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[Fe4S4(SR)4]3- - [Fe4S4(SR)4]2- - [Fe 4S 4(SR) 4]- (1) 

Fdred Fd0x Fds.ox 

HPs.red HP r e d HP0 x 

in aqueous solution has been found to undergo reversible 
electron transfer encompassing all three oxidation levels. Al
though evidence has been presented for the existence of the 
Fds.ox/Fdox (1 - / 2 - ) couples in proteins from Azotobacter 
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Abstract: The electronic properties (EPR and Mossbauer spectra, magnetic susceptibilities) of the recently synthesized, re
duced tetranuclear cluster salts (R'4N)3[Fe4S4(SR)4] have been investigated in detail. The collective results fully support a 
description of the trianions as analogues of the 4-Fe sites of reduced ferredoxin proteins (Fdred). The compound (Et3MeN)3-
[Fe4S4(SPh)4] crystallizes in the monoclinic space group C*-Cc with 8 formula units in a cell of dimensions a = 11.426 (5), 
b = 24.806 (7), c = 39.147 (10) A, and /3 = 90.75 (2)°. The two crystallographically independent trianions have virtually iden
tical structures which resemble that of [Fe4S4(SPh)4]2" in having Fe4S4 core configurations of idealized Did symmetry, but 
differ in that the cores are elongated rather than compressed along the 4 axis. Trianions exhibit axial EPR spectra and temper
ature and power saturation characteristics similar to those of Fdred proteins. Zero-field Mossbauer spectra of polycrystalline 
samples and acetonitrile solutions at low temperatures consist of two overlapping quadrupole doublets with parameters very 
similar to those of B. stearothermophilus Fdred- Magnetic properties of polycrystalline and solution samples of [Fe4S4-
(SR)4]3- are consistent with a spin-doublet ground state and appreciable population of higher spin states, arising from net an-
tiferromagnetic spin coupling, at temperatures down to 4.2 K. A significant observation is that the appreciable differences in 
Mossbauer and magnetic behavior of polycrystalline samples of [Fe4S4(SPh)4]

 3~ and [Fe4S4(SCHhPh)4]
3_ (whose core struc

ture is less regular than that of the former trianion) are much attenuated when examined in frozen acetonitrile solutions. Be
cause the properties of [Fe4S4(SPh)4]3" are much less sensitive to phase changes, we conclude that an elongated tetragonal 
geometry is the intrinsically stable core structure of [Fe4S4(SR)4]3". On this basis it is speculated that the native forms of 
"high-potential", but not Fd, proteins may have evolved to resist the ca. 0.08 A axial core expansion found in passing from ana
logue dianion to trianion. The former proteins are reducible only in the unfolded state. 
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vinelandii,53- Phodospirillum rubrum,5b and Desulfovibrio 
gigas6 and attainment of the Fds.ox level by chemical oxidation 
of clostridial Fd0x,8 the great majority of bacterial ferredoxins 
function as electron carriers by utilization of the Fd0x/Fdred 
(2 - / 3 - ) couple. The presumed physiologically significant 
oxidation levels of "high-potential" proteins from photosyn-
thetic bacteria (notably Chromatium) are HPred (2—) and 
HP0X (1 - ) • The HPs_red ( 3 - ) level has been observed only by 
reduction of HPred in a medium capable of unfolding protein 
tertiary structure.9 

An ultimately complete development of the chemistry of 
synthetic analogues of protein 4-Fe sites requires isolation and 
full structural, physicochemical, and reactivity characteriza
tion of all the three species [Fe4S4(SR)4] 3 ^ 2 - ' - - Tetranuclear 
dianions have been the most extensively investigated7 for 
several reasons. They are directly and easily accessible from 
the anaerobic reaction of Fe(III) salts, sulfide, and thiolate10 

and are the first analogues of any type of iron-sulfur protein 
site to have been prepared.103 The isoelectronic relationships 
of series 1 show that the 2— oxidation level is necessarily in
volved in all known redox reactions of Fd and HP proteins and 
for this reason is of particular importance. Among properties 
delineated for tetranuclear dianion analogues are precise 
structures. The species [Fe 4 S 4 (SCH 2 Ph) 4 ] 2 - , 1 0 

[Fe4S4(SPh)4]2",11 and [Fe4S4(SCH2CH2C02)4]6-,1 2as well 
as [Fe4S4Cl4]2- 13 and [Fe4Se4(SPh)4]2",1 4 all contain iso
electronic [Fe4S4J2+ or [Fe4Se4J2+ cores and an overall cu-
bane-type geometry I consistently distorted by compression 

2-

I S1R 

along the 4 asix toward idealized (noncrystallographically 
imposed) D2J symmetry. Core geometries of analogues and 
Fd0x and HPred protein sites are virtually congruent.3,7 

Species of the type [Fe4S4(SR)4]" have been detected 
electrochemically15 but are apparently of limited stability and 
numerous attempts to generate and isolate them from oxidation 
reactions of dianions have failed. Prior work has shown that 
anaerobic electrochemical15 or chemical16 reduction of di
anions allows generation of stable trianions in solution. Elec
tronic, Mossbauer, and EPR spectroscopic measurements of 
such solutions have provided reasonable proof of the isoelec
tronic relationship [Fe4S4(SR)4]3" = Fdred.16-17 Recently the 
reaction 

[Fe4S4(SR)4]2" 

HMPA 
+ C1 2H8 • -^- [Fe4S4(SR)4]3" + C1 2H8 (2) 

Ar 

employing sodium acenaphthylenide as the reducing agent, 
has been developed as an effective route to trianions with R = 
Ph and CH2Ph.18 '19 These complexes are isolated in good yield 
as analytically pure, quaternary ammonium salts. Their iso
lation provides the means for a more rigorous comparison of 
analogue and protein site physicochemical properties and the 
first determination, in a protein or analogue, of the detailed 
stereochemistry of the cluster trianion oxidation level. The 
latter information, in conjunction with cluster dianion re
sults,10-12 permits an assessment of stereochemical changes 

pursuant to electron transfer. Previously such information has 
been available for only two cases: the Rd0x red analogues 
[Fe(S2-O-XyI)2] "•2" 20 and Chromatium HP0X,red.3b '21 This 
report presents a detailed stereochemical description of 
[Fe4S4(SPh)4]3" in its E t 3 MeN + salt and EPR, Mossbauer, 
and magnetic susceptibility results for R = Ph and CH2Ph 
trianions which provide the basis for a comparison of electronic 
structures and electron derealization of isoelectronic ana
logues and protein sites. 

Experimental Section 

Preparation of Compounds. A. Salts of [Fe4S4(SR)4]
2". The fol

lowing compounds were prepared by the method of direct tetramer 
synthesis as described elsewhere10b and were obtained after recrys-
tallization from acetonitrile/THF as well-formed red-black crystals. 
(M-Pr4N)2[Fe4S4(SPh)4] was not analyzed prior to its use in the 
synthesis of the corresponding trianion salt. 

(Et3MeN)2[Fe4S4(SPh)4]. Anal. Calcd for C38H56Fe4N2S8: C, 44.71; 
H, 5.53; N, 2.74. Found: C, 44.88; H, 5.23; N, 2.80. 

(Ji-Pr4N)2[Fe4S4(SCH2Ph)4]. Anal. Calcd for C52H84Fe4N2S8: C, 
51.31; H, 6.96; N, 2.30. Found: C, 51.56; H, 7.18; N, 2.24. 

B. Salts Of[Fe4S4(SR)4]
3". (Et4N)3[Fe4S4(SCH2Ph)4]18 and the 

following compounds were obtained by reduction of the corresponding 
dianion salt with sodium acenaphthylenide in HMPA solution under 
rigorously anaerobic conditions.18'19 All compounds were purified by 
recrystallization from acetonitrile/THF and obtained as very air-
sensitive black solids. Crystals of a salt of [Fe4S4(SPh)4]3" suitable 
for a single-crystal x-ray diffraction investigation were obtained after 
a considerable search involving variation of quaternary cations and 
recrystallization conditions. Eventually, acceptable crystals of 
(Et3MeN)3[Fe4S4(SPh)4] were obtained by the following proce
dure. 

(EtJMeN)3[Fe4S4(SPh)4]. Small crystals fromthe initial crystalli
zation were dissolved in a minimum amount of acetonitrile at 50 0C. 
An equal volume of warm THF was quickly added, leading to some 
black deposit on the walls of the flask. The solution was maintained 
at 30 0C for 1 day, slowly cooled to -20 0C, and allowed to stand at 
this temperature for 2 days. The large, black crystals present at this 
point were collected by filtration and washed with THF. Anal. Calcd 
for C45H74Fe4N3S8: C, 47.54; H, 6.56; Fe, 19.65; N, 3.70; S, 22.56. 
Found: C, 47.81; H, 6.77; Fe, 19.30; N, 3.85; S, 21.94. 

(11-Pr4N)3[Fe4S4(SPh)4]. Anal. Calcd for 6oHio4Fe4N3S8: C, 53.48; 
H, 7.78; Fe, 16.58; N, 3.12. Found: C, 52.77; H, .16; Fe, 16.59; N, 
2.74. 

(Ji-Pr4N)3Fe4S4(SCH2Ph)4]. Anal. Calcd for C64H112Fe4N3S8: C, 
54.77; H, 8.04; Fe, 15.92; N, 2.99; S, 18.28. Found: C, 54.62; H, 8.31; 
Fe, 15.59; N, 2.55; S, 18.39. 

Crystal Structure Determination. In an inert atmosphere box a black 
crystal Of(Et3MeN)3[Fe4S4(SPh)4] was sealed in a soft-glass capil
lary. Pertinent details on crystal data and collection of intensity data 
are given in Table I and below. Particulars on methods employed, 
computer programs used, sources of atomic scattering factors, and 
related matters have been given previously for related struc
tures.10'11 

Structure Solution. On the basis of the observed extinctions the 
compound crystallizes either in the centrosymmetric space group C2/, 
- CIjc or in the noncentrosymmetric space group C? — Cc. Because 
C2/c is the more common space group andthere are eight formula 
units in the cell, it was anticipated that there would be three inde
pendent cations and one independent anion to be located. However, 
an origin-removed three-dimensional Patterson function could not 
be interpreted on this basis. Instead a solution involving six indepen
dent cations and two independent anions in space group Cc was found 
using the MULTAN set of direct methods programs. Fromssubsequent 
least-squares and difference Fourier calculations the atoms of the two 
anions were located with ease as were the six independent nitrogen 
atoms and some of the carbon atoms of the cations. With a good trial 
structure in hand isotropic refinement of the correct enantiomeric 
structure (established by comparing least-squares refinements and 
individual Friedel pairs) converged to values of 8.1% for the/? index 
on F for the 384 variables and 4736 data above 3<7. This refinement 
was on 72 individual atoms and 8 rigid phenyl groups. Although all 
carbon atoms of the cations were located at this stage on difference 
Fourier maps, some of these refined poorly yielding high thermal 
parameters and unreasonable N-C or C-C distances. All subsequent 
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Figure 1. Structures of [Fe4S4(SPh)4]2~ " (A) and the two independent [Fe4S4(SPh)4]
3- anions (B, C). The atom labeling scheme of A applies to B 

and C, which are anions 1 and 2, respectively, in Table IV. Phenyl rings are omitted; 50% probability ellipsoids are shown. 

