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Introduction 

The class of nonheme iron-sulfur proteins has been shown 
to be involved in a variety of biological reactions including 
photosynthesis, nitrogen fixation, and mammalian steroid 
hydroxylation. These metalloproteins function as electron 
carriers via their redox reactions. There are four prototypes 
of the nonheme iron-sulfur proteins containing one, two, four, 
or eight iron atoms. The corresponding prosthetic groups are 
Fe(SR)4 in rubredoxins; Fe2S2*(SR)4 for plant, mammalian, 
and certain bacterial ferredoxins (Fd); Fe4S4*(SR)4 for pho-
tosynthetic "high-potential" iron proteins (HlPIP) and non-
photosynthetic bacterial ferredoxins; and two Fe4S4*(SR)4 

units for bacterial ferredoxins where S* and SR refer to sulfide 
and cysteinyl moieties, respectively.2 

Extensive chemical and physical data have been obtained 
for these metalloproteins. X-ray protein crystallography34 has 
provided structural information on several of the iron-sulfur 

(1965). 
(19) See paragraph at end of paper regarding supplementary material. 
(20) E. L. Muetterties and R. A. Schunn, Q. Rev., Chem. Soc, 20, 245 

(1966). 
(21) (a) G. C. Demitras, R. A. Kent, and A. G. MacDiarmid, Chem. Ind. (London), 

41, 1712 (1964); (b) G. C. Demitras and A. G. MacDiarmid, lnorg. Chem., 
6, 1903 (1967); (c) S. P. von Halasz and O. Glemser, Chem. Ber., 103, 594 
(1970); (d) ibid., 104, 1247 (1971). 

(22) The nature of the sulfur "lone pair" in SF4 and its cognates is not a simple 
matter. For a discussion of this aspect see, for example, ref 4g. 

(23) (a) I. G. Csizmedia, A. H. Cowley, M. W. Taylor, L. M. TeI, and S. Wolfe, J. 
Chem. Soc, Chem. Commun., 1147 (1972); (b) A. H. Cowley, M. W. Taylor, 
M.-H. Whangbo, and S. Wolfe, ibid., 838 (1976); (c) I. G. Csizmadia, A. H. 
Cowley, M. W. Taylor, and S. Wolfe, ibid., 432 (1974); (d) A. H. Cowley, 
D. J. Mitchell, M.-H. Whangbo, and S. Wolfe, J. Am. Chem. Soc, in 
press. 

(24) We thank a reviewer for this suggestion. 
(25) The sum of angles at each nitrogen atom is 357.4 ± 2.4°. The dihedral angle 

between each CNC plane and the equatorial plane is 70.1 ± 2.7°. See: 
H. Oberhammer and R. Schmutzler, J. Chem. Soc, Dalton Trans., 1454 
(1976). The conformation 5 was predicted earlier on the basis of UV pho-
toelectron spectroscopic measurements. See: A. H. Cowley, M. J. S. 
Dewar, D. W. Goodman, and J. R. Schweiger, J. Am. Chem. Soc, 95,6506 
(1973). 

(26) L. Pauling, "The Nature of the Chemical Bond", 3rd ed., Cornell University 
Press Ithaca N Y 1960 

(27) W. H.'Baur, Acta Crystallogr., Sect. B, 28, 1456 (1972). 
(28) L. Battelle, C. Knobler, and J. D. McCullough, lnorg. Chem., 6, 958 

(1967). 
(29) C. Knobler and J. D. McCullough, lnorg. Chem., 11, 3026 (1972). 
(30) W. C. Hamilton and J. A. Ibers, "Hydrogen Bonding in Solids", W. A. Ben

jamin, New York, 1968, Chapter 2. 

proteins. The resolution, generally about 2.0 A, has not been 
good enough to evaluate accurately the structural changes of 
the iron-sulfur clusters upon reduction. On the other hand, 
Holm and co-workers have synthesized a class of organome-
tallic analogues of the active sites of the four types of iron-
sulfur proteins which can serve as detailed structural models.5 7 

We consider it of the utmost importance to bridge these two 
reservoirs of structural information on iron-sulfur proteins: 
the intact protein on one hand and the bare inorganic cluster 
models on the other. Such a linkage would be highly significant 
by allowing a detailed assessment on the extent to which the 
intrinsic properties, and hence the biological functions, of the 
active sites are modified by the proteins. 

