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Redox-related changes in biological properties of copper bis(thiosemicarbazone) radiopharmaceuticals are induced
by backbone alkylation. To determine whether these changes are mediated by changes in core structural parameters,
eight X-ray structures of variously alkylated complexes were determined. The complexes include the hypoxia tracer
diacetylbis(4-methyl-3-thiosemicarbazonato)copper(ir) (CuATSM). The structures of the nickel analogue NiATSM
and the corresponding free ligand ATSMH, were also included. Distortions from planarity were slight and only
present when there were significant intermolecular interactions (mainly pairs of N-H-N and N-H-S hydrogen
bonds). These give rise to cross-linked flat or helical ribbons of complexes. Alkylation at the terminal nitrogen atoms
interrupts hydrogen bonding, allowing complexes to become planar, but does not otherwise affect the coordination
sphere. Alkylation at the backbone carbon atoms increases the backbone C-C bond length, allowing the metal to fit

better into the ligand cavity with shorter Cu-S bonds.

Introduction

Copper bis(thiosemicarbazone) complexes'? have been the
focus of investigation as metallodrugs for various medical
applications for over thirty years. These applications include
use as anti-cancer drugs,® superoxide dismutase-like radical
scavengers,* and positron emission tomography (PET) agents
for imaging tissue perfusion® and more recently, tissue
hypoxia.*” The bis(thiosemicarbazone) ligands have also been
used in the design of bifunctional chelators for labelling bio-
molecules with copper radioisotopes for PET.® The various
biological properties required of the complexes for these differ-
ent uses are obtained by virtue of the remarkable sensitivity of
the electronic and redox properties of the complexes to the
number and position of alkyl groups attached to the ligands.
The most detailed studies of these structure—activity relation-
ships have been carried out in connection with the hypoxia
imaging application.®*! These studies have correlated hypoxic
cell selectivity with reduction potential, electronic structure (as
studied by density functional methods and spectroscopy) and
chemical behaviour. It was found that all of these properties
were extraordinarily sensitive to the number of alkyl groups
attached to the diimine backbone of the ligand, but much less
sensitive to the number of alkyl groups at the amino-terminal
positions.

Since these relatively superficial modifications induce
remarkable changes in redox and biological properties, it is
natural to enquire whether they might significantly affect the
core structural parameters of the complexes, and if so, whether
this might be related to the biological behaviour (over and
above the expected changes in lipophilicity). In this paper we

T Electronic supplementary information (ESI) available: Fig. A: Com-
parison of average crystallographic, “template” and density functional
“optimised” CuATSM (6) bond lengths. Fig. B: Paired N-H --- N and
N-H - - - S hydrogen bonding networks in complexes without terminal
alkyl groups. Fig. C: Networks of Cu +-- S and N-H --- S hydrogen
bonds in complexes with monoalkylated terminal nitrogen atoms. Fig.
D: Planar array of non-hydrogen bonded molecules in the crystal of 8.
Table A: Displacement (A) of atoms from least squares planes. Table B:
Torsional angles. See http://www.rsc.org/suppdata/dt/b3/b307499d/
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report the X-ray crystal structures of eight copper bisthiosemi-
carbazone complexes with different alkylation patterns, as well
as a nickel analogue and the corresponding free ligand for
comparison. We discuss structural variations as a function of
alkylation at the diimine backbone and at the amino-terminus
(see Fig. 1 for ligand structures).
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RI R2 R3 R4
1 CuGTS H H H H
2 CuGTSM H H CH, H
4 CuPTS CHs H H H
5 CuCTS CH1 C2H5 H H
7 CuDTS C2H5 C2H5 H H
8 CuATSM2 CH3 CH3 CH3 CH3
9 NIATSM CH; CHj; CH; H
10 ATSMH, CH; CH; CH;4 H

Fig. 1 Structures and abbreviations for compounds structurally
characterised in this work.

Experimental

Complexes were synthesised as previously described except as
indicated below. Analytical and spectroscopic properties were
consistent with those previously reported.®?

Diacetylbis(4-methyl-3-thiosemicarbazonato)nickel(ir), 9

This complex, previously reported by Jones and McCleverty,?
was obtained in crystalline form by electrochemical oxidation
of nickel metal in an acetonitrile solution of ATSMH, 10
(0.024 g, 0.09 mmol) in the presence of tetrabutylammonium
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tetrafluoroborate (10 mg). The cell was a tall-form beaker
(100 mL) containing a platinum wire cathode and a nickel foil
anode. The initial voltage was 15.8 V with an intensity of 4 mA
for 30 min and an electrochemical efficiency of 0.48 mol F~'.
Hydrogen was evolved at the cathode. These results are consist-
ent with the following half-cell reactions: cathode: ATSMH, +
2¢” — H, + ATSM?*; anode: Ni + ATSM?*” — NiATSM +
2e”. Crystals of 9 were grown by slow evaporation from the
electrolysed MeCN solution.

Crystals of 1, 4 and 5 were grown by slow diffusion of water
into dmso solutions of the complexes. Crystals of 2 were grown
by slow diffusion of a solution of GTSMH, in dmso—ethanol
into an ethanol solution of Cu(en),Cl, layered above it.'* Crys-
tals of 6a and 7 were grown by slow diffusion of ethanol into
dmso solutions of the complexes. Crystals of 8 were grown by
slow diffusion of light petroleum (bp 40-60 °C) into a thf solu-
tion of the complex. Crystals of 6b were prepared by allowing a
solution of [Cu(ATSMH,),](PF¢),*4dmf'* to stand in air. A
large single crystal was cut to suitable dimensions. Crystals of
6¢c were grown by slow evaporation from CH,CI, solution.
Crystals of 10 were grown from a solution of the ligand in
dmso. Large crystals appeared on standing over several days.
The crystal data and X-ray diffraction data collection, structure
solution and refinement methods for all complexes are summar-
ised in Table 1.

For compounds 1, 2, 4, 5, 6a, 7 and 8, a single crystal was
mounted on a glass fibre using perfluoropolyether oil and co-
oled rapidly to 150 K on an Oxford Cryosystems Cryostream **
low-temperature unit. X-Ray diffraction data were collected,
using silicon 111 monochromator and a Bruker SMART 1K
CCD area detector diffractometer at station 9.8'® of the SRS
at Daresbury Laboratory. A multi-scan absorption correc-
tion was applied. The structures of all seven compounds
were solved by direct methods using SHELXS-97'7 and full-
matrix least squares refinement on F? were undertaken using
SHELXL97."" All non-hydrogen atoms were refined aniso-
tropically. For compound 5 displacement parameter restraints
were used. All hydrogen atoms were either found in the differ-
ence map or placed geometrically and then refined using a
riding model.