Table I. Summary of Crystal Data and Intensity Collection for 
(Et3MeN)3[Fe4S4(SPh)4] 

formula 
mol wt, amu 
a, A 
b.k 
c, A 
ft deg 
V, A3 

Z 
Scaled, g / c m 3 

space group 
crystal dimensions, mm 
crystal volume, mm3 

/it, c m " 1 

transmission factors 
bounding planes 
radiation 

takeoff angle, deg 
aperture 

scan speed 
scan range 
20 range, deg 
background counts 

data collected" 

unique data 
p factor 

C45H74Fe4N3S8 

1137.01 
11.426(5) 
24.806 (7) 
39.147(10) 
90.75 (2) 
11 095 
8 
1.361* 
Ct-Cc 
0.6 X 0.4 X 0.3 
0.086 
112.9 
0.043-0.1_87 _ _ 
(001), (021), (110), (105), (112) 
Cu Ka prefiltered and postfiltered 

with 1-mil Ni foils (Cu used 
because of length of c axis) 

3.3 
2.5 mm wide by 4.2 mm high, 32 cm 

from crystal 
2 deg/min 
0.9 below Kcti to 0.8 above Ka2 
3-100° 
10 s for 20 < 85° 
20 s for 20 > 85° 
+h +k +/, with Friedel pairs below 

40° 
5736 (ignoring Friedel pairs) 
0.03 

a Six standards showed an average decline of 2.5% by the end of 
data collection. * Experimental density not determined because of 
air sensitivity of the compound. 

attempts to define these atoms more precisely failed, leading to the 
conclusion that several of the Et3MeN+ cations are disordered. At 
this point a computer analysis was made of the 64 iron atom positions 
in the cell in the form of a search for an origin shift that would relate 
32 of these positions to the other 32 by a center of symmetry. No such 
center could be found. This result together with the analysis of Friedel 
pairs provides convincing evidence that the correct space group is C* 
-Cc. 

Structure Refinement. Refinement proceeded by usual methods. 
Owing to the unsatisfactory behavior of some of the cation carbon 
atoms during isotropic refinement, anisotropic refinement was limited 
to the 8 iron and 16 sulfur atoms of the two inequivalent anions. 
Cations and rigid group phenyl atoms were refined isotropically. 
Refinement of 504 variables by full-matrix least-squares methods 
converged to R and Rw on F2 of 0.121 and 0.156, respectively, and 
to an error in observation of unit weight of 2.11 e2. In this calculation 
all 5736 unique (non-Friedel) reflections were employed. The con
ventional R index on F for F0

 2> 3o-(F0
2) is 0.068. The last cycle of 

refinement included hydrogen atoms of phenyl rings and methylene 

groups of the cations at calculated positions. The final difference 
Fourier revealed maximum peaks of ca. 0.6 e/A3 in the vicinity of the 
troublesome cations. An analysis of errors clearly showed worst 
agreement for strong reflections at low 26 values, as is expected in view 
of the difficulty in locating cation carbon atom positions. 

The following results for (Et3MeN)3[Fe4S4(SPh)4] are tabulated; 
positional and thermal parameters for nongroup atoms (Table II), 
derived parameters for rigid group atoms and rigid group parameters 
(Table III), distances and angles in the anions (Table IV), atomic 
deviations from best weighted least-squares planes of the anions (Table 
V), equations of best weighted least-squares planes of the anions 
(Table VI22), root mean square amplitudes of vibration (Table VII), 
values of F0

2 and F0
2 (Table VIII22), and comparison of structural 

parameters of [Fe4S4(SPh)4]2--3- (Table IX). 
Core Congruence. A means was sought to relate the core structures 

of the two independent [Fe4S4(SPh)4]3- anions to each other and to 
compare them with the core structure of [Fe4S4(SPh)4]2-; these 
structures are shown in Figure 1. Considering first the problem of 
geometrically matching most closely two imperfect tetrahedra (Fe4 
or S4*), there are 12 possible ways (orientations) in which they can 
be matched. A computer program was written to transform each 
tetrahedron to an orthonormal coordinate system and then to fit tet
rahedron A to tetrahedron B by rotation and translation using the 
least-squares criterion that the quantity Q in eq 3 be minimized. 

" 3 (q'i-qW 
Q E^fq'i) + e2(q%) (3) 

Here n is the number of atoms and a is the estimated standard de
viation in coordinate q = x, y, z. It was evident early in the calculations 
that while Fe4 tetrahedra in the two trianions and in the dianion and 
either trianion approach congruence in certain orientations, the di
anion core is not congruent with either trianion core in any orientation. 
Thus the most noticeable changes upon passing from dianion to tri
anion occur in the S4* units relative to the Fe4 tetrahedra. Calculations 
were performed for each of the possible way of matching the two tri
anion [Fe4S4*]+ cores and the Fe4 tetrahedra of the dianion and each 
of the trianions. In each case a clearly defined minimum in Q was 
found, which is taken as indicative of that orientation affording 
maximum core or Fe4 congruence. For these minima the following 
deviations in distances between proximal vertices of the two polyhedra 
were found. (1) [Fe4S4*]"1" cores of trianions 1 and 2: Fe-Fe, 0.008, 
0.022,0.011,0.006 (mean 0.012 A); S*-S*, 0.024,0.027,0.029,0.012 
(mean 0.023 A). (2) Fe4 tetrahedra of dianion and trianion 1: 0.014, 
0.010,0.006,0.015 (mean 0.011 A). (3) Fe4 tetrahedra of dianion and 
trianion 2: 0.014, 0.013, 0.013, 0.016 (mean 0.014 A). The maximally 
congruent trianion core and_dianion-trianion Fe4 orientations are 
those with parallel idealized 4 axes, and are set out in Figure 1; ac
cordingly, the atom labeling scheme of [Fe4S4(SPh)4]2- (A) applies 
to [Fe4S4(SPh)4]3-(B, C). 

Other Physical Measurements. A. EPR Spectra. Measurements 
were carried out at ca. 9.2 GHz using a Varian E-12 spectrometer 
system equipped with an Air Products Model LT-3-110 Helitran re
frigerator and a Model APD-B temperature controller. Solutions of 
salts of [Fe4S4(SR)4]3- were prepared under an argon atmosphere 
using thoroughly dired and degassed solvents, and were sealed in 
quartz EPR tubes under vacuum. Spectra were recorded as soon as 
possible after sample preparation; however, independent experiments 
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Table II. Positional and Thermal Parameters for the Non-Rigid-Group Atoms of (Et3MeN)3[Fe4S4(SPh)4] 

ATOH 

FE 121) 

F E O l I 

F E C I ) 

F E ( I I I 

FE(12> 

FE132I 

F E C J I 

FE(JJ ) 

S ( J l ) 

S O l I 

S C l I 

S ( I l I 

S (61 ) 

S(71 I 

s i e i I 

SCSI ) 

S ( I J I 

S O J I 

S C J I 

S ( J J I 

S I 5 J I 

SC72! 

S(SJI 

S (6J) 

N ( I I 

N ( J I 

N O I 

N C ) 

N(S) 

N I 6 I 

C ( I l ) 

C ( J l I 

C O l I 

C C l ) 

C (51) 

C1611 

C ( T l ) 

C ( U ) 

C (JJ I 

C O J I 

C C J ) 

C I 5 J I 

C (6J l 

C I 7 J I 

C I 1 3 I 

C I J 3 I 

C I33 ) 

C C 3 ) 

C(53) 

C (63 ) 

C I 7 3 ) 

C ( O 

C (24) 

C (34) 

C C i ) 

C (54 ) 

C 164) 

C (74) 

C (15 ) 

C (25 ) 

C (35) 

C C 5 I 

C(SSI 

C (651 

C I 751 

C I 1 6 I 

C(26) 

C I 3 6 I 

C (46) 

CIS6) 

C (66 ) 

C (76 I 

A 
X 

0 . 1 4 6 6 0 

0 . 1 6 0 3 S O 5 I 

- 0 . 0 1 9 4 0 ( 3 4 ) 

- 0 . 0 0 9 6 5 ( 3 4 1 

0 . 4 4 4 3 4 ( 3 S ) 

0 .272S2134) 

0 . 4 3 4 3 9 ( 3 5 ) 

0 . J 7 0 1 7 I 3 3 ) 

- 0 . 0 3 0 7 3 ( 4 9 ) 

- 0 . 0 5 0 6 0 ( 4 6 ) 

0 . 1 8 5 7 1 ( 4 8 ) 

0 . 1 7 3 9 0 ( 4 8 ) 

0 . 2 6 5 0 3 ( 5 5 ) 

0 . 3 0 4 2 1 ( 5 6 ) 

- 0 . 1 5 5 3 7 ( 5 8 1 

- 0 . 1 2 7 6 5 ( 5 4 ) 

0 . 2 3 7 5 6 ( 5 0 ) 

0 . 4 6 5 5 8 ( 4 9 ) 

0 . 2 4 9 5 3 ( 5 0 ) 

0 . 4 6 8 5 4 ( 5 0 ) 

0 . 5 8 4 8 0 ( 5 9 ) 

0 . 1 5 1 0 2 ( 5 8 1 

0 . 5 5 0 9 5 ( 5 3 ) 

0 . 1 3 7 1 8 ( 5 5 ) 

- 0 . 0 0 0 8 ( 1 5 ) 

0 . 3 4 7 0 ( 2 J ) 

0 . 0 6 5 2 ( 2 7 ) 

0 . 3 5 2 4 ( 3 3 ) 

0 . 2 2 9 S ( J I ) 

0 . 0 6 6 0 1 2 3 ) 

0 . 0 9 6 5 ( 2 1 ) 

- 0 . 1 1 J 2 I J 0 ) 

- 0 . 2 2 1 1 ( 2 3 ) 

0 . 0 2 5 4 ( 1 7 1 

0 . 0 5 2 1 ( 2 0 ) 

- 0 . 0 1 6 3 1 2 3 ) 

- 0 . 0 5 8 8 ( 2 4 ) 

0 . 4 0 9 2 ( 3 5 ) 

0 . 2 4 9 6 ( 2 1 ) 

0 . 2 9 4 S I 2 8 ) 

0 . 2 9 0 S I J 3 ) 

0 . 3 7 7 1 ( 2 7 ) 

0 . 4 5 3 6 ( 4 J ) 

0 . 4 1 1 5 1 4 2 ) 

0 .1113137 ) 

- 0 . 0 0 3 9 ( 2 7 ) 

0 . 0 7 8 4 1 3 2 ) 

- 0 . 0 2 5 4 1 2 4 ) 

0 . 0 1 1 3 ( 2 8 ) 

0 . 1 5 6 5 ( 4 8 ! 

