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Abstract: The synthesis of the [P(C¢Hj)4],Fe(SC¢Hs), (I) and [P(C¢Hjs)4],Fe(S;C,0,), (II) complexes is described in detail.
I crystallizes in the orthorhombic, polar space group Pbc2,, with four molecules in the unit cell. The cell dimensions are a
=13.797 (3) A, b= 17.542 (4) A, and ¢ = 24.913 (5) A. II crystallizes in the monoclinic space group P2, /c with four molecules
in the unit cell. The cell dimensions are a = 17.402 (7) A, 5 = 16.680 (5) A, ¢ = 18.242 (6) A, and 8 = 110.53 (2)°. Intensity
data for both I and II were collected with a four-circle computer-controlled diffractometer with use of the §-28 scan technique.
In both structures the carbon atoms in the cations were refined with isotropic temperature factors. In both structures all other
nonhydrogen atoms were refined with anisotropic temperature factors. Refinement by full-matrix least squares of 472 parameters
on 4929 data for I and 308 parameters on 2801 data for II gave final R values of 0.047 and 0.055 for I and II, respectively.
In both structures the hydrogen atoms were included in the structure factor calculation but were not refined. The overall
description of the FeS, central unit in both I and II is that of a distorted tetrahedron formed by four monodentate SC¢Hs"
ligands in I and two bidentate S,C,0,% chelates in II. Average values of selected structural parameters and the standard
deviations of the mean for the two structures are as follows. For I: Fe-S = 2,353 (9) A; S-S = 3.837 (18) A; C-S = 1.767
(19) A; Fe-S-C = 110.8 (1.9)°; range in S;-Fe-S; angles = 97.89 (9)-119.00 (10)°. For II, Fe-S = 2.389 (7) A&; S-S(bite)
=3.922 (14) A; C-S = 1.688 (9) A; Fe-S—C = 92.1 (8)°; range in Si~Fe-S, angles = 95.57 (11)-124.86 (13)°. The distortions
in the FeS, tetrahedron in II arise from steric constraints from the S,C,0,* ligand. A complete analysis of various structural
parameters in a number of [M(SC¢H;),}* tetrahedra with M = Ni, Co, Zn, Cd, and Fe and for two different types of counterions
reveals that the distortions of the MS, central unit arise from intramolecular, ortho phenyl hydrogen—sulfur and metal interactions.
The Mossbauer spectra of I and II have been studied as a function of temperature and an externally applied magnetic field.
Values of the fine and hyperfine parameters for I and the magnetic moment (uq¢ = 5.1 ug) are very similar to those reported
for reduced rubredoxin (Rd,.q). The visible spectra of I also are similar to those obtained for Rd,.q. On the basis of the available

data it is clear that the electronic ground state for I is very similar to the one in Rd.

At the time that our studies on the coordination chemistry of
monomeric mercaptide complexes were initiated, the only struc-
turally characterized examples of such species that were reported,
occurred as M(S-Cys), centers in certain metalloenzymes. The
presence of [M(S-Cys),] tetrahedral sites has been established
by crystallographic studies in oxidized rubredoxin (Rd,,) from
Clostridium pasteurianum' (M = Fe(III)) and in horse liver
alcohol dehydrogenase, LADH, (M = Zn(II)).2 Indirectly, the
[Co(S-Cys),] chromophore was detected in the characteristic
ligand field spectrum of Co(II)-substituted LADH.?

Rubredoxins, the simplest of the nonheme iron sulfur redox
proteins, have molecular weights that are typically about 6000
daltons and are obtained from bacteria.*® A common feature
among all these proteins is one [Fe(S-Cys),] active site and in

* Address correspondence to D.C. at the University of lowa: D.C., D.S.,
N.C.B,, C.M., and D.G.H—University of lowa; N.S., A.S., and AK.—
Nuclear Research Center.
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the case of Rd from pseudomonas oleovarans (mol wt ~ 19000)
two such sites which apparently are noninteracting.’
Extensive investigations of the [Fe(S-Cys),] active centers in
the rubredoxins have been conducted by magnetic susceptibility,®
optical absorption,**%1® MCD,%1 EPR,!2 and Mossbauer spec-
troscopy.#1213 These studies have shown that the two redox states
of the proteins, Rd,, and Rd,, contain tetrahedrally coordinated
Fe(I1I) and Fe(II), respectively. Electrochemical studies show
the Fe(III)-Fe(II) couple at a potential (Ey’) that varies from
-0.04 to -0.06 v.'* The X-ray structure determination of
Clostridium pasteurianum Rd,, at 1.5-A resolution! shows a
severely distorted [Fe!!(S-Cys),] tetrahedral site with one of the
Fe~S bonds unusually short (2.05 A). Two other structural studies
of the active site in Rd,, by X-ray absorption fine structure
(EXAFS) analyses have been reported. In lyophilized P. aerogenes
Rd," and in C. pasteurianum Rd,,,'S these analyses have led to
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Tetrahedral Complexes Containing the Fe''S, Core

the conclusion that the Fe~S distances in the Fe'-S, centers are
closer to being equal than the results from the crystallographic
studies indicate.

Monomeric, tetrahedral FeS, complexes with simple ligands
are few. A survey of the literature shows the following molecules
that can be considered as models at various levels of character-
ization and significance: Fe[(SPR;),N1,,! Fe[(SPR,),CH],,!™
[Fe(12-peptide)]?,'® [Fe(S;-0-xy1)2]* (xyl = xylene), and [Fe-
(S;-0-xy1)3]™."* The last two entries in this list of complexes
represent to date the most successful analogues for Rd,.4 and Rd,,
to the extent that, in addition of being structural analogues, they
display both oxidation levels, Fe"/-S, and Fe'"-S,, found in Rd,
and Rd,,, respectively.!®

With the exception of the [Fe(S,-0-xyl);]*~ complex none of
the other Fe'-S, complexes, including the ones reported in this
paper, seem to afford stable Fe''-S, complexes upon oxidation.

In our attempts toward the synthesis of tetrahedral complexes
with the MS, central unit, we were successful in obtaining a series
of such complexes with the new dithiosquarate (S;C,0,)* lig-
and, 202!

This ligand, under considerable strain while coordinated, proved
to be a useful leaving group in metatheses reactions. One such
general reaction with the thiophenolate anion (SC¢Hs)™ was
utilized for the synthesis of two new series of tetrahedral MS,
complexes.”? The “mixed” ligand [M(S,C,0,)(SC¢H;),]*, X-ray
isomorphous, complexes (M = Mn, Fe, Co, Zn) were found to
be high-spin, tetrahedral anions. The [M(SC¢Hs)4]? complexes
(M = Mn, Fe, Co, Ni, Zn, Cd) also were found high-spin, tet-
rahedral anions, and their structures have been determined.?

Mossbauer studies on the [Fe(SCgHs)4]> (I), [Fe(S;C0,)2]*
(ID), and [Fe(S,C40,)(SCsHs),]* (I1I) complexes have revealed
a great similarity between the spectra of I and those of reduced
rubredoxin.?* In this paper we report on the detailed molecular
and electronic structures of the tetraphenylphosphonium, [PPh,]*,
salts of I and II.

Experimental Section

Synthetic Procedures. The syntheses of all complexes were performed
under a pure dinitrogen atmosphere in a vacuum atmosphere Dri-lab
glovebox. Potassium dithiosquarate, K,S,C,0,, was prepared as de-
scribed previously.®® Acetonitrile was purified by distillation from cal-
cium hydride and stored over molecular sieves. Diethyl ether was purified
by distillation after standing over sodium wire for ca. 24 h. [Ph,P],-
[Fe(S,C40,),]% and [EtN]Fe[EtXant];2* were synthesized as described
previously. KSC¢H; was obtained by the reaction between potassium
metal and thiophenol in tetrahydrofuran.

Bis(tetraphenylphosphonium) Tetrakis(thiophenolato)ferrate(II),
[Ph,P][Fe(SC¢H;),). (a) To a solution of 4.4 g [Et,N]Fe(EtXant),
(EtXant = O-ethyldithiocarbonate) (0.8 mmol) in 30 mL of acetonitrile
was suspended 4.4 g of KSC¢H; (4.0 mmol), and the suspension was
boiled for ca. 5 min. At this state 5.9 g of Ph,PCI (1.6 mmol) was added
and heating continued for an additional 10 min. The mixture was filtered
while hot to remove unreacted KSC¢H; and the KEtXant and KCl by-
products. When the solution was left standing, large light red brown
crystals formed which were isolated, washed with diethyl ether, and dried.
A 3.5-g sample of the product (37%) was obtained. Addition of ether
(20 mL) to the filtrate resulted in the formation of more of the crystalline
product, 4.1 g, for an overall yield of 81%. Anal. Caled for
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Table I. Crystal and Refinement Data
1 11

formula [P(CsH,), 1, [Fe(SCeH),  [P(CeHy), 1,-
[Fe(S,C.0,), ]
mol wt 1171.29 1023.00
cell dimens
a, A 13.797 (3) 17.402 (7)
b, A 17.542 (4) 16.680 (5)
c, A 24,913 (5) 18.242 (6)
8, deg 110.53 (2)
v, A® 6029.6 4958.7
zZ 4 4
d area» &fom? 1.290 1.374
obsa-? g/cm® 1.29 (1) 1.38 (1)
space group Pbc2, P2, /c
cryst dimens, mm 0.5x0.5x0.6 0.1x0.3x0.2
u, cm™! 4.88 5.82
radiatn Mo (A =0.7107 A);
monochromatized from
a pyrolytic graphite
crystal, 26 may = 12.2°
26 limit, deg 45 40
unique reflctns 5672 4624
reflctns used, 4929 2801
F? > 36(F?)
function minimized EZw(Fy? — Fo?)?
w 1/o* (Fo?)
variable parameters 472 308
R 0.047 0.055
R,¢ 0.059 0.066

@ Determined by flotation in a CCl,-pentane mixture. YR, =
ZIAFI[ZIF,). PR, = [Ew(AFY [EWIF 1?1,

Ci,HgoP,FeS,: C, 73.76; H, 5.16; Fe, 4.77; S, 10.93; fw, 1171.29. Found:
C, 73.70; H, 5.07; Fe, 4.75; S, 10.55.

(b) The same synthetic procedure as above was followed, using
[Ph4P],Fe(S,C40,), instead of [Et,N]Fe(EtXant); and eliminating the
addition of Ph,PCl. The [PhP],Fe(SC¢H;), product was obtained in
85% vyield.