For compounds 3, 6b, 6¢c, 9 and 10 a single crystal was
mounted and cooled as above. X-Ray diffraction data were
collected, using graphite monochromated Mo-Ka radiation, A =
0.71073 A, on an Enraf-Nonius Kappa CCD diffractometer. A
semi-empirical absorption correction determined from equiv-
alent reflections was applied. Intensity data were processed
using the DENZO-SMN package.'® The structures of all five
compounds were solved by direct methods using the program
SIR92." Full matrix least squares refinement on F was under-
taken using the CRYSTALS program suite.”” Coordinates and
anisotropic thermal parameters of all non-hydrogen atoms
were refined. Hydrogen atoms were found in the difference
Fourier map or placed geometrically and a common isotropic
thermal parameter subsequently refined. A three-term
Chebychev polynomial weighting scheme was applied.

Since we have studied a series of related complexes, compar-
isons between them can be statistically analysed to identify
trends. Thus, the conventional “3¢” rule (where ¢ is the crystal-
lographic estimated standard deviation in an individual struc-
tural parameter) for identifying significant differences in pairs
of structural parameters is overridden by statistical analysis
across the series. The statistical significance of differences in
structural parameters caused by adding two alkyl groups to the
diimine backbone was tested using the Mann Whitney U test.
As there is only one complex with a single backbone alkyl
group (CuPTS) and the structure of this was disordered, this
complex was excluded from the statistical analysis. Three separ-
ate structure determinations for complex 6 were included in the
statistical analysis, each using crystals grown under different
conditions.

CCDC reference numbers 213898-213908 and 219684.
See http://www.rsc.org/suppdata/dt/b3/b307499d/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

Bond lengths for all complexes are listed in Table 2, and bond
angles for all complexes are listed in Table 3. Views of the
molecular structures of complexes without alkyl groups in the
diimine backbone are shown in Fig. 2 (exemplified by CuGTSM
2, CuGTSE 3 only). Views of the structures with two back-
bone alkyl groups (exemplified by CuATSM 6a, CuDTS 7,
CuATSM2 8 and NiATSM 9) are shown in Fig. 3. The structure
of uncomplexed ATSMH, 10 is shown in Fig. 4. Together, these
examples are sufficient to show both the main structural
features and the atom labelling scheme used consistently across
all structures to allow comparison. All complexes were close to
the expected planar structure with three five-membered chelate
rings, as observed for other examples of this type of com-
plex.’***?" The free ligand ATSMH, (10) was also close to
planar, with a trans-configuration about the diimine backbone.
Both cis?** and trans*"**! configurations have previously been
observed in related molecules.

Fig. 2 ORTEP?* views of the molecular structures CuGTSM 2
(upper) and CuGTSE 3 (lower), as examples of complexes with no
backbone alkyl groups, showing atom labelling scheme.

Metal-ligand fit

The overall impression from bond angles around the copper
atoms is of a ligand cavity too small to accommodate the Cu**
ion ideally. The N-Cu-N bond angles are only 80° and the
sulfur ends of the ligand arms are pushed outwards well beyond
the natural position that would be adopted by the planar ligand
with 120° bond angles. For comparison, the Ni** ion complexes
with ATSM (9) and related ligands ****?” show a much better fit.
As a result of the smaller ionic radius of nickel (giving M-N
and M-S distances of 1.86 and 2.16 A, respectively in 9 com-
pared to 1.97 and 2.25 A for the copper complexes), all the
angles at the nickel centre are significantly closer to the 90°
angles preferred at the square planar metal centre. Thus, the
average N-M-N angle in the copper complexes reported in this
paper is 80.7° whereas for 9 and other nickel complexes?***?7 it
is more than 83°. Similarly the S-M-S angles are 109.3° for Cu
but only 102° for Ni, while the N-M-S angles are 84.9° for Cu
and more than 87° for Ni. Although the ligand appears some-
what strained in the copper complexes, it has been shown that
the ligands can open up even further to accommodate Cd**
while maintaining an essentially planar structure.*?

Bond lengths and resonance

The backbone C(11)-C(21) distances show the largest spread
(S.D. = 0.012 A) of all the intraligand bonds in the copper
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Table 1 Crystal data