0 . 1 1 6 6 ( 3 6 1 

0 . 4 6 5 9 ( 4 5 1 

0 . 4 J 8 7 1 5 3 ) 
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revealed that solutions in sealed tubes stored at liquid nitrogen tem
perature appear to be stable for an indefinite period of time. Spectra 
were recorded at modulation frequencies in the range 103-105 Hz as 

a check for fast passage effects, but line shapes were found to be in
variant over this range. 

B. Magnetic Measurements. Susceptibilities of [Fe4S4(SR)4]2- '3-
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Table III. Derived Parameters for the Rigid-Group Atoms of (Et3MeN)3[Fe4S4(SPh)4 

R2C1 

R2C2 
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R2C* 
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R3C* 
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R*C6 

RlCl 
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R1C3 
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R1C5 

RlCi 

0.33*5111) 

0.33111111 
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-0.1**5(13) 

-0.1*50(15) 
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-0.1878(18) 

-0.1658(16) 
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0.1S7*7(50) 
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RIGIO GROUP PARAMETERS 

Z 
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0.17007(35) 
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0.00950(46) 
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1.367(10) 

-2.4086(76) 
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2.131(11) 
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THE RI8ID 6ROUP BRIENTATION AN«LES (ELTA. EP-

ACTA CRYSTALLO«R.i 18. 511(1965). 

salts in the crystalline and frozen solution states were determined with 
a Superconducting Technology, Inc., SQUID-type susceptometer 
operating at 4.2-338 K and 2-6 kG. Temperature calibration was 
performed using a calibrated silicon diode placed in the sample region. 
Magnetic moment calibration was achieved by use of an accurately 
constructed solenoid and a constant current supply. By varying the 
current supplied to the coil, the calibration could be checked over the 
entire range of the instrument, thereby verifying the linearity of the 
detection system as well as establishing the exact relationship between 
detector output voltage and flux quanta change. Background dia-
magnetic corrections for the sample holder were made by collecting 
data for the helium-filled sample cell over the temperature range of 
interest. Data were collected on the frequently used susceptibility 
standard HgCo(NCS)4 at a field of 2007 G and 63 temperatures in 
the range 4.2-338.1 K. A least-squares fit of the data to the Curie-
Weiss law yielded xg = (0.004 733)/(T + 1.00). The latest results 
for this standard have been reported by Rade.23 Similar treatment 
of his data (14 points at 5.8-293 K) gave Xg = (0.004 866)/(7" -
3.33), which is in moderate agreement with our results at high tem
peratures but seriously departs at low temperatures (5100 K). Pre
liminary experiments have shown Xg of HgCo(NCS)4 to be slightly 
field dependent. We suggest that our results are suitable for calibration 
of bulk magnetic devices operating near 2 kG, but additional mea
surements are required to obtain accurate calibration data at higher 
fields. Measurements of salts of [Fe4S4(SR)4]

 2~-3_ were performed 
on crystalline samples and, for trianions, on frozen acetonitrile solu
tions as well. In the latter case data on solutions were corrected for 
solvent diamagnetism by measurement of a sample cell containing 
pure acetonitrile. All solutions and the pure solvent were manipulated 
under an argon atmosphere and thoroughly degassed by freeze-thaw 
cycles. 

C. Mossbauer Spectra. The 57Fe Mossbauer spectra of polycrys-

talline salts of [Fe4S4(SPh)4]3- and [Fe4S4(SCH2Ph)4]3- inter
spersed with boron nitride powder were obtained at 1.6-200 K using 
a constant acceleration spectrometer operating in the time mode with 
the source of 57Co in rhodium metal maintained at room temperature. 
Sample temperature variation was achieved with a Janis Co. 
"Super-Vari-temp" Dewar system. Solutions of trianions in aceto
nitrile were prepared under dry, oxygen-free dinitrogen and imme
diately frozen in liquid dinitrogen prior to use. Comparative spectra 
of frozen solution and polycrystalline samples were measured at 4.2 
and 77 K using a spectrometer operating in the normalized mode with 
the 57Co in rhodium source maintained at the same temperature as 
the absorber. Measurements in longitudinal magnetic fields up to 80 
kOe at 4.2 K were made with the source placed so that the magnetic 
field at the source location was always less than 1 kOe. 

Results and Discussion 

Structure of (Et3MeN)3[Fe4S4(SPh)4]. This compound 
crystallizes in the monoclinic space group Cc and contains per 
asymmetric unit six independent cations and two independent 
anions, all of which are well separated with no unusual con
tacts. Shown in Figure 2 is a stereoview of the contents of the 
unit cell. The cations possess the expected tetrahedral geometry 
but several appear to be disordered, as judged by large thermal 
parameters (Table II) and unreasonable bond distances. The 
24 independent N - C distances range from 1.27 (5) to 1.89 (4) 
A and average to 1.53 A, and the range and mean value of the 
18 independent C-C distances are 1.07 (8)-1.91 (6) and 1.54 
A, respectively. Refinement of this structure proceeded to the 
conventional R index of 0.068. 

In the following summary of the main features of the 
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Table IV. Selected Distances (A) and Angles (deg) in the Anions of (Et3MeN)3[Fe4S^(SPh)4] 

anion 1 anion 2 anion 1 anion 2 

Fe-S 
Fe(l)-S(5) 
Fe(2)-S(6) 
Fe(3)-S(7) 
Fe(4)-S(8) 
mean 

Fe(l)-S(2) 
Fe(2)-S(l) 
Fe(3)-S(4) 
Fc(4)-S(3) 
mean 
Fe(l)-S(3) 
Fe(l)-S(4) 
Fe(2)-S(3) 
Fe(2)-S(4) 
Fe(3)-S(l) 
Fe(3)-S(2) 
Fe(4)-S(l) 
Fe(4)-S(2) 
mean 

Fe(l)-Fe(2) 
Fe(l)-Fe(3) 
Fe(l)-Fe(4) 
Fe(2)-Fe(3) 
Fe(2)-Fe(4) 
Fe(3)-Fe(4) 
mean 

Fe(I)-S(I) 
Fe(2)-S(2) 
Fe(3)-S(3) 
Fe(4)-S(4) 
mean 

S(l)-S(2) 
S(3)-S(4) 
mean 
S(l)-S(3) 
S(l)-S(4) 
S(2)-S(3) 
S(2)-S(4) 
mean 

Fe(2)-S(l)-Fe(4) 
Fe(2)-S(l)-Fe(3) 
Fe(4)-S(l)-Fe(3) 
Fe(l)-S(2)-Fe(3) 
Fe(l)-S(2)-Fe(4) 
Fe(3)-S(2)-Fe(4) 
Fe(4)-S(3)-Fe(2) 
Fe(4)-S(3)-Fe(l) 
Fe(2)-S(3)-Fe(l) 
Fe(3)-S(4)-Fe(l) 
Fe(3)-S(4)-Fe(2) 
Fe(l)-S(4)-Fe(2) 
mean 

2.291 (6) 
2.299 (6) 
2.292 (7) 
2.298 (7) 
2.295 (7)" 

Fe-S* 
2.355 (6) 
2.337 (6) 
2.355 (6) 
2.368 (6) 
2.354(13) 
2.293 (5) 
2.272 (6) 
2.283 (6) 
2.299 (6) 
2.299 (6) 
2.269 (6) 
2.278 (6) 
2.296 (6) 
2.286(12) 

Fe-Fe 
2.738 (4) 
2.735 (4) 
2.772 (4) 
2.735 (4) 
2.748 (4) 
2.732 (4) 
2.743(15) 

Fe-S* 
3.925 (6) 
3.910(6) 
3.907 (6) 
3.936 (6) 
3.920(14) 

S*-S* 
3.595 (7) 
3.588(7) 
3.592(7) 
3.681 (7) 
3.706 (7) 
3.693 (7) 
3.681 (7) 
3.690(12) 

Fe-S*-Fe 
73.06(17) 
72.31 (17) 
73.30(18) 
72.49 (17) 
73.16(18) 
73.52(18) 
72.40(17) 
72.98 (17) 
73.49(17) 
72.43 (17) 
71.98(17) 
73.59(17) 
72.89 

2.307 (7) 
2.283 (6) 
2.292 (7) 
2.297 (6) 
2.294(10) 

2.347 (6) 
2.354(6) 
2.342 (6) 
2.349(6) 
2.348 (6) 
2.288 (6) 
2.292 (6) 
2.282 (6) 
2.300 (6) 
2.293 (6) 
2.288 (6) 
2.280 (6) 
2.294 (6) 
2.290 (7) 

2.736 (4) 
2.743 (4) 
2.767 (4) 
2.748 (4) 
2.755 (4) 
2.715(4) 
2.744(17) 

3.930(6) 
3.926 (6) 
3.898 (6) 
3.928 (6) 
3.921 (15) 

3.621 (7) 
3.612(7) 
3.617(7) 
3.673 (7) 
3.690(7) 
3.669 (7) 
3.683 (7) 
3.679 (10) 

72.94(18) 
72.50(18) 
72.85(18) 
72.55(18) 
73.20(17) 
72.69(18) 
73.02(17) 
73.25(17) 
73.55(18) 
72.55(18) 
72.59(18) 
73.14(18) 
72.90 

Fe(4)-Fe(l)-Fe(3) 
Fe(4)-Fe(l)-Fe(2) 
Fe(3)-Fe(l)-Fe(2) 
Fe(4)-Fe(2)-Fe(3) 
Fe(4)-Fe(2)-Fe(l) 
Fe(3)-Fe(2)-Fe(l) 
Fe(l)-Fe(3)-Fe(2) 
Fe(2)-Fe(3)-Fe(4) 
Fe(l)-Fe(3)-Fe(4) 
Fe(l)-Fe(4)-Fe(2) 
Fe(2)-Fe(4)-Fe(3) 
Fe(l)-Fe(4)-Fe(3) 
mean 

S(5)-Fe(l)-S(2) 
S(5)-Fe(l)-S(3) 
S(5)-Fe(l)-S(4) 
S(6)-Fe(2)-S(l) 
S(6)-Fe(2)-S(3) 
S(6)-Fe(2)-S(4) 
S(7)-Fe(3)-S(l) 
S(7)-Fe(3)-S(2) 
S(7)-Fe(3)-S(4) 
S(8)-Fe(4)-S(l) 
S(8)-Fe(4)-S(2) 
S(8)-Fe(4)-S(3) 
mean 

S(4)-S(l)-S(3) 
S(4)-S(2)-S(3) 
S(l)-S(3)-S(2) 
S(l)-S(4)-S(2) 
mean 
S(4)-S(l)-S(2) 
S(3)-S(l)-S(2) 
S(4)-S(2)-S(l) 
S(3)-S(2)-S(l) 
S(l)-S(3)-S(4) 
S(2)-S(3)-S(4) 
S(l)-S(4)-S(3) 
S(2)-S(4)-S(3) 
mean 