(c) Bis(tetraethylammonium) Tetrakis(thiophenolato)ferrate(II),
[Et,N],Fe[(SC¢H;) ). To a solution of 4.0 g of [Et,N]Fe(EtXant); (0.73
mmol) and 0.97 g of Et,NCl (0.6 mmol) in 20 mL of CH;CN was added
4.0 g of KSC¢H; (3.67 mmol), and the suspension was brought to the
boiling point of acetonitrile. After 15 min of boiling the hot suspension
was filtered. A 10-mL sample of absolute EtOH was added to the
filtrate, and diethyl ether was added slowly until the first permanent
cloudiness appeared in solution. When the solution was left standing for
ca. 0.5 h, brown-red needle like crystals of the product formed and were
isolated (3.2 g, 58% yield). Anal. Calcd for C,gHgN,FeS,: C, 63.74;
H, 7.97; S, 17.03; Fe, 7.38; fw, 753.00. Found: C, 63.55; H, 7.85; S,
17.00; Fe, 7.25.

Physical Measurements. Mossbauer spectra were measured from 1.1
K to room temperature with a constant acceleration spectrometer. The
source was 100 of mCi 5’Co in Rh matrix and held at room temperature.
Measurements were also made with the absorber in external magnetic
fields up to 65 kOe with a superconducting magnet operating in a tran-
sverse configuration. Magnetic susceptibility measurements were carried
out with a vibrating sample magnetometer from 4.2 K to room temper-
ature. Reflectance spectra were recorded with a DK-2 Spectrometer and
solution spectra with a Cary Model 14 spectrophotometer.

X-ray Diffraction Measurements. Collection and Reduction of Data,
Specific details concerning crystal characteristics and X-ray diffraction
methodology are shown in Table I. The crystals of both compounds were
mounted on a Picker-Nuclear four-circle diffractometer automated by
a DEC-PDP8-1 computer with FACS-1 DOS software and equipped with
a molybdenum-target X-ray tube, a graphite-monochromator (20, =
12.20°) crystal detector, and pulse-height analyzer. All measurements
were made at ambient temperature (ca. 24 °C). For both structures 12
reflections with 28 values between 20 and 30° (Mo K&, A = 0.7107 &)
were centered on the diffractometer, and the preliminary cell dimensions
were refined on the 26 values of these reflections to yield the cell pa-
rameters shown in Table I. The diffraction peaks were measured by
using a stepped 6-26 scan data collection technique.?® The least-squares
procedure used minimized the function ¥ w(|F,| — |F])?, and we assigned
w = 0.0 if F? < 3¢(F?). The atomic scattering factors of the neutral
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atoms were used,?” and all the scattering factors except those for hy-
drogen?® were corrected by adding real and imaginary terms to account
for the effects of anomalous dispersion.??

(I) [(C4H;)4P)[Fe(SCeH;),). A fresh crystal was lodged in a glass
capillary for data collection. Three “standard” reflections were measured
after every 50 data points to monitor crystal and instrumental stability.
No systematic change over the data collection period was observed. Data
were collected in the full sphere of the reciprocal space out to a 20 value
of 45°. The systematic absences Okl, k = 2n + 1, ROl I = 2n + 1,
indicated either the centrosymmetric space group Pbcm or the noncen-
trosymmetric space group Pbc2,. Lorentz—polarization corrections were
made, and no absorption corrections were applied to the data.

(II) [(C¢Hs)4P)[Fe(S,C40,);). A crystal was mounted in a glass
capillary and used for cell dimension measurement and data collection.
Data were collected as previously described for I. All data in the hem-
isphere of reciprocal space h,*k,* were collected to a 26 angle of 40°,
The systematic absences 0k0, k = 2n, and hOl, ] > 2n, establish the
centrosymmetric space group P2,/c. The data were corrected for Lorentz
and polarization effects as described for I.

Determinations of the Structures, (I) [(C¢H;),PJ[Fe(SC¢H;),). The
structure determination initially was carried out by using a limited data
set (20 = 30°, Mo Ka, 1435 unique reflections). The distribution of
normalized intensities gave no indication of the actual space group; hence
Pbcm was chosen for convenience. The Patterson map yielded the co-
ordinates of the Fe atom and S atoms with the Fe atom and two S atoms
positioned on a mirror plane. Successive electron density maps yielded
no more information until the space group was reduced to Pbc2,.° The
rest of the molecule was then slowly revealed and, on the basis of the 999
reflections with F2 > 3¢(F2) was refined by using a block-diagonal
least-squares program?! to an R, value of 0.10. At this point the tem-
perature factors of the Fe, S, and P atoms were refined anisotropically
with the phenyl rings treated as rigid groups*? (C-C and C-H bond
lengths set at 1.390 and 0.95 A, respectively; individual isotropic tem-
perature factors for the C atoms; H temperature factors set equal to the
temperature factor of the C atom to which each is bonded). Refinement
by a full-matrix least-squares computer program?® reduced the R value
to 0.042. At this stage we reported on the results in a communication.?!
The somewhat large standard deviations (0.006 A for the Fe-S bond
lengths) prompted us to obtain a new data set on a larger crystal to 26,
= 45°, Of the 5672 unique reflections thus obtained, 4929 had F% >
30(F?) and were used in the least-squares refinement. The refinement
of all individual nonhydrogen atoms of the anion with anisotropic tem-
perature factors and of the individual nonhydrogen atoms in the cations
with isotropic temperature factors converged to R, and R, values of
0.0475 and 0.0592, respectively. In this refinement the hydrogen atoms
were included in the structure factor calculation at their calculated
positions but were not refined. With the second data set smaller standard
deviations in the interatomic distances and angles were obtained (Table
IV). Because of the fact that the Pbc2, is a polar space group, the
absolute configuration of a particular crystal must be established. The
final refinements on all members of the series of the X-ray isomorphous
[Ph,P],[M(SPh,)], complexes were made for both enantiomers. The
results for the iron member of the series are typical. For the correct
choice of the enantiomer R; = 0.0475 and R, = 0.0592 compared to R,
= 0.0541 and R, = 0.0696 for the other choice. The Fe-S distances and
bond angles do not differ significantly between the two choices of enan-
tiomers. Averaging Friedel pairs and fitting to the wrong enantiomer
gave R, = 0.0470 and R, = 0.0590; two Fe—S bond distances were not
significantly different from the correct enantiomer choice, and the scatter
of Fe-S distances was greater.

(IT) [Fe(S,C40,),]*TPh4P),*. From the intensity data (Table I) a set
of structure factors was obtained which was used to compute a three-
dimensional Patterson map. The iron and four sulfur atom positions were
determined from this map. An electron density map phased on the input
positions of these five atoms revealed the positions of the two independent
phosphorus atoms and the rest of the atoms in the Fe(S,C,40,),* anion.
Subsequent electron density maps showed the positions of all the re-
maining carbon atoms of the Ph,P cations. Isotropic refinement of all
nonhydrogen atoms resulted in a R value of 0.11. The complex anion
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Figure 1. Structure and labeling of the Fe(SC¢H;s)*~ anion. Thermal
ellipsoids as drawn by oRTEP (Johnson, C. K. ORNL-3794; Oak Ridge
National Laboratory: Oak Ridge, TN, 1965) represent the 50% proba-
bility surfaces.

Figure 2. Structure and labeling of the Fe(S,C40,),*" anion. Thermal
ellipsoids represent the 50% probability surfaces.

and the two phosphorus atoms were then refined with anisotropic thermal
parameters, keeping isotropic thermal parameters for the cation carbon
atoms, This refinement converged to a value for R of 0.071. At this
stage a difference Fourier revealed the presence of several of the hy-
drogen atoms in the cations. The positions of all 40 hydrogens were
calculated (C—H at 0.95 A) and included in the structure factor calcu-
lation but not refined, with temperature factors equal to the mean tem-
perature factor of the carbon atoms in the corresponding phenyl rings on
which the H atoms were attached. The final values for R, and R, were
0.055 and 0.066, respectively. In the final difference Fourier map no
peaks higher than ~0.3 ¢ A? were found.

Crystallographic Results. The final atomic positional and thermal
parameters for I with standard deviations derived from the inverse matrix
of the last least-squares refinement are compiled in Table II. The
corresponding data for II are tabulated in Table III.

Intramolecular distances and angles for I are given in Table IV,
Corresponding results for I are presented in Table V. The atom-labeling
schemes are shown in Figures 1 and 2. Stereoviews are shown in Figures
3 and 4.

The generated atomic parameters of the hydrogen atoms have been
deposited together with a table of the observed values of F, their esd’s,
and the |F | — |F,| values. (See paragraph at the end of the paper re-
garding supplementary material.)

Results and Discussion

Structural Descriptions. (I) [PhyPl{Fe(SCsH;),). The packing
of the anions and cations in the unit cell grossly resembles the
ZnS lattice. The four anions are found in an approximate tet-
rahedral arrangement around x = 1/,,y = 3/,, and z = !/,, with
the central metal atoms lying on approximate mirror planes at
z=1/,and z = 0. The eight tetraphenylphosphonium cations
pack above and below the anions at z ~ !/, and 3/,. As the unit
cell contents arrangement indicates (Figure 4), the crystal structure
is an open structure with no indication of unusual crowding that
would be necessary to cause distortions in either the cations or
the anions. There are only three carbon—carbon or carbon-hy-
drogen atom distances less than van der Waals contacts (van der
Waals radii for H equals 1.20 A and 1.57 A3 between the anions
and cations.

(34) Pauling, L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960.

(35) Purcell, K. F.; Kotz, J. C. “Inorganic Chemistry”; W. B. Saunders:
Philadelphia, 1977.
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Figure 3. Stereoscopic views of (A) Fe(SCsHs) 2™ and (B) Fe(S,C,0,),> as drawn by ORTEP.
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Figure 5. Two views of the Fe(SC4Hs),> anion where the particular
disposition of the phenyl rings is apparent. A rotation of the phenyl ring
on S, by ca, 15° out of the S;FeS, plane apparently is a result of crystal
packing effects.