1 2 3 4 5 6a’ 6b° 6¢ 7 8 9¢ 104
Formula C,H,CuNS, CeH,(CuN,S, CgH,,CuNS, CsH,CuN,S, C,H,,CuNS, CyoH,CuNgOS; C,;H,;CuN,;0S, CzH,CuN,S, CgH,,CuNS, C,oH;5CuNS, C,oH,,N,NiS, C,H;xNO,S,
M, 265.81 293.86 321.90 278.83 307.89 400.04 395.00 321.90 321.91 349.96 358.12 416.64
A 0.6904¢ 0.6904¢ 0.71073 0.6904¢ 0.6904¢ 0.6872¢ 0.71073 0.71073 0.6872¢ 0.6904¢ 0.71073 0.71073
System Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Triclinic
Space group P2/c P2,/n P1 P2,/c C2e P2,/c P2,/n e P2/n P1 P2,/c P1
al 6.7026(6) 4.0832(4) 8.8447(3) 5.5081(4) 17.878(7) 8.0485(13) 8.3300(2) 12.3084(4) 7.884(2) 7.3791(3) 7.2586(2) 9.4874(1)
blA 3.9436(3) 19.9969(19) 9.1298(3) 15.4057(10) 16.856(6) 14.086(2) 13.0822(3) 12.9874(5) 9.188(2) 8.5020(4) 16.9149(4) 11.2045(1)
c/A 32.307(3) 12.7651(12) 9.5442(4) 11.6504(8) 7.978(3) 15.071(2) 16.2402(5) 8.2414(3) 17.962(5) 11.9417(5) 12.8679(3) 11.2427(1)
al® 90 90 106.010(2) 90 90 90 90 90 90 104.281(2) 90 60.9079(3)
pre 92.919(2) 98.607(2) 100.630(2) 102.193(2) 102.930(6) 97.864(3) 101.3738(9) 90.591 101.585 97.775(2) 105.8679(9) 87.3227(6)
yl° 90 90 115.952(2) 90 90 90 90 90 90 90.630(2) 90 81.8540(5)
VIA3 852.84(12) 1030.55(17) 623.2 966.31(12) 2343.2(15) 1692.5(4) 1735.0 1317.4 1274.7(6) 718.59(5) 1519.7 1033.5
V4 4 4 2 4 8 4 4 4 4 2 4 2
DJgcm™? 2.070 1.894 1.715 1.917 1.745 1.570 1.512 1.623 1.677 1.617 1.565 1.339
/mm™! 3.007 2.498 2.074 2.659 2.202 1.667 1.511 1.962 2.028 1.806 1.552 0.477
F(000) 532 596 330.952 560 1256 828 821.937 661.905 660 362 745.995 444919
Colour Red Red Brown Red Yellow Orange-red Orange-brown Red Yellow Red-orange Brown Colourless
Size/mm 0.60 x 0.02 x 0.30 x 0.02 x 0.06 x 0.08 x 0.14 x 0.08 x 0.12 % 0.06 x 0.30 x 0.03 x 0.14 x 0.22 x 0.08 X 0.10 x 0.04 x 0.02 x 0.12 % 0.06 x 0.30 x 0.30 x 0.16 x 0.24 x
0.01 0.01 0.10 0.04 0.01 0.02 0.35 0.16 0.005 0.02 0.30 0.26
0 collected/® 2.96-29.05 1.85-29.23 5.0-27.5 2.16-29.22 2.27-25.00 1.9-29.4 5.0-27.5 5.0-27.5 2.1-254 2.58-29.13 5.0-27.5 5.0-27.5
Index ranges, ikl —9t09, —5to05, —11to 11, —-7to7, —21to 21, —11to 11, —10 to 10, —15to 15, —9t09, —10 to 10, —91t09, —12t0 12,
—5t05, —27 to 26, —11to 11, —21to 21, —20 to 20, —19to 19, 0to 16, 0to 16, —11to 11, —11to0 8, 0to 21, —12to 14,
—44t0 42 —17t0 13 0to 12 —12to 12 -9t09 —20to 21 0to21 0to 10 —20to 22 —15to 16 0to 16 0to 14
Refl. measured 7780 7252 9774 6518 9121 16313 12576 5344 6984 4988 11398 19519
Refl. unique 2328 2811 2802 2587 2248 4753 4137 1576 2566 3625 3567 4700
Ry 0.0320 0.0249 0.049 0.0232 0.0564 0.0452 0.022 0.031 0.0530 0.0068 0.027 0.025
Reflections obs., 1946, 2 2229,2 1835, 3 2165,2 1694,2 3976,2 3321, 3 1259, 3 1817,2 3055,2 2968, 3 4097, 3
n(I>na(l)
Max./min. 0.95,0.34 0.94, 0.61 0.88,0.85 0.93, 0.68 0.98,0.76 0.96, 0.62 0.81,0.72 0.85,0.82 0.96, 0.90 0.96, 0.83 0.63,0.63 0.93,0.89
transmission
Param. refined 118 138 197 139 147 196 200 100 156 178 249 302
Ror R1 (obs. refl.) R1=0.0318 R1=0.0292 R=0.0289 R1=0.0388 R1=0.0491 R1=0.0344 R=0.0256 R=0.0243 R1=0.0481 R1=0.0407 R=0.0250 R=0.0298
wR or wR2 wR2=0.0751 F* wR2=0.0662 F> wR=0.0321 F wR2=0.0941 F> wR2=0.1192 F* wR2=0.0899 F> wR=0.0285F wR=0.0298 F wR2=0.1222 F> wR2=0.1061 F* wR=0.0285F wR=0.0290 F
(all data)
GOF 0.976 0.937 1.0498 1.099 0.979 1.040 1.0364 0.9880 1.001 0.985 1.0336 1.1024
Residual[gez}k, 0.736, —0.648 0.524, —0.401 0.74, —0.34 0.628, —0.653 0.989, —0.970 0.46, —0.36 0.70, —0.32 0.61, —0.41 1.35, —0.77 0.629, —0.492 0.31, —0.27 0.69, —0.67
hole/e A~

“ Formula includes one molecule of dmso. * Formula includes one molecule of dmf. © Formula includes one molecule of MeCN. ¢ Two independent molecules of the ligand, each situated on a crystallographic inversion
centre, and formula includes two molecules of dmso. ¢ Synchrotron radiation.
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Table 2 Interatomic distances (A) for all complexes 1-9 and ligand 10, ATSMH,

