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Abstract 

Copper( nickel(I1) and zinc(I1) complexes of methyl-Zamino-1-cyclopentenedithiocarboxylate and 
N,N’-pentamethylene-bis(methyl-2-amino_llate) have been prepared and 
characterized in order to provide a basis for comparison of neutral molecules involved in planar and 
pseudo-tetrahedral coordination geometries with similar N& ligand donor sets. Methyl-Zamino-l- 
cyclopentenedithiocarboxylate chelates as a bidentate ligand through a thioketonate sulfur and an 
imine nitrogen, forming planar complexes with the divalent ions of copper(R), nickel(R) and zinc(U). 
The Cu(I1) complex exhibits EPR spin Hamiltonian parameters typical of an axial system with g,, = 2.139 
and A ,, = 175 x 10m4. N,N’-pentamethylene-bis(methyl-2-amino-l-cyclopentenedithiocarboxylate) coor- 
dinates as a tetradentate ligand, where the pentamethylene bridge between the nitrogens introduces 
steric strain forcing distortion of the inner coordination sphere. Spectral data support pseudo-tetrahedral 
coordination geometries for both Cu(I1) and Ni(I1). The EPR spectrum of this Cu(I1) complex is 
characteristic of a large tetrahedral distortion with g,, =2.146 and A ,, = 133 x 10m4 cm-‘, while ‘H NMR 
studies on the Ni(I1) analogue indicate paramagnetic contact shifts of resonances, also indicative of 
tetrahedral distortion. The complexes are examined as possible spectral models of N& coordination 
environments at the active sites of metalloproteins such as in the type I blue copper(I1) and nickel 
hydrogenase proteins. 

Introduction 

Since the first report of the active site structure 
of a type I blue copper(I1) containing protein [l, 
21, there has been great interest in designing highly 
distorted M(II)N& systems that may serve as spectral 
models of the active sites of the metalloenzymes 
[3-S]. More recently, nickel has been discovered at 
the active site of several other classes of enzymes, 
including hydrogenases [6-91, methyl co-enzyme re- 
ductases [lo] and CO dehydrogenases [ll], all of 
which are also suggested to involve N& coordination 
at the metal center [12-141. In an effort to help 
further understand the physical properties of these 
coordination environments in biological systems 
[15-211, we have previously synthesized and char- 
acterized a series of Cu(I1) and Ni(I1) complexes 
of a unique N& tetradentate ligand (n =2, 3, 4) 
where we were able to control stepwise distortions 
of a constant ligand donor set from square planar 
to pseudo-tetrahedral geometries. This system is 
schematically represented in Fig. l(a), where n equals 

*Author to whom correspondence should be addressed. 

Fig. 1. (a) Lewis structure for tetradentate n-series eom- 
plexes where n = 0, 2, 3, 4 and 5. (b) Lewis structure for 
bis-bidentate R-series complexes, where R =methyl, ethyl, 
n-propyl and n-butyl. M(II) represents Cu(I1). Ni(I1) and 
Zn(I1). 

the number of methylene groups bridging the two 
‘halves’ of the ligand. Here we present two new 
ligands, methyl-2-amino-l-cyclopentenedithiocarbox- 

0020-1693/91/$3.50 0 1991 - Elsevier Sequoia, Lausanne 



222 

ylate (n = 0 or R = H), shown in Fig. l(b), and N,N’- 
pentamethylene-bis(methyl-Z-amino-l-cyclopentene- 
dithiocarboxylate) (n = S), which belong to the same 
ligand system, and which extend the stereochemistries 
of the earlier series to both more planar (n = 0) and 
increased pseudo-tetrahedral geometries (n = 5). Co- 
ordination is through the lone pairs on the imine 
groups and the thioketonate sulfurs. Alkyl dithio- 
carboxylate functional groups diminish the difficulties 
involving thiol-copper(II) coordination, which fre- 
quently result in ligand oxidation by Cu(II), and the 
formation of Cu(I) and a disulfide [22]. 

Notable features of the copper(I1) coordination 
sphere at the active site of the type I copper(I1) 
containing proteins include a strong Cu(II)-S bond 
to the thiolate of a cysteine residue, a weak Cu(II)-S 
bond to a methionine thioether group, and two 
Cu(II)-N(histidine) bonds, all arranged in a low 
symmetry pseudo-tetrahedral environment [l, 2, 
23-251. The label ‘blue’ copper(I1) is derived from 
the strong absorption in the visible spectrum near 
16.6 kK (e=2000-5000 M-’ cm-‘), assigned as a 
US-Cu(II) iigand to metal charge transfer (LMCT) 
band [25-271. Anomalously low ESR parameters, 
A ,,~,--<100~10-~ cm-’ and A,,,N<8X10-4 cm-’ 
[28], are also characteristic spectral features of the 
copper(I1) ion in the type I proteins. The proteins 
function as electron transfer agents [2, 291, and the 
catalytic cycle is thought to involve a Cu(II)/Cu(I) 
redox couple, which occurs at remarkably positive 
potentials ( + 180 to + 780 mV versus NHE) [3O-331 
and is facilitated by the unusual coordination en- 
vironment 1251. 