However, while no distortions are apparent in the structure of
the tetrahedral Ph,P* cations, severe distortions from tetrahedral
geometry are observed in the structure of the [Fe(SC¢H;)4]* anion
(I). In the Fel-S, unit the Fe-S distances range from 2.338 (2)
t0 2.360 (2) A with a mean value of 2.353 (9) A, % a value similar
to those reported for the Fe-S bonds in the [Fe(S;-0-xyl),]* "
and Fe[(SPMe,),N1,!" complexes of 2.356 (22) and 2.360 (9)

, respectively. The range and mean values of the S-Fe-S angles
in I are 97.89 (9)-119.00 (10)° and 109.6 (7.6)°, respectively.
The corresponding values of 103.5 (2)-114.9 (2)° and 109.5°
reported for the structure of the [Fe(S;-0-xyl),]* anion show that
the former is subject to considerably greater angular distortions
from T, symmetry than the latter. The distortions in I can be
envisioned, grossly, as a compression of the FeS, tetrahedron along
one of its twofold axes.

In the initial communication of the structure of I the angular
distortions were attributed?! to a possible manifestation of the
Jahn-Teller affect (°E, T, ground state). The validity of this
suggestion was explored by structure determinations?® of other
[M(SC¢Hs),]* complexes (M = Ni, Mn, Co, Zn, Cd). Similar
distortions of the MS, units were found even with metal jons with
nondegenerate ground states, and it became apparent that the
Jahn-Teller effect was not the only reason for the distorted FeS,
unit in I.

An explanation for these distortions in terms of packing effects
also can be ruled out considering the “open” structure of the lattice.
More convincing evidence that packing forces are not the origin
of these distortions derives from the fact that with a different
counterion (Et,N*) and in a different lattice,’” the Fe(SC¢Hs) >

(36) The esd’s of typical C—C bonds in the tetraphenylphosphonium cations
range from 0.008 to 0.012 A. The mean value of the 16 equivalent P(C) to
ortho C bonds is 1.385 (17) A. For the 16 equivalent ortho C-meta C bonds
a mean value of 1.400 (17) A is obtained, and for the 16 meta-para C bonds
a mean value of 1.350 (18) A is obtained. The standard deviation from the
mean is obtained as indicated in footnote @ Table VIIL

(37) Structural details for the [Et,N],[Fe(SC¢Hs),] complex as well as for
the [Ph,P),[M(SC¢Hs)s] complexes (M = Cd, Zn, Co, Ni, Mn) will be
reported in a forthcoming publication.

Coucouvanis et al.

Figure 6. Intramolecular contacts (a) and angles (b) in the [M-
(SC¢H;s)4)* complex anions. The phenyl rings in dotted lines represent
sterically equivalent positions possible through rotation about the M-S
bond by ca. 120° (three such positions are available for each phenyl ring).
Two of the phenyl rings have been omitted for clarity.

Figure 7. An ORTEP plot of the structure of the Cd(SC¢H;),2~ anion with
the atoms drawn to scale with the appropriate covalent radii. Three of
the phenyl rings have been omitted for clarity.

and Zn(SC¢H;),> anions show essentially the same angular
distortions. The conclusion that must be reached on the basis of
all the structural data is that the distortions must be inherent in
the structure of the anions.

The phenyl groups attached to sulfur atoms S, and S, lie in
one plane. This plane is orthogonal to another plane defined by
the remaining two phenyl groups and sulfur atoms S; and S,
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Figure 8. The structure of the Fe(SC4Hjs),* anion in the [Et,N],Fe-
(SC6H5)4 “salt”.

(Figure 5). For each phenyl ring, this configuration gives rise
to close contacts between the ortho protons, the metal atom, and
the sulfur atoms out of the plane of the phenyl rings (Figures 5
and 7, Table VI).

An examination of the data in Table VI shows that each of the
proximal orthohydrogen atoms is closer to one of the S atoms
(distance a) than to the other (distance a’) (Figure 6a). Ap-
parently the ortho hydrogen atom chooses one of the two local
minima of van der Waals interaction epergy and nestles between
the metal atom and one of the sulfur atoms (Figure 7).

Typical van der Waals radii are Rg = 1.84 A3 and Ry = 2
A. The distances given in Table VI (Figure 6a) clearly show
overlap of the assumed van der Waals radii.

The effects of the ortho hydrogen atom close contacts are aptly
demonstrated in the angular distortions found in the [M-
(SC¢Hs)4]* anions (Table VII, Figure 6b). A consideration of
all phenyl rings and the appropriate ortho hydrogen interactions
shows that the two angles ¢ and ¢ assume values greater than the
tetrahedral angle, while § is always smaller than the tetrahedral
angle. In concert with this apparent strain are the values of angles
a and S. For unstrained systems « and § are expected to be 120°,
For all M(SC¢H;),? anions allowed to refine with the S—-C4Hs
rings fixed as rigid hexagonal groups with an overall group tem-
perature factor, « is greater and g is smaller than 120° (Table
VII). For the Fe(SPh),? anion, refinement of the carbom atoms
in the S-C4H; rings individually with anisotropic temperature
factors still shows « greater than 8. In this refinement model,
both angles are greater than 120° (Table VII), however the four
internal C-C-C angles at the carbon atoms attached to the S
atoms are significantly smaller than 120° with a mean value of
116.5 (3)°. This deviation of the S-Ph rings from the ideal
hexagonal geometry is not evident in the phenyl rings of the
phosphonium cations where the corresponding C—C-C angles for
the eight independent phenyl rings show a mean value of 119.2
(8)°.

A final systematic distortion apparent in Table VI and VII and
indicative of van der Waals repulsions is that for the shortest ortho
hydrogen—sulfur distances (a) the corresponding S-M-S angles
(€) are always larger than the angles (¢’) corresponding to the
longer ortho hydrogen distances (a’) (Figure 6).

The same interactions between ortho hydrogen atoms and sulfur
and metal atoms are present in the structure of the Et,N* salt
of I (Figure 8).” With a nearly planar MSC4H; unit there exist
three reasonable, equivalent conformations of the phenyl rings
in the M(SC¢Hs)?” anions. One of these conformations is shown
in Figure 5. The second conformation found in the Et,N* salts
and shown in Figures 6 and 8 is obtained by simply rotating two
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Figure 9. Intramolecular distances in a hypothetical M(SC¢Hs) 2~
structure with a perpendicular ligand orientation.

of the S,C¢Hs— groups about the M-S; bonds by ca. £120°.

An alternate anion configuration which eliminates all close
intramolecular contacts is one in which the M-S bond is in a plane
perpendicular to the phenyl rings plane (Figure 9). All structural
data indicate that the parallel mode is the preferred mode of
binding. A similar preference is observed with the p-CH,C HsS™
ligand in the structure of the [Fe,S,(S-p-tolyl),]* complex.® In
the latter complex the distortions observed in the Fe!'S, coordi-
nation sphere are exactly analogous to those reported for I. It
should be noted that in the structure of the [Fe,S,(S;-0-xyl),]*
complex, where no intramolecular hydrogen interactions are
possible, the deviations of the Fe!'lS, units from tetrahedral
symmetry are minimal. In comparison to I relatively small dis-
tortions from T, symmetry also are observed in the structures of
the [Fe(S;-0-xyl),]” and [Fe(S;-0-xyl),]* complexes.!®

A possible reason for the preferred planar binding of the S-Ar
ligands is a & type of interaction by the S atom long-pair electrons
and the aromatic « system. An ab initio calculation of phenol
shows® the totally planar configuration, 5 kcal/mol, lower in
energy than the configuration with the C—-O-H plane perpendi-
cular to the benzene ring. The stability of the planar configuration
is attributed to this = type of interaction. The magnitude of an
analogous interaction with S atoms would be less than that with
oxygen atoms but apparently is enough to cause the ligand to bind
in a planar fashion.

It is expected that, as the central atom-S bond becomes shorter,
the parallel mode of the -SC4H; binding results in considerable
strain which eventually, and at the lower limits, forces the phenyl
ring out of the plane of the central atom. This is exactly what

o)

is found in the structure of the C(SC4H;s), molecule® (C-S =
1.826 A) where now the phenyl rings are twisted toward an
approximate orthogonal orientation relative to the C-S bonds.

(II) [Ph P),[Fe(S,C,0,),) A distorted FeS, central unit is
observed in the structure of the Fe(S,C40,),* as well. The mean
Fe-S bond length (2.389 (7) A) is appreciably longer than cor-
responding values observed in I and the [Fe(S;-0-xyl),*] anion.!”
The angular distortions in the FeS, tetrahedron are illustrated
in the wide range of the S-Fe—S angles (95.53-124.84°). The
smaller of these angles 95.53 and 95.84° are associated with the
intra chelate S1-Fe~-S2 and S3-Fe~S4 angles, respectively (Figure
2).

Certain structural features of the ligand in II are compared
to those found in the structures of the Cug(Dts)¢* and Ni(Dts),*
complexes (Table VIII). The cyclobutenone internal ring angles

(38) Mayerle, J. J.; Denmark, S. E.; DePamphilis, B. V.; Ibers, J. A,;
Holm, R. H. J. Am. Chem. Soc. 1975, 97, 1032.

(39) Richards, R.; Walker, S.; Hinkley, T. J. Am. Chem. Soc. 1972, 94,
1496.