Recently we have reported comprehensive extended X-ray 
absorption fine structure (EXAFS) studies on rubredoxin and 
its model compounds in the oxidized and reduced states.8 

Rubredoxin is a particularly favorable compound for EXAFS 
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study in that it contains one iron atom bonded to four cysteinyl 
sulfurs such that its EXAFS spectrum is dominated by back-
scattering from the four nearest-neighbor sulfur atoms.8'9 The 
X-ray crystallographic result had been interpreted as showing 
that one of the four iron-sulfur distances in oxidized rubre-
doxin was substantially shorter than the other three (2.05 (3) 
vs. 2.30 (av) A),3a_c which suggested a mechanism for regu
lating the redox potential by straining an iron-sulfur bond 
length. We found by the EXAFS experiments that there is no 
very short bond in oxidized rubredoxin and that the four 
iron-sulfur distances have a root mean square spread which, 
if we assume a model where three bonds have a distance R^ and 
one R,, converts into | /?3 - /?, | = 0.04 (+0.06 and -0.04) A. 
Furthermore, the EXAFS measurements showed that the 
oxidized and reduced states of rubredoxin had essentially the 
same structures as the corresponding states of Holm's 
model.5 

As a continuation of the effort to acquire accurate structural 
information about this class of iron sulfur proteins, we now 
report EXAFS studies on the ferredoxins containing dimeric 
and tetrameric iron-sulfur clusters and their model compounds 
in various oxidation states. There are several reasons for the 
present study. First, it provides accurate structural parameters 
for the prosthetic groups in the proteins. Second, by studying 
different proteins and their corresponding model compounds 
simultaneously we were able to compare their structures. Our 
results show that Holm's models are excellent structural rep
resentations of the active sites of these proteins thereby con
firming and augmenting many other physiochemical com
parisons. Third, EXAFS studies on ferredoxins in different 
oxidation states allow a quantitative evaluation of the effects 
of strain energy at the active site structures upon the redox 
reactions. Fourth, the capability of EXAFS spectroscopy to 
provide structural information on the proteins in solution is 
used to show that, within the accuracy of these structural de
terminations, no changes are observed between solution and 
powder structures of the iron-sulfur prosthetic groups. 

Experimental Section 

Materials. The model compounds (Et4N)2
+[FeS(SCH2)2Q,H4]2

2-
and (Et4N)2

+[FeS(SCH2PlO]4
2- were prepared according to Holm's 

methods.6-7 The experiments were performed on these microcrystalline 
solids loaded in a drybox and sealed with thin Kapton tape (1 mil). 
The cells (1 -3 X 2 X 30 mm3) were kept under an inert atmosphere 
until just prior to measurements. A comparison of successive scans 
indicated that sample degradation due to radiation damage or air 
oxidation was minimal. The proteins were prepared by N. A. Stom-
baugh, L. L. Anderson, and C. C. McDonald of the E. I. du Pont 
Central Research and Development Department and kindly given to 
us for these experiments. Rhubarb ferredoxin10 was prepared by 
modification of the procedures reported by Petering and Palmer and 
by Kercstes-Nagy and Margoliash. The concentrated, lyophilized 
pineapple variety rhubarb ferredoxin had a purity index of A42o/^275 
= 0.46. HIPIP was prepared by a slight adaptation of Bartsch's 
published procedure."11 At the end the column fractions having 
.•tjsn//l-.S3 > 0.38 were pooled and frozen after concentration for the 
HXAFS sample. C. pasteurianum ferredoxin was prepared by the 
method of Mortenson, Valentine, and Carnahan.llb 

X-ray Absorption Measurements. All X-ray absorption measure
ments described herein were performed at Stanford Synchrotron 
Radiation Laboratory (SSRL) using the synchrotron radiation from 
Stanford Positron Electron Accelerating Ring (SPEAR) at Stanford 
Linear Accelerator Center (SLAC).12 The EXAFS 1 spectrometer 
constructed by Kincaid, Eisenberger, and Savers was used for these 
measurements.13 The model compounds were measured with the 
transmission technique. The X-ray beam (slit = 1 X 20 mm2) from 
SPEAR, after being made monochromatic by a channel-cut silicon 
crystal, passes through the first ionization chamber which measures 
the incident beam intensity I0, then through the sample, and finally 
through another ionization chamber which measures the transmitted 
intensity /. Nitrogen was the detecting gas used in both ionization 
chambers. The EXAFS spectra were typically recorded with an in-