Information on the nickel enzymes is not nearly 
as detailed, due to the lack of single crystal X-ray 
diffraction studies. Common to many investigations 
of nickel metalloenzymes is the proposition of a low 
symmetry, four coordinate nickel active site involving 
nitrogen and sulfur ligand groups. Experiments using 
electron spin resonance, X-ray diffraction and X- 
ray absorption techniques suggest from one to four 
sulfurs bind a monomeric nickel ion at both a hy- 
drogenase and carbon monoxide dehydrogenase ac- 
tive site [34-381. Recent magnetic circular dichroism 
experiments have revealed the magnetic susceptibility 
of the nickel site in native hydrogenases is likely 
diamagnetic, considerably narrowing possible model 
geometries [39]. The catalytic properties of hydro- 
genase arise from the remarkably low oxidation 
potential for the Ni(II)/Ni(III) redox couple (-390 
to -640 mV versus SCE), which enables activation 
of dihydrogen [34-381. Few synthetic complexes have 
been able to match these low potentials, considering 
the typical potential for the oxidation of Ni(I1) 
complexes lies positive of +500 mV versus SCE 

140-423. Factors that affect the stability of trivalent 
Ni(III), while not well understood, normally involve 
ligands with different combinations of negatively 
charged donor atoms and coordination geometries 
[4042]. Some information on Ni(II)N& systems 
with tetradentate ligands has been collected [43-561, 
however, a study of systematically varying stereo- 
chemistries involving Ni(I1) has not been reported 
to our knowledge. 

We, as well as others [54-631, have been interested 
in the relationships between the degree of tetrahedral 
distortion and the physical properties of Cu(II)N& 
complexes. In an effort to better understand these 
relationships as they pertain to both Cu(I1) and 
Ni(II) enzymaticsystems, we have extended our series 
[15-181 ofbidentate and tetradentate [N2SJ2- ligands 
with flexibility that allows the attainment of neutral 
Cu(I1) and Ni(I1) complexes of both square planar 
and pseudo-tetrahedral coordination geometries with 
consistent donor sets. 

Experimental 

Material 
All reagents and solvents were commercially ob- 

tained from either Fisher Scientific or Aldrich Chem- 
icals and used without further purification. Tetraal- 
kylammonium salts, used as supporting electrolytes, 
were obtained from Southwestern Analytical Chem- 
icals, dried for 12 h at 70 “C, and dissolved without 
additional recrystallization in Aldrich Gold Label 
solvents. 

Syntheses 

Ligands 
Methyl-Zamino-l-cyclopentenedithiocarboxylate 

(n = 0) and N,N’-pentamethyiene-bis(methyl-2- 
amino-1-cyclopentenedithiocarboxylate) (n = 5) were 
prepared by methods previously described [64] with 
only slight modifications [54]. Yellow crystalline pow- 
ders of each compound were isolated, analyzed for 
purity by elemental analyses and NMR, and used 
directly for subsequent reactions. 

Anal. Calc. for CrHllNISZ: C, 48.51; H, 6.41; N, 
8.08; S, 36.99. Found: C, 48.58; H, 6.44; N, 8.01; S, 
36.91%. 

Calc. for Cn,H28NZS4: C, 55.10; H, 7.25; N, 6.76; 
S, 30.92. Found: C, 54.93; H, 7.31; N, 6.76; S, 30.86%. 

Metal complexes 
The corresponding metal complexes of n = 0 were 

synthesized by reaction with the appropriate metal 
acetate in methanol [B-21, 541. A typical reaction 
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involved dissolving 0.173 g (1.0 mmol) of n = 0 ligand 
in 15 ml methanol, and adding 10 ml of methanolic 
metal acetate (1.0 mmol). Red crystals of Cu(II) 
n = 0 were isolated directly from the reaction mixture 
and were somewhat unstable with respect to de- 
composition, probably by reduction of Cu(I1) and 
formation of the disulfide. Green crystals of Ni(I1) 
n =0 were collected by vacuum filtration and re- 
crystallized from dichloromethane. A yellow precip- 
itate formed upon the reaction of the free ligand 
and zinc(I1) acetate tetrahydrate. Analytical purity 
was established by elemental analyses in each case. 

Anal. Calc. for Cu(C,HrrNS&: C, 48.77/ H, 5.85; 
N, 7.50. Found: C, 48.86; H, 5.89; N, 7.52%. 

Calc. for Ni(C,H11NS2)2: C, 41.48; H, 4.99; N, 
6.91; S, 31.66. Found: C, 41.53; H, 4.97; N, 6.91; S, 
31.49%. 

Calc. for Zn(~H11NSz)2: C, 41.08; H, 4.89; N, 
6.85; S, 31.29. Found: C, 41.14; H, 4.87; N, 6.84; S, 
31.38%. 