(40) Kato, Von K. Acta Crystallogr., Sect. B 1972, B28, 606.
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Table II. Positional and Thermal Parameters and Their Standard Deviations in [Fe(SPh),][PPh,],¢®

atom X ¥y z B atom X y z B
Fe 0.21508 (6) 0.41196 (5) 0 H(11) 0.3078 0.2739 -0.1692 7.000
S1 0.2821 (1) 0.3247 (1) —-0.06178 (9) H(12) 0.3812 0.3266 —0.246 7.000
S2 0.2373 (1) 0.3388 (1) 0.07833 (9 H(13) 0.4405 0.4485 —0.2455 7.000
S3 0.2848 (2) —-0.4672 (1) 0.0083 (1) H(14) 0.4294 0.5222 —-0.1686 7.000
S4 0.0532 (1) 0.4435 (1) —0.02010 (9) H(15) 0.356 0.4701 -0.0912 7.000
P1 0.7784 (1) 0.40943 (9) 0.17930 (8) H(21) 0.1266 0.4726 0.0924 7.000
P2 0.7488 (1) 0.38528 (9) —0.18901 (9) H(22) 0.0458 0.5306 0.165 7.000
Cl-1 0.3273 (4) 0.3670 (4) —0.1204 (3) H(23) 0.0507 0.474 0.2481 7.000
C2-1 0.3322(5) 0.3249 (4) —-0.1679 (4) H(24) 0.1342 0.3598 0.261 7.000
C3-1 0.3767 (6) 0.3559 (6) -0.2134 (3) H(25) 0.2124 0.3028 0.1887 7.000
C4-1 0.4118 (6) 0.4281 (6) —0.2135 (4) H(31) 0.4251 0.4106 0.0023 7.000
Cs-1 0.4044 (5) 0.4714 (4) -0.1674 (4) H(32) 0.5957 0.4059 0.0013 7.000
Cé6-1 0.3614 (5) 0.4406 (4) -0.1222 (3) H(33) 0.6820 0.5241 0.0080 7.000
Cl-2 0.1780 (5) 0.3825 (4 0.1327 (3) H(34) 0.6027 0.6368 0.0185 7.000
C2-2 0.1279 (5) 0.4498 (4) 0.1277 (3) H(35) 0.4398 0.6346 0.0179 7.000
C3-2 0.0803 (5) 0.4838 (4) 0.1707 (3) H(41) —0.1484 0.4141 -0.0132 7.000
C4-2 0.0835 (5) 0.4502 (5) 0.2200 (4 H(42) —0.2448 0.3058 -0.0179 7.000
C5-2 0.1332 (6) 0.3826 (5) 0.2270 (3) H(43) —0.1746 0.1858 -0.031 7.000
C6-2 0.1791 (5) 0.3492 (4 0.1843 (3) H(44) —0.0096 0.1744 —0.0365 7.000
Cl1-3 0.4149 (7) 0.5253 (6) 0.0106 (3) H(45) 0.0896 0.2817 —0.0305 7.000
C2-3 0.4621 (8) 0.4565 (8) 0.0068 (4) H(51) -0.100 —-0.5496 0.0894 5.656
C3-3 0.563 (1) 0.4536 (9) 0.0062 (5) H(52) -0.0773 —0.4348 0.0379 5.656
C4-3 0.615 (1) 0.526 (2) 0.0105 (8) H(53) —-0.1680 —0.3288 0.0593 5.656
CS-3 0.564 (2) 0.589 (1) 0.0155 () H(54) —0.2802 —-0.3308 0.1258 5.656
C6-3 0.470 (1) 0.5874 (7) 0.0152 (4) H(S5) -0.3073 —0.4433 0.1755 5.656
Cl-4 —-0.0172 (5) 0.3597 (5) —-0.0207 (2) H(61) —-0.031 0.3599 0.1483 4.708
C2-4 —0.1200 (6) 0.3647 (6) —0.0167 (3) H(62) 0.031 0.2517 0.1058 4.708
C3-4 —-0.1759 (6) 0.2992 (9) -0.0199 (3) H(63) -0.0715 0.1528 0.0818 4,708
C4-4 —-0.1336 (9) 0.2291 (6) —-0.0274 (3) H(64) —0.2348 0.1613 0.0967 4.708
C5-4 -0.0361(7) 0.2237 (5) —0.0305 (3) H(65) —-0.3004 0.270 0.1374 4.708
C6-4 0.0210(5) 0.2870 (5) -0.0275 (3) H(71) —0.3431 0.3705 0.2672 6.096
Cl-5 —-0.2037 (4) —-0.5082 (4) 0.1376 (3) 4.3(1) H(72) —0.5097 0.3444 0.2753 6.096
C2-5 —0.1361 (5) —0.5049 (4) 0.0978 (3) 5.0(1) H(73) —0.6088 0.3528 0.2015 6.096
C3-5 —-0.1231 (5) —-0.4375 (4) 0.0668 (3) 5.4 (2) H(74) -0.5522 0.3882 0.1207 6.096
C4-5 —-0.1768 (5) —0.3748 (4) 0.0800 (3) 6.0 (2) H(75) —0.386 0.4167 0.1087 6.096
C5-5 —0.2435 (6) —0.3757 (5) 0.1193 (3) 6.1(2) H(81) -0.2120 0.5325 —0.7466 5.167
C6-5 —0.2594 (5) —0.4422 (5) 0.1488 (3) 6.4 (2) H(82) —0.1535 0.5465 -0.6594 5.167
Cl1-6 -0.1733 (%) 0.3252(3) 0.1479 (3) 4.0(D) H(83) —0.0705 0.4473 -0.6186 5.167
C2-6 —0.0731 (5) 0.3193 (4) 0.1386 (3) 4.6 (1) H(84) —0.0449 0.335 —-0.6622 5.167
C3-6 —0.0363 (5) 0.2558 (4) 0.1137(3) 4.9(1) H(85) -0.1078 0.3179 —-0.7508 5.167
C4-6 —-0.0971 (5) 0.1971 (4) 0.0997 (3) 4.9 (1) H(91) -0.393 0.2932 —0.2409 4.874
C5-6 —-0.1932 (5) 0.2017 (4) 0.1081 (3) 4.9 H(92) —0.4795 0.2995 -0.3218 4.874
C6-6 —0.2326 (5) 0.2664 (4) 0.1321(3) 4.5(1) H(93) -0.4519 0.4008 —0.3804 4.874
C1-7 —0.3482 (9) 0.3958 (4 0.1886 (3) 4.3(D) H(94) —0.3427 0.4958 —0.3595 4.874
C2-7 —0.3854 (5) 0.3745 (4 0.2376 (3) 5.0(1) H(95%) —-0.2580 0.491 -0.2789 4.874
C3-7 —0.4841 (6) 0.3586 (4) 0.2422 (3) 6.7 (2 H(01) —0.0944 0.3380 -0.1239 4.665
C4-7 —0.5421 (6) 0.3645 (5) 0.1989 (4) 7.3(2) H(02) 0.0688 0.3078 -0.139 4.665
C5-7 —0.5090 (6) 0.3851 (5) 0.1513 (3) 7.2(2) H(03) 0.1293 0.307 —-0.2257 4.665
C7-7 —0.4108 (6) 0.4020 (4 0.1441 (3) 6.3(2) H(04) 0.0286 0.331 —0.2980 4.665
C1-8 —-0.1661 (4) 0.4232(3) —-0.7559 (3) 4.2 (D) H(05) -0.1339 0.3624 —0.2842 4.665
C2-8 —-0.1791 (5) 0.4919 (4 —-0.7289 (3) 5.4(2) H(11) -0.1152 —-0.5306 -0.1277 6.238
C3-8 —0.1437 (5) 0.5000 (4) —-0.6769 (3) 5.3 H(12) -0.1177 -0.4102 —0.0838 6.238
C4-8 —0.0955 (5) 0.4410 (4) —-0.6530(3) 5.5(2) H(13) —0.2555 -0.3356 —0.0896 6.238
CS-8 —0.0795 (5) 0.3752 (4) —-0.6784 (3) 5.4 (2) H(14) —0.3838 -0.3731 -0.1367 6.238
C6-8 -0.1169 (5) 0.3645 (4) -0.7312 (3) 5.2(1) H(15) —0.383 -0.493 —-0.1826 6.238
Cl1-9 -0.3179 (4) 0.3907 (3) -0.2507 (2) 3.7(D) H(2Y) -0.418 0.3887 —-0.1225 6.265
C2-9 —0.3827 (5) 0.3345 (4) —0.2641 (3) 4.8 (1) H(22) —0.5065 0.2911 -0.0751 6.265
C3-9 —0.4343 () 0.3389 (4) -0.3125 (3) 4.9 (1) H(23) —0.4525 0.1684 -0.0773 6.265
C4-9 —-0.4172 (5) 0.3984 (4) —0.3462 (3) 5.6 (2) H(24) —-0.3126 0.1358 -0.1185 6.265
C5-9 —0.3526 (5) 0.4551 (4) —0.3344 (3) 5.2(D) H(25) -0.2223 0.2304 —-0.1651 6.265
C6-9 —0.3026 (4) 0.4514 (4) —0.2867 (3) 4.5(D)

C1-10 -0.1292 (4) 0.3538 (3) —0.2014 (3) 3.9(D)

C2-10 —0.0696 (5) 0.3370 (3) —-0.1585(2) 4.2(1)

C3-10 0.0272 (5) 0.3194 (4) -0.1672 (3) 5.2(2)

C4-10 0.0633 (5) 0.3186 (4) —-0.2187 (3) 4.9(1)

Cs-10 0.0038 (5) 0.3328 (4) -0.2616 (3) 49(1)

C6-10 —-0.0931 (4) 0.3512 (4) -0.2539 (3) 4.3(D

Cl-11 —-0.2502 (5) —-0.5231 (3) —0.1580 (3) 4.4 (1)

C2-11 —-0.1711 (5) —-0.4984 (4) —-0.1289 (3) 5.5(2)

C3-11 —-0.1726 (6) —0.4275 (5) -0.1033 (4) 7.4 (2)

C4-11 —0.2534 (6) —0.3837 (5) —0.1061 (4) 7.1(2)

C5-11 —0.3282 (6) —0.4059 (5) —0.1347 (4) 7.2(2)

C6-11 —0.3288 (6) —-0.4763 (4) —-0.1611 (3) 6.3(2)

Cl-12 -0.3110(5) 0.3175(3) —-0.1473 (3) 4.3(D

C2-12 —0.3947 (6) 0.3376 (4 -0.1202 (3) 6.6 (2)

C3-12 —0.4486 (6) 0.2788 (5) -0.0928 (4) 7.7(2)

C4-12 —-0.4162 (6) 0.2074 (5) —0.0939 (4) 7.0(2)

C5-12 —0.3336 (6) 0.1870 (5) —-0.1184 (3) 6.6 (2)

