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Magnetic susceptibility and ESR studies on high-spin (S=3/2) tetrahedral cobalt(II)-thiolate complexes
were performed for Ag[Co(SPh)s]; A=MesN (1a), EtsN (1b), PhaP (1c) and (Et4N)2[ Co(SR)4]; R=CsHs-p-Me (2),

CeHy-p-Cl (3), CeF5 (4).

are exceptionally large for 1c as D~—100 cm™1, E~0, g-~g,<g:.

1c is strongly affected by an axial distortion.

It was found that the magnitude of zero-field splitting and the anisotropy of g-factor

This parameter set shows that Co(SPh)4~ in

On the contrary, a rhombic distortion with moderate magnitude
was found for la (D*=6.5cm™!, E/D=-0.21) and 1b (D*=5.0cm™!, E/D=0.19).

The results for the other

compounds are D¥=7.0 cm~1, E/D=0.14 for 2, D¥*=12 cm~!, E/D=0.10 for 3, and D*=2.0 cm~!, E/D=0.02 for 4.
Attempts were made to correlate the magnetic properties and the coordination geometry for la—c by use of

available X-ray data.

Cobalt is an important element in bioinoganic
chemistry because the Co(II) ion is frequently
employed as a spectroscopic probe in metal-exchange
studies of metalloproteins.-® The advantage of
Co(II) is derived from the sensitivity of its d-d absorp-
tions,” effective magnetic moment (u.),® and zero-
field splitting (zfs)? to coordination environment
around the metal ion. It has been also pointed out
that the ESR spectra of high-spin Co(II) complexes
are susceptible even to slight change and/or distortion
of the geometry.10-15  Many Co(II)-substituted metal-
loproteins, therefore, have been prepared in order to
elucidate their active-site geometries with or without
substrate/inhibitor by using UV-visible, MCD,%34)
and ESR spectroscopies.2-6

Rubredoxin, which is the simplest iron-sulfur pro-
tein, contains a Fe(SCys)s site relevant to its electron-
transfer function.1®) In the Fe(SCys)s site, four thio-
late anions from cysteine residues are ligated to an Fe
ion in a distorted tetrahedral arrangement.1’18) Of
paticular interest have been the geometric effects on
the electron-transfer properties of this site. Pre-
vious molecular orbital (MO) calculations for simple
models, Fe(SR)s/2- (R=H, CHs), suggest that the
most important geometric factor in the active site is
the orientation of the thiolate ligands, rather than the
tetragonal compression/elongation of the FeS,
tetrahedron.1920)  However, in the studies of synthetic
models exemplified by Fe(SPh)s2-, the interest has
been rather focused on the tetragonal distortion. In
view of the sensitivity of Co(Il) to coordination
environment, model studies of cobalt thiolates are
expected to provide valuable information concerning
the relationship(s) between thiolate orientation (or
other geometric factors) and electronic structure in
metal thiolates. For this reason, we have chosen
cobalt thiolates as a target of the present work.

The stereochemistry of metal-benzenethiolate com-
plexes, M(SPh)s~/2-, is now well characterized through

As a result, the importance of the orientation of the thiolate ligands was confirmed.

extensive X-ray studies of different metal analogs with
different counter ions.21-2" Jt was pointed out by
Coucouvanis et al.22 and, more explicitly, by Koch et
al.,?® that only two conformations are possible for the
overall orientation of the benzenethiolates (Fig.1):
One conformation is found in (PhsP)o[M"(SPh)4]
(M=Co, Fe, Zn, etc.).2122 Their S’-M-S-C tortion
angles are all ca. 0° or 180°, forming a Do¢ geometry in
the 1idealized case. The other i1s found in

D,4 Conformation

S, Conformation

Fig. 1. Schematic drawings of the two idealized
conformations for the thiolate-orientation in
M(SPh)s2-. The phenyl rings lie in the planes
standing on edges of the cubes.
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(EtaN)[Fe"™(SPh)4],28) (MesN)g[M"(SPh)s] (M=Mn,29
Zn2)) and (Et4N)s[M"(SPh)s] (M=Ni,2 Fe (Fig. 8 in
Ref. 22)). In these complexes, two of the four thio-
lates are rotated by ca. £120° about the respective M-S
bonds from the positions in the Do¢ conformation.
The overall symmetry is Sq in the idealized case. Such
conformational constraint is due to a combined effect
of the sulfur pr-phenyl & interactions and the ortho
phenyl hydrogen-sulfur-metal interactions.22 The
active-site geometry of rubredoxin has been classified
to the D24 conformation,i?1® though two of the thio-
lates are rotated by ca. 30° from the idealized
positions.20)