Kigure 1. X-ray fluorescence data of oxidized bacterial ferredoxin in so
lution. 

tegration time of 2 s/point with 400 steps covering about 800 eV above 
the edge. On the other hand, the proteins were studied with the fluo
rescence technique,14 which is almost an order of magnitude more 
sensitive than the transmission method for dilute systems such as 
metalloenzymes. The fluorescence detector was a nine-element array 
of NaI detectors each designed to count up to a rate of 200 000 Hz 
without significant saturation. This detector, oriented at 90° to the 
incident beam and in the horizontal plane, registered Ka and KfS 
fluorescence X-rays from the iron atoms as well as background 
Compton and Rayleigh scattered photons. The scattered radiation 
is weakest at 90° in the horizontal plane, owing to the strong linear 
polarization of the X-ray beam. However, because of the finite ac
ceptance angle of the spectrometer, each detector has a unique 
background rate, determined by its angular position, and a unique 
signal-to-noise ratio. Therefore, a weighted sum was performed so as 
to maximize the overall signal-to-noise ratio. Data were accumulated 
at energy intervals of 1.0 eV. The dwell time was 1.0 s/point in all 
cases, and each scintillation counter operated at a rate between 100 
and 200 kHz. Test measurements performed on heme compounds at 
even higher rates proved that counter saturation effects were negligible 
(P. Eisenberger, private communication). 

Data Analysis 

Data Reduction. The raw data were accumulated in intervals 
uniformly spaced in monochromator angle which were sub
sequently converted to photon energy E. This is the abscissa 
of the spectra. The ordinates of the spectra are computed by 
taking JXX = In I0/I for the transmission data or = I0/F for the 
fluorescence data. Here, ju is the total absorption coefficient, 
x is the sample thickness, Io and /, which are proportional to 
the incident and the transmitted beam intensities, were mea
sured by the first and the second ionization chambers, re
spectively, and F is the fluorescence intensity measured by the 
scintillation counters. Figure 1 shows a typical plot of fxx vs. 
E at and above the iron K edge of the oxidized bacterial fer
redoxins in solution. For EXAFS analysis, it is necessary to 
convert the photon energy E into photoelectron wave vector 

k = 
2m 
h2 (E - E0) 

1/2 
(D 

where E0 is the energy threshold of the iron K edge and m is 
the mass of an electron. We use parametrized theoretical 
amplitude and phase functions15 in the analysis and do not let 
them vary. We allow the energy threshold E0 to vary from its 
starting value, which was chosen at 7127 eV.'6 The reason is 
that the arbitrarily chosen E0 may not be consistent with the 
theoretical phase shifts. After conversion to k space, the data 
were multiplied by kl and the background, due in large part 
to ligand absorption, Compton scattering, and the changes of 
ionization chamber efficiency with photon energy, was re-
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Figure 2. Unfiltered (solid curve) and Fourier filtered (dashed curve) 
k 3X W vs. k EXAFS data of oxidized bacterial ferredoxin in solution. 

moved by using a cubic spline technique containing three 
sections.1711 The resulting Ic3XW data are shown as solid 
curves in Figure 2 for the oxidized bacterial ferredoxins. In 
addition to these reductions of the data, the k3x(k) ys- k data 
for the two model compounds (Et4N)2

+[FeS(SCH2)2-
C6H4J2

2- and (Et4N)2
+[FeS(SCH2Ph)J4

2" were also cor
rected for the /Uo dropoff via Victoreen's true MO/P = CX3 -
Z)X4 equation with C = 126 and D = 27.2 for iron.18 

For the purpose of curve fitting, the high-frequency noise 
and the small residual background in each spectrum coming 
from distant neighbors were removed by a Fourier filtering 
technique.1713 This involves Fourier transforming the x(k)k3 

data into R space, selecting the distance (R) range to be kept, 
and back transforming to k space. The resulting filtered data, 
subsequently truncated at 3 and 13 A -1 , are compared (dashed 
vs. solid curves) with the unfiltered data in Figure 2 for the 
typical case of the oxidized bacterial ferredoxins. Data filtered 
in this way were used for the following curve fitting. Typical 
Fourier transforms of unfiltered EXAFS data are depicted in 
Figures 3a-d. 