S(2)-Fe(l)-S(3) 
S(2)-Fe(l)-S(4) 
S(3)-Fe(l)-S(4) 
S(l)-Fe(2)-S(3) 
S(l)-Fe(2)-S(4) 
S(3)-Fe(2)-S(4) 
S(l)-Fe(3)-S(4) 
S(2)-Fe(3)-S(4) 
S(l)-Fe(3)-S(2) 
S(l)-Fe(4)-S(3) 
S(2)-Fe(4)-S(3) 
S(l)-Fe(4)-S(2) 
mean 

S(5)-R(1)C(1) 
S(6)-R(2)C(1) 
S(7)-R(3)C(1) 
S(8)-R(4)C(1) 
mean 

Fe-Fe-Fe 
59.47(11) 
59.81 (10) 
59.97(11) 
59.77(10) 
60.71 (11) 
59.95(11) 
60.08 (10) 
60.34(10) 
60.95(11) 
59.47(10) 
59.89(11) 
59.58(10) 
59.98 

S-Fe-S* 
98.3 (2) 

123.6(2) 
118.4(2) 
114.2(1) 
117.4(2) 
109.5 (2) 
119.6(2) 
120.3(4) 
100.2 (2) 
118.4(2) 
120.3 (2) 
103.2(2) 
113.6 

S*-S*-S* 
58.12(12) 
58.24(13) 
58.35(13) 
58.24(13) 
58.24 
60.53(13) 
60.99(13) 
61.23(13) 
60.66(13) 
61.28(13) 
60.71 (13) 
60.60(13) 
61.05(13) 
60.88 

S*-Fe-S* 
105.2(2) 
105.4(2) 
103.6 (2) 
105.6 (2) 
106.1 (2) 
103.1 (2) 
105.6 (2) 
105.5 (2) 
103.8 (2) 
104.8 (2) 
104.7 (2) 
103.6 (2) 
104.8 

S-C(ring) 
1.774(15) 
1.764(13) 
1.740(17) 
1.784(14) 
1.766(19) 

59.06(11) 
60.09 (10) 
60.22(11) 
59.13(10) 
60.51 (11) 
60.01 (10) 
59.77(11) 
60.57(10) 
60.92(11) 
59.39(11) 
60.30(11) 
60.02(11) 
60.00 

101.2(2) 
119.1(2) 
120.7 (2) 
103.2(2) 
119.9(2) 
118.3(2) 
119.7(2) 
116.6(2) 
103.9 (2) 
116.2(2) 
119.5(2) 
105.5(2) 
113.7 

58.76(13) 
58.85(13) 
59.10(13) 
58.82(13) 
58.88 
60.48 (14) 
60.41 (14) 
60.69 (14) 
60.50(13) 
60.86(14) 
60.76(13) 
60.38 (14) 
60.39(14) 
60.56 

104.7 (2) 
105.1 (2) 
104.1 (2) 
104.8 (2) 
104.9 (2) 
104.1 (2) 
105.5 (2) 
105.4(2) 
104.5 (2) 
105.0(2) 
104.4 (2) 
104.7 (2) 
104.8 

1.759(15) 
1.737(14) 
1.773(16) 
1.735(13) 
1.751 (26) 

0 If given, the figure in parentheses following a mean value is the larger of the standard deviations for an individual value estimated from 
the inverse matrix or on the assumption that the values averaged are from the same population. It is likely that the standard deviations from 
the inverse matrix are somewhat underestimated. The estimated standard deviation of the mean is not given for any angular quantity, as the 
variations exceed those expected from a sample taken from the same population. 
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Figure 2. A stereoview'of the unit cell of (Et3MeN)3[Fe4S4(SPh)4]; the z 
the x axis. The 15% probability level of the thermal ellipsoids is shown. 

structures of [Fe4S4(SPh)4]
3- attention is directed to the bond 

angle and distance data in Table IV, atomic displacements 
from best weighted least-squares planes in Table V, and the 
principal distances, maximally congruent core and Fe4 orien
tations, and the atom labeling scheme in Figure 1. (1) 
[Fe4S4(SPh)4]3- exhibits a cubane-type geometry with the 
[Fe4S4*]"1" core structures of the two independent anions dis
torted from idealized Td-43m symmetry toward the tetragonal 
point group Du-Mm; there is no imposed crystallographic 
symmetry. All structures in Figure 1 are oriented such that the 
idealized 4 axis of each passes through the top and bottom faces 
of the polyhedra. (2) The six diagonal planes (1-6) through 
the cores are nearly perfect. (3) Each Fe2S2* polyhedral face 
is a distinctly nonplanar rhomb (planes 7-12, mean S*-Fe-S* 
and Fe-S*-Fe angles 104.8 and 79.9°, respectively). (4) Core 
distances and angles_under Did symmetry resolve into the sets 
Fe-S*, 4 long (|| to 4) + 8 short (J. to 4); S*-S*, 2 short (J. 
to 4) + 4 long (in faces || to 4); S*-S*-S*, 4 + 8. Divisions of 
the following parameters into sets consistent with this sym
metry are not experimentally distinct: Fe-Fe (2 + 4), Fe-
Fe-Fe, S*-Fe-S*, Fe-S*-Fe (all 4 + 8). (5) The Fe4 group 
is a slightly imperfect tetrahedron whereas the S4* group is 
severely distorted from tetrahedral geometry; e.g., in anion 1 
mean values of the two short and four long S*—S* distances 
are 3.592 (5) and 3.690 (4) A, respectively. (6) From (4) and 
£5) the independent [Fe4S4*]+ cores are elongated along the 
4 axis. (7) The Fe4S4*S4 clusters are devoid of symmetry as 
seen from the large variation of S-Fe-S* angles (98.3-123.6° 
in anion 1, 101.2-119.9° in anion 2); this behavior presumably 
arises from crystal packing effects. (8) Terminal Fe-S dis
tances of each anion are within 3 a of one another, providing 
an indication not derived from core parameters of the apparent 
virtual equivalence of Fe sites. The mean values of 2.295 (3) 
and 2.294 (3) A are 0.032 and 0.031 A longer than the corre
sponding value in [Fe4S4(SPh)4]2- (Table IX). In the Rdox,red 
analogues [Fe(S2-O-XyI)2]

--2" 20 the Fe"-S distance is 0.089 
A longer than the Fem-S distance. Thus the longer distance 
in [Fe4S4(SPh)4]3" (formally 3Fe(II) + Fe(III)) vs. 
[Fe4S4(SPh)4]2" (formally 2Fe(II) + 2Fe(III)) is consistent 
with increased Fe(II) core charzcter, and the difference in 
distances is close to that approximated from formal valences 
(0.089/4 = 0.022 A). (9) Thermal parameters (Table II) and 
root mean square vibrational amplitudes (Table VII) of cluster 
atoms of both anions are entirely comparable with those in the 
more accurately determined (Me4N)2[Fe4S4(SPh)4] struc
ture,11 indicating little if any difference in possible disorder 
of cluster atom positions in the dianion and trianions. The 
question of disorder will be further considered in relation to 
Mossbauer spectral results. (10) Anions 1 and 2 do not differ 
in any structurally significant way. 

Structural Trends in the Cubane M4X4L4 Series and Jahn-
Teller Distortions. Analogue complexes containing Fe4S4*S4 
clusters are members of the series of generalized cubane-type 

X 

complexes M4X4L4 (X = bridging ligand). The following 
pattern of M4X4 core geometries24 emerges from examination 
of some 23 structures: (1) eight species25 with closed shell M 
ions and nonbonding M-M distances have imposed or ideal
ized Ta symmetry; of these two25ab are virtually perfect cubes 
(M-X/M-M = 0.71, X-M-X = M-X-M = 90°) and 
three25ef closely approach or achieve the other limiting Td 
configuration formed from two concentric interpenetrating 
tetrahedra approaching a regular stellated tetrahedron 
(M-X/M-M = 0.92, X-M-X = 66026O;27 (2) five species28 

exhibit nonuniform core distortions and symmetries below Did 
which have been ascribed to intra- and intermolecular steric 
interactions (3) seven species with at least two bonding M-M 
distances assume structures consistent with the absence29a or 
presence10-14'2915 of possible Jahn-Teller distortions. These 
distortions are permitted on the basis of the electronic ground 
states which have been predicted by the qualitative symme
try-factored MO model of Dahl and co-workers.29a'30-31 The 
noncubic core structures of HPred,ox.3b'21 P- aerogenes Fd0x,

3'33 

and [Fe4S4(SR)4]2" have been rationalized in terms of the 
conflicting stereochemical demands of tetrahedral angles at 
Fe and bond angles >90° at S*.3b'26 The ratios of average core 
distances for these species are between the limits in (1), and 
these demands presumably contribute to the lack of stabili
zation of perfect cube structures. But degradation of core 
symmetry from Td to the idealized Did configuration I must 
arise from another source. 

The original proposals293'34'35 that lower than Td core 
symmetry in proteins and analogue dianions may occur as the 
consequence of first-order Jahn-Teller distortions are sup
ported by structural behavior in the M4X4L4 series. Recent 
additions to this series are [Fe4S4(SCH2CH2C04)4]6-,12 

[Fe4Se4(SPh)4]2-,14 and [Fe4S4Cl4]2",13 whose [Fe4X4]
2+ 

cores, as those of other analogues and isoelectronic protein 
sites, conform to the same idealized symmetry. The form of 
distortion toward Did is compression along the 4 axis. Both 
the qualitative MO treatment10b'29a and a preliminary 
SCF-Xa electronic structural model35 of [Fe4S4(SR)4]2- in 
Td symmetry admit orbitally degenerate ground states and 
thus first-order Jahn-Teller distortions. The latter model 
suggests a 3Ti ground state from theconfiguration—10t4, in 
which t2 orbitals are antibonding and mainly Fe4 in character; 
a 2T2 state follows for [Fe4S4(SR)4]3- inasmuch as calcula
tions for the R = H trianion indicate that the orbital energy 
order is maintained.3513 Distortion of a Td [Fe4S4]

 2 + '+ core to 
the observed idealized Did geometry is allowed by one or a 
combination of modes of E symmetry species only,36 thereby 
removing ground-state orbital degeneracy (t4v2 —* e4bi2). The 
physical situation is approximated by the representation in 
Figure 3, where it is shown that two phases of a component of 
an E mode37 can_lead to Did structures compressed or elon
gated along the 4 axis. These structures roughly correspond 
to the core geometries of [Fe4S4(SR)4]2" and [Fe4S4-

axis goes from left to right, the y axis from bottom to top, and the view is down 
Hydrogen atoms are omitted. 
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Figure 3. Schematic illustration of distortion of a Td M4X4 unit to Did 
structures elongated or compressed along the 4 axis by the two phases {\,\) 
of one component of a normal vibration of E symmetry. The other com
ponent of this E mode could equally well be used in the illustration. 