In the present paper, we report the ESR and mag-
netic susceptibility results of Ao[Co(SPh)s]; A=MesN
(1a), EtsN (1b), PhsP (1c) and (EtN)o[Co(SR)4];
R=Ce¢Hs-p-Me (2), CsHas-p-Cl (3), CéFs (4). Their
magnetic properties (g-values and zfs parameters) are
examined closely. The electronic structures of la—
1c are discussed based on their zfs and above-described
conformational properties.

Experimental

Materials. Acetonitrile was distilled over CaHz and
stored over molecular sieves 4A. The other reagents were
used as purchased. The compounds As[Co(SR)4] were pre-
pared according to a modified Dance’s method?” in vacuo or
under dinitrogen atmosphere. They were obtained as
emerald-green microcrystals except that 4 as blue-green
powder. Their Zn analogs were prepared similarly. Mag-
netically diluted Zn-doped samples were obtained by recrys-
tallization from an acetonitrile solution containing one of
the Co compounds and its Zn analog in a mole ratio of Co/
Zn=1% or 10%.

A2[Co(SPh)4]; A=MesN (la), A=EuN (1b), A=Ph,P (1c).
The UV-visible spectra in CH3CN agree well with those
reported previously.2? HNMR (CD3CN) 6=16.9 (2,m-H),
—23.7(1,p-H).2® For 1¢, Found: C, 73.14; H, 5.02; P, 5.19%.
Calcd for CoS4Cr2HeoP2: C, 73.64; H, 5.15; P, 5.27%.

(Et4N)o[Co(SCsHy-p-Me)s] (2). 'HNMR (CDsCN) 6=
17.1 (2,m-H), 27.0 (3,p-Me). Found: C, 64.02; H, 8.52; N,
3.28%. Calcd for CoS4CasHgsNo: C, 65.07; H, 8.44; N, 3.45%.

(EtsN)2[Co(SCeH4-p-Cl)4] (3). 'HNMR (CD3CN) 6=17.9
(2,m-H). Found: C, 53.05; H, 6.30; N, 3.07; Cl, 15.73%.
Calcd for CoSsCsoHssN2Cla: C, 53.73; H, 6.31; N, 3.13; CI,
15.87%.

(Et4N)2[Co(SCgF5)4] (4). This compound is unstable to
heat, so that the temperature should be kept below 30°C
during the synthesis and stored in a refrigerator.22 Found:
C, 41.10; H, 3.61; N, 241; F, 3293%. Calcd for
CoSsCeHaoN2Fao: C, 43.05; H, 3.59; N, 2.51; F, 34.08%.

Measurements. ESR spectra were recorded on a JEOL
FE-3X spectrometer equipped with an Air Product Model
LTR-3-110 Heil-Tran liquid-helium-transferring refrigera-
tor. The microwave frequency (X-band, 9 GHz) was mea-
sured with a Takeda Riken TR5211 frequency counter.
Cr(III) in MgO was used as a calibrant of the magnertic field.
For the ESR measurements, each compound was examined
in three forms; magnetically undiluted neat powder, mag-
netically diluted Zn-doped powder, and frozen MeCN solu-
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tion. Magnetic susceptibility measurements were per-
formed on a Faraday-type susceptometer over a temperature
range of 1.5 K to room temperature at a magnetic field of 700
mT. Neat powder samples were used for the measure-
ments. The temperature was measured with a thermocou-
ple and a Ge resistor, and the magnetic field with a Hall

probe. The calibrations of the temperature and the field-
gradient were made wusing KCr(SO4)2-12H20 and
HgCo(NCS)4, respectively. Temperature-independent

magnetism and per at room temperature, pe(R.T.), were
estimated from the least-squares fit of the data in a high-
temperature region (typically 100K—room temperature) to
the Curie law.

Results and Analyses

Magnetic Susceptibility. In the second column of
Table 1 are listed the pes(R.T.) values, which are all
within the range for high-spin Co(II) complexes
(§=3/2).8) 1t is notable here that the p.s(R.T.) value
of Ic (5.0 BM) is significantly larger than the others
(4.1—4.4 BM). This result, together with those given
later, shows that the magnetic properties of lc are
exceptional.