Least-Squares Refinements. We use the least-squares 
minimization technique to fit the filtered spectra wtih a mul
tiple-term semiempirical expression of the EXAFS model. A 
nonlinear least-squares program, which utilizes Marquardt's 
scheme for iterative estimation of nonlinear least-squares pa
rameters via a compromise combination of gradient (when far 
from minimum) and Taylor series (when close to a minimum) 
method,19 was used. For the present systems which contain two 
different types of nearest neighbors (viz., four sulfurs and one 
iron in the dimer and four sulfurs and three irons in the tetra-
mer), a two-term fit of the following expression was 
used:16'20"24 

X(Ic)V = N NsFs(ks)!cs2e 2<TS *s —\ 

+NFeFFe(kFt)lcFt
2c-2°r°lkf°2 

, SJn [2kferFe + </>Fe(̂ Fe)J 
X 

J-Fe 
(2) 

The terms F,(k,). &(*/). Nt. a, n. and k( denote the ampli
tude, the phase, the number of bonds, the Debye-Waller fac
tor, the bond distance, and the photoelectron wave vector, re
spectively, of the /th type neighboring atom where / = S, Fe 
The present length of the data set does not justify fitting with 
multiple iron-sulfur and/or multiple iron-iron (in the case of 
tetramers) distances since it has been shown that the smallest 
differences of distance Ar which can be distinguished from a 
least-squares fit are determined by the length of the data set 
by the relation Ar « 7r/2A;.8 Nevertheless, the Debye-Waller 

Figure 3. Fourier transforms of the k3x(k) data of (a) model dimer; (b) 
model tetramer; (c) oxidized plant ferredoxin (powder); (d) oxidized 
HIPlP (solution). Smooth filtering windows of 0.9-3.5 A were used.,7c 

factors are good measures of the possible spread of nonequiv-
alent distances. 

For such a complex system it has been found impractical to 
vary the overall scale factor N, the amplitude functions, the 
number of bonds, the Debye-Waller factors, and the distances 
simultaneously even with a detailed knowledge of phase shifts. 
We therefore resort to the recently reported theoretical am
plitude and phase functions and hold these parametrized 
functions,1^ as well as the number of bonds A',, fixed in all our 
fitting procedures. The parametrized theoretical amplitude 
and phase functions are 

FM,) = • 
A1 

l+£»,2(fc,-C,)2 

«,(*,) = P0, + Pi1Ic1 + P21Ic1
2 + P3Jk1

3 

(3) 

(4) 

where the parameters [A, B, C] and [P0, Pu P2, -P3} were taken 
from the literature and listed in Table I. Since the phase 
functions are unique only when a particular energy threshold 
£0 is specified, our choice of E0 = 7127 eV may not be con
sistent with the theoretical E0's for each of the different types 
of bonds for which the theoretical phase shift </>,-(&,•) i s de
fined. '6'23 We therefore allow a different E0 value for each type 
of bond via least-squares refining the difference A£0, (eV) = 
£o,lh ~ £oexp in 

*, = Vk2-2(AE0i)/1.62 (5) 
where A: is the experimental wave vector with £oexp ( = 7127 
eV) and k,- is the theoretical wave vector with £o,th. Seven 
parameters are varied in the nonlinear least-squares refined 
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Table I. Theoretical Amplitude Parameters A (A), B (A) and C 
(A - 1) and Phase Parameters P0, P1, P2, and P3 for Atom Pairs 
X-Y = Fe-S and Fe-Fe where X Is the Absorber and Y Is the 
Backscatterer 

X-Y Fe-S Fe-Fe 

A 0.783 0.656 
B 0.237 0.194 
C 3.40 6.35 
P0 0.258 2.268 
P] -1.317 -1.222 
P2 0.0308 0.026 
Pi 27.5 -50.5 

curve fitting: the overall scale factor N, two Debye-Waller 
factors as and <rFe, two distances /"s and rpe, and two threshold 
energy differences A£ 0 s and A£oFe- Figures 4a-d show typical 
fits (dashed curves) of this EXAFS model to the Fourier-fil
tered data (solid curves). 

The resulting least-squares refined interatomic distances 
and the Debye-Waller factors, with estimated standard de
viations, are listed in Table II.25 

Results and Discussion 
Table II lists the EXAFS and crystallographical (if avail

able) results of iron-sulfur proteins and model compounds 
containing one, two, four, and eight iron atoms. EXAFS data 
on rubredoxin and its models were taken from our recent 
publication8b and included here for comparison. 