1 2 3 4 5 6a‘ 6b°¢ 6¢¢ 7 8 9 10 (mol. 1°) 10 (mol. 2°)
C(1D)-C(21) 1.453(3) 1.452(3) 1.458(4) 1.470(4) 1.480(7) 1.479(3) 1.479(2) 1.480(4) 1.480(6) 1.483(3) 1.470(3) 1.483(3) 1.479(4)
C(11)-C(1) 1.478(6)“ 1.496(6) 1.490(3) 1.493(2) 1.498(3) 1.505(6) 1.487(3) 1.489(4) 1.499(3) 1.500(3)
C2DH-C(2) 1.486(6)“ 1.517(7) 1.494(2) 1.493(2) 1.498(3) 1.501(6) 1.494(3) 1.491(3) 1.499(3) 1.500(3)
C(11)-N(11) 1.300(3) 1.307(3) 1.306(4) 1.298(3) 1.312(6) 1.298(2) 1.298(2) 1.296(3) 1.301(5) 1.299(3) 1.303(3) 1.294(2) 1.289(2)
C(21)-N(21) 1.296(3) 1.301(3) 1.296(4) 1.299(3) 1.295(6) 1.303(2) 1.296(2) 1.296(3) 1.301(5) 1.293(3) 1.305(2) 1.294(2) 1.289(2)
N(11)-N(12) 1.353(3) 1.363(2) 1.369(4) 1.365(3) 1.374(5) 1.373(2) 1.365(2) 1.369(3) 1.370(5) 1.369(3) 1.378(3) 1.377(2) 1.377(2)
N(@21)-N(22) 1.370(3) 1.364(2) 1.363(3) 1.370(3) 1.373(5) 1.369(2) 1.369(2) 1.369(3) 1.377(5) 1.369(3) 1.375(3) 1.377(2) 1.377(2)
N(12)-C(12) 1.335(3) 1.337(3) 1.322(4) 1.336(3) 1.329(6) 1.323(2) 1.325(2) 1.325(3) 1.339(5) 1.330(3) 1.315(3) 1.369(2) 1.364(2)
N(22)-C(22) 1.326(3) 1.349(3) 1.331(4) 1.329(3) 1.331(6) 1.329(3) 1.324(2) 1.325(3) 1.324(5) 1.325(3) 1.319(3) 1.369(2) 1.364(2)
C(12)-S(1) 1.751(2) 1.756(2) 1.760(3) 1.753(3) 1.753(5) 1.7636(19) 1.7614(19) 1.759(2) 1.746(5) 1.772(2) 1.767(3) 1.6919(19) 1.685(2)
C(22)-S(2) 1.759(2) 1.755(2) 1.763(3) 1.756(3) 1.764(5) 1.7671(19) 1.7578(19) 1.759(2) 1.757(5) 1.762(2) 1.768(3) 1.6919(19) 1.685(2)
N(11)-M 1.9797(19) 1.9767(19) 1.965(3) 1.968(2) 1.969(4) 1.9592(16) 1.9602(15) 1.9583(17) 1.967(4) 1.965(2) 1.861(2)
N@21)-M 1.9727(19) 1.9701(17) 1.977(3) 1.963(2) 1.975(4) 1.9654(16) 1.9619(14) 1.9583(17) 1.956(4) 1.9580(19) 1.855(2)
S(1)-M 2.2506(6) 2.2435(6) 2.2735(8)  2.2340(8)  2.2350(14)  2.2474(6) 2.2363(5) 2.2453(5) 2.2274(14)  2.2408(6) 2.1546(6)
S(2-M 2.2710(6) 2.2812(6) 2.2505(8) 2.2431(8)  2.2458(15) 2.2473(6) 2.2464(5) 2.2453(5) 2.2424(13)  2.2511(7) 2.1598(7)
C(12)-N(13) 1.332(3) 1.346(3) 1.348(4) 1.341(4) 1.329(6) 1.344(2) 1.344(2) 1.340(3) 1.332(6) 1.347(3) 1.339(3) 1.322(3) 1.331(3)
C(22)-N(23) 1.348(3) 1.337(3) 1.331(4) 1.348(4) 1.329(6) 1.341(2) 1.345(2) 1.340(3) 1.335(6) 1.356(3) 1.336(3) 1.322(3) 1.331(3)
C(1)-C(1A) 1.49509) 1.511(8)
C(2)-C(2A) 1.510(7)
M-S inter-molecular 2.991 3.073 2.8045(9)
N(13)-C(13) 1.452(3) 1.447(4) 1.462(3) 1.457(3) 1.444(3) 1.456(3) 1.449(3) 1.454(3) 1.451(3)
N(23)-C(23) 1.456(3) 1.468(4) 1.459(3) 1.450(3) 1.444(3) 1.462(3) 1.451(3) 1.454(3) 1.451(3)
N(13)-C(14) 1.456(3)
N(23)-C(24) 1.449(3)

“C(1) and C(2) in this structure are partially occupied sites representing only one carbon. ® This structure has two independent molecules each situated on a crystallographic inversion centre. ¢ Structure of 6 was

determined three times from three different crystals grown under different conditions.
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Table 3 Bond angles (°) for all complexes 1-9 and ligand 10, ATSMH,