The susceptibility data of 3 and 4 are representa-
tively shown in Fig. 2 as a pegr vs. T plot. The decrease
of perr at lower temperatures is attributed to thermal
depopulation of the upper partner of the zero-field
split levels (upper Kramers doublet). Similar
temperature dependence was found for 1a, 1b, and 2.
The susceptibility data of lc is presented in Fig. 3,
where a gradual decrease of u.sr occurs over a wide
temperature range. Although this magnetic behav-
ior is unusual for a mononuclear complex, the ESR
results of 1c show that no exchange interaction exists
between the Co ions (vide infra).

We have analyzed the variable-temperature suscepti-
bility data by using the S=3/2 spin Hamiltonian;

H=D(S2—5/4)+ E(S2— S2) + S ug,S,H, (1)

Here D and E denote the conventional zfs parameters
and g, (p=x,y,z) the principal p-component of the g-
tensor. Some remarks should be made about the
notations: (1) We take E=0 throughout this paper, so
that the sign of the rhombicity parameter (E/D)

Table 1. Results from the Variable-Temperature
Magnetic Susceptibility Measurements

Compounds te/BMY D*/cm—1% g
(MesN)s[Co(SPh)] (1a) 43 65 9.92
(EtaN)o[Co(SPh)a] (1b) 44 50 2.97
(Ph4P)s[Co(SPh)s] (1¢)” 50 100430 g.,=2.25

g:=3.13
(EtuN)2o[ Co(SCsHa-p-Me)4] (2) 4.1 7.0 2.12
(EuN)[Co(SCeHap-Cla] (3) 42 12+l 2.17
(EtsN)2o[ Co(SCeF5)4] (4) 4.3 2.0 2.22

b) The estimated errors
c) Analyzed in

a) Room-temperature values.
are 0.5 cm~! when not indicated.
terms of anisotropic g-factor.
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Fig. 2. Temperature dependence of per obtained
from the neat powder samples of (EtsN)o[ Co(SCsH4-

p-Cl4] (3) and (EtsN)o[Co(SCeF5)4] (4). The solid
curves represent the theoretical fits.
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Fig. 3. Temperature dependence of per obtained

from the neat powder sample of (Ph4P)2[Co(SPh)4]
(1c). The solid curve represents the theoretical fit,
where D=—100 cm™?, g,=g,=2.25, g,=3.13.
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always corresponds to that of D. (2) We distinguish
gp from gf (p=x,y,z; or p=1,2,3). g} 1s used to repres-
ent the resonant position of an ESR signal feature.
The two parameters, g, and gj, can be connected
analytically when the Zeeman term in Eq. 1 is treated
as a perturbation.15

The anisotropy of g-factor is usually small in
tetrahedral high-spin Co(II) complexes.10-1530  Thus,
in analyzing the susceptibility data, we first assumed
that g-factor is isotropic (gx=g,=g-=gaw). It is impor-
tant to note that, in this case, variation of E/D has
practically no effects on spatially-averaged pes.
Furthermore, gav is directly connected with puet(R.T.)
as

perr(R.T.) = (15/4)V2g,,. (2)

Hence we had only one parameter, D¥=(D2+3E?2)12, to
be varied in the fitting. For 1a, 1b, and 2—4, the best-
fit curves obtained in this manner reproduce the
experimental data quite satisfactorily, as shown in
Fig. 2 for 3 and 4 representatively. The D* and g
values obtained for these compounds are shown in
Table 1. For 1c, however, we were not able to obtain
any reasonable fits when an isotropic g-factor was
assumed. The temperature-dependence behavior of
merr Of 1c, which is presented in Fig. 3, indicates that
the D* value is anomalously large, being on the order
of 100 cm-l Since large zfs implies large g-
anisotropy, we should go into the case of anisotropic
g-factor. Hence we subsequently assumed the axial
case (E=0, gx=g,#g.). This assumption can be justi-
fied by the X-ray data showing an approximate Dgq
structure for Co(SPh)42- of 1c.2) The ESR results of
1c also suggest E=0, as described in Discussion. The
best fit for the axial case was achieved with
D=—100£30 cm™!, g:=gy=2.25, and g,=3.13 (Fig. 3).
This parameter set has a few notable features: (1) D is
negative in sign and anomalously large in magnitude.
The fits using positive D were always poor, and
resulted in unreasonable values (i.e. g,=0) at best. (2)
g 1s very large while gx and g, are comparable to gay of
the other compounds. (3) The relation; gx, gy<g, is
consistent with the negative sign of D, and its large
anisotropy also with the large magnitude of D.
Finally attempted were the analyses including rhom-
bicity (E##0, g«#gy), where, unfortunately, we were not
able to determine the best fit uniquely. Although
many sets of parameters gave comparably good fits in
this case, the above features still held for the sets.
Consequently the above features must exist in the
magnetic properties of 1c.