It is gratifying to note from Table II that the EXAFS results 
are in excellent agreement with single-crystal X-ray structural 
data, especially for the model compounds (small clusters) 
where accurate crystallographic information is available. For 
protein systems where crystallographical data are available, 
EXAFS results generally fall in the range of bond lengths 
derived from the low-resolution electron density map (vide 
infra). 

In the following paragraphs, we will first discuss in some 
detail the model compounds by comparing the EXAFS results 
with the X-ray crystallographic data. We will then compare 
the molecular parameters of the models with the proteins which 
provides strong structural evidence that these inorganic model 
compounds are excellent representations of the active sites of 
the proteins, in accord with previous studies. Finally, a detailed 
comparison of the structural parameters will be made between 
various phases (solid vs. solution), stereochemistries (monomer 
vs. dimer vs. tetramer), and oxidation states (oxidized vs. re
duced). 

1. Model Compounds. Table II shows that, in the model 
compounds 1-4, the EXAFS results are accurate to better than 
0.02 A in Fe-S and 0.03 A in Fe-Fe bond distances. These 
EXAFS values are based upon parametrized theoretical am
plitude and phase functions which are known to give inter
atomic distances accurate to ca. 0.01-0.02 A.15-23 For the Fe-S 
bonds this accuracy is comparable to the errors introduced by 
fitting errors and the initial choice of energy threshold (Eo). 
This level of accuracy can be taken as confidence limits for the 
structural parameters determined for the proteins. For the 
Fe-Fe distances the fitting errors are larger than all these and 
are dominant. 

The average Fe-S distances determined by EXAFS are 
2.279 (13), 2.340 (14), 2.234 (15), and 2.270 (13) A for 
[Fe(S2-O-XyI)2]- (1), [Fe(S2-o-xyl)2]2- (2), [Fe2S2(S2-O-
xyl)2]2~ (3), and [Fe4S4(S-DCnZyI)4]2- (4), respectively. These 
values compare very well with those of 2.267 (2),5a 2.356 (5),5a 

2.257 (2),6 and 2.286 (2)7 a A determined by X-ray crystal
lography. Similarly, the average Fe-Fe distances of 2.704 (23) 
and 2.717 (24) A found for 3 and 4, respectively, by EXAFS 
are in excellent agreement with the corresponding values of 

Sulfur Clusters 5627 

KA-') 

k(A-) 

i i i i i i i i i 
4 5 6 7 S 9 10 11 12 13 

k(A-) 

k(A-) 
Figure 4. Theoretical fits (dashed curves) of the filtered k3x(k) EXAFS 
spectra (solid curves) of the same set of compounds listed in the caption 
of Figure 3a-d. 
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Table II. Least-Squares Refined Interatomic Distances (A) and Debye-Waller Factors (A) with Fitting Errors for Iron-Sulfur Models 
(1-4) and Proteins (5-14)o c and Their Comparisons with Crystallographic Results (Bond Lengths Only) 

no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

compd 

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

[Fe(S2-oxyl)2p-

[Fe2S2(S2-O-XyI)2P-

[ Fe4S4(5-benzyl)4]
 2~ 

Rubox(solid) 

Rub0x(soln) 

Rubred(soln) 

plant Fdox(solid) 

plant Fdox(soln)d 

plant Fdred(soln)'/ 

HlPlP0x(SoIn) 

HIPIPred(soln) 

bact Fdox(soln) 

bact Fdred(soln) 

r 
a 
r 
a 
r 
a 
r 
a 

r 
a 
r 
a 
r 
(J 

r 

r 

r 

r 
a 
r 
(j 

r 
a 
r 
a 

EXAFS 
Fe-S 

Model Compounds 
2.279(13) 
0.043(15) 
2.340(14) 
0.053(17) 
2.234(15) 
0.070(11) 
2.270(13) 
0.064(10) 

Proteins 
2.265(13) 
0.049(15) 
2.256(16) 
0.047(18) 
2.32 (2) 
0.057(25) 
2.227(15) 
0.063(14) 
2.233 (22) 
0.063(19) 
2.241 (28) 
0.059 (22) 
2.262(13) 
0.060(11) 
2.251 (13) 
0.001 (27) 
2.249(16) 
0.063(15) 
2.262(14) 
0.062(11) 

Fe-Fe 

2.704 (23) 
0.070(10) 
2.717(24) 
0.093 (9) 