1 2 3 4¢ 5 6a 6b 6¢ 7 8 9 10 (mol. 1) 10 (mol. 2%)
N(11)-C(11)-C21)  115.2(2) 114.89(19)  114.2(3) 115.2(2) 114.2(4) 114.04(16)  114.13(15)  113.94(12)  114.0¢) 113.7(2) 112.52) 115.1(2) 114.2(2)
NQ1)-C2D-C(11)  115.3(2) 115.55(18)  115.6(3) 114.4(2) 114.5(4) 114.08(15)  114.03(15)  113.94(12)  113.7(4) 114.4(2) 112.9(2) 115.1(2) 114.2(2)
C(11)-N(11)-M 114.08(16)  114.22(15)  115.1(2) 11431(18)  115.2(3) 115.83(13)  115.52(12)  115.78(15)  115.7(3) 115.51(16)  115.52(17)
CQ1-NQ21)-M 114.40(16)  114.24(14)  114.3(2) 114.89(18)  115.4(3) 115.38(13)  115.62(12)  115.78(15)  116.23) 115.61(16)  115.43(17)
N(12)-N(11)-M 123.73(14)  124.40(13)  124.6(2) 123.60(16)  122.9(3) 123.67(11)  123.68(11)  123.46(13)  122.6(3) 123.30(15)  124.62(16)
N(22)-N(21)-M 124.14(15)  124.14(13)  123.53(19)  123.49(17)  123.2(3) 123.68(12)  123.51(11)  123.46(13)  123.2(3) 123.45(15)  124.25(16)
N(ID)-N(12)-C(12)  111.68(18)  109.93(17)  109.9(3) 110.6(2) 111.3(4) 111.04(15)  110.80(14)  111.32(18)  111.0(4) 111.48(19)  109.6(2) 118.90(16) 117.33(17)
NQ1)-N(22)-C(22)  111.12(18)  111.16(16)  110.7(2) 110.8(2) 111.3(4) 111.01(15)  111.02(14)  111.32(18)  111.34) 111.67(19)  110.02) 118.90(16) 117.33(17)
N(12)-C(12)-S(1) 125.01(17)  12637(17)  127.5(2) 125.6(2) 125.6(4) 125.79(14)  125.94(13)  125.63(17)  125.7(4) 12531(18)  124.12(18)  118.73(14) 119.12(15)
N(22)-C(22)-S(2) 125.53(17)  125.03(16)  125.3(2) 125.7(2) 125.5(4) 125.77(15)  126.04(14)  125.63(17)  125.5(4) 125.23(18)  124.13(19)  118.73(14) 119.12(15)
C(12)-S(1)-M 95.14(8) 94.65(7) 93.44(11)  94.83(9) 94.87(16)  94.39(6) 94.33(6) 94.44(8) 94.68(16)  94.46(8) 94.51(8)
C(22)-S(2)-M 94.67(8) 94.48(7) 94.50(10)  94.49(10)  94.74(15)  94.34(7) 94.31(6) 94.44(8) 94.53(16)  94.53(8) 94.02(9)
N(11)-M-N(21) 80.75(8) 81.02(7) 80.74(11)  81.20(9) 80.72(15)  80.62(6) 80.63(6) 80.55(10)  80.37(15)  80.68(8) 83.59(9)
N(11)-M-S(1) 84.30(6) 84.58(5) 84.57(8) 84.88(7) 8520(12)  85.07(5) 85.18(4) 85.14(5) 85.59(12)  85.44(6) 87.07(6)
NQ1)-M-S(2) 83.93(6) 84.01(5) 84.04(8) 84.89(7) 85.08(11)  85.12(5) 85.08(4) 85.14(5) 85.28(11)  85.02(6) 87.56(7)
S(1)-M-S(2) 110.102)  110.242)  109.15(3)  109.53(3)  108.81(5)  109.23(2)  109.241(18)  109.21(3) 108.69(5) 108.77(2) 101.81(3)
N(11)-M-S(2) 161.84(6)  162.35(5)  158.07(8)  165.11(7)  165.52(11)  165.52(5)  165.10(4) 165.61(5) 165.36(12)  165.55(6) 171.04(6)
N(21)-M-S(1) 164.61(6)  165.59(5)  164.98(8)  164.46(7)  165.6(12)  165.65(5)  165.61(5) 165.61(5) 165.94(11)  165.99(6) 170.61(7)
C(11)-C(1)-C(1A) 110.5(5) 111.8(4)
C(21)-C(2)-C(2A) 113.2(4)
COD-N(ID-N(12)  122.19(19)  121.38(19)  120.3(3) 122.1(2) 121.8(4) 120.49(16)  120.76(15)  120.76(17)  121.6(4) 121.2(2) 119.9(2) 116.85(16) 118.25(16)
CQID-NQI)-N(Q22) 121.43(19) 121.52(17)  122.2(3) 121.6(2) 121.2(4) 12091(16)  120.87(14)  120.76(17)  120.6(4) 120.8(2) 120.3(2) 116.85(16) 118.25(16)
C(1)-C(11)-C(21) 121.7(3) 122.3(4) 122.38(16)  122.51(15)  122.71(12)  123.8(4) 122.38(16)  123.7(2) 119.6(2) 119.5(2)
C(2)-C(21)-C(11) 122.4(3) 122.2(4) 121.90(17)  122.43(15)  122.71(12)  123.0(4) 121.90(17)  123.3(2) 119.6(2) 119.52)
C(1)-C(11)-N(11) 123.0(3) 123.3(4) 123.58(18)  123.35(16)  123.3(2) 122.2(4) 123.58(18)  123.7(2) 125.28(16) 126.24(17)
C(2)-C(21)-N(21) 123.0(3) 123.1(5) 124.02(18)  123.54(16)  123.3(2) 123.2(4) 124.02(18)  123.8(2) 125.28(16) 126.24(17)
N(12)-C(12)-N(13)  116.9(2) 117.2919)  117.1(3) 117.2(2) 117.8(4) 117.3417)  117.5317)  117.5(2) 117.7(4) 116.5(2) 118.9(2) 117.36(17) 115.95(17)
N(22)-C(22)-N(23)  117.5(2) 114.8718)  118.53) 117.4(3) 117.1(4) 117.81(17)  116.80(17)  117.5(2) 117.6(4) 115.9(2) 119.4(2) 117.36(17) 115.95(17)
N(13)-C(12)-S(1) 118.0717)  116.32(16)  115.4(2) 117.2(2) 116.6(3) 116.83(14)  116.53(14)  116.85(16)  116.6(3) 118.23(18)  116.9(2) 123.90(15) 119.12(15)
N(23)-C(22)-S(2) 117.00(18)  120.10(15)  116.1(2) 116.8(2) 117.4(3) 116.42(15)  117.16(14)  116.85(16)  116.8(3) 118.88(18)  116.5(4) 123.90(15) 119.12(15)
C(12)-N(13)-C(13) 123.50(19)  124.7(3) 122.0016)  122.0017)  123.0(2) 119.5(2) 122.3(2) 122.89(17) 124.15(18)
C(22)-N(23)-C(23) 125.65(18)  124.5(3) 122.18(18)  121.62(18)  123.0(2) 118.5(2) 123.6(3) 122.89(17) 124.15(18)

“C(1) and C(2) are partially occupied sites of one carbon. ® This structure has two independent molecules per unit cell.




(©

Fig. 3 ORTEP?* views of the molecular structures of CuATSM 6¢
(a), CuDTS 7 (b), and CuATSM2 8 (c) and NiATSM 9 (d), as examples
of complexes having two backbone alkyl groups, showing atom
labelling scheme.

Fig.4 View of structure of uncomplexed ligand ATSMH, 10, showing
atom labelling scheme.

complexes, ranging from 1.452 to 1.483 A, consistent with a
bond order greater than 1 but less than 1.5. Factors contri-
buting to this spread are discussed below. The other corre-
sponding intraligand bond distances are highly consistent
across all the copper complexes (0.003 < S.D. < 0.008 A).
C(11)-N(11) distances range from 1.295 to 1.312 A consistent
with bond order greater than 1.5 but less than 2. These bonds
are closer to a full double bond than any other bond in com-
plex. N(11)-N(12) distances range from 1.353 to 1.377 A con-
sistent with bond order less than 1.5 but greater than 1. N(12)-
C(12) distances range from 1.322 to 1.349 A consistent with
bond order less than that of C(11)-N(11), but still much greater
than 1. C=S distances range from 1.746 to 1.772 A consistent
with bond order greater than 1 but less than 1.5. C(12)-N(13)

(to terminal amines) range from 1.329 to 1.356 A suggesting a
bond order less than that of C(11)-N(11) and slightly less than
that of N(12)-C(12) but still greater than 1. These data confirm
that there is extensive conjugation within the ligand but that the
resonance form depicted in Fig. 1 dominates. Comparison of
the crystallographic bond lengths with fully optimised density
functional-calculated bond lengths for CUATSM 6 and with
the template geometry used to calculate trends in orbital ener-
gies as a function of backbone alkylation'' shows excellent
agreement except that the template geometry significantly over-
estimates the C(12)-N(13) and C(22)-N(23) distances, and the
optimised geometry slightly over-estimates copper—-donor atom
distances.