Cu(I1) and Ni(I1) complexes of n=S were syn- 
thesized by different methods. Cu(I1) n =5 was pre- 
pared by dissolving 1 equiv. of the ligand in THF 
and stirring in a stoichiometric amount of copper(I1) 
acetate dissolved in absolute ethanol. After 5 min 
stirring at room temperature the reaction flask was 
placed in a dry ice/acetone bath. Precipitation of 
dark blue-green microcrystals occurred within 15 
min. The complex exhibits stability in the solid state 
when exposed to the atmosphere. Ni(I1) n =5 was 
synthesized by reaction of the appropriate metal 
acetate and ligand in 1:l ratios in a minimum volume 
of methanol. The complex was isolated from the 
initial filtrate by separation on a silica column with 
dichloromethane as the mobile phase, and recrys- 
tallized from a 70/30 dichloromethane/acetone mix- 
ture. Zn(I1) n = 5 was prepared in a method similar 
to that for Ni(II) n = 5. 
Anal. Calc. for CuC1&IzBNzS4: C, 47.94; H, 5.89; N, 
5.89. Found: C, 48.03; H, 5.94; N, 5.89%. 

Calc. for NiC1&IZBNZS4: C, 48.41; H, 5.94; N, 5.94; 
S, 27.18. Found: C, 48.62; H, 6.00; N, 6.15; S, 26.98%. 

Calc. for ZnC19H2sN2S4: C, 47.76; H, 5.87; N, 5.87; 
S, 26.86. Found: C, 47.93; H, 5.92; N, 5.89; S, 26.24%. 

Physical measurements 
Electronic absorption spectra of solutions were 

recorded on a Gary 2300 spectrophotometer over 
the UV-Vis and near-IR region. The data were 
collected and manipulated with an Apple IIe com- 
puter. 

Elemental analyses were obtained from Atlantic 
Microlabs, Atlanta, GA, U.S.A. 

Electrochemical properties were determined in 
solutions of dichloromethane (C&Cl,) and dime- 

thylformamide (DMF), with tetraalkylammonium 
perchlorate salts as supporting electrolytes, and using 
conventional three compartment ‘H’ cells. A BAS 
CV 27 potentiostat and YEW model 3022 A4 X-Y 
recorder were used in all cyclic voltammetry ex- 
periments. Measurements were made using a plat- 
inum disk working electrode and a platinum wire 
auxiliary electrode, with potentials referenced to a 
saturated calomel electrode. 

NMR spectra were obtained on either a GE 500 
MHz Omega FI-NMR spectrometer equipped with 
variable temperature apparatus, or a GE 300 MHz 
Omega FT-NMR instrument. All ‘H spectra were 
obtained using CDC& solutions with TMS as an 
internal standard. 

Electron spin resonance spectra were obtained on 
an E-3 Varian spectrometer on an evacuated quartz 
cold finger allowing data to be obtained at 100 K 
or room temperature. The magnetic field was cal- 
ibrated using VO(acac),, and g values were stand- 
ardized against the absorption of diphenylpicryl hy- 
drazine (2.003). 

Results 

The structure of the Ni(II)N& complex consists 
of well separated, neutral monomers with a planar 
inner coordination geometry as predicted from spec- 
tral data. The single crystal X-ray diffraction analysis 
will appear in a forthcoming publication. Cu(I1) n = 0 
and Zn(I1) n =0 are expected to exist in similar 
structural arrangements. 

Electronic absorption 
The absorption maxima of the Cu(II) and Ni(II) 

complexes within the range from 40.0 to 7.5 kK are 
reported in Table 1. The remaining N& complexes 
of the series of tetradentate ligands are listed as 
well for comparison. All of the copper complexes 
exhibit a broad absorption of intermediate intensity 
in the visible region of the spectrum. The band shifts 
5300 cm-’ to lower energies, from 21.6 kK (~=3500 
M-’ cm-‘) in Cu n=O to 16.3 kK (r=2500 M-’ 
cm-‘) in Cu n =5. A significant red shift is also 
noted for the observable d-d transition. The ligand 
field band shifts 4900 cm-’ from 13.2 kK (e=70 
M-r cm-‘) in C u n=O to 8.3 kK (e=20 M-’ cm-‘) 
for Cu n =5. Solvent dependence is small and co- 
ordination by DMF is discounted by the similarity 
of the spectrum of the solid and solution. Inter- 
estingly, Cu n = 5 shows a slightly lower visible ab- 
sorption band in the solid state as compared to the 
solution energies. The transition occurring at 16.3 
kK shifts to 15.2 kK in the nujol mull spectrum. 
Decomposition prevented obtainment of the solid 
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TABLE 1. Electronic absorption spectral features for Ni(II) 

and Cu(II), n = O-5 

Complex A,,,, (10’ cm-‘) (e (M-’ cm-‘)) 

Cu n=O 34.4(26000); 28.9(32000); 25.4(16000); 21.6(3500) 
CU n=2 34.0(25000); 31.6(33000); 28.9(15000); 

26.5(16000); 25.l(sh); 20.6(sh); 12.6(70) 
Cu n =3 34.5(26000); 26.2(14000); 24.9(15000); 20.5(3300); 

17.9(sh); 10.5(6) 
Cu n-4 38.5(32000); 30.9(34000); 30.8(31000); 26.1(1200); 

25.0(sh); 18.4(3000); 9.1(20) 
Cu n -5 34.5(30000); 29.0(26000); 26.0(16000); 16.3(2500); 