ESR. It was found that the neat powder samples
commonly exhibit broad ESR spectra even at 4.2 K.
These results are due to dipolar interactions among
neighboring Co ions. The dipolar interactions, as
well as intermolecular exchange interactions, can be
reduced by doping the compounds in diamagnetic
crystals. Sharpened spectra were thus obtained from
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(Me4N)2[Co(SPh),] (1a)

0o 02 04 0.6 0.8
B/T

(EtaN)2[Co(SPh),] (1b)

B/T

Fig. 4. ESR spectra of the Zn-doped powder samples
(Co/Zn=1%) of (MesN)z[Co(SPh)4] (1a) and (Ets4N)z-
[Co(SPh)s] (1b) measured at 4.2 K. The signals
marked with * are from a radical impurity and
Cr(I11) in MgO used as a g-value marker.

(Ph4P)2[Co(SPh)y4] (1c)

7.8

I 3 I 5 I J

0 0.2 0.4 0.6 0.8 1.0
B/T

Fig. 5. ESR spectrum of the Zn-doped powder sam-
ple (Co/Zn=10%) of (Ph4P)2[ Co(SPh)4] (1c): Condi-
tions Temperature, 4.2 K; Sample amount, 30 pmol;
Power 1 mW; Amplitude, 1.25X1000; Modulation,
10 G at 100 kHz. The signals marked with * are
due to impurities. The g’=7.8 signal is enlarged
in the inset.
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A (Et4N)2[Co(SCgH4-p-Me)4] (2)

C (Et4N)2[Co(SCgF5)a] (4)
*

} 4 Iy 4 i
T T T

]
-4
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B/T
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Fig. 6. ESR spectra of the Zn-doped powder sam-
ples (Co/Zn=1%) of (Et4N)2[Co(SCeHs-p-Me)4]
(2), (EtaN)o[Co(SCsHa-p-Cl)s] (3), and (EtaN)z-
[Co(SCeF5)4] (4) obtained at 4.2 K. The lower spec-
trum for each is the result from the computer simu-
lation. The signals marked with * are from Cr(III)
in MgO (B) and from a radical impurity (C).

the Zn-doped samples as shown in Fig. 4 for 1a and 1b,
in Fig. 5 for 1¢, and in Fig. 6 for 2—4. The sharpen-
ing of the spectra was especially drastic for la and 1b.
The principal g’-values obtained from the Zn-doped
spectra are summarized in Table 2. For 1b, 1c, and
2—4, the Zn-doped powder spectra are practically
identical with the corresponding neat powder spectra
excepting the difference in line width. This suggests
that the geometric distortions are not altered apprecia-
bly by the Zn-doping. (Especially lc is known to be
isomorphous and isostructural to the Zn analog.?Y)
For la, however, the two spectra are slightly different,
although this difference does not seem to be so impor-
tant.3)  Thus in the two states the geometric distor-
tions of 1a are not exactly the same, but still essentially
similar.

In the Zn-doped spectrum of la, each signal feature
contains a partially resolved hyperfine structure due to
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Table 2. Results from the ESR Measurements of the Zn-Doped Powder Samples at 4.2 K

g’-Values hfce/mT? .
Compounds E/D" Gev
g1 g2 g’ A A Az

(MesN)s[Co(SPh)4] (1a) 6.3 147 1166 0.8 40 44 —021 219
(EtN)o[Co(SPh)4] (1b) 5.4 3.05 190 2% 0.19 216
(PhyP)o[Co(SPh)d] (1c) 7.89 9.99 —0
(EuN)2[Co(SCeHs-p-Me)s] (2) 5.1 3.3 2.04 3% 12% 4% 014 214
(EteN)2[Co(SCeHs-p-Cl)a] (3) 4.8 3.6 2.08 010 212
(Et4N)o[ Co(SCsF5)4] (4) 43 4.0 2.35 0.02 211

a) The values marked with * are from the simulations.
10.02. The negative sign means negative D value.