Effects of backbone C(11)-C(21) alkylation

The backbone alkylation pattern has been shown to affect
redox potential,>*® UV spectra** and frontier orbital energies !
and the hypoxic cell selectivity® more strongly than terminal
alkylation. Therefore its effect on structural parameters is of
particular interest. It was noted above that the C(11)-C(21)
bond distance showed the largest spread. Examination of the
trends (Fig. 5) in this parameter reveal a highly consistent and
significant (p <0.025) increase in the backbone C(11)-C(21)
bond length in complexes with two backbone alkyl groups
(n = 2, average 1.478 A) compared to those with none (n = 0,
average 1.454 A). The n =1 data point in Fig. 5 includes CuPTS
4 as well as other previously published structures with n = 1
(CuKTS,* CuPgd4DE* and CuPTSM ™), and must be inter-
preted cautiously as 4 has disordered backbone alkyl groups. A
previously published structure of the copper complex of the
bis(thiosemicarbazone) derived from benzil, which has two
backbone phenyl substituents,” was not included in the stat-
istical analysis, but with a C-C distance of 1.49 A is consistent
with the observed trend. The structure of the free ligand 10,
combined with literature data, suggests that in the free ligands
as well as in the complexes, alkylation of the C—C bond length-
ens it, whether it has a cis or trans configuration. Thus, in four
available structures of ligands with n = 1 (including two with
R' = Ph,” one with R' = CH(CH;)OEt,* and one with R' =
(methylphthalimidomethyl),”® the C—C bond lengths range
from 1.447 to 1.463 A, whereas in five ligands with n = 2 (includ-
ing two with R' = Ph and R? = CH,,* two with R' = R? = CH, %’
including the present work, and one with R' = R? = Ph,?) it
ranges from 1.458 to 1.49 A. Unfortunately no crystallographic
data are available for ligands with n = 0. The C(11)-C(21)
bond length in 10 does not change significantly upon chelation
of either copper or nickel. The lengthening of the C(11)-
C(21) bond on alkylation was predicted by optimised density

1.49 4

1.48 4
1.47 4

1.46 4

C(11)-C(21)/A

1.45

1.44 4 T 1
0 1 2

No. backbone alkyls

Fig. 5 Correlation of average crystallographically observed (filled
symbols) and optimised BLYP density functional-calculated'' (open
symbols) C(11)-C(21) bond lengths with number of backbone alkyl
groups. Crystallographic distances include copper complexes in Table 2
plus CuPTSM,'? CuKTS?* and CuPg4DE.? Error bars on crystallo-
graphic data points represent + 1 standard deviation.
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functional calculations'! (Fig. 5) and the crystallographic data
thus provide further experimental support for the validity of
the calculations.

Backbone alkylation had a much smaller (but still significant
at p = 0.05) lengthening effect on the N(11)-N(12) bonds from
1.36 to 1.37 A. Effects of double alkylation on C(11)=N(11),
and N(12)=C(12) distances in the ligand arms were not signifi-
cant at the p = 0.1 level.

This observation of C(11)-C(21) bond lengthening raises the
question of whether its causes are steric or electronic. Because
the increase in bond length was predicted by density functional
calculations " electronic causes were considered. Based on dens-
ity functional calculations, the most obvious new orbital inter-
action one can envisage on alkylating C(11) and C(12) is a form
of hyperconjugation between the LUMO (a very low-lying
empty ligand-based m-orbital, see Fig. 6) and the alkyl C-H
bonds. The calculations indeed suggested that alkylation of
the backbone raised the energy of the ligand-based LUMO
(Fig. 6) to a greater degree than other orbitals of similar energy,
indicating a significant m-interaction. It is informative to com-
pare this with the well-known case of hyperconjugation in
ketones, where C—H bonds of a-carbon atoms overlap with the
acceptor C-O 7* orbital. This orbital is C-O antibonding,
so that hyperconjugation lengthens the C-O bond. By con-
trast, in our copper complexes the calculated LUMO that can
engage in a similar interaction with alkyl C-H bonds is strongly
C(11)-C(21) n-bonding. Population of this orbital by hyper-
conjugation would therefore be expected to shorten the C(11)—
C(21) bond - in conflict with experiment. Thus, although the
calculations correctly predicted the increase in C-C bond
length on alkylation, it is hard to reconcile the putative
hyperconjugation effect with this increase.

Fig. 6 Schematic representation of the ligand based LUMO
calculated by dft."!

It is simpler, therefore, to assume that the bond lengthening is
due to steric repulsion between the backbone alkyl groups. In
support of this we note that second alkylation causes a much
more substantial increase in bond length than the first. How-
ever, the steric argument remains tentative for a number of
reasons. First, there is no obvious manifestation of such a
repulsion in the bond angles about C(11) and C(21). In all the
backbone-alkylated complexes except CuDTS, angles C(1)—
C(11)-C(21) and C(2)-C(21)-C(11) (ca. 122°) are appreciably
less than C(1)-C(11)-N(11) and C(2)-C(21)-N(21) (>123°).
The disposition of ethyl groups in CuDTS is such that their
methyl groups are oriented syn with respect to one another
(Fig. 3), and perpendicular to the plane of the molecule. Simi-
larly in CuCTS (not shown) the ethyl group has its methyl
group oriented perpendicular to the plane of the complex. It is
difficult to accept that this is the arrangement that would be
preferred on steric grounds. Second, crystallographic data on
the free ligands ***"* and our data on ATSMH, (10) suggests
that alkylation of the backbone lengthens the C—C bond in the
uncomplexed ligands as well, even though the two alkyl groups
in question are arrange frans to one another, relieving any steric
pressure between them (Fig. 4).