8.3(u)) 
Ni n=O 37.9(34000); 30.3(28000); 28.1(21000); 

24.0(10000); 22.7(15000); 21.1(4000); 15.7(30) 
Ni n = 2 30.0(28000); 28.1(16500); 23.8(4500); 22.6(6500); 

21.1(4000); 15.2(130) 
Ni n==3 30.4(3OOGG); 26.9(9000); 24.7(5000); 22.1(6000); 

14.9(170) 
Ni n = 4 38.5(36000); 30.3(28000); 26.5(6000); 21.8(4003); 

14.8(200) 
Ni n=5 38.0(28000); 29.5(24000); 26.3(7500); 20.8(4000); 

14.4(200) 

All spectral data reported for CHzClz solutions. 

state, nujol mull spectrum of Cu n = 0. Both Cu )z = 0 
and Cu II =5 were unstable in solution over short 
periods of time, undoubtedly due to instability of 
the Cu-S bond in this system. 

The spectrum of Ni n =0 reveals three charge 
transfer (CT) bands narrowly spaced within the region 
between 24.0 and 21.1 kK., similar to Ni n=2, and 
assigned to u- and nS-Ni(II) transitions. Bridging 
two n = 0 ligands to form the tetradentate complexes 
causes the three bands to collapse into a broad band 
which red shifts with increasing tetrahedral distortion. 
The spectrum for Ni n =5 presents the lowest CT 
absorption energy within the series. The ligand field 
transitions of the Ni(I1) series also show a marked 
dependence on bridge length, or coordination ge- 
ometry, red shifting 1300 cm-’ from 15.7 kK (e- 
=30x10m4 cm-‘) for Ni n=O to 14.4 kK 
(E = 200 X 10e4 cm-‘) for Ni n = 5. The increase in 
E is expected, due to the loss of inversion center in 
the ci.r, bridged complexes. Little dependence on 
solvent is apparent for all the nickel(I1) complexes. 
Table 2 lists absorption maxima in different solvents 
for only the lowest energy charge transfers and 
observable ligand field transitions. 

Electrochemistry 
Potentials for reductive and oxidative electro- 

chemical processes are given in Table 3. Each Cu(I1) 
complex exhibits a reversible one electron reduction 
typical of a Cu(II)/Cu(I) redox process. Analysis of 
integrated peak intensities and peak to peak sep- 
arations at various scan rates confirms a one electron, 

reversible reduction. Both Cu II = 0 and Cu n=5 
show irreversible oxidations with distantly coupled 
reduction processes, indicating a complicated elec- 
tron transfer-chemical reaction mechanism (ECE 
mechanism). Asecond irreversible oxidation potential 
indicates oxidation of the ligand and loss of the 
starting material. Performing the experiments in co- 
ordinating and non-coordinating solvents verified 
strictly four coordinate solution stereochemistries. 

The values for Ni n=O and Ni n -5 voltammetric 
responses fit well into the trends of the reduction 
and oxidation potentials determined for Ni II = 2, 3 
and 4. The planar Ni n = 0 is both more difficult to 
oxidize and more difficult to reduce, while Ni n = 5 
is the least energetically demanding. The reversibility 
of the reductions was checked by scanning at various 
rates, and examining the ratio of cathodic to anodic 
current. Comparisons to the electrochemistry of the 
free ligands and analogous Zn(I1) complexes indi- 
cated ligand reduction and oxidation values beyond 
the potentials observed for the Ni(I1) complexes, 
supporting metal based reductions and oxidations. 
Complicated oxidation processes led to large ip+& 
ratios and AE, values, suggesting stereochemical 
rearrangement and possible decomposition of the 
starting sample. 

Electron spin resonance 
X-band ESR spectra were obtained of solutions 

and glasses containing the two Cu(I1) complexes, 
and spin Hamiltonian parameters are reported in 
Table 4. Frozen glass spectra in both coordinating 
(DMF/CH&&) and non-coordinating (toluene/ 
C&Cl,) solvent mixtures show similar spectralvalues 
consistent with four coordinate geometries. The so- 
lution spectrum of Cu n =0 in toluene is shown in 
Fig. 2 and shows well resolved five line fine structure 
indicating coordination to two equivalent nitrogens. 
The spectrum of Cu n = 0 in a frozen glass of toluene/ 
C&Cl;?, shown in Fig. 3, indicates spin Hamiltonian 
parameters characteristic of an axially symmetrical 
system with gll = 2.128(2) greater than g, = 2.037(2). 
Well resolved nitrogen superhyperfine splitting re- 
veals five lines in both the parallel and perpendicular 
regions, with A,,,cu = 166.2(5)x10-4 cm-‘, A,,,N= 
11.9(5) x 10e4 cm-’ and A I,N = 14.2(5) X 1O-4 
cm-‘. The spectrum for Cu n =5 in a frozen glass 
of 1:l toluene/CH,Cl~ is shown in Fig. 4. The spectrum 
is typical of a rhombic environment around the Cu(I1) 
ion, with g,>L-g,, and the dx+2 ground state. 
Fine structure within the perpendicular region of 
the spectrum (12 G) is probably due to nitrogen 
superhyperflne splitting of the& andg, components. 
Weak nitrogen splitting of low resolution is also 
observed on the four (A,, = 133 X 1O-4 cm-‘) line 
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TABLE 2. Selected electronic absorption (+O.l X 10’ cm-‘) maxima for N& complexes 