C6-12 —0.2806 (4) 0.2433 (4) —-0.1462 (3) 4.8 (1)
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Table 11 (Continued)
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atom B(11) B(22) B(33) B(12) B(13) B(23)
Fe 4.68 (5) 5.10(5) 4.64 (5) -0.07 (4) 0.54 (4) -0.25 (4)
S1 6.6 (1) 5.2(1) 7.1(1) —-0.16 (8) 2.46 (9) -0.43 (9)
S2 54(1) 5.24 (9) 5. 7(1) 0.30(8) 0.39 (8) 0.40 (8)
S3 9.5 (1) 5.5()) 6.5 (1) -1.30(9) 1.4 (1) -0.5(1)
S4 5.7(1) 7.2(1) 5.5(1) 0.85 (8) —0.45 (8) -0.12 (8)
P1 4.14 (9) 4.16 (8) 4.3 (1) -0.02(7) 0.24 (1) -0.02 (7
P2 3.96 (8) 4.32(8) 3.88(8) 0.13 (M 0.00 (6) -0.04 (7
Cl-1 3.6 (3) 5.3(4) 4.7(4) 0.6 (3) 0.9 (3) -1.3(3)
C2-1 4.2 (4) 6.7 (4) 8.0 (6) 0.4 (3) 0.6 (4) -1.3(4)
C3-1 6.8 () 8.8 (6) 4.7 (4) 1.1(4) 0.6 4) -1.54)
C4-1 6.1(5) 7.1(5) 6.2 (5) 2.2(4) 0.3(4) 1.9(4)
Cs5-1 5.3(4) 6.4 (4) 6.3 (5) 0.5(3) 0.6 (9 0.4 (4)
Cé6-1 4.8 (4) 5.7(4) 5.1 (4) 0.4 (3) 0.2(3) -0.9(3)
C1-2 4.2 (3) 3.7(3) 4.94) -1.3(3) 0.0(3) 0.6 (3)
C2-2 4.5 (4) 5.4 (4) 4.6 (4) -1.0Q3) 0.1(3) -0.5(3)
C3-2 5.1(4) 5.5(4) 5.34) -0.8(3) -0.9(3) 0.4 (4)
C4-2 4.1(4) 5.6 (4) 1.7 (6) -1.2(3) 0.4 (3) -1.9@4)
Cs-2 5.6 (4) 6.9 (5) 5.1(5) -2.5(4) 0.7 (3) 0.9 (4)
C6-2 4.2 (4) 5.6 (4) 6.1(5) -1.23) 0.53) 0.34)
C1-3 8.0 (6) 9.2 (6) 3.8(4) -3.4(5) 0.6 (3) -0.2(4)
C2-3 6.9 (6) 13.8(9) 6.9 (6) -1.3 (6) -1.1(5) 0.2 (6)
C3-3 8.3(8) 19.1 (12) 1.3 (6) 0.9(7N -2.0(6) 2.1(7
C4-3 9.3(13) 34.4 (32) 7.4 (9 -9.1(15) -2.2(8) 4.4 (16)
C5-3 11.6 (15) 209 (17) 6.5 (8) -8.0(12) -1.9(9 3.6 (9)
C6-3 121 (9) 15.3(9) 5.9 (6) -7.8(8) -0.3(5) 2.6 (5)
C1-4 3.9(4) 9.0 (5) 2.8(3) -0.5(3) -0.2(2) -0.9(3)
C2-4 5.5(5) 10.3 (6) 334 0.3(4) 0.0(3) -0.4(3)
C3-4 3.6 (4 15.2(10) 4.6 (4) —1.4 (6) -0.73) 0.6 (5)
C4-4 85(M 9.9(7) 374 -15(5) 0.0 (4) 0.8 (4)
Cs5-4 6.1 (5) 9.2 (6) 3.8(4) -0.3(4) -0.9(3) 0.5(4)
C6-4 5.0(4) 6.6 (4) 4.6 (4) -0.8(4) -0.0(3) 0.4 (3)

9 Calculated standard deviations are indicated in parentheses. The thermal parameters are in units of square angstroms. The temperature
factor has the form T=—2(1/, BUNHH(J)ASTARJ)ASTAR(/)) for the anisotropic case. T'=—B((sin 8)/A)? for the isotropic case. H is
the Miller Index, ASTAR is the reciprocal cell length, and J and J are cycled 1 through 3.

do not differ appreciably in the three structures; however, the
magnitudes of the S—-C-C endo-chelate and exo-chelate angles
show pronounced variations. These variations also are reflected
in a wide range in the “bite” size of the S,C,0,% ligand. It appears
likely, that the observed variations in the S—-C-C angles and,
consequently, of the ligand bite size are determined primarily by
the coordination geometry around the chelated metal atom, the
directional character of the sulfur donor electron pairs (C-S-M
angle), and the M-S bond length.

In the present structure the ligand is slightly distorted from
the “ideal” geometry with a C—C-S endo angle of 137.6° com-

—
pared to an expected value of ~134° in the free ligand. Ata Fe-S

————

distance of ~2.39 A the observed S-Fe-S angle is 95.5° and the
C-S-Fe angle is ~92°. Any further “opening up” of the S—Fe-S
angle at a fixed Fe-S bond length would give rise to smaller
C-S-Fe angles. Thus if the ligand was to “open up” so that it
resembles in geometry the ligands in the (Cug(Dts)g)* cluster
(C-C-S = 129.9° and a bite of 3.92 A), the S—Fe~S angle would
be ~112°; however, the C—S-Fe angle would have to have the
very acute value of 75°.

As observed in the structures of numerous 1,2-dithiolene com-
plexes*! the “ethylenic” C==C length in the S,C,0,?" coordinated
ligand is slightly longer than a pure double bond and the C-S bond
lengths are slightly shorter than a single bond. For the 1,2-di-
thiolene complexes the M—S—C angles range from 101.5 to 110°,
Under the assumption that the hybridized orbitals used by the
sulfur donors in the 1,2-dithiolenes are similar to those present
in sulfur donors of the S,C,0,* ligand, the Fe-S—C angle of 92°
found in the present structure may be close to a lower limit for
the size of this angle.

On the basis of the above considerations, it is apparent that
the inequivalence of the S—Fe-S angles in the FeS, core arises
from the strain limitations of the S,C,0,2 ligands. The structure
of the S,C,0,* ligand has been described in detail elsewhere?®

(41) Eisenberg, R. Prog. Inorg. Chem. 1970, 12, 295.

and will not be discussed any further, The same applies for the
structures of the two Ph,P* cations which are unexceptional and
will not be discussed.

Mobssbauer and Magnetic Susceptibility Results. Preliminary
results on zero magnetic field spectra have been reported else-
where.2* These measurements showed that complex I displays
the same isomer shift and quadrupole splitting with those of
reduced rubredoxin.*?> Spectra of the two complexes at high
magnetic fields are shown in Figure 10. A spectrum of the Rd,
taken by Schultz and Debrunner® at the same temperature and
magnetic field is also included for comparison. The similarity
of the spectrum of I to that of the protein is striking. The dif-
ference in the absortion near the velocity of 2 mm/s arises from
the different geometry of the external magnetic field which was
used for the two cases.

The spin Hamiltonian appropriate to the lowest orbital singlet
spin quintet electronic level of the energy diagram depicted in
Figure 11 is

Hy=D[S2-[SS+ D] + ES2-S) +65gH, (1)

where D and E represent the familiar axial and rhombic crystal
field parameters. The line shapes of the magnetically perturbed
spectra (Figure 10) have been calculated from the nuclear spin
Hamiltonian

HN=

I 1 I
(SyAd + 49 312 - 5y (2 - 1y2)] - BT+ 5

12 4
(2

where the expectation value of the electronic spin (S) can be
calculated by diagonalization of the Hamiltonian (1). A is the

(42) Rao, K. K,; Evans, M. C. W,; Cammack, R.; Hall, D. O.; Thomson,
C. L.; Jackson, P. J.; Johnson, C. E. Biochem. J. 1972, 129, 1063.

(43) Schultz, C; Debrunner, P. G. J. Phys. (Orsay, France) 1976, 37,
C6-153.
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Table II. Positional and Thermal Parameters and Their Standard Deviations in [Ph,P], [Fe(S,C,0,),]¢

atom x ¥y z B(11) B(22) B(33) B(12) B(13) B(23)
Fe 0.26560 (8) 0.09730 (8) 0.05359(7) 5.01(8) 4.26 (7) 4.46 (6) —0.05 (6) 2.11(6) —-0.01(5)
S1 0.2772 (2) 0.0130(1) -0.0472 (D) 7.2 (2) 4.8 (1) 5.1Q1) 0.3(1) 3.4(1) 0.0(1)
S2 0.2838 (2) —-0.0076 (1) 0.1478 (1) 5.9Q) 4.6 (1) 4.0(1) -0.8(D) 1.7() 0.08 (9)
S3 0.3511 (2) 0.2111 (1) 0.1067 (1) 46 (1)  48(1) 6.6 (1) —0.2(2) 22(1)  -0.58(1)
S4 0.1385 (2) 0.1674 (1) 0.0218 (1) 4.7(1) 5.2(1) 5.6(1) -0.1(1) 1.7(1) -0.38(1)
P1 0.5521 (1) 0.0644 (1) 0.3563 (1) 3.9(1)  4.4Q) 3.7(1) —-0.16(9) L4(D) 0.16 (9)
P2 —-0.0154 (1) 0.1963 (1) 0.2239 (1) 4.2 (1) 3.6 (1) 3.9(1) 0.3 (1) 1.5 (1) -0.05(9)
o1 0.0973 (5) 0.3521 (4) 0.1031 (5) 7.1(5) 6.2(4) 13.4 (6) 0.8 (4) 55(5) —1.0(4)
02 0.2962 (5) 0.3915 (4) 0.1876 (4) 8.6(5)  4.8(4) 6.9(4)  —0.8(4) 284 -15(@3)
03 0.2799 (5) -0.2054 (4) -0.0572 (4 10.6 (6) 5.1 (4 8.7 (5) -1.04) 6.0 (4 -2.0(3)
04 0.2927 (5) -0.2214 (4) 0.1262 (4) 9.3 (5) 4.2 (4) 7.3 (4) 0.2(3) 2.6 (4) 1.3(3)
Ct 0.2702 (6) 0.2648 (5) 0.1086 (5) 4.3 (6) 3.9(35) 42(4) -07(4) 1.6 (4) 0.3 (4)
C2 0.1860 (6) 0.2480 (5) 0.0747 (5) 4.7 (6) 3.7(5) 4.7(5) L0 (4) 2.4 (4) 1.5 (4)
C3 0.1612(7) 0.3215 (6) 0.1057 (6) 530 3.7(5) 7.2 (6) —-0.4(5) 3.3(6) 0.5(4)
C4 0.2543 (1) 0.3411 (6) 0.1450 (6) 7.0(8) 4.1(5) 4.9 (5) 0.4 (5) 3.2(5) 0.1 (4)
Cs 0.2856 (5)  —0.0710(5) 0.0080 (6) 43(5)  4.3(6) 596) —0.2(4) 29(4) —0.64)
Cé6 0.2885 (95) -0.0792 (5) 0.0847 (5) 4,0 (5 4.2 (6) 4.8 (5) -0.7(4) 2.04) -0.1(4)
C7 0.2912 (6) —0.1680 (6) 0.0815 (6) 4.2 (6) 4.3 (6) 6.3 (6) -0.2 (4) 2.0(5) -0.0(5)
C8 0.2850 (6) —-0.1594 (6) —0.0045 (6) 5.6 (6) 4.8 (6) 6.5 (6) —0.6 (5) 31(9 -0.7(5)