(SPh)4]3-, respectively. The structural comparison in Table 
IX shows that the most significant difference between dianions 
and this trianion is the form of the distortion toward Did, and 
that these distortions mainly involve changes in S4* atomic 
positions relative to the slightly imperfect tetrahedral Fe4 units 
of nearly constant geometry. Given the structural uniformity 
of five isoelectronic complexes, it appears certain that the 
compressed tetragonal geometry is not an artifact of crystal 
packing and is the true minimal energy configuration of the 
[Fe4X4]

2+ core (X = S*, Se). The essentially constant struc
ture of the two independent [Fe4S4(SPh)4]3- anions is sug
gestive of a similar designation for the elongated tetragonal 
geometry of [Fe4S4]+ cores. However, the structure of 
[Fe4S4(SCH2Ph)4]3- in its Et4N+ salt departs from this ge
ometry.38 The 12 Fe-S* distances divide into two sets of six 
with mean values of 2.331 (range 2.325-2.334 A) and 2.302 
A (range 2.296-2.308 A), and are arranged such that the core 
symmetry approaches C20. 

In the sections which follow physicochemical data for tri-
anions [Fe4S4(SR)4]3- with R = Ph and CH2Ph are presented. 
Data for the two trianions are compared with each other and 
with corresponding information for protein sites in order to 
examine the sensitivity of electronic (and, inferentially, 
structural) properties to changes between the crystalline and 
solution phases, and to provide more detailed confirmatory 
evidence for the isoelectronic relationships between 
[Fe4S4(SR)4]3- and proteins in series (1). 

Electronic Absorption Spectra. Spectral data for 
[Fe4S4(SR)4]2- '3- complexes are presented elsewhere.15-19 

In the present context the most important observation is that 
the prominent maxima of [Fe4S4(SR)4]2- in the visible region 
(417 nm (R = CH2Ph), 445 nm (R = Ph) in acetonitrile so
lution) are abolished in the spectra of [Fe4S4(SR)4]3-, which 
consist of gradually rising asorption into the ultraviolet and 
about a 50% decrease in intensity compared with dianions at 
wavelengths longer than ~420 nm. A qualitatively similar 
behavior is observed in Fdox/Fdred spectral comparisons.39 

EPR Spectra. When examined in frozen aqueous solutions 
Fdred proteins containing one or two 4-Fe sites exhibit two EPR 
spectral characteristics presently unique among paramagnetic 
centers in biology: rhombic spectra centered near g ~ 1.94 with 
gav < 2, and relaxation properties such that signals are diffi
culty observable above 40-50 K under the fairly typical ex
perimental conditions of ;S 1 mM protein concentrations and 
microwave power levels at or below the 1-20 mW range. Table 
X provides a comparison between g values of typical pro
teins40-43 and two [Fe4S4(SR)4]3- species. The temperature 
dependence of the spectra of a 0.93 mM solution of 
[Fe4S4(SPh)4]3- at 4.2-104 K is presented in Figure 4; under 
the same experimental conditions solutions of 
[Fe4S4(SCH2Ph)4]3- afford very similar spectra. Synthetic 
trianion spectra are of axial symmetry having principal g values 
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Table VII. Root Mean Square Amplitudes of Vibration (A) 

atom 

Fe(I) 
Fe(2) 
Fe(3) 
Fe(4) 
S(I) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 

min 

0.211 (4) 
0.206 (4) 
0.216(4) 
0.212(4) 
0.215(7) 
0.204 (8) 
0.223 (7) 
0.212(7) 
0.214(9) 
0.221 (8) 
0.241 (8) 
0.223 (9) 

Table IX. Comparison of Mean Values 

distance/angle" 

Fe-S 
Fe-S* 
Fe-Fe 
S*-S* 
S-Fe-S* 
Fe-S*-Fe 
S*-Fe-S* 
Fe-Fe-Fe 

[Fe4S 

anion 1 
int 

0.224 (4) 
0.216(4) 
0.231 (4) 
0.222 (4) 
0.242 (6) 
0.243 (6) 
0.225 (7) 
0.238(6) 
0.266 (7) 
0.243 (7) 
0.272 (7) 
0.286 (7) 

max 

0.241 (4) 
0.231 (4) 
0.247 (4) 
0.248 (4) 
0.254 (6) 
0.274 (6) 
0.242 (6) 
0.254(6) 
0.319(6) 
0.332(6) 
0.314(6) 
0.314(6) 

min 

0.205 (5) 
0.207 (5) 
0.218(5) 
0.206 (4) 
0.229 (7) 
0.201 (8) 
0.218(7) 
0.200 (8) 
0.223 (9) 
0.212(9) 
0.238 (9) 
0.222 (8) 

! of Selected Structural Parameters for [Fe4S4*(SPh)4]
2" 

V(SPh)4]2-* 

2.263 
2.267(4), 2.296 (8)c 

2.736 
3.592 (4), 3.650 (2)^ 

114.4 
73.5 

104.3 
59.99 

[Fe, 
anion 1 

2.295 
2.286 (8), 2.354 (A)d 

3.: 
2.743 

592 (2), 3.690 (4)/ 
113.6 
72.9 

104.8 
59.98 

anion 2 
int 

0.231 (4) 
0.223 (4) 
0.227 (4) 
0.226 (4) 
0.244(7) 
0.237(7) 
0.238 (7) 
0.242 (7) 
0.279 (8) 
0.279 (7) 
0.267 (8) 
0.244 (7) 

- and [Fe4S4*(SPh)4]3-

>S4*(SPh)4p-
anion 2 

2.294 

max 

0.259 (4) 
0.257 (4) 
0.262 (4) 
0.249 (4) 
0.264 (6) 
0.283 (6) 
0.243 (6) 
0.289 (6) 
0.352(6) 
0.316(6) 
0.338 (6) 
0.306 (6) 

2.290 (8), 2.348 (4)<< 
2.744 

3.617 (2), 3.679 (4)? 
113.7 
72.9 

104.8 
60.00 

" Number of values averaged indicated in parentheses where two distances or angles are given; otherwise, the mean of all values is given. 
* Me4N

+salt; data from ref 11. c~z Mean of all values. c 2.286. d 2.309. e 3.611. /3.657. * 3.658. 

Table X. EPR Data for Fdred Proteins and [Fe4S4(SR)4] 

protein/analogue medium g values ref 

Bacillus poly my xa Fdred
a 

Bacillus stearothermophilus Fdred
a 

Chromatium HPs.red" 
Micrococcus lactyliticus Fdred

6,c 

Clostridium pasteurianum Fdred* 
Rhodospirillum rubrum Fd III 
[Fe4S4(SCH2Ph)4]

3-

[Fe4S4(SPh)4]
3-

aq buffer 
aq buffer 

80% Me2SO/H20 
aq buffer 

80% Me2S0/H20 
aq buffer 

MeCN 
DMF 
MeCN 
DMF 

1.88,1.93,2.06 
1.89, 1.93,2.07 

1.93,2.04 
1.89, 1.94,2.07 

1.94,2.06 
1.94,2.03 
1.93,2.04 
1.93,2.03 
1.93,2.06 
1.93,2.05 

1.96 
1.96 
1.97 
1.97 
1.98 
1.97 
1.97 
1.96 
1.97 
1.97 

40 
41 

9 
42 
43 

5b 
d 
d 
d 
d 

a 4-Fe protein. * 8-Fe protein. c Partially reduced. d This work. 

in good agreement with those from spectra of chemical and 
electrochemical reduction products of [Fe4S4(SR)4]2-,16 

thereby confirming prior identification of the latter as 
[Fe4S4(SR)4]3-. The rhombic spectra of C. pasteurianum9bc'43 

and other9bc Fdred proteins in aqueous solution revert to an 
axial or near-axial shape, very similar to those of 
[Fe4S4(SR)4]3- in aprotic solvents, when observed in 80% 
Me2SO/H20. In this medium protein tertiary structure is 
unfolded. R. rubrum Fd III provides the only example in 
aqueous solution of an axial spectrum of a reduced 4-Fe protein 
site.5b 

The temperature and microwave power saturation charac
teristics of [Fe4S4(SPh)4]3- in a 0.46 mM acetonitrile solution 
are shown in Figure 5. The temperature and power (P) ranges 
encompass the experimental conditions used in the determi
nation of nearly all published Fdred spectra. Because signal 
intensity is proportional to P1/2 in the absence of saturation, 
the descending portions of the plots represent regions of partial 
saturation. Although a comparable body of data has not been 
reported for reduced proteins, less extensive observations of 
the latter in the normal and unfolded configurations suggest 

similar behavior. In aqueous solutions B. stearothermophilus 
Fdred is appreciably saturated at 10 K/1 mW,41 D. gigas Fdlred 
at 10 K6a (P unspecified), and B. polymyxa Fdred at <10 K 
but not at 12 K with P = Il AIW.40 Cammack9c has described 
the axial spectra of unfolded proteins as being readily detect
able below 35 K and readily saturated at 10 K. Examination 
of Figures 4 and 5 reveals that the highest practical tempera
ture for [Fe4S4(SR)4]3- signal observation under normal ex
perimental conditions is ca. 60 K, and the signal intensity and 
resolution are mcuh enhanced below ca. 35 K. Resolved in the 
high-temperature spectra is a weak free-radical signal at g = 
2, consistently observed in all isolated samples of 
[Fe4S4(SR)4]3-. This resonance accounts for the small line 
shape irregularity, absent in unfolded protein spectra, in the 
trough region between the axial signals. 

The g-value data and temperature and microwave power 
dependencies of signal intensities (implying comparable 
electron spin relaxation times) further support designation of 
[Fe4S4(SR)4]3- species as analogues of Fdred sites. The en
hanced analogue-Fdred spectral similarities under conditions 
of protein unfolding are consistent with previous findings73'44 
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Figure 4. Temperature dependence of the EPR spectra of a 0.93 mM so
lution of (Et4N)3[Fe4S4(SPh)4] in DMF. Spectrometer settings: micro
wave power, 5 mW; frequency, 9.21 GHz; modulation amplitude, 40 G. 
Multiplication factors refer to total gain relative to the top spectral series: 
(Xl) (a) 4.2, (b) 14.0, (c) 24.0, (d) 35.0 K; (X8) (d) 35.0, (e) 42.0, (0 62.0 
K; (X50) (f) 62.0, (g) 84.0, (h) 104.0 K. 
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Figure 5. Temperature and microwave power dependence of integrated, 
normalized signal intensities S (arbitrary units) of 0.46 mM (Et4N)3-
[Fe4S4(SPh)4] in acetonitrile solution. Spectra were recorded at 9.21 GHz 
with a modulation frequency of 105 kHz and a modulation amplitude of 
4OG. 

that disruption of protein structure affords [Fe4S4(S-Cys)4] 
sites in a condition such that features inherent to isoelectronic 
[Fe4S4(SR)4] synthetic clusters are closely approached. Evi
dently distortions of sites from axial symmetry as observed for 
proteins in their native states are absent or insufficiently large 
to be detectable in the EPR spectra of [Fe4S4(SR)4]3- clusters 
in frozen solutions. 