Complex CH2C12 

LMCT d-d 

DMF 

LMCT d-d 

Nujol 

LMCT d-d 

cu n=v 21.6 13.2 21.8 
cu n-2 20.6 12.6 21.0 
Cu n=3 20.5 10.5 20.5 
cu n=4 18.4 9.1 18.5 
cu n=5 16.3 8.3 16.3 

13.1 
12.6 
10.5 
9.3 
8.3 

Ni n=O 22.7 15.7 22.7 15.7 
Ni n=2 22.6 15.2 22.6 15.2 
Ni n=3 22.1 14.9 22.2 14.9 
Ni n=4 21.8 14.8 21.8 14.7 
Ni n=5 20.8 14.4 20.8 14.4 

12.5 
10.5 
9.1 

15.2 8.2 

22.1 15.6 
22.0 15.1 
21.9 15.0 
20.8 14.6 
20.6 14.3 

“Decomposes in the solid state. 

TABLE 3. Cyclic voltammetry responses of Cu(I1) and 
Ni(II)N& complexes in DMF solutions 

Complex -& E w.red 

cu n=O 520( 60) - 790(70) 
cu n=2 530(75) - lOlO(74) 
cu n=3 580, - 790(65) 
Cu n=4 700, - 640(70) 
Cu n=5 725, - 525(65) 

Ni n=O 800, - 1590(65) 
Ni n=2 750, - 1540(70) 
Ni n=3 680, - 1430(70) 
Ni n=4 590i - 1270(70) 
Ni n=5 575i - 1220(70) 

0.1 mM solutions with 0.1 M TEAP as supporting electrolyte. 
Values in parentheses represent A,?,= E,, - E,, i = irrev- 
ersible 200 mV/s scan rate at room temperature. 

TABLE 4. Electron spin resonance parameters for 
Cu(II)N2S2 series. Microwave frequency 9.1 GHz (X band) 

Complex g0’ A,” gab A,lb A ,I.N~ 

field in G 

Fig. 2. ESR spectrum of Cu n = 0 as a solution in 60/40 
toluene/CH& mixture. Microwave frequency 9.118 GHz 
(X band). 

Cu n=W 2.070 79.9 2.128 166 11.9 
Cu n=2 2.055 81.1 2.117 181 13.2 
Cu n=3 2.060 65.3 2.132 160 12.0 
Cu n=4 2.066 55.9 2.140 145 9.1 
Cu n=5 2.085 65.2 2.157 133 9.0 

parallel pattern of Cu(I1). The ESR parameters for 
Cu n=S indicate a completion of the trend from 
Cu II =2 to Cu n =4, showing larger g,, values and 
smaller A ,, parameters. 

aAmbient temperature, CH&lJDMF 50/50 by vol. solvent 
mixture. All hypexfine values reported f0.5 X 1O-4 cm-‘. 
g values f 0.002. “Frozen glass spectra at 100 K, CH&lJ 
DMF 50/50 by vol. solvent mixture. Coordination by solvent 
molecules was checked by using toluene or CHzC12/toluene 
solutions and glasses. DPPH was used as a standard 
(g=2.003). Wnstable in solution at elevated tempera- 
tures. 

Nuclear magnetic resonance 

The ‘H NMR spectral features of the free ligands, 
Zn(I1) complexes and Ni(I1) complexes are reported 
in Table 5. Disappearance of the NH peak shifted 
furthest downfield provided evidence of chelation in 
each of the metal complexes. Small shifts in proton 
resonances in the Zn(I1) complexes are attributed 
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L I I I 8 I I 

2700 2800 2900 3cnl 3100 3203 3300 

field tn G 

Fig. 3. ESR spectrum of Cu n = 0 in a frozen glass of 60/ 
40 toluene/CH2C12. Microwave frequency 9.118 GHz (X 
band). 

c f- 
I I 

27M 28M 29M 3ml 31M ?2W 33M 

field I” 0 

Fig. 4. ESR spectrum of Cu n -5 in a frozen glass of 60/ 
40 toluene/CH2C12. Microwave frequency 9.118 GHz (X 
band). 

to slight changes in electronic structure accompanying 

chelation by the ligand. The Zn(I1) species were 
utilized as diamagnetic reference molecules for the 
resonances of the Ni(I1) analogues. The NMR spec- 
trum of Ni n =0 shows only small shifts from the 
respective Zn n = 0 proton resonances. Ni R = 5 on 
the other hand reveals significant shifts in resonances 
when compared to the diamagnetic Zn(I1) reference. 
Protons attached to the nitrogens show the largest 
downfield shifts of nearly 3.2 ppm at room tem- 
perature. As the temperature is raised the N-C& 

5-CH2 and 7-CH2 resonances shift proportionally 
with the increases, consistent with a similar pattern 
observed for Ni n =4 [20]. The N-CH2 proton res- 
onance shifts downfield along with the triplet from 

7-CH2, while the triplet from S-CH2 moves upfield. 