59Co (I=7/2). The coupling constants are 4/mT=0.8
at g’=6.3, 4.0 at g’=1.47, and 4.4 at g’=1.166. As for
1b, we did not observe any resolved hyperfine split-
tings. However, the line shape of the g’=1.90 feature
is indicative of unresolved structure of A~2 mT (Fig.
4).

No apparent ESR signals were obtained from lc
despite that we measured some forms of samples from
different sources each. Both the Zn-doped (Co/
Zn=10%) and the neat powder samples of 1lc exhibit
only an incomplete and extremely weak signal up to
1.0 T even at 4.2 K. This signal is centered at g’=7.8
with a resolved hyperfine structure of 4=9.2 mT,
although the signal was too weak to be detected clearly
(Fig. 5). Under the same conditions, the low-field
components of the other compounds gave 100—1000
times the intensity of the g’=7.8 signal. No signal
has been obtained from the Co/Zn=1% sample, which
is however consistent with the extraordinary weakness
of the g’=7.8 signal. Although uncertainty remains
as to whether the g’=7.8 signal is attributable to Ic, it
is at least clear that the ESR signal of this compound
is extremely weak or even can not be observed.
Weakness (or absence) of ESR signals 1s often attrib-
uted to intermolecular exchange interaction. How-
ever, the fact that weak (or no) signal is invariably
observed from the three different forms shows that this
is not the case. Additionally, the crystallographic
data of the X-ray isomorphous Fe analog show that
the nearest-neighboring metal ion sites are separated
sufficiently by 10 A. The origin of the weakness is
discussed later.

The ESR spectra of Zn-doped 2, 3, and 4 are rela-
tively broad, so that we simulated the spectra to esti-
mate the principal g’-values (Fig. 6). The simula-
tions are based on the S’=1/2 effective spin
Hamiltonian using the gaussian-type lineshape func-
tion.®) The compound 2 gives a characteristic signal
shape from 0.1 to 0.2 T. This shape can only be
reproduced when a fairly large but unresolved hyper-
fine splitting is assigned to the principal g’=3.3 com-
ponent. On the other hand, the spectra of 3 and 4
show no evidence for hyperfine splittings, so that
hyperfine interaction was neglected in the simulations
of these spectra.

b) The estimated errors are about
c) Very weak.

g' -
4 F
2 b
0 1 1 ! ) ) i
-1/3 +0 1/3
E/D

Fig. 7. Theoretical curves of g’-values versus E/D
accompanied by the experimental results from the
Zn-doped powder samples.

In contrast to the low-temperature behavior of pe,
gt does not depend on D* but only on g, and E/D
when D*¥>>hv=0.3 cm~!. The variation of g} vs. E/D
is graphed in Fig. 7 for the transition within the lower
Kramers doublet, together with the experimental
values from the Zn-doped powder spectra. Since the
intensities of the observed signals all decrease with
increasing temperatures above 4.2 K, the signals are
assigned to arise from the lower doublets. Based on
these assignments and approximation of isotropic g-
factor, we have estimated E/D and g, (Table 2).
These gay values are in good agreement with those
obtained from the susceptibility results.

The ESR spectra obtained from the frozen solution
samples are less informative. All the compounds
including lc exhibit similar spectra, which consist of
broad features at g’=4 and =~2. However, the obser-
vation of such broad spectra is not surprising. In
solution, no uniformity is anticipated among the con-
formations or distortions of the complexes, to which
the ESR spectrum is sensitive as typically demon-
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strated by the powder spectra of la—c.

Discussion

Magnetic Properties of 1c. We have estimated the
zfs parameters, D* and E/D, from the susceptibility
and ESR results, respectively, for la, 1b, and 2—4.
For 1l¢, while it is now clear from the susceptibility
data that D*~100 cm~! and D<O0, E/D still remains
ambiguous. The ESR signals from the powder sam-
ples of 1c are always too weak to allow a definite
estimate of E/D. However, the extraordinary weak-
ness is indicative of a negligibly small E value.
When E/D=—0 (here ‘—0’ means £=0 and D<0 simul-
taneously), the lower Kramers doublet consists of
pure S;=+3/2 states. Then the transition within this
doublet is forbidden and no (or very weak) ESR signal
1s expected. Indeed the transition within the upper
doublet is alternatively allowed, but large zfs as in 1c
makes it difficult to detect this transition because of
insufficient thermal distribution to this doublet. A
literature example for this situation is bis(N-i-
butylpyrrolecarbaldimino)cobalt(II),131% which was
reported to be ESR silent and assigned as E/D=—0.
On the other hand, when E is not negligible, the
ground S;=%3/2 states are mixed with the S,=%1/2
ones and, hence the transition gains some intensity.
This is the very case for Zn-doped la (E/D=—0.21),
which exhibits enough intense ESR spectrum. We
therefore conclude that E/D=—0 is most likely for 1c.
We also point out that the g7 value predicted for E/
D=—0 (g/=3g,=9.4) can be compared with the
observed value of g’=7.8.