Mossbauer Spectra. A. Polycrystalline Solids. Spectra of 
various [Fe4S4(SR)4]2- species consist of one symmetric 
quadrupole doublet down to temperatures as low as 1.5 K.17'45 

These and other spectroscopic results,45 together with struc
tural data10b_12 (Figure 1), establish the equivlanece of the four 
Fe sites in analogue dianions. By Mossbauer spectral criteria 
this situation is closely approached in a number of Fd0x pro
teins,46-47 including the 4-Fe Fd0x from B, stearothermophi-
/us.41'47'48 Representative spectra of polycrystalline Et4N+ 

salts of [Fe4S4(SPh)4]3- and [Fe4S4(SCH2Ph)4]3" at various 
temperatures in zero applied magnetic field are shown in 
Figures 6-8. These contrast sharply with those of the corre
sponding dianions. The spectra of the two trianions, briefly 
reported earlier,18 are distinctly different but share the feature 
that both can be characterized as resulting from the superpo
sition of at least two quadrupole doublets with temperature 
variable quadrupole splittings and line widths. 

Least-squares fits of Lorentzian line shapes49 to the exper
imental spectra, assuming two distinguishable subsites in 
[Fe4S4(SR)4]3-, have led to the derived values of spectral 
parameters for the pairs of quadrupole doublets presented in 
Table XI. If line widths and intensities are allowed to vary 
unconstrained, spectra of [Fe4S4(SPh)4]3- yield a relative 
integrated intensity ratio for the two subsites of close to 1:1 
while for [Fe4S4(SCH2Ph)4]3- ratios in the 1:1 to 2:1 range 
are obtained. The same relative intensities are produced if the 
line widths and areas under the absorption features associated 
with the same subsite are constrained to be equal. However, 
satisfactory fits for [Fe4S4(SCH2Ph)4]3- are also obtained by 
imposing the constraint of equal integrated intensities for the 

-I O 
VELOCITY 

Figure 6. Mossbauer spectra of polycrystalline (Et4N)3[Fe4S4(SPh)4] at 
200 (a), 77 (b), 25 (c), and 4.2 K (d). The 57Co/Rh source is at room 
temperature. Solid lines are least-squares fits to the data assuming two 
Fe subsites per 4-Fe cluster. 

two subsites. Owing to the unresolved nature of the spectra of 
this trianion even at the lowest temperature, the relative in
tensities of its two Fe subsites cannot be further defined from 
fits to zero-field spectra alone. 

The suitability of [Fe4S4(SR)4]3- complexes as Fdred site 
analogues is further emphasized by spectral comparison with 
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Table XI. Mossbauer Data for [Fe4S4(SR)4]3" and a Fdred Protein 

compd 

(Et4N)3[Fe4S4(SPh)4]0 

(in CH3CN solution) 

(Et3MeN)3[Fe4S4(SPh)4]" 

(Et4N)3[Fe4S4(SCH2Ph)4]" 

(in CH3CN solution) 

B. stearothermophilus Fdred* 

T, K 

4.2 

25 

77 

200 
4.2 

4.2 

4.2 

20 

82 

184 
4.2 

4.2 

77 

frb.c 

0.64 ± 0.02/ 
0.57 
0.63 
0.57 
0.61 
0.56 
0.53 
0.63 
0.57 
0.62 
0.58 
0.60 
0.60 
0.62 
0.60 
0.61 
0.56 
0.52 
0.64 
0.59 
0.58 
0.50 
0.59 
0.49 

A£a* 

2.04 ± 0.03/ 
1.13 
2.00 
1.07 
1.63 
0.90 
0.89 
2.01 
1.11 
1.98 
1.10 
1.41 
0.93 
1.45 
0.94 
1.07 
0.89 
0.88 
2.01 
1.12 
1.89 
1.32 
1.84 
1.20 

•pb.d 

0.52 
0.65 
0.50 
0.62 
0.53 
0.60 
0.70 
0.53 
0.64 
0.55 
0.67 
0.44 
0.52 
0.42 
0.45 
0.42 
0.45 
0.48 
0.53 
0.63 

0.36 
0.36 

Ae 

0.43 ± 0.05/ 
0.57 
0.43 
0.57 
0.44 
0.56 

0.44 
0.56 
0.45 
0.55 
0.40 
0.60 
0.35 
0.65 
0.48 
0.52 

0.42 
0.58 

a Crystalline sample. * mm/s. c Referenced to metallic iron at room temperature. d Line width parameter.e Relative area assuming two 
quadrupole doublets in an unconstrained computer fit. / Estimated uncertainty for the indicated quantity from computer spectral fitting. 
£ Reference 48. 

O I 
VELOCITY (mm/sec) 

Figure 7. Mossbauer spectra of polycrystalline (Et4N)3[Fe4S4(SCHaPh)4] 
at 184 (a), 82 (b), 20 (c), and 4.2 K (d). The 57Co/Rh source is at room 
temperature. Solid lines are least-squares fits to the data assuming two 
Fe subsites per 4-Fe cluster. 

B. stearothermophilus Fdred,41 the only single-site 4-Fe protein 
which has been thoroughly studied by Mossbauer spectros
copy.47'48 This protein also exhibits two overlapping quadru
pole doublets of about equal intensity whose parameters (Table 
XI) are decidedly similar to those of the trianions. Hence, Fe 
subsite inequivalence on the Mossbauer time scale (detectable 

f**" 

Figure 8. Mossbauer spectra at 4.2 and 77 K: (a) polycrystalline (Et4-
N)3[Fe4S4(SCH2Ph)4]; (b) -30 mM (Et4N)3[Fe4S4(SCH2Ph)4] in ac-
etonitrile solution; (c) ~30 mM (Et4N)3[Fe4S4(SPh)4] in acetonitrile 
solution. 

lifetimes T of ^ 1O-7 s) is a property intrinsic to [Fe4S4-
( S R ) 4 ] 3 - clusters in the solid and solution states and is not 
necessarily a consequence of protein structural effects. 

The availability of isomer shift (<5) data for [Fe4S4(SR)4]3 -

species now permits significant examination of the dependence 
of 5 on the mean formal oxidation state of Fe, which is un
ambiguously defined by the net charge of each analogue 
complex. The assembly of isomer shift data17,20,46,47 '50"54 in 
Table XII augments other tabulations for proteins only45-47 

and fully substantiates the mean formal oxidation state des
ignations given for the latter. The monotonic displacement of 
5 values to increasingly positive velocities with decreasing 
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Table XII. Variation of Isomer Shifts of Active Site Analogues and Proteins with Formal Oxidation State of Iron 

mean formal 
oxidation state 

+3 

+2.75 
+2.50 

+2.25 

+2 

analogue 

[Fe(S2-O-XyI)2]-
[Fe2S2(S2-O-XyI)2]

2-
b 

[Fe4S4(SPh)4]2-
[Fe4S4(SCH2Ph)4]2-

[Fe4S4(SPh)4]3" 
[Fe4S4(SCH2Ph)4]3-

[Fe(S2-O-XyI)2]
2-

[Fe(SPh)4]2-
b 

b" 

0.13 
0.17 

0.35 
0.34 

0.56, 0.61c 

0.56, 0.61c 

0.61 
0.64 

protein 

Rd0x 
2-Fe Fdox

d 

HP0x* 
8-Fe Fd 0 / 
4-Fe Fd0x* 

HPred* 
HPs.red* 

8-Fe Fd1 x / 
4-Fe Fdred* 

Rdred 

2-Fe Fdred
d 

ba 

0.25 
0.26 
0.31 
0.43 
0.42 
0.42 
0.59 
0.57 

0.49,0.59 
0.65 

0.60* 

ref 

20, 47, 50 
47.51 
47,52 

17,46,47 
17,41 
47,52 
47,53 
46,47 

C 

20, 47, 50 
54 
47 

0 77 K, mm/s relative to metallic iron. * Not yet isolated. c Table XI. d From spinach. e From Chromatium. f From C. pasteurianum. * From 
B. Stearothermophilus. h Fe(II) site. 

oxidation state is consistent with simple theoretical consider
ations and also has been observed for various Fe-S phases 
containing integral and fractional metal oxidation states.55 

The nature of the inequivalent sites in [Fe4S4(SR)4]3- has 
been examined with the aid of magnetically perturbed spectra. 
Application of external fields Ho induces magnetic hyperfine 
structure in the spectra of R = CH2PI1 and Ph complexes18 

shown in Figure 9. At H0 ;S 40 kOe broadened unresolved 
spectra are obtained but at 40 < Ho ^ 80 kOe two pairs of lines 
are observed which flank a central unresolved absorption area. 
With increasing Ho the splitting of one pair of lines decreases 
while the splitting of the other pair increases, consistent with 
the existence of at least two magnetically inequivalent sites and 
antiparallel spin coupling within the [Fe4S4]+ core. The overall 
magnitudes of the splittings are about 50% smaller in 
[Fe4S4(SCH2Ph)4]3- than in [Fe4S4(SPh)4]3-. In both cases 
the magnetic fields observed at the Fe nuclei are different from 
the applied fields, indicating the presence of magnetic hyper
fine structure arising from unpaired s-electron spin density at 
the Fe sites. Moreover, the magnetic hyperfine interaction 
constants estimated from the observed splittings are different 
for the two ttw magnetic subsites, implying different spin 
densities at these sites.56 Theoretical fits of the high magnetic 
field spectral data to obtain more exact values of the magnetic 
hyperfine interaction constants and relative integrated inten
sities of the magnetic subsites will be reported fully elsewhere.57 

The present zero-field and magnetically perturbed Mossbauer 
spectral characteristics are, however, sufficient to establish a 
clear electronic similarity between [Fe4S4(SR)4]3- and the 
active site of B. stearothermophilus Fdrea in the native state. 
Consequently, the model II proposed originally by Dickson et 

xs'tZL-kS 
ix 

SR 

al.58 for protein ground state properties and consistent with 
detailed spectral analysis47'48 appears to us as an acceptable 
qualitative description. In Fd0x sites and [Fe4S4(SR)4]2-, Fe 
atoms are antiferromagnetically coupled in pairs (1,2; 3,4) with 

H M - W - * * ^ 

(a) 

(b) 'v 
-

* ^ . v ^ 

( c) 1S-, 

I 

/ ^ * w ' 

V J 

T 

V- »" 

•J 
-5 0 5 

VELOCITY (mm/sec) 

Figure 9. Mossbauer spectra at 4.2 K in a longitudinally applied magnetic 
field of 80 kOe: (a) polycrystalline (Et4N)3[Fe4S4(SCH2Ph)4]; (b) ~30 
mM (Et4N)3[Fe4S4(SCH2Ph)4] in acetonitrile solution; (c) ~30 mM 
(Et4N)3[Fe4S4(SPh)4] in acetonitrile solution. 

fast electron hopping between pairs (r_1 £ 107 s -1), leading 
to equivalent Fe atoms of average oxidation state +2.5 (con
sistent with isomer shift trends, Table XII) and the observed 
5 = 0 ground state (vide infra). Reduction to Fdred and 
[Fe4S4(SR)4]3- results in localization of the added electron 
on one pair (2Fe2+), persistence of rapid hopping within the 
other pair, and slow transfer of electrons between pairs (T _ 1 

;S 107 s-1).59 These pairs constitute the two Mossbauer-dis-
tinguishable sites. Based on parameters of Fd0x and 
[Fe4S4(SR)4]

2_ spectra, the more ferric-like pair is presum
ably associated with the doublet having the smaller isomer shift 
and quadrupole splitting. 