Discussion 

The complexes of the n = 0 and n = 5 ligands serve 
to complete the series of N& complexes we reported 
earlier [15-211. Methyl-2-amino-l-cyclopentenedi- 
thiocarboxylate (n = 0), the starting material for the 
synthesis of the bridged ligands, is a strong chelating 
agent and stabilizes planar structures of Cu(II), Ni(I1) 
and Zn(I1). When two of these moieties are bridged 
together via a methylene backbone connecting the 
coordinating nitrogens, steric hindrance is introduced 
which forces the inner coordination sphere to twist 
from square planar to pseudo-tetrahedral geometries. 
The most convenient way to refer to the inner 
coordination sphere distortion angle for N& com- 
plexes is to define the twist, or dihedral, angle (4) 
as the angle formed by the intersection of the 
M(II)SS’ and M(II)NN’ planes. Four coordinate 
molecules can vary from square planar, 4=Oa, to 
tetrahedral, 4= 90”, stereochemistries. The M(I1) 
n =0 complexes have rigid square planar inner co- 
ordination sphere geometries, and thus stand as a 
convenient point for comparisons to molecules of 
varying degrees of tetrahedral distortion. 

Few examples of changing coordination environ- 
ment with simultaneous conservation of ligand donor 
have appeared in the literature [15-21,57-63]. Recent 
work from one laboratory involves Cu(II)N& co- 
ordination by a non-symmetric collection of donor 
atoms in a tetradentate ligand system [60-631. Vari- 
ation of the size of two chelating rings leads to 
tetrahedral distortion and the stabilization of five 
coordinate and four coordinate cationic species 
[60-62]. More commonly, the length of a single carbon 
chain bridging symmetrical halves of a ligand has 
been varied in order to induce geometrical changes 
at the metal [53-591. The Cu(I1) and Ni(I1) n=O 
through )2 = 5 complexes involve a similar method 
of distortion and result in the highly distorted M(I1) 
n = 5 molecules, of which Cu n = 5 exhibits physical 
properties approaching those of the blue protein 
active sites. 

Figure 5 shows the classical g,, versus A,, map 
developed by Blumberg and Piesach [65] with two 
type I blue copper proteins and the Cu n = O-5 series 
included. At the time of inception of the relationship, 
it was reasoned that increased tetrahedral distortion 
of the inner coordination sphere would force the g 
value to become larger, but at a slower pace than 
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TABLE 5. ‘H NMR resonances (kO.005 ppm) of the free ligands and Ni(ll) and Zn(lI)N,S2 complexes 

Compound 

L N& n=O 
Zn N,!$ n=O 
Ni N2S, n=O 

L N& n=2 
Zn N& n=2 
NI N& n=2 

L N2S2 n=3 
Zn N& n=3 
Ni N2Sz n=3 

L N,S,! n=4 
Zn N2S, n=4 
Ni N,S2 n =4 

L N+, n=5 
Zn N& n=5 
Ni N& n=5 

Protons 

I-CH, 5-CH2 6-CHz 7-CH, 8-CH* 9-CHZ 9-CH2 7-NH 

2.591 2.634 1.882 2.827 5.706, 11.252 
2.591 2.627 1.776 2.739 7.236 
2.644 2.398 1.812 2.632 5.233 

2.593 2.710 1.837 2.800 3.632 12.42 
2.598 2.714 1.943 2.807 3.528 
2.622 2.562 1.876 2.620 3.354 

2.593 2.715 2.029 2.815 3.567 1.890 12.42 
2.598 2.722 1.950 2.822 3.586 1.898 
2.595 2.515 1.873 2.617 3.640 1.861 

2.598 2.703 1.895 2.820 3.340 1.822 12.42 
2.603 2.720 2.037 2.820 3.564 1.898 
2.595 2.144 1.820 3.142 5.043 1.742 

2.598 2.698 1.895 2.818 3.339 1.720 1.573 12.42 
2.600 2.723 2.041 2.820 3.564 1.718 1.596 
2.576 2.140 1.700 3.247 6.502 1.010 1.827 

All 
lCO- 

so- 

0- 
2.10 2 15 2 20 2.25 2.30 

LIll 

Fig. 5. Plot of Au vs. g,, for Cu(II)N& n-series (n = 0, 2, 
3, 4 and 5) and type I blue protein Cu(I1) active sites 
(A = stellacyanin; B= plastocyanin). 

the decreasing A,, value, causing the point to drop 
to the lower left of the map. Indeed, this is the 
case. The A,, value for Cu 12 =5, 133 X 10e4 cm-‘, 
is one of the lowest values for any stable, neutral 
Cu(II)N& complex yet reported [15-B, 21, 52,661. 
Similar hyperfine splitting values are reported for a 
pyridine thiolate cationic complex [5], and bidentate 
N-substituted P-aminothiones [66]. The g,, value of 
2.157 andg, value of 2.057 for Cu n = 5 are consistent 
with other similar pseudo-tetrahedral type complexes 
of heterocyclic thiols [21, 52, 661. 

