by the fuli-matnx feast-squaies
method in the anisotropie-isotropic approximation based on £l
The posittons of the hydrogen atoms were {ocated from ditter-
ence electron density syntheses and refined using the riding
model. The final values of the R factors were as follows:
wRy = 10,1299, GOF = 1.067 using all reflections (R = 0.0462
caleulated using 1738 reflections with [ > 2at)) with the use of
the SHELXTL PLUS program package 3 The complete tables
of the atomic coordinates. thermal parameters, bond lengths,
and bond angles were deposited with the Cambridge Structural
Database.

Synthesis of aminomethylene derivatives 4 was carricd out
by the reactions of the corresponding aldchydes?t with amines
{RNHy) in ethanol or an zthanolic-cthercal mixture according
1o known procedures 16:49.22.23 Tie peaction mixtures were
heated for [5-30 min. The precipitates of compounds 4 that
formed were washed with ethanol and cther and recrystaliized
from propan-2-ol or tolucne. The vields were 60--80%.

Metal chelates 5 were synthesized from sodium salts of
compounds 4 and Cu'* acetate in methanol. The mixtures were
refluxed for 3—=20 nun. The crystals that precipitated were
filtered off, washed with methanol and cther until the filtrates
became colorfess, and dried in a vacuum desiccator.

The data of chemical analysis are given in Table 1.
The complexes are characterized by very high melting
points (>230°C).
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