What are the structural and chemical consequences of
this change in C-C distance? The easiest way to visualise the
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structural changes accompanying the stretching of C(11)-C(21)
resulting from alkylation is to view each arm of the ligand as
more or less rigid, with a fixed point at the coordinated nitrogen
(N(11), N(21)) about which the ligand arm pivots. Thus, as
C(11)-C(21) stretches, each arm pivots about the coordinated
nitrogen atoms so that the sulfur atoms are drawn inwards
(Fig. 7), transmitting the changes to the metal coordination
sphere. This view is consistent with the trends in angles
expected from Fig. 7: when compared using a Mann Whitney U
test, alkylation of C(11) and C(21) is accompanied by a
small but significant decrease in C(11)-C(21)-N(21) (p <0.025)
and Cu-N(21)-N(22) (p <0.025), and a decrease in S(1)-Cu—
S(2) (although the latter does not reach significance at p <0.05).
Correspondingly there are significant increases in angles
Cu-N(@21)-C(21) (p <0.025) and N(21)-Cu-S(2) (from average
84.24 to 85.16°% p <0.025) (see Table 3). The remaining angles
are not consistently or significantly affected. The changes are
accompanied by significant (p <0.025) shortening of the Cu-S
bonds, as shown in Fig. 7, from an average of 2.262 to 2.243 A.
This too was predicted by density functional calculation.'!
Data for a complex with R! = R? = Ph (mean Cu-S distance =
2.236 A?) were not included in these averages but are consist-
ent with the trends. The Cu—N bonds are shortened slightly on
alkylation (as predicted by calculation), but the change is not
statisticially significant. There is also a very small but statistic-
ally significant (p <0.025) closing of the N-Cu—N angle from a
mean of 80.83 to 80.60°. Overall, the trends in crystallographic
results agree very well with those predicted by density func-
tional calculations." They suggest that addition of alkyl groups
causes C(11)-C(21) lengthening which, although minor, in turn
induces the ligand to embrace the metal more closely by allow-
ing the sulfur arms to move inwards and accommodate the Cu
ion more readily. Thus, upon alkylation of the diimine back-
bone, all of the structural parameters move slightly closer to
those seen in the nickel complexes, in which, as noted above,
there is a better metal-ligand “fit.”

s(1) 5(2)

Fig. 7 Effect of C(11)-C(21) bond stretching on expansion of the
ligand cavity by pivoting at coordinated nitrogen atoms. Grey lines:
without backbone alkylation; bold lines: with alkylation at C(11) and
C(21). Geometry changes are exaggerated for purposes of illustration.

Although any causative relationship between these structural
parameters and biological function remains speculative, we
note that categorisation of the complexes based on backbone
C-C bond length coincides with the categorisation according
to reduction potential, and in turn, with biological hypoxia-
selectivity. Thus, the complexes with a long C—C bond have the
lowest reduction potential (hardest to reduce) and the highest
hypoxia selectivity, while those with a short C—C bond have
the highest reduction potential and lowest hypoxia selectivity.
The mechanical consequences of C—C bond length changes
may contribute to the influence of alkylation in lowering the
oxidation potential, since the better metal-ligand fit would
be expected to raise the energy of the HOMO (which has
principally M-L o* character). It could also impact on the
behaviour of the complexes upon reduction. If the LUMO is
indeed a ligand based orbital with predominantly C(11)-C(21)
n-bonding character (Fig. 6), as calculations suggest,!’ we
should expect that when an electron is added to this orbital,



Table 4 Intermolecular contacts, hydrogen bonding, etc.

Interaction D-H/A H--- A/A D--- A/A D-H--- AP Other/A
1 N(13)-H(13A) - - - N(12A) 0.88 2.08 2.953(3) 174.7
N(13)-H(13B) - -+ S(1B) 0.88 2.61 3.411(2) 151.0
N(23)-H(23A) - - - N(22C) 0.88 222 3.049(3) 157.9
Cu---S 2.991
2 N(13)-H - -+ S(2A) 0.88 2.83 3.642(2) 154.1
N(23)-H - -+ N(22B) 0.88 2.20 3.010(2) 152.0
Cu---S 3.073
3 Cu---S 2.8045(9)
N(23)-H --- S(2 0.88 2.55 3.404(3) 167
4 N(13)-H(13A) - -+ N(12A) 0.88 2.18 3.057(3) 174.1
N(13)-H(13B) - - - S(2B) 0.88 2.71 3.580(2) 168.7
N(23)-H(23A) - -+ N(220) 0.88 2.15 3.025(4) 171.2
N(23)-H(23B) - - - S(1D) 0.88 2.84 3.531(3) 136.4
5 N(13)-H(13A) - -+ N(12A) 0.88 2.12 3.000(5) 178.7
N(23)-H(23A) - - - N(22B) 0.88 229 3.060(6) 145.8
N(23)-H(23B) - -+ S(2C) 0.88 2.64 3.519(4) 173.6
6a N(13)-H(13) --- O(1S) 0.88 2.07 2.945(2) 177
N(23)-H(23) - - - O(1SA) 0.88 2.22 3.072(2) 162
6b N(13-H --- O 0.79 2.20 2.979(2) 166
N@23)-H:-- O 0.81 2.26 3.023(2) 158
[ N(13)-H --- S(1) 0.88 2.54 3.405(2) 168
7 N(13)-H(13A) - -+ N(12A) 0.88 2.13 3.007(6) 173
N(23)-H(23A) - - - N(22B) 0.88 223 3.034(5) 151
N(23)-H(23B) - -+ S(2C) 0.88 2.6 3.482(4) 178
8 None
9 N(23)-H --- S(1) 0.79 2.59 3.363 167
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Fig. 8 Displacement (A) of atoms from least squares plane defined by metal atom, S(1), S(2), C(11), C(21), C(12), C(22), N(11), N(21), N(12),

N(22), N(13), N(23); ®, S(1) arm; B, S(2) arm.

there would be a shortening of the C(11)-C(21) bond, resulting
in opening of the ligand embrace by pivoting at the coordinated
nitrogens as in Fig. 7, thus weakening the Cu-S bonds and
widening the S—-Cu-S angle.

Effects of N-terminal alkylation

Effects of terminal alkylation on redox potential, electronic
spectra and hypoxic cell selectivity are much less marked than
those of backbone alkylation.>®*!! The structural effects of
backbone and terminal alkylation parallel this trend: the clear-
cut changes in bond lengths and angles (and reduction poten-
tial) in response to backbone alkylation are not apparent in
response to terminal alkylation.