Extrapolation of experimental data suggests that 
the CZu n =5 complex maintains a dihedral angle 
slightly larger than 60”. A nearly linear relationship 
exists between any of the spectral values and +. 
Both Cu n = 0 and Cu rr = 5 fall on the lines established 

by relationships between ligand field transition ener- 
gies and 4, hyperhne coupling constants and (b, and 
redox potentials and 4. A non-linear relationship 
between g,, and 4 is expected [26, 671, where the 
slope is much larger when angles increase to values 
over 60”. 

The charge transfer band of Cu R =5 at 16.3 kK 
corresponds well with the values for aS_Cu(I1) 
LMCTs found in the native blue proteins [26]. The 
broad, intense band is probably due to combinations 
of w and &u(II) charge transfers, all broadened 
by interactions with S-Cu vibrations. Assignment of 
the 16.3 kk band to a LMCT band is consistent with 
the observed large l , the expected distortion of the 
complex, and the smooth progression of the band 
through the n-series as a function of dihedral angle. 
A progression of the band from a position of higher 
energy in the planar n = 0 complex can be traced, 
and the corresponding CT transition energy maximum 
for each of the CuN& complexes is collected in 
Table 2. X-ray crystallography of the Cu(I1) [15-181 
and Ni(I1) [20] n =2, 3 and 4 complexes suggests 
the M(II)-S bond lengths decreases as a function 
of dihedral angle, owing to greater orbital overlap 
between the empty dr S and filled dT Cu(I1) atomic 
orbitals, and less S-S steric crowding. EHMO cal- 
culations on CuN-& model complexes similar to Ctr 
n = 4 concluded that the spin density on the Cu 3d 
decreased as a function of 4, indicating increased 
Cu-S bond covalency which contributes to lower 
energy S-Cu charge transfers [18]. Two low energy 
LMCTs are reported for a similar compound with 
copper(I1) thiolate chromophore and 59.1” dihedral 
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angle [57]. Absorption bands at 18.7 and 15.2 (E= 3000 
and 1500 M-r cm-‘) were assigned to &Cu(II) 
and rrS-Cu(I1) transitions, respectively [57]. Two low 
energy charge transfers of comparable positions are 
also reported for complexes of N-substituted /3- 
aminothiones [66]. Cu n = 5 exhibits a band at 16.3 
kK in both dichloromethane and DMF, and at IS.2 
kK in the solid state as a mull of nujol oil. The 
discrepancy between solution and solid state values 
suggests that the solid state molecular structure may 
reveal stabilization of &> 65”. 

Generally a red shift is also expected for ligand 
field transition energies as the geometry changes 
from D4,, -+Du + T,. Using the technique outlined 
by Companion and Komatynski to predict the d-d 
transitions for Cu(II)N& environments [68] the 
lowest ligand field transition energy for Cu n = 5 of 
8.3 kK corresponds to a twist angle of approximately 
65”. The value of 8.3 kK is also consistent with the 
trend seen in the previous four Cu(I1) complexes 
of the series, and correlates well with the d-d band 
found between g-12 kK for the type I sites in 
metalloenzymes [26, 271. 

The redox potentials of Cu n = 5, which also show 
a continuation of the trend earlier established, still 
remain distant from the values for the biological 
systems. The coordination geometry only represents 
a portion of the factors which influence the ther- 
modynamic redox process [69]. The type of donor 
atom seems to play a more important role, yet, it 
is instructive to note the role that coordination 
geometry plays in stabilizing oxidation states in the 
present system where consistency of donor type is 
maintained. The anomalous value for the reduction 
of Cu n =0 is considered a result of tram rather 
than ci.s bonding configuration. 

The Ni(I1) NZS2 complexes are interesting in light 
of the continuing interest in the bioinorganic chem- 
istry of nickel, and its use in metal substitution 
studies of blue copper proteins [70-741. The structure 
of Ni n =0 represents the most stable electronic 
environment for Ni(I1) in the series, combining trans 
coordination and square planar environment. Ligands 
containing sulfur donor atoms generally show pref- 
erence for planar stereochemistries with d* ions, and 
the majority of other synthetic Ni(II)N& complexes 
prepared are indeed square planar [75-781. Recent 
work has involved the preparation of negatively 
charged square planar complexes of ligand types that 
may help stabilize trivalent nickel [47, 79-821. A 
highly anionic [Ni(II)N&]2- complex was produced 
which exhibited very low values for the Ni(II)/Ni(III) 
redox couple [47). Although the present ligands do 
not exhibit such low redox potentials, it is again 
valuable to note the effects changing coordination 

environment have on electrochemical properties. 
Changing from planar Ni n = 0 to pseudo-tetrahedral 
Ni n=5 involves a change in oxidation potential of 
250 mV, and in reduction potential of 410 mV. It 
quickly becomes apparent that increased distortion 
of an [Ni(II)N&]‘- environment from square planar 
to tetrahedral geometries could have a large influence 
upon the already low oxidation potentials. 