2.696 (47) 
0.078(16) 
2.726 (40) 
0.057(18) 
2.762(48) 
0.076(31) 
2.705 (26) 
0.088 (9) 
2.659(50) 
0.088(17) 
2.727(35) 
0.092(13) 
2.744(32) 
0.098(13) 

diffraction 
Fe-S 

2.267 (2) 

2.356(5) 

2.257(2) 

2.286 (2) 

2.24 

2.24(5) 

2.30(7) 

2.27 (20) 

Fe-Fe 

2.698(1) 

2.747 (2) 

2.73 (4) 

2.81 (5) 

2.85(10) 

" Abbreviations: Rub, rubredoxin; Fd, ferredoxin; bact, bacterial; HIPIP, high-potential iron protein; ox, oxidized; red, reduced; soln, solution. 
6 The fitting errors for each parameter (in parentheses) were obtained by changing that particular parameter, while least-squares refining 
the others within the same term, until the x2 contribution from that particular term is doubled. All parameters associated with the other term 
(except the overall scale factor) were held constant. c Other systematic errors including background removal and Fourier filtering may give 
rise to uncertainties of 1, 2, and 10%inr(Fe-S),r(Fe-Fe),and <r, respectively. d The data for 4 and 5 are poorer so that the errors should probably 
be doubled. 

2.698 (1 )6 and 2.747 (2)7a A determined by X-ray structural 
studies. 

In our EXAFS analysis, no attempt was made to resolve the 
nonequivalent Fe-S or Fe-Fe distances owing to the limitations 
imposed by the data length which by the relation Ar » -K jlk 
limits our resolution to «0.15 A, while X-ray diffraction studies 
of the models show that the spread of Fe-S or Fe-Fe distances 
is less than this. However, the Debye-Waller factors provide 
some indications about such spread of distances (if any) as
suming that the vibrational contribution to the Debye-Waller 
factor is known well enough to be subtracted without lowering 
the accuracy. For a given type of atom pair with two sets (m 
and n) of nonequivalent distances the contribution to the 
Debye-Waller factor, o"stat, due to this "static disorder" can 
be shown to be 

Ar (6) 
m + n 

where m bond distances are significantly different from n bond 
distances by Ar. This equation is derivable from (rstat « 5 = 
^/YLN(r-r)2/N where N = m + n,r = (mrm + nr„)/(m + 
n). Alternatively, it can be derived from the EXAFS expres
sion 

X(k) = F(k)e-2°2k2 m sin (2krm + 4>{k)) 
kr„ 

+ 
n sin (2kr„ + <j)(k)) 

krni 

by combining the two terms in the bracket and by keeping 
terms to the order of b2k2 for kh « IT. The overall Debye-
Waller factor, however, is determined by both the static vari
ation of bond distances and thermal vibrations so that 

a2 = ffstat2 + Cvib2 (7) 

The values of <r can be determined by fitting the EXAFS 
spectra with eq 2; the results are in Table II. For the mono-
meric models 1 and 2, we found the spread (Ar) of the Fe-S 
bond lengths to be 0.00 (4) and 0.06 (4) A, respectively, if we 
assume an mm - 2:2 model and a <rvib of 0.045 A (based on the 
Fe-S vibrational frequency of 314 cm - ' ) -8b These values are 
in good agreement with the X-ray crystallographic results of 
0.00 (1) (range: 2.252 (2)-2.279 (2) A) and 0.04 (I)A (range: 
2.324 (5)-2.378 (5) A) for oxidized and reduced forms, res
pectively.52 For the oxidized forms of the dimeric (3) and the 
tetrameric (4) species, the Debye-Waller factors are 0.070 
(11) and 0.064 (10) A for the Fe-S bonds and 0.070 (10) and 
0.093 (9) A for the Fe-Fe bonds, respectively. Assuming for 
the Fe-S bonds a reasonable value of ovib = 0.045 A, we cal
culated o-stat = 0.054 and 0.046 A which for a m.n = 2:2 model 
gives Ar(Fe-S) = 0.11 and 0.09 A for 3 and 4, respectively. 
These values are in good agreement with the corresponding 
crystallographic spreads of 0.10 and 0.07 A, respectively.6'73 