atom X y z B atom X y z B
C9 0.5655 (5) 0.0725 (5) 0.2643 (4) 3.6 (2) H(11) 0.6737 0.1323 0.3025 5.168
Cl10 0.6321 (6) 0.1126 (5) 0.2568 (5) 5.0(2) H(12) 0.6854 0.149 0.1785 5.168
Cl1 0.6391 (6) 0.1225 (6) 0.1835 (5) 5.4 (2) H(13) 0.5851 0.1015 0.0694 5.168
Cl12 0.5798 (6) 0.0944 (6) 0.1192(5) 5.5(2) H(14) 0.4710 0.0378 0.0764 5.168
Cl13 0.5124 (7) 0.0567 (6) 0.1230 (6) 6.0 (2) H(15) 0.4566 0.0192 0.2011 5.168
Cl4 0.5035 (6) 0.0455 (6) 0.1969 (5) 5.4 (2) H(21) 0.6919 0.1553 0.4432 5.376
Cl15 0.6478 (5) 0.0415 (5) 0.4323(5) 4.0(2) H(22) 0.8244 0.1229 0.5357 5.376
Clé6 0.7056 (6) 0.1019 (6) 04611 (5) 5.2(2) H(23) 0.8542 —0.0045 0.5752 5.376
Cl17 0.7838 (7) 0.0825 (6) 0.5158 (6) 6.2 (2) H(24) 0.761 —-0.1054 0.5335 5.376
C18 0.8009 (7) 0.0074 (6) 0.5388 (6) 6.3(2) H(25) 0.6288 -0.0772 0.4412 5.376
C19 0.7465 (6) —0.0523 (6) 0.5145 (5) 5.8 (2) H(31) 0.5394 —-0.0982 0.310 4.662
C20 0.6684 (6) —-0.0357 (5) 0.4599 (5) 4.7 (2) H(32) 0.4471 -0.2021 0.3033 4.662
C21 0.4802 (5) —-0.0132 (5) 0.3507 (4) 3.6 (2) H(33) 0.334 -0.1799 0.3396 4.662
C22 0.4928 (6) —0.0890 (6) 0.3248 (5) 4.9 (2) H(34) 0.3108 —0.0543 0.3818 4.662
C23 0.4380 (6) —-0.1504 (6) 0.3208 (5) 5.8(2) H(39%) 0.4004 0.0506 0.3872 4.662
C24 0.3713 (6) —0.1374 (6) 0.3421 (5) 5.2(2) H(41) 0.5384 0.1329 0.4946 5.138
C2s 0.3575 (6) —-0.0630(5) 0.3670 (5) 4.6 (2) H(42) 0.4908 0.2562 0.5248 5.138
C26 0.4106 (5) -0.0011 (5) 0.3704 (4) 4.0(2) H(43) 0.4433 0.3536 0.4308 5.138
C27 0.5153(5) 0.1588 (5) 0.3790 (4) 35(2) H(44) 0.4379 0.3308 0.3050 5.138
C28 0.5179 (6) 0.1730 (5) 0.4554 (5) 5.1(2) H(45) 0.4840 0.2081 0.2707 5.138
C29 0.4897 (6) 0.2461 (6) 0.4731 (5) 5.7(2) H(51) 0.1021 0.2779 0.3529 4.992
C30 0.4617 (6) 0.3037 (6) 0.4178 (6) 5.8(2) H(52) 0.2443 0.2795 0.4075 4.992
C31 0.4586 (6) 0.2899 (6) 0.3435 (6) 6.0 (2) H(53) 0.3228 0.2058 0.3523 4.992
C32 0.4856 (5) 0.2177 (5) 0.3226 (5) 4.8 (2) H(54) 0.2588 0.1311 0.2394 4.992
C33 0.0941 (5) 0.2026 (5) 0.2634 (4) 3.5(2) H(55) 0.1151 0.1288 0.1833 4.992
C34 0.1338 (6) 0.2477 (6) 0.3295 (5) 5.4 (2) H@1) -0.151 0.088 0.1921 5.522
C35 0.2179 (7) 0.2485 (6) 0.3617 (6) 6.2 (2) H(62) —0.2045 0.0089 0.2711 5.522
C36 0.2645 (6) 0.2051 (6) 0.3293 (5) 5.8 (2) H(63) —0.1365 0.0077 0.4031 5.522
Cc37 0.2265 (6) 0.1608 (6) 0.2624 (5)  5.2(2) H(64)  —0.0177 0.0785 0.4630  5.522
C38 0.1415 (5) 0.1596 (5) 0.2293(4)  3.9(2)  H(65) 0.0363 0.1569 0.3836  5.522
C39 —-0.0523 (9) 0.1300 (5) 0.2807 (4) 372 H(71) -0.150 0.2522 0.2621 4.922
C40 —0.1236 (6) 0.0863 (6) 0.2474 (5) 5.3(2) H(72) -0.2051 0.3797 0.2731 4.922
C41 —0.1554 (6) 0.0392 (6) 0.2936 (6) 6.4 (2) H(73) —0.1460 0.4898 0.2460 4,922
C42 -0.1148 (7) 0.0393 (6) 0.3714 (6) 6.7 (2) H(74) -0.0317 0.4847 0.2099 4,922
C43 —0.0446 (6) 0.0807 (6) 0.4076 (6) 6.2 (2) H(75) 0.0279 0.3576 0.2011 4,922
C44 —-0.0128 (6) 0.1271 (5) 0.3604 (5) 4.9 (2) H(81) -0.061 0.2734 0.0765 5.062
C45 —0.0575 (5) 0.2940 (5) 0.2312 (4) 3.8(2) H(82) -0.0957 0.2298 —0.0546 5.062
C46 —0.1254 (6) 0.2996 (5) 0.2517 (5) 4.7(2) H(83) -0.0992 0.0952 —0.0805 5.062
C47 —-0.1582 (6) 0.3748 (6) 0.2582 (5) 5.4 (2) H(84) -0.0721 0.0014 0.0171 5.062
C48 —-0.1226 (6) 0.4391 (6) 0.2421 (5) 5.5(2) H(85) —-0.0357 0.0435 0.1500 5.062
C49 —-0.0555 (D 0.4368 (6) 0.2209 (6) 5.8(2)
Cs0 —-0.0195 (5) 0.3616 (5) 0.2154 (5) 4.4 (2
Cs1 —0.0469 (5) 0.1625 (5) 0.1251 (5) 4.0(2)
C52 —-0.0631 (6) 0.2176 (5) 0.0648 (5) 4.8 (2)
Cs3 —0.0837 (6) 0.1920 (6) -0.0129 (5) 5.7(2)
Cs4 —0.0857 (6) 0.1125 (6) -0.0277 (5) 5.5(2)
Css —-0.0696 (6) 0.0569 (6) 0.0297 (5) 5.5(2)
CS56 —0.0481 (6) 0.0815 (5) 0.1085 (5) 4.8 (2)
@ See footnote a in Table 1L
hyperfine constant tensor, 5 is the asymmetry parameter of the The parameters of the Hamiltonian (1) and (2) for the com-
EFG tensor, and § is the isomer shift.* plexes I and II have been determined by consistent fittings of the
(44) Details of the analysis of the Mossbauer spectra and the magnetiza- (45) Abragam, A.; Bleaney, B. “Electron Paramagnetic Resonance of

tion measurements will be published elsewhere. Transition Ions”; Oxford University Press: London, 1970; p 399.



Tetrahedral Complexes Containing the Fe''S, Core

Table IV. 1ntramolecular Bond Distances® and Angles (Deg) in
[(C4H,),P], Fe(SCHy), (1)

Bond Distances

Fe-S1 2.359(2) P1-C1-8 1.804 (7)
Fe-S2 2.360 (2) P2-C1-9 1.794 (6)
Fe-S3 2.338 (2) P2-C1-10 1.798 (6)
Fe-S4 2.355(2) P2-C1-11 1.782 (6)
S1-C1-1 1.752(7) P2-C1-12 1.781 (D)
S2-C1-2 1.754 () S1-S2 3.559 (3)
§3-C1-3 1.800 (10) S1-S3 4.047 (4)
S4-C1-4 1.762 (8) S1-S4 3.923(3)
P1-C1-§ 1.797 (6) S2-S3 3.882 (4)
P1-C1-6 1.800 (6) $2-S4 3.983 (4)
P1-C1-7 1.778 (7) $3-54 3.630 (3
Bond Angles
S1-Fe-S2 97.89(9) C1-5-P1-C1-7 108.6 (4)
S1-Fe-S3 119.00 (10) C1-5-P1-C1-8 110.6 (4)
S1-Fe-S4 112.67 (10) Cl1-6-P1-C1-7 108.0 (4)
S2-Fe-S3 111.47 (11) C1-6-P1-C1-8 110.0 (4)
S2-Fe-S4 115.27 (9) C1-7-P1-C1-8 108.6 (4)
S3-Fe-S4 101.34 (10) C1-9-P2-C1-10 1104 4
Fe-S1-C1-1 114.1 (2) C1-9-P2-C1-11 109.1 (4)
Fe-S2-C1-2 109.9 (2) C1-9-P2-C1-12 107.3 (4)
Fe-S3-C1-3 110.3(4) C1-10-P2-C1-11 1101 (%
Fe-S4-C1-4 109.2 (3) C1-10-P2-C1-12 109.2 (4

C1-5-P1-C1-6 111.0(4 C1-11-P2-C1-12 110.7(4)

% The numbers following the hyphens in the carbon atom desig-
nations indicate the corresponding pheny! rings.