Substitution of Ni(I1) into blue copper active sites 
allows spectroscopic analyses unavailable with Cu(II), 
which aid in structural characterizations [71] and 
provide evidence for the argument of whether the 
rigid protein fold constrains the coordination ge- 
ometry, independent of the central metal ion [73]. 
It has been shown that at least one Ni(I1) derivative 
of a native Cu(I1) enzyme absorbs in the near IR 
region [71, 721, characteristic of tetrahedral, or 
pseudo-tetrahedral, ds symmetries. Ni(I1) substituted 
azurin exhibits a strong absorbance near 22.8 kK 
assigned to a LMCX’ mS-Ni(I1) transition, corre- 
sponding to the band near 16.0 kK in the native 
copper(I1) containing proteins [70-741. A similar 
pattern occurs when changing metals with the present 
n-series of ligands. The shift between Cu II =5 ab- 
sorption maximum, 16.3 kK, and Ni n = 5 absorption 
maximum, 20.8 kK, reveals a 4500 cm-’ shift com- 
parable to the 4800 cm-’ shift from Cu(I1) to Ni(I1) 
azurin. The discrepancy is likely due to the lesser 
degree of distortion expected in the Ni(I1) complex 
(see Table 2) and suggests that the metal does play 
a role in the geometry of the active site. 

In solution, four coordinate Ni(I1) complexes are 
prone to exhibit equilibrium between planar and 
tetrahedral stereochemistries resulting in a ground 
state with triplet character. Paramagnetic Ni(I1) 
causes spin polarization of ligand orbitals, shifting 
ligand proton resonances from their normal values 
in diamagnetic environments. Many well studied 
examples involve ligand types incorporating delo- 
calized rr-systems [83-87]. There are two classifi- 
cations of interactions with paramagnetic ions which 
affect nuclear resonances: contact, or through bond 
interactions, and dipolar interactions. The nature of 
the observed shifts for Ni n =5 indicate they arise 
from a Fermi contact mechanism which delocalizes 
odd spin through the ligand orbitals [88]. Dipolar 
shifts arise from through space interactions and are 
normally considered negligible for systems similar to 
the present series of compounds. Since the shifts 
exhibit a linear relationship with temperature, the 
following relationship holds true [83]: 

AfoX= -~iklgditW(S + l)]IskT) 

x [exp( - AGIRT) + 11-l (1) 



In (1) AfO is the difference, or shift, in resonance 
for any given proton between analogous diamagnetic 
and paramagnetic molecules, fi is the frequency of 
the NMR instrument, Ui is the electron-nuclear hy- 
perfme coupling constant in Gauss, and g is the g 
value of the paramagnetic form. The remaining sym- 
bols have their usual meanings. The bracketed ex- 
ponential term, [exp( - AGIRT) + l]-‘, representsN,, 
the fraction of paramagnetic character of the sample 
in solution at temperature, T, or the fractional pro- 
portion of twist in the inner coordination sphere 
from square planar to tetrahedral geometry. Zinc(I1) 
derivatives were used as diamagnetic references. 

Obtaining the shift values for the protons of 5- 
CHz and 7-CHz, and ai values imported from a 
suitable tetrahedral, paramagnetic compound [83], 
an average value for NP was calculated for the Ni 
n = 5 sample at 22”. NP calculated for Ni n = 4 was 
approximately 3% [19], a small value considering 
the dihedral angle between the NiNN’ and NiSS’ 
planes was 36”. Ni n = 5 exhibits only slightly larger 
shifts at 22”, resulting in N,-4%. Similar bis-bi- 
dentate NiN& complexes show much larger shifts, 
or at least sensitivity to the paramagnetic influence 
[21]. An interesting correlation can be made between 
the magnitude of paramagnetic NMR shifts for the 
Ni(I1) complexes and the spectral data for the Cu(I1) 
complexes. Both ESR A,, hyperfine splitting param- 
eters and Fermi contact shift magnitudes are de- 
pendent upon the amount of S-M(I1) orbital overlap, 
or extent of S-M(I1) covalency. LowerA,, parameters 
and larger paramagnetic shift magnitudes both sup- 
port the same conclusion, therefore, that system- 
atically induced tetrahedral distortion results in 
greater S-M(I1) covalency. 

Conclusions 

A series of four coordinate Cu(I1) and Ni(I1) 
complexes that include both square planar and highly 
distorted pseudo-tetrahedral molecules has been 
completed. Spectral data indicate a Cu(II)N& chro- 
mophore similar to that of the blue copper proteins 
results from distortion of the inner coordination to 
pseudo-tetrahedral geometries. A S-Cu(I1) CT ab- 
sorbance at 16.3 kIS represents one of the lowest 
yet achieved for synthetic Cu(II)N& complexes. 
High g,, (2.157) and low A,, (133 X 10v4 cm-‘) ESR 
spin Hamiltonian parameters obtained from frozen 
glass spectra also indicate significant tetrahedral 
distortion. 

Similar, stepwise distortions in the coordination 
environment occur for the analogous Ni(II)N& com- 
plexes. Ni 0 = 0 through n= 5 are now reported, 

229 

indicating lower oxidation potentials and ligand to 
metal charge transfer energies can be achieved 
through tetrahedral distortion of the inner coordi- 
nation environment of Ni(I1). Nevertheless, the pres- 
ent complexes still involve a large overpotential when 
compared to the Ni(II)/Ni(III) couples in native 
metalloenzymes. 
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