B. Frozen Solutions. Differences in the zero field spectra of 
the Et4N+ salts of [Fe4S4(SPh)4]

3- and [Fe4S4(SCH2Ph)4]
3-

(Figures 6 and 7) perhaps arise from small structural variations 
between the two trianions. Note that the spectral parameters 
of (Et3MeN)3[Fe4S4(SPh)4] (Table XI), the salt on which the 
x-ray structure determination was performed, are indistin
guishable from those of the Et4N+ salt. In an attempt to as
certain if the structural differences persist in the solution state, 
Mossbauer spectra of the two Et4N+ salts were recorded in 
frozen acetonitrile solutions. From the zero-field spectra of 
Figures 6 and 8 it is apparent that for [Fe4S4(SPh)4]3- frozen 
solution spectra are very similar to those obtained with the 
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polycrystalline absorber,60 and we conclude that this cluster 
has essentially the same structure in the frozen solution as in 
the polycrystalline solid. For [Fe4S4(SCHaPh)4]3-, however, 
spectra in the two phases (Figures 7 and 8) are dissimilar. In 
fact, the frozen solution spectra of [FeiS^SCHiPtytp- are 
very similar to the polycrystalline and frozen solution spectra 
of [Fe^S4(SPh)4] 3 - . This important observation is borne out 
by comparison of spectral parameters at 4.2 K in Table XI and 
is further supported by the comparison of the spectra obtained 
at 80 kOe and 4.2 K (Figure 9). Thus we conclude that 
[Fe4S4(SCHaPh)4]3- in acetonitrile solution has a configu
ration such that its Fe atoms are virtually indistinguishable 
from those in [Fe4S4(SPh)4]3-. 

The foregoing results are also consistent with earlier 
Mossbauer data for [Fe4S4(SCHaPh)4]3-, generated by 
chemical reduction of the dianion in DMF/THF.1617 In those 
spectra the full magnetic hyperfine splitting was observed at 
Ho ~ 1 kOe and 4.2 K whose magnitude is consistent with the 
present observation of splittings in polycrystalline and solution 
absorbers of [Fe4S4(SPh)4]3- and the solution absorber of 
[Fe4S4(SCHaPh)4]3-. Differences are observed in low mag
netic field spectra (H0 ^ 40 kOe), which may be ascribed to 
electron relaxation effects. As noted earlier18 the line width 
of polycrystalline [Fe4S4(SPh)4]3- is broad, suggesting slow 
relaxation effects. Line widths of this trianion in frozen solu
tions at HQ = 0 are not appreciably broader, however, and a 
greater magnetic hyperfine splitting is observed in small fields 
(H ~ 5 kOe) than for the polycrystalline absorber. Measure
ments in more dilute (<30 mM) frozen acetonitrile solutions 
of the two trianions confirm the trend. Thus we may charac
terize [Fe4S4(SPh)4]3- and [Fe4S4(SCH2Ph)4]3- in both 
frozen acetonitrile and DMF/THF solutions as having a 
cluster stereochemistry approaching equivalence with that of 
crystalline [Fe4S4(SPh)4]3-, and electronic relaxation rates 
which are solvent and concentration dependent. Further sup
port of the former point follows from magnetic susceptibility 
results (vide infra). 

C. Temperature Dependence. At the higher temperatures 
the two quadrupole doublets of [Fe4S4(SPh)4]3- and 
[Fe4S4(SCHaPh)4]3- become less clearly resolved (Figures 
6 and 7). At T > 100 K only one broadened quadrupole dou
blet is observed in each case. Thus the subsite inequivalence 
which is pronounced at low temperatures appears to diminish 
with increasing temperature such that near ambient temper
ature the subsites approach equivalence. Two possible causes 
of the temperature-dependent spectral changes are (1) re
tention of subsite inequivalence masked by inherent temper
ature dependencies of individual doublets such that the spectra 
at higher temperatures appear more symmetrical than is the 
actual structure; (2) loss of subsite inequivalence by increas
ingly rapid electron hopping between pairs (model (H)) or 
among all Fe atoms resulting in, formally, 4 Fe+2-25 in the fast 
exchange limit ( T - 1 > 107 s -1).61 In the latter case true 
equivalence is possibly not reached because line widths at the 
highest temperatures of observation are substantially braoder62 

than those in the site-equivalent [Fe4S4(SR)4]2- species (T 
= 0.23 mm/s at room temperature).17'45 No decision can be 
made between these two cases, neither of which is necessarily 
inconsistent with the apparent virtual equivalence of Fe sites 
observed in the structures of anions 1 and 2 of [Fe4S4(SPh)4]3-

at room temperature. Structural feature (9) supports the lack 
of any orientational disorder of the elongated clusters in the 
crystal, but does not eliminate a form of "electronic" disorder 
in which diffraction from an instantaneous Fe2+ or Fe2-5+ site 
(e.g., as in model II) is manifested as that from an electroni
cally averaged Fe2 2 5 + site. As illustrated by the recent study 
of a [(H3N)5Ru(pyrazine)Ru(NH3)5]5+ salt,63a this problem 
is endemic to structure determinations of formal mixed valence 
compounds whose metal coordination sites are expected to 

Table XIII. Magnetic Data for [Fe4S4(SR)4]
2"-3- Complexes at 

Selected Temperatures 

T, K 

50.2 
75.2 

100.2 
120.3 
140.3 
160.4 
180.4 
200.4 
240.3 
279.5 
299.1 
338.1 

T, K 

4.2 
10.5 
29.4 
50.2 
75.2 

100.2 
130.3 
150.4 
180.4 
200.4 
240.3 
279.5 
299.1 
338.1 

T, K 

4.2 
10.6 
29.8 
50.4 
75.2 

100.2 
130.2 
150.3 
179.9 
200.3 
240.1 
278.6 
298.9 
337.3 

(Et4N)2[Fe4S4-
(SCH 2Ph) 4 ]" 

Xt X 105* 

40.5 
47.0 
63.8 
79.9 
98.6 

114 
132 
146 
167 
182 
190 
199 

Mt, M B * 

0.40 
0.53 
0.72 
0.88 
1.05 
1.21 
1.38 
1.53 
1.79 
2.02 
2.13 
2.32 

(Et4N)3[Fe4S4-
(SCH 2 Ph) 4 P 

Xt X 1 0 " 

335 
141 
50.1 
30.6 
23.0 
19.2 
16.5 
15.0 
13.7 
12.9 
11.8 
11.2 
11.0 
10.3 

Mt, MB" 

3.35 
3.44 
3.44 
3.50 
3.72 
3.92 
4.14 
4.26 
4.44 
4.55 
4.76 
5.00 
5.13 
5.28 

(K-Pr4N)3[Fe4S4-
(SCH2Ph)4]^ 

Xt X 10J* 

201 
90.5 
35.6 
22.6 
16.8 
13.6 
11.9 
11.1 
10.3 
9.90 
9.37 
8.87 
8.68 
8.44 

Mt, MB* 

2.60 
2.77 
2.91 
3.02 
3.18 
3.31 
3.52 
3.65 
3.85 
3.98 
4.24 
4.45 
4.56 
4.77 

(Et4N)2-
[Fe4S4(SPh)4]* 

Xt X 10s* 

44.0 
48.5 
63.1 
80.8 

101 
118 
136 
152 
174 
190 
196 
210 

Mt, MB" 

0.42 
0.54 
0.71 
0.88 
1.06 
1.23 
1.40 
1.56 
1.83 
2.06 
2.17 
2.38 

(Et4N)3-
[Fe4S4(SPh)4]d 

Xt X 10J* 

125 
57.4 
25.8 
17.4 
13.5 
11.5 
10.3 
9.78 
9.07 
8.70 
8.28 
7.94 
7.89 
7.63 

Mt, MB" 

2.05 
2.19 
2.46 
2.64 
2.85 
3.03 
3.27 
3.43 
3.62 
3.73 
3.99 
4.21 
4.35 
4.54 

(Et3MeN)3-
[Fe4S4(SPh)4]/ 

Xt X 1 0 " 

123 
57.7 
30.4 
21.0 
16.8 
14.2 
12.3 
11.5 
10.5 
10.2 
9.19 
8.81 
8.69 
8.33 

Mt, M B * 

2.03 
2.21 
2.69 
2.91 
3.18 
3.37 
3.58 
3.71 
3.89 
4.04 
4.20 
4.43 
4.56 
4.74 

°-f Diamagnetic corrections (cgsu/mol X 106). " -686. * -638. 
c -797. d -750.e -939. f -714. * Per 4 Fe atoms of tetrameric (t) 
unit, corrected for diamagnetism and impurity paramagnetism (di-
anions only). h Mt = 2.828 (xt7,)1/2; MFe = Mt/2. 

exhibit only small dimensional differences in the limit of 
trapped oxidation states.63b 

Magnetic Properties. A. [Fe4S4(SR)4]
2". Results for R = 

CH2Ph and Ph salts presented in Table XIII and Figure 10 
reveal the general form of magnetic behavior for this oxidation 
level. Susceptibilities and magnetic moments per tetrameric 
unit are given in these and subsequent cases. Owing to the 
presence of appreciable paramagnetic contaminants, measured 
Xg(T) curves for all preparations displayed minima near 50-60 
K. Impurity corrections were made by fitting data at T < 
T(xg,mm) to the equation Ximpurity = C/T + A where C/T was 
used as an impurity correction and A was used to estimate the 
apparent temperature-independent paramagnetism ((Et4-
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Figure 10. Temperature dependence of the magnetic susceptibility of 
polycrystalline Et4N+ salts of [Fe4S4(SPh)4]2- ( • ) and 
[Fe4S4(SCH2Ph)4]2- (O). The solid line represents the best fit of the data 
for (Et4N)2[Fe4S4(SCH2Ph)4] to eq A-4 in the Appendix.22 Dashed lines 
indicate the theoretical behavior of this model for the indicated J 
values. 
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Figure 11. Temperature dependence of the magnetic susceptibilities and 
magnetic moments of polycrystalline (Et4N)S[Fe4S4(SCH2Ph)4] (A), 
(K-Pr4N)3[Fe4S4(SCH2Ph)4] (O), and (Et3MeN)3[Fe4S4(SPh)4] (D). 