Table V. 1ntramolecular Bond Distances (A) and Angles (Deg) in
[(C¢H(), P, Fe(S,C,0,), (D)

Bond Distances

Fe-S1 2.379 (3) S1-S2 3.535(3)
Fe-S2 2.394 (3) S$3-54 3.550(4)
Fe-S3 2.396 (3) S1-54 4.022 (4)
Fe-S4 2.387 (3) S1-S3 4.233 (3)
S1-C5 1.701 (9) S2-S3 3.982 (4)
S2-C6 1.681 (9) S2-54 4.015 (4)
S3-Cl 1.679 (9) S1-03 3.648 (7)
S4-C2 1.692 (10) S2-04 3597 (D
01-C3 1.209 (1D $3-02 3.624 (7)
02-C4 1.202 (1D S4-01 3.598 (8)
03-C8 1.208 (10) 01-02 3.324 (11)
04-C7 1.201 (10) 03-04 3.283 (10)
Cl-C2 1.405 (11 P1-C9 1.780 (8)
C5-Cé6 1.389(11) P1-C15 1.794 (8)
C1-C4 1.505(12) P1-C21 1.778 (8)
C2-C3 1.477 (13) P1-C27 1.801 (8)
C5-C8 1.492 (13) P2-C33 1.788 (8)
C6-C7 1.483 (13) P2-C39 1.784 (8)
C3-C4 1.559 (15) P2-C45 1.811(8)
C7-C8 1.541 (14) P2-C51 1.781 (8)
Bond Angles
S1-Fe-S2 95.57 (11) C6-C5-C8 93.0 (8)
S1-Fe-S3 124.86 (13) C1-C4-C3 86.7 (8)
S1-Fe-54 115.11 (13) C4-C3-C2 87.4 (7)
S2-Fe-S3 112.42 (12) C6-C7-C8 87.4 (7)
S2-Fe-S4 114.23 (12) C5-C8-C7 86.7 (8)
S3-Fe-54 95.83 (12) S3-C1-C4 138.2 (6)
Fe-S1-C5 92.4 (3) S1-C5-C8 136.8 (5)
Fe-S2-C6 93.1(3) $2-C6-C7 138.2 (5)
Fe-S3-Cl1 91.4 (3) S4-C2-C3 136.7 (6)
Fe-S4-C2 91.4 (3) 01-C3-C4 136.3 (9)
S3-C1-C2 129.6 (5) 02-C4-C3 137.8 (8)
S4-C2-C1 129.5 (5) 03-C8-C17 135.3(8)
S1-C5-C6 130.0 (5) 04-C7-C8 137.4 (8)
S2-C6-C3S 128.8 (5) 01-C3-C2 136.3 (9)
C2-C1-C4 92.2(8) 02-C4-C1 135.5(9)
C3-C2-C1 93.7 (8) 03-C8-C5 138.0 (8)
C7-C6-CS5 92.8 (8) 04-C7-C6 135.0(8)

spectra at different temperatures and applied fields and are listed
in Table IX. The zero field parameters D and E for I have been
measured independently by far-infrared magnetic resonance
spectroscopy.® The reported values have been kept constant
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Figure 10. Mossbauer spectra at 4.2 K of (a) [Fe(SC¢Hs),J* in a
transverse field of 26 kG, (b) reduced Rd in a parallel field of 24 kG,
and (c) [Fe(S;C40,),]* in a transverse field of 26 kG. The solid lines
are simulated spectra calculated with the parameters given in Table I.
Spectrum b is reconstructed from ref 41.

during the fitting procedure. In the case of II, however, D and
E have been treated as free parameters. In the same table we
include also the parameters for reduced rubredoxin extracted from
Maossbauer spectra by a similar procedure.* The results indicate
(Table IX) that the parameter sets for I, II and Rd, are very
similar. Of particular interest is the observation that, while there
exists a very close agreement in the components 4, and A, of the
magnetic hyperfine tensor and AE, for I and (Rd),eq, significantly
different values are found for II. As shown in a complete analysis
of the electronic structure of the ground-state spin quintet,** the
magnetically perturbed spectra depend mainly on the value of the
A,, due to the significant rhombic anisotropy (£/D = 0.25). The
practically identical values found for this parameter in I and Rd 4
correspond to the striking similarity of their Mdssbauer spectra
(a and b in Figure 10) and imply very similar electronic structures.

The quadrupole interaction of complex I does not show any
substantial temperature variation between 4.2 and 30 K** and is
in agreement with the results of Rd,q. This lack of temperature
variation sets a lower limit of the energy separation of the two
lowest orbital states at ~ 1000 cm™! which is close to the value
of 850 cm™ estimated for the protein by Eaton and Lovenberg?
from the slight variation of the quadrupole splitting with tem-
perature. Complex II on the other hand shows a substantial
temperature variation of the quadrupole splitting which corre-
sponds to an energy separation of the two lowest orbital states
of ~400 cm™.

In the framework of the second-order perturbation approxi-
mation the zero field splitting parameters can be expressed in terms
of the energies of the orbital states (Figure 11) and the spin—orbit
coupling constant. A calculation with the values determined from

(46) Champion, P. M.; Sievers, A. J. J. Chem. Phys. 1977, 66, 1819.
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Table VI. Hydrogen Atom Interactions in the Tetraphenylphosphonium “Salts” of the Phenyl Mercaptide (M(SC,H,),*") Complexes

metal
dist, A Mn Fe Co Ni Zn Cd Fe'd
M-S(av) 2.442 (13) 2.353(9) 2.328 (11) 2.288 (13) 2.353 (14) 2,535 (1)) 2.33 ()
M-H(av) 2.95 (10 2.98 (8) 2.86 (10) 2,88 (10) 29109 2.95(10) 2.99
H-S(a) 2.95(9) 2.94 (6) 2.90(8) 2,88 (8) 2.89 (8) 3.00(9) 2.96
H-S(") 3.60(19) 3.55 (16) 3.34 (18) 3.26 (18) 3.49 (18) 3.66 (20) 3.58
H-S(b) 2.89 (%) 290 (4 2.90(5) 2.90 (5) 2,89 (5) 2.89 (6) 2.89
H-S(b") 2.82(2) 2.82(2) 2,83 (2) 2.82(2) 2.81(2) 2.82 (3) 2.83
9 Data from the structure of the Et,N* “‘salt’".?$
Table VII. Angular Distortions in the Tetraphenylphosphonium “Salts” of the M(SC,H,),>~ Complexes
metal
angle Mn® Fe® b Fe€ Co? Ni@ Zn® Cge Fe'®d
Qay 121.5 121.9(6) 123.0(5) 121.6 121.8 121.7 121.5 121.5
Bav 118.4 117.9 (6) 120.4 ($) 118.4 118.2 118.3 118.4 118.5
Tav 110 111 (2) 111 (2) 110 109 110 109 113
Sav 110 100 (1.6) 100 (1.7) 96 92 98 101 106
€av 117 117 (1.5) 117 (1.9) 118 121 118 117 117
€ ay 111.4 112.4 (8) 112.1 (6) 115.1 1159 1126 110.5 105.8

@ The pheny! rings in the M(SC,H,),?" anion were refined as rigid bodies with exact hexagonal geometry. ? Standard deviations from the
mean are representative of entire family. € The carbon atoms in the pheny! rings in the Fe(SC,H,),>” anion were refined individually with
anisotropic temperature factors; in this refinement the mean value of the C-C-C angle closest to the sulfur atom is 116.5(3)°. ¢ Data from

the structure of the Et, N* “‘salt””.

Table VIII. Comparison of Ligand Parameters in the Structures
of the [Cu,y (Dts),]°7, [Fe(Dts),]*~ and [Ni(Dts), ]*~ Complexes®

Table IX. Parameters of Fine and Hyperfine Structure for the
Fells, Cores in 1, Rdyeq, and 11

[Cug(Dts),]*"® [Fe(Dts),]>~ [Ni(Dts),]* ¢ Fe(SPh),>~  Rdpq®  Fe(dts),”

Cc=0 L210(19)  1.203(12)  1.222(5) DK 8.6% 10.9 9.2
C=$ 1707 (24)  1.688(14) 1691 (4) E K 2.04¢ 3.1 2.5
S—S(bite)  3.922(14)  3.543(8) 3.257(2) g 2.12 2.11 2.1
s-c—c¢ 137.7 (8) 129.3(10)  123.3(3) &y 2.19 2.19 2.14
s-C-Ce 129.9(13)  137.6 (10)  144.5(5) g 2.01 2.0 2.01
c-c-cf 92.3 (16) 93,0 (11) 92.2(3) Ay, mm/s 1.16 1.36 1.05
C-C-C# 87.6 (10) 87.0(9) 87.9 (3) A, mm/s 0.57 0.56 0.4
Cc-C-0 135.1(12) 1366 (12)  138.0(3) Az, mm/s 2.09 2.03 1.6
0-C-C 137.2(11)  136.3(11) 1342 (3) AEQ,° mm/s -3.24 -3.25 -3.97

_ n 0.67 0.65 0.65
M-$ 2.247(10)  2.389(7) %%gig; 5.6 mm/s 0.66 0.70 0.668

Yetf LB 5.1 5.05¢ 5

@ Esd’s for the reported average interatomic distances and angles
were computed as follows: o= [EN (x — X)*/(V — 1)]'2,
where x; is the length of the bond and X is the mean value for the
N equivalent bond lengths, ? From ref 20b. € From ref 20a.
d Chelate ring angle. ¢ Exo-chelate ring angle. 7 Central C at-
tached to S atom. € Central C attached to O.
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6000 5800
tz I I 5600
‘ 3700 —————— 4500 5000
pr
At
2
J 9292 gso 1000 800
e
dz2 <] 0 <]
2- 2-
Rdyed Fe(SCeHs)g FelSyo-xyl,

Figure 11. The ground-state electronic structure of the Fel'S, tetrahedral
chromophore in various ligand environments.

the electronic absorption spectra of complex I (Table X) and the
values of D and E of Table IX results in a spin—orbit coupling
constant, A = —95 = 5 ¢cm™, which may be compared to the ionic
value for Fe?*, A = —103 cm™. A larger value of A (-104 % 3)
is calculated for complex II, implying more ionic character for
the Fe-S bonds of this complex as expected from its larger average
Fe-S distance.

@ Taken from far-infrared magnetic resonance measurements.**
b At4.2K. ©At4.2K with respect to Fe metal at room tempera-
ture. ¢ Reference 43. € Reference 8.

The main conclusion that may be drawn from the Mdssbauer
results is that the electronic structure of the active center in Rd,y
can be accurately reproduced by the anion [Fe(SPh),]>". The
anion [Fe(dts);]*” appears with a different electronic structure
and cannot be considered as a suitable analogue of Rd,e. This
difference may arise from the slightly different molecular geometry
of this complex.

The Na[Ph,As][Fe(S,-0-xyl),] complex, which has also been
suggested as a successful analogue for Rd,e4, displays similar zero
field Mdssbauer spectra with hyperfine parameters and temper-
ature variation close to those of the protein and the [Fe(SPh),]*"
analogue. The magnetically perturbed spectra of this complex,
however, are different from those of the protein and complex 1.1°
Although a complete analysis of these spectra has not been re-
ported, their variation with the external magnetic field indicates
that the electronic structure of the ground-state spin quintet is
different than that of Rd,,y and the [Fe(SPh),]*" analogue.