g-Factor. For high-spin tetrahedral Co(II) com-
plexes, the deviation of g-values from the free-electron
value arises mainly from the interaction between the
ground *Az and the lowest excited 4T3 states through
the spin-orbit coupling. Thus g. is expressed as3?)

gu =2 —8k%)0/ 4y, (3)

where k represents the orbital-reduction factor, Ao the
spin-orbit coupling constant for the free ion (—178
cm™1), and 4. the energy separation between the e and
t2 orbitals (4030 cm~1).32 By using the most reliable
values of g.,—2.16—2.19, which are from the ESR
results of Zn-doped la and 1b, we obtain 2=0.67—
0.73. This k value is remarkably small compared
with those of other tetrahedral Co(II) complexes; for
example, k=0.8 for a CoN4 chromophore,4 k=0.9 for
a CoO4 chromophore,3® and £=0.92 for CoCls2-.34
This remarkable reduction of k, together with that of
the Racah parameter B,32 shows a highly covalent
character of the Co-S bondings. Such high co-
valency was also reported for Fe-S bondings.35

The remarkable g-anisotropy in lc, together with
the large zfs, suggests that the electronic structure is
deviated extremely from that under Ts¢ symmetry.
This deviation must contain a remarkably low excita-
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tion energy of the z-component of 4Ts, as is evident
from the large g, value. This excitation energy could
be estimated by using a modified version of Eq. 3 if the
obtained g-values were sufficiently reliable. How-
ever, unfortunately, the g-values of 1c are less reliable
because they were obtained only from powder suscep-
tibility data. Further ESR and susceptibility studies
on lc are now in progress by using single crystals.

ZFS Parameters. Previously Makinen et al.®
reported that D* can be a good measure of the coordi-
nation number for high-spin Co(II) complexes: The
D* value should be in the range of 0—6.5 cm! for
tetrahedral ones, 10—25 cm-! for pentacoordinate
ones, and larger than 25 cm~! for octahedral ones. If
we followed this criterion, we could assign 3 as a
pentacoordinate complex, and lc as an octahedral
one. However, these assignments are unreasonable,
contradicting the X-ray data which undoubtedly show
a tetrahedral geometry for Ic. As has been pointed
out elsewhere,® the criterion by Makinen et al. is not
so strict. This is because the complexes which they
treated are rather simple and possess mild distortions
in the coordination geometries.

Interestingly, the D* values of 1a, 1b, and 2, though
they are much smaller than that of lc, can be pre-
sumed to be large (when compared with simple com-
plexes) according to the criterion. It is of great inter-
est to examine whether the large D* values can be
interpreted in terms of the tetragonal compression/
elongation, which has been supposed to be an impor-
tant geometric factor in metal-thiolate complexes.21-27
There have been several theoretical studies concerning
the relationship between zfs and the magnitude of the
tetragonal distortion. For example, according to the
equation given by Fukui et al. (Eq. 25 in Ref. 36), the
contribution to D from the tetragonal distortion, D,
for the CoS4 cores is expressed as

Di/cm1~0.57(6/deg — 109.47). (4)

Here we have used 4—=4030 cm~1, A=kAy=~=—125 cm~1.
0 is the S-Co-S’ angle whose bisector coincides with
the tetragonal axis. Equation 4 shows that, as 0
varies in a range plausible for the CoSs cores (95°—
120°),2) the D value varies from —8 to 6 cm~L.
Thus, for 1a, 1b, and 2, it seems reasonable to attribute
the large 2fs (in the sense of Makinen’s criterion) to
large tetragonal distortion of the CoSs core. This
situation further leads to another important conclu-
sion that the zfs in 1c is too large to be interpreted in
terms of the tetragonal distortion.