N)2[Fe4S4(SPh)4], 440 X 1(T6 cgsu, (Et4N)2[Fe4S4(SCH2-
Ph)4], 380 X 1O-6 cgsu). Plotted in Figure 10 are the final data 
together with theoretical Xt(^) curves generated from an an
tiferromagnetic spin-coupling model64 extended to clusters 
with 2Fe2+ + 2Fe3+ (Appendix,22 eq A-4). The best fits for 
[Fe4S4(SCH2Ph)4]

2" and [Fe4S4(SPh)4]
2", assuming g = 2.0, 

were obtained with J = —232 cm-1. Theoretical curves and 
best fits are included here only to demonstrate that the ex
perimental curves are qualitatively consistent with an anti-
ferromagnetic type of interaction in the [Fe4S4]

2"1" cores (S' 
= 0 ground state) as has been found with HPre(j. For this pro
tein Antanaitis and Moss65 have estimated —J 5 200 cm -1, 
in reasonable agreement with the present results. Similar 
measurements by Cerdonio et al.66 in the 20-150 K range 
match very closely the data above 100 K obtained here. The 
same model yields very similar J values for related complexes 
(-226 cm"1 for [Fe4Se4(SPh)4]2-,14 -220 cm"1 for 
[Fe4S4Cl4]2- 67). In no case is a fit based on a single J value 
satisfactory over the entire temperature interval of measure
ment; elaboration of the model to obtain better agreement with 
experimental Xt results is in progress. 

B. [Fe4S4(SR)4]
3-. Whereas dianion salts exhibit solid state 

magnetic properties which are not strongly dependent upon 
either cation or R substituent, this is not the case for trianion 
salts. Large variations in properties are observed between 
apparently similar species. The results in Table XIII, with
drawn from a larger data set, together with those given in 
graphical form in Figures 11 and 12, encompass the limiting 
behavior of R = Ph and CH2Ph salts in the solid state. No 
corrections for paramagnetic impurities were made in any 
case 68 

The general forms of the %t(T) curves for the polycrystalline 
Et4N+ and Et3MeN+ salts of [Fe4S4(SPh)4]3- are such as to 
indicate net antiferromagnetic spin coupling within the clusters 
and a S' = V2 ground state. Note the deviation of these curves 
from that for a simple 5 = V2 Curie paramagnet (Figure 12). 
Moments at 4.2 K are 2.05 and 2.03 ^B and increase to 4.54 
and 4.74 ^B at 338 K for the Et4N+ and Et3MeN+ salts, re-

20 

(Et4N)3[Fe4S4(SPh)4] ,solid 

(Et4NIj[Fe4S4(SPh)4] m CH5CN 

(Et4N)3[^4S4(SCH2Ph)4] in CH3CN I 

• S = 1/2 paramagnet (^ = I.73BM) 

5.0 

4.0 

3.0 

2.0 

Figure 12. Temperature dependence of the magnetic susceptibilities of 
(Et4N)3[Fe4S4(SPh)4], polycrystalline (D) and in acetonitrile solution 
(A), and (Et4N)3[Fe4S4(SCH2Ph)4] in acetonitrile solution (O). Also 
shown are error bars for these determinations (top), a Curie law XM(T") 
plot for anS = '/2system(1.73MB)>andaplotof|ittVS. T for polycrystalline 
(Et4N)3[Fe4S4(SPh)4]. The smooth curve drawn near solution data points 
above ~100 K is meant only as a guide to the location of these points. 

spectively. A value of nt = 1.71 |iB is calculated for the doublet 
ground state from the g values in Table X, indicating popula
tion of higher spin states at 4.2 K. The magnetic behavior of 
polycrystalline Et4N+ and M-Pr4N

+ salts of 
[Fe4S4(SCH2Ph)4]3-, shown in Figure 11, dramatizes the 
sensitivity of magnetic properties to the combined effects of 
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Table XIV. Comparison of Protein and Analogue Magnetic 
Properties Near Room Temperature 

species 

B. polymyxa Fdred 
D. gigas Fd Ired 

Fd i;ed 

[Fe 4S 4(SPh) 4] 3 -

[Fe4S4(SCH2-

Ph) 4 ] 3 " 

state 

aq soln 
aq soln 
aq soln 
solid" 

CH 3CN soln 
solid* 

CH 3CN soln 

T, K 

(range) 

276-295 
278-303 
278-303 

299 
287 
299 
294 

Mt. MB 

3.4-3.2 

4.0 
3.8 
4.56 
3.59<* 
5.13 
3.72s 

ref 

70 
6b 
6b 
C 

69 
C 

69 

" Et3MeN+ salt. b Et4N
+ salt. c This work. d-e Range of values 

(230-304 K). d 3.22-3.70 MB. e 3.30-3.77 MB-

cation and R group changes. Thus results for this Et4N+ salt 
differ remarkably from those for (Et4N)3[Fe4S4(SPh)4] 
(Figure 12). Not only does this compound show a consistently 
higher magnetic moment at all temperatures, but it appears 
to have a nearly constant moment of 3.44 JIB below ~35 K. 
Additional measurements at 1.45-4.2 K show this to be a 
plateau region as ̂ t drops to 3.06 ^B at 1.45 K, a much larger 
value than found with either [Fe4S4(SPh)4]3- salt at 4.2 K. 

Magnetic results for all salts of the two [Fe4S4(SR)4]3-

trianions are consistent with an S' = V2 ground state and 
thermal population of S' > V2 components of a spin manifold 
at the lowest temperatures of measurement. The energy 
spacings of these higher spin states appear to be extremely 
sensitive to molecular distortions. Attempted fits of Xt(T) data 
to an extension of the antiferromagnetic spin coupling model 
for a cluster with 3Fe2+ + Fe3+ localized sites and one J value 
(Appendix,22 eq A-5) are unconvincing. Work on this problem, 
including additional measurements at high magnetic fields and 
low temperatures, is continuing. In the present context the most 
important observation is the large solid state magnetic dif
ference between the two structurally defined salts (Et3Me-
N)3[Fe4S4(SPh)4] and (Et4N)3[Fe4S4(SCH2Ph)4]. 

Magnetic measurements have been performed on frozen 
(4.2-200 K) and fluid69 (230-304 K) solutions OfEt4N

+ salts 
of [Fe4S4(SPh)4]3- and [Fe4S4(SCH2Ph)4]3- in acetoni-
trile. Results are plotted in Figure 11, from which it is seen that 
solution xt( T) data for both trianions closely track the values 
of polycrystalline (Et4N)3[Fe4S4(SPh)4] and (Et3MeN)3-
[Fe4S4(SPh)4] (Figure 12). As an example the moment at 4.2 
K for [Fe4S4(SCH2Ph)4]3- in its polycrystalline Et4N+ salt 
drops from 3.35 to 2.09 MB in acetonitrile. Within experimental 
error the magnetic behaviors of [Fe4S4(SPh)4]3- and 
[Fe4S4(SCH2Ph)4]3- in frozen and fluid acetonitrile solutions 
are the same over corresponding temperature intervals. Set out 
in Table XIV is a comparison of trianion and protein613'70 

magnetic data near room temperature where Fdred results are 
available. These data imply a fundamentally similar type of 
magnetic behavior and a closer approach to protein moments 
by dissolved rather than crystalline clusters. Together with the 
Mossbauer spectral observations the magnetic data provide 
convincing evidence that in frozen solution [Fe4S4(SCH2-
Ph)4]3- possesses a core structure closely approaching that of 
[Fe4S4(SPh)4]3- (Figure 1). Because we consider it likely that 
a structure in frozen solution is less subject to perturbing en
vironmental factors than in the crystalline state, we conclude 
that an elongated tetragonal geometry is the intrinsically 
stable core structure of [Fe4S4OSTJ)4]

3-. 
Cluster Structure and Redox Properties. The results of this 

investigation definitively establish the protein-trianion iso-
electronic relationship in series (1). Having previously dem
onstrated the indicated relationship for dianions,7 it is of in
terest to examine analogue structural changes in the light of 
their possible relation to the reduction reactions of Fd0x and 
HPred proteins. As has been shown, the unconstrained [Fe4S4]+ 

core in [Fe4S4(SR)4]3- is related to the [Fe4S4J
2+ core in 

[Fe4S4(SR)4]2" by an elongation along the 4 axis, possibly 
corresponding to a Jahn-Teller active vibrational mode of E 
symmetry. It has also been established that the [Fe4S4]

2+ core 
structure in the crystalline state10-13 is insensitive to cation and 
terminal ligand variations and, at the present stage of protein 
structure refinement, is insignificantly different from the core 
units of isoelectronic protein sites. 

Much interest has attended the possible causes of the dif
ferent one-electron reduction tendencies of the isoeiectronic 
4-Fe sites in Fd0x and HPreCi proteins.2-3'71-72 Whereas the 
Fdox/Fdred reaction (£V typically near —0.42 V73) is readily 
effected chemically in aqueous solution,74 HPred is reducible 
in an unfolded condition in 70-80% Me2SO/H20 solution but 
not in its native (aqueous) configuration.93 It has been proposed 
recently that vibronically coupled electron tunneling theory 
is a possible model for biological electron transfer.75 On the 
basis of evidence presented here we suggest that one reason the 
Fd0x/Fdred couple operates is because protein structure at all 
levels allows the dimensional changes in the Fe4S4 core which 
are related to the normal vibrations of the core. In terms of the 
schematic representation of Figure 3 the Tj core structure is 
viewed as a transition state for electron transfer, which in the 
reducing direction requires axial expansion of the core by ca. 
0.08 A relative to the oxidized configuration. In the native form 
of the HPred protein molecular structural forces may provide 
a sufficient energy barrier to this anisotropic core dimensional 
change that the HPred/HPs.red potential is shifted below that 
for hydrogen evolution. In 80% Me2SO/H20 Cammack9a has 
estimated that this potential is < —0.64 V, which is in the range 
found for Fdox/Fdred and certain [Fe4S4(SR)4]2-'3- potentials 
in the same medium.44b These results indicate that removal 
of protein constraints affords equivalent reducible behavior 
at comparable potentials. Finally, if this suggestion is correct, 
protein structural constraints are doubtless only one of several 
key factors which differentiate the reductive behavior of Fdred 
and HPred. Among these, environmental effects, specifically 
the larger extent of peptide-cluster hydrogen bonding71 and 
greater accessibility of the redox sites to water molecules76 for 
Fd0x over HPred, tend to favor energetically the generation of 
a more negatively charged cluster in the former case. However, 
the present suggestion, while obviously speculative, has the 
merit of being based on definite structural information, albeit 
outside of a protein environment, for clusters isoelectronic with 
the sites of both components of the protein redox couples. 
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