Magnetization measurements were performed between 4.2 K
and room temperature. Figure 12 shows the temperature variation
of the magnetic susceptibility of complex I. The solid line in the
figures is the result of a calculation of the magnetic susceptibility
by using the electronic spin Hamiltonian (1) and the parameters
listed in Table IX.

Electronic Spectra. [Fe(SC4Hs)P~. The spectra of this complex
anion were obtained in CH;CN solution and in the solid state by
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Table X. Solution and Reflectance Ligand Field Spectra of lron(l1) and Cobalt(1l) Thiophenolate Complexes

complex soln® reflectance assignt ref
[Fe(SC,H,), | 195880 (98) 5900 SE T, b
000 (sh) 7700 (sh)
19530
[Co(SC H,), ]* 6900 (br, 211) 6009 . .
8333 (sh) A 2T (F)
13800 (675) 13888
14 700 (820) ‘A, 24T, (P) 22
16 000 (590) 22730
Rdyeq 3703¢ SE ST, 10
6250 (130)
Rdyeq (Co(ll) substituted) 13368
14 600 ‘A, >*T, (P) 46
16130
[Fe(SC H,), (Dts)] > 5880 (95) 6040 SE =T, 22
19160
[Co(SC,H,), (Dts)]?" 6900 (sh) 6756 . .
8200 (154) 8333 (sh) A > T (B) 2
14180 (1080) 13297
15080 (1214) 14708 ‘A, 4T, (D)
17240 (846) 16 666
[Fe(Dts),]* 5800 (41) 2228 SE T, 20,
[Co(Dts), | 8300 (136) 8300 “A, 2T, (F) 20
15100 (281) 14700 ‘A, >°T, (P)
[Fe(S,-0-xyD,]*" 5000 (109, sh) SE 5T, 19
5555 (123)

@ CH,CN. Values expressed in nanometers with e values in parentheses. ® This work. € Aqueous solution (*H,0).

X(cgsu)

10 20 0 40 S0 40 0 80 90 oD

T{(K)

Figure 12. Temperature variation of the inverse magnetic susceptibility
of the [Fe(SPh),]? anion. The solid line represents a simulation of the
data,

reflectance spectroscopy (Table X). Phenyl group absorptions
in I mask the UV region of the spectrum. However, the ligand
field spectra in the near-IR region show transitions that are ex-
pected to arise from the SE — T, transition for Fe(II) in T,
symmetry. A band at 5880 cm™ (e = 98), a shoulder at 7700
c¢m™, and the onset of an apparent transition at 5000 cm™ are
characteristic of an axially distorted tetrahedral ligand field.

The electronic spectra of Rd,y from C. pasteurianum have been
obtained in D,0* and H,0. Two intense charge-transfer ab-
sorptions at 333 (e = 6300) and 311 nm (e = 10800) are found
in the UV region of the spectrum. On the basis of electronic
absorption and CD spectra analyses, bands at 6250 (¢ = 130) and
~3700 cm™ in the near-IR region of the spectrum have been
assigned to the SE — T transition of a Fe(II) ion in an axially
distorted tetrahedral ligand field. This axial distortion which
accounts for the apparent splittings of the t, orbitals by about 2500
cm™! is apparent in the structure of the Fe'S, core in Rd,oq which
appears as a flattened tetrahedron with approximate D,; sym-
metry.*” An examination of the distortions in the structure of
I reveals a similar type of distortion. We have been unable to
ascertain the magnitude of the splitting in the t, orbitals in I
because the low-energy component of the °E — T, transition falls

. (4f74)1 This distortion is apparent in Figure 2 and the accompanying table
in ref 4a.

outside the range of the spectrometer. However, on the basis of
the inflection present in the spectrum we place this absorption
between 5000 and 4000 cm™.

The splitting of the E — 3T}, transition in I is larger than that
observed for the same transition in [Fe(S,-0-xyl),]*~ (Figure 11)
and consistent with the larger distortions found in the structure
of I

Tha apparent similarity of the ligand environments and exact
values for At in Rd, and I cannot be established accurately
because of the splittings in the t, orbitals. A close similarity also
is evident in the ligand field spectra of the Co(II)-substituted
Rd,4* and [Co(SC¢Hs),]* (Table X). The characteristic triplets
of absorption that arise from the *A, — 4T, (P) transitions are
found at 13368, 14600, and 16 130 cm™ and at 13800 (¢ 675),
14700 (820), and 16000 (590) cm™, respectively, for Rd (Co(II)
substituted) and [Co(SC¢Hs)4)%.

Summary

There is little doubt that the electronic ground state of I is close
to being identical with that of Rd,,q. The apparently different
electronic characteristics of the ligand in II result in a ground state
for this complex that in fine detail does not resemble Rd,q. The
absence of ~CH,S ligands in I would place this complex, by criteria
suggested previously,® in a category of limited physiological
significance. It should be emphasized however that in addition
to the requirement for ligands with a terminal -CH,S™ group, a
Rd,4 active site analogue complex should also comply with the
geometric characteristics of the active site in Rd,g. In this site,
spectroscopic data suggest that the FeS, unit is subject to con-
siderable distortion toward approximate D,; symmetry.

A detailed structural analysis of the [Fe(SPh),]?- complex shows
such an approximate distortion which apparently is a fortuitous
result of intramolecular interactions. To what extent this distortion
affects the ground-state electronic structure in FellS, tetrahedral
complexes is not clear; however, the magnetically perturbed
Massbauer Spectra of the Fe(S;-0-xyl),* complex (in which the
FeS, unit is not severely distorted) are different from those of Rdq
and I. The FeS, unit in the Fe(S,-0-xyl),> analogue, which by
virtue of the presence of -CH,S™ ligand appendices can be con-

(48) May, S. W,; Kuo, J. Y. Biochemistry 1978, 17, 3333,
(49) Holm, R. H.; Ibers, J. A. In “Iron Sulfur Proteins”; Lovenberg, W.,
Ed.; Academic Press: New York, 1977; Vol. 3, Chapter 7.
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sidered physiologically acceptable is closer to T; symmetry than
the FeS, unit in 1.
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Generation of Rhodium(IT) and Rhodium(I) from the
One-Electron Reduction of Tris(2,2’-bipyridine )rhodium(IIT)
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Abstract: The reaction of Rh(bpy);** with radiation-generated reducing radicals (e,g", *CO,", and (CH;) ,COH) in aqueous
solution quantitatively and rapidly (k = 10°-10'© M1 571} yields Rh(bpy);** (Apex 485 nm, eg,, 1.0 X 10° M cm™) which
undergoes slow (k = 0.45 % 0.05 s1 at pH 3-10) loss of bpy at room temperature. Rh(bpy);** reacts with O, (k = 4.9 X
108 M1 s71) via electron transfer. In alkaline solution, Rh(bpy);2* undergoes disproportionation with ligand-labilized Rh(II)
to form Rh(bpy);** and red-violet Rh(bpy),*. At pH >10, ligand-labilized Rh(II) reduces Rh(bpy);** resulting in a re-
dox-catalyzed ligand-labilization chain reaction; at pH 14, G(bpy) =~ G(-Rh(bpy);**) > 300. The nature of O-sensitive Rh(bpy),*,
its spectrum, and state of aggregation is highly dependent upon the pH of the solution, [Rh(I)], and the nature and concentration
of the counteranion. At least four forms of Rh(bpy),* are clearly identified: (a) a red-violet soluble form (Ap,, 518 nm, €q,y
9500 M~ ¢m™) which is formulated as Rh(bpy),(OH),!™ and may be dimeric via hydroxide bridging (in neutral solution,
very small changes in pH have a large effect on the spectrum which shows a main band at ~415 nm and a well-defined shoulder
in the 470-nm region); (b) a violet insoluble form represented as Rh(bpy),X where X = CI-, CIO,", etc.; (¢) a transient green
form observed when the red-violet form is acidified which is formulated as Rh(bpy),(OH,),*; (d) a colorless form in acidic
solution which is assigned as a hydride in which the metal center is formally Rh(III), e.g., RhH(bpy),?*. At “natural” pH,
H, is produced with an efficiency of ~25% in the absence of any catalyst. The relevance of these results to solar energy conversion

schemes is examined.

Introduction

Recent studies®* of the excited-state electron-transfer reaction
of *Ru(bpy);2* with Rh™(bpy);** (bpy = 2,2’-bipyridine) have
shown that H, is generated from the reduction of H,O through
the intermediacy of Rh™(bpy);** and Rh!(bpy),*. From the point
of view of photochemical conversion of solar energy, this result
is very exciting; at the same time, only few detailed kinetic and
mechanistic studies have been carried out.” Although Rh(bpy),*
can be generated®’ by the direct action of aqueous BH,™ on
Rh(bpy);**, it is clear that only fast kinetics techniques can be
utilized to characterize Rh(bpy);?* and the resulting Rh(II) and
Rh(I) species.

Recently, in our examination® of the one-electron reduction of
Col(bpy);3* using the radiation chemical techniques of fast
kinetics pulse radiolysis and steady-state continuous radiolysis,
we found that Co"(bpy);** undergoes slow (k = 3.4 s! at pH
0.5-10.5) ligand labilization in aqueous solution; by way of
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comparison, the electrochemical reduction of Rh(bpy);** in
CH,CN solution® also results in ligand labilization. Because of
the periodic relationship of Co and Rh, the growing interest in
redox reactions arising from the excited-state reactions of Rh
complexes,'®!! and our continuing investigation of the interaction
of radiation-generated free radicals with polypyridines'? and their
coordination complexes,®1314 we have examined in detail the
one-electron reduction of Rh(bpy);** in aqueous solution. We
report here on the behavior of Rh(bpy);2*, the nature of the Rh(I)
species, and the implications of these results to photochemical
conversion and storage of solar energy.

Experimental Section

Materials. Rh(bpy);Cl;-5H,0 was prepared and purified according
to literature procedures.’* A sample of the complex, prepared according
to the procedures of Crosby and Elfring,'¢ was kindly provided by Dr.
F. Bolletta and showed identical behavior. The ClO, salt was also used
in some experiments. Aqueous solutions of Rh(bpy);** are stable in
acidic, neutral, and alkaline media; no changes in the absorption spectrum
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