Planarity

The ease of deformation away from planarity could be
connected with redox potential and other aspects of redox

behaviour because distortions towards tetrahedral might favour
reduction. Therefore it is pertinent to examine effects of alkyl-
ation on planarity and ligand rigidity. This can be addressed
through least-squares displacement of ligand atoms from the
mean plane of the complex. Fig. 8 shows displacement of ligand
atoms from the least-squares plane for complexes 1-9. It is
noticable that the complexes closest to planar are 6¢, 8 and 9,
i.e. those in which intermolecular interactions (H-bonding
or S—-Cu contacts efc., see below) are absent or precluded by
alkylation of carbon (sterically blocking metal-ligand inter-
molecular contacts) or nitrogen (removing N-H bonds thus
precluding H-bonding between complexes). This trend is
reflected in the torsional angles as well (data not shown). This
suggests that deviations from planarity observed here and in
previously determined copper bis(thiosemicarbazone) struc-
tures are a consequence of external crystal packing forces and
intermolecular interactions, and are not inherent in the molecu-
lar structure. In connection with steric interactions between
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backbone alkyl groups, we note that any such interaction is
insufficient to affect the torsional angles in the C(11)-C(21)
bond: there is no consistent or significant variation and the
N(11)-C(11)-C(21)-N(21) torsional angle is less than 2.4° in all
cases.

Supramolecular architecture

It has been pointed out previously that the hydrogen-bonding
groups in these complexes are well-equipped to form double
hydrogen bonds with the nucleoside bases,? peptide bonds and
other related biologically relevant molecules. In the crystal this
capability gives rise to combinations of paired intermolecular
hydrogen bonds N-H-N and N-H-S (Fig. 9) and inter-
molecular M-S interactions (e.g. 3 in Fig. 2) leading to interest-
ing extended architectures. Pertinent intermolecular contact
distances are listed in Table 4.
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Fig. 9 Schematic illustration of NH-N and NH-S intermolecular
bonding motifs present in the crystals.

Those complexes whose terminal nitrogen atoms are not
alkylated (1, 4, 5, 7) show the most extensive cross-linking. For
example, 4, 5 and 7 have flat (4, Fig. 10) or undulating (5, 7)
ribbons of complexes linked by paired mutually reinforcing
N-H-N hydrogen bonds of the type shown in Fig. 9(a). These
ribbons are cross-linked by paired, mutually reinforcing N-H-S
hydrogen bonds of the type shown in Fig. 9(b) (4) or Fig. 9(c)
(5 and 7, both of which share similar hydrogen-bonding
patterns). In 1 (Fig. 10) one thiosemicarbazone arm is engaged
in both N-H-S and N-H-N hydrogen bond simultaneously:
the molecules are arranged in planar pairs linked by a pair of
N-H-N hydrogen bonds, and each pair is linked to another
by a pair of N-H-S hydrogen bonds, forming a roughly planar
ribbon two molecules wide. Each ribbon is linked to others
above and below the plane by unpaired hydrogen bonds
through the other thiosemicarbazone arm.

Complexes with one alkyl group at the terminal nitrogen (2,
3, 6) also engage in hydrogen bonding via the remaining N-H
bond, but without the extensive cross-linking between chains
seen in 1, 4, 5 and 7. Each dimer of 3 consists of two symmetry-
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Fig. 10 Paired N-H-N and N-H-S hydrogen-bonding networks in
complexes without terminal alkyl groups (1 and 4, top) and with
monoalkylated terminal nitrogen atoms (3 and 6¢, bottom). In 1,
molecules are linked into pairs by paired N-H-N hydrogen bonds, and
the pairs are linked into ribbons by paired N-H-S hydrogen bonds. In
4, molecules are linked into ribbons by paired N-H-N hydrogen bonds
and the ribbons are cross-linked by paired N-H-S hydrogen bonds. In 3
staircase-like chains are formed by alternating paired Cu—S bonds and
paired N-H-S hydrogen bonds. In 6c simple flat ribbons are formed by
zigzag chains of paired N-H-S hydrogen bonds.

related complexes linked by pairs of long intermolecular Cu—S
bonds (Fig. 2). The dimers are linked into chains by pairs of
reinforcing N(23)-H-S hydrogen bonds. Thus, each monomer
is linked to two others, within the plane of the molecule by a
pair of N-H-S hydrogen bonds and orthogonally to the plane
by an intermolecular S(2)-Cu bond, to form a staircase-like
structure. Complex 6¢ (in which there is no solvent in the
crystal) forms simple ribbons via flat zigzag chains of paired
N-H-S hydrogen bonds running down the centre of the ribbon
(Fig. 10) with the non-polar groups at the periphery, effectively
preventing hydrogen bonding between ribbons. In 6a and 6b,
crystallised from dmso or dmf, respectively, there is no direct



hydrogen bonding between complexes. Instead the terminal
N-H bonds form single hydrogen bonds with the solvent
oxygen atom. In 9, N(13) is not H-bonded, while N(23) takes
part in intermolecular H-bonding with S(1) of another mole-
cule to form chains linked through only one H bond, N(23)-H-
S(1).

Complex 8 with two alkyl groups on each terminal nitrogen
has no hydrogen-bonding capability. The alkyl groups also pre-
vent close intermolecular intermolecular contact between
copper and sulfur or nitrogen atoms and the crystal consists of
stacks of the planar layers.

The issue of whether intermolecular axial interactions
between potential Lewis bases and the copper centre are signifi-
cant has been raised in connection with biological activity. The
closest intermolecular Cu-S contacts in each of the present
structures are listed in Table 4. Significant intermolecular con-
tacts involving copper are seen only in complexes without
alkylation in the backbone (CuGTS, GTSM, GTSE). This
suggests that despite previous suggestions based on relatively
limited data,'* axial ligand bonding to copper is only a
minor influence, easily overpowered by intermolecular steric
hindrance from alkyl groups or by other crystal packing forces.

Summary and conclusions

The complexes are inherently planar, as predicted previously by
computational methods. Any slight distortions from this are
due only to intermolecular interactions, especially pairs of
N-H-N and N-H-S hydrogen bonds. These give rise to supra-
molecular architectures involving cross-linked flat or helical
ribbons of complexes, and may allow the complexes to interact
with various biological molecules containing complementary
hydrogen-bonding motifs (e.g purines, pyrimidines and peptide
bonds). Alkylation at the terminal nitrogen atoms interrupts
intermolecular interactions allowing complexes to adopt ideal-
ised tetragonal planar geometry. Alkylation at the backbone
carbon atoms increases the backbone C-C bond length.
Although this was predicted by density functional calculations,
and is also observed in the free ligands, the specific orbital
interactions or steric interactions giving rise to it are not clearly
defined. This C—C bond lengthening has consequences for the
coordination sphere, allowing the metal to fit slightly better into
the ligand cavity, which in turn may affect complex stability and
redox potential.
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