Magnetic Properties and Thiolate Orientation.
Since 1a, 1b, and 1c have the identical anion complex,
the wide variety among their magnetic properties pro-
vides a good example for the sensitivity of Co(II)
complexes to changes in coordination environment.
This wide variety also provides an opportunity to
investigate the relationship between the geometric
distortion and the electronic structure in metal-thio-
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late complexes. The X-ray molecular structure of 1c
was reported previously, showing the Dy conforma-
tion for the overall orientation of the SPh- ligands
(Fig. 1).21  Although no X-ray data are available for
the other compounds, the Zn analog of la,
(MesN)o[Zn(SPh)4] (5), has been studied by X-ray crys-
tallography.?5) Because the ESR spectrum of Zn-
doped 1la is reasonably sharp, la is expected to have
the same geometry as 5 at least in the Zn-doped sam-
ple. It is known that 5 has the S4 conformation for
the overall thiolate orientation (Fig. 1). Notably the
S-M-S’ angles are very similar between lc and 5.
The observation of the remarkably different magnetic
properties between lc and Zn-doped la, therefore,
confirms the importance of the thiolate orientation in
metal-thiolate complexes.

In the D2y¢ conformation, the phenyl rings lie in the
same direction with respect to the z-axis. Thus the
sulfur pr-orbitals, which are in conjugation with the
corresponding phenyl n-orbitals, are all perpendicular
to the z-axis. This coordination mode will produce a
strong axial ligand field and, hence give large and
axial zfs. This expectation is consistent with the
observed zfs for 1c. In the S4 conformation, on the
other hand, the sulfur pg-orbitals are no more in
phase, or interact with a specific metal d-orbital. Lit-
tle contribution is therefore expected toward zfs from
the ligand field due to the sulfur pr-orbltals. This
explains the relatively small D* value of 1a.3" It
seems from Eq. 4 that zfs under the S4 conformation 1s
rather dominated by the tetragonal distortion and
some rhombic distortion, where the latter breaks the
strict S4 symmetry and generates the E parameter.
Similar explanation can be adopted to the zfs of 1b,
whose Fe(I1)22 and Ni(II)2® analogs also have the S4
conformation.

Based on the above consideration, we infer that 2, 3,
and 4 have the S; conformation because their D*
values are rather small.3® The slightly larger D*
value of 3 i1s probably due to a minor difference in the
thiolate orientation. Here it is worth noting that the
ortho-substitutions in 4 may lead to another type of
thiolate conformation as found in Fe(2,3,5,6-
tetramethylbenzenethiolate)s=. In  this complex,
steric hindrance due to the ortho methyl groups pre-
vents the Fe-S-C and phenyl-ring planes from being
coplanar. They are rather perpendicular to each
other, though the overall geometry retains S4 symme-
try.39 Recently the electronic structure of this com-
plex was examined closely.3®

Finally we turn our attention to the active-site
geometry of rubredoxin. The ESR spectrum of oxid-
ized rubredoxin is featured by an isotropic g’=4.3
feature,4® which is indicative of an extremely rhom-
bic geometry (E/D=1/3) around the Fe ion. Interest-
ingly, nearly extreme rhombicity is found in the zfs of
la and 1b (See Table 2). At the moment it is not clear
whether the extreme rhombicity is only an accidental
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phenomenon or not. Nevertheless, it is notable that
the appearance of the extreme rhombicity is not con-
sistent with the D24 conformation proposed so far for
the active-site geometry of rubredoxin. This situa-
tion implies the importance of the seemingly irrele-
vant distortion; the rotations of two thiolates by ca.
30° from the idealized positions. The importance of
this distortion was previously pointed out by Ueyama
et al. from extended Hiickel MO calculations.??) Un-
fortunately it seems that neither ESR nor magnetic
susceptibility study has been performed for Co(II)-
substituted rubredoxin, though the Co(II)-sub-
stitution has been accomplished.)  However, the
present work arouses the interest in the magnetic
properties of Co(II)-substituted rubredoxin, and other
Co(II)-substituted metalloproteins possessing
rubredoxin-type active sites. Such metal-exchange
approaches will provide further insight into the geo-
metric effects on the electronic structure and the
electron-transfer properties of the sites.

We thank Dr. Ryuichi Imamura for the measure-
ments of the NMR spectra. This work is partially
supported by the Grant-in-Aid for Sientific Research
No. 01470050 from the Ministry of Education, Science
and Culture.
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