In 3, single-crystal X-ray crystallographic study6 revealed that 
the two terminal Fe-S bonds of 2.305 (av) A are significantly 
(0.10 A) longer than the two bridging Fe-S bonds of 2.209 (av) 
A. In 4, there is a slight but significant Did distortion in the 
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cubane-like iron-sulfur core resulting in eight bridging Fe-S 
bonds of 2.310 (av) A being significantly longer than both the 
four bridging Fe-S bonds of 2.239 (av) A and the four terminal 
Fe-S bonds of 2.251 (av) A.7a In both 3 and 4, therefore, the 
EXAFS data analyzed in terms of the m:n = 2:2 model works 
well even though in the latter compound the spread of distances 
presumably does not correspond to the separation of bridging 
vs. terminal Fe-S distances. Similar calculation can be per
formed on the Debye-Waller factors of Fe-Fe bonds. In 3, 
there is only one iron-iron bond ((Tstat = 0); we have <rVib

 = c 

= 0.070 A for the Fe-Fe bond. If we assume the same value 
for the Fe-Fe bonds in 4, we obtain a <xstat value of 0.061 A. 
Since single-crystal structural studies73 revealed a slight but 
significant Did distortion resulting in two Fe-Fe distances 
being different from the other four, we can assume a m:n = 1:2 
model such that <rstat = (V2/3)Ar and hence Ar(Fe-Fe) = 
0.13 A. This latter value is considerably higher than the cor
responding crystallographical value 0.044 A which results from 
two Fe-Fe distances of 2.776 (2) A being significantly different 
from the other four of 2.732 (2) A.7a 

For Fe-Fe distances, the higher EXAFS values of Ar can 
be attributed to a combination of factors including the un
certainty in ffvib and the relative insensitivity of the least-
squares fit to this parameter. Furthermore, it should be noted 
that at this stage EXAFS provides no information about the 
sign of Ar or the assignment of distances. 

2. Models vs. Proteins. The chemical and physical properties 
of Holm's iron-sulfur clusters 1-4 suggest that they are close 
representations of the redox centers of the nonheme iron-sulfur 
proteins. Our EXAFS results, augmenting the protein crys
tallography studies, show that these inorganic complexes are 
excellent structural analogues of the active sites of the proteins. 
It should be pointed out that, though protein crystallography 
provides unequivocal stereochemical information which is vital 
for understanding the structure of these proteins, the individual 
bond lengths are determined less accurately than in the 
EXAFS studies owing to the intrinsically low resolution of 
protein crystallography. 

The finding8b of an average Fe-S bond length of 2.265 (13) 
A in powder rubredoxin (5) agreed extremely well with the 
corresponding values of 2.279 (13) and 2.267 (2) A found by 
EXAFS and X-ray crystallography, respectively, for the model 
compound [Fe(S2-o-xyl)2]~ (1), strongly suggesting that 1 is 
an excellent structural model for the active site of oxidized 
rubredoxin. This value also agrees reasonably well with the 
average value of 2.24 (3) A (2.05-2.34 A) found by protein 
crystallography for oxidized rubredoxin.33-0 Based on the 
determined Debye-Waller factor of 0.049 (15) A, the four 
Fe-S bonds are concluded to be chemically equivalent to within 
0.04 (+0.06 or -0.04) A for either 3:1 or 2:2 (m:n) models. 
However, for oxidized rubredoxin in the crystalline state, 
protein crystallography initially revealed two kinds of Fe-S 
bonds: three of normal bond lengths spread around the value 
of Ri = 2.30 (3) A and one unusually short bond with R] = 
2.05 (3) A.3a-C After preliminary EXAFS results showed8a-9a 

that all four Fe-S bonds are of equal lengths to within ±0.15 
A, refinements of a second set of crystallographic data give a 
revised set of distances in which R^ - Ri = 0.10 A (L. H. 
Jensen, private communication). Now both methods agree that 
the four Fe-S bonds in rubredoxin in the solid state are within 
0.10 A of each other. This conclusion disagrees with the pro-
posal3a_c (based on the reported extremely short Fe-S bond) 
that rubredoxin represents an entatic state with an energeti
cally strained Fe-S bond. 

For the oxidized plant ferredoxin in powder form (8) we 
found average Fe-S and Fe-Fe bond distances of 2.227 (15) 
and 2.696 (47) A, respectively. These values are (within ex
perimental errors) identical with the corresponding values of 
2.234 (15) and 2.704 (23) A found6 for the dimeric iron-sulfur 

model compound [Fe2S2(S2-o-xyl)2]2_ (3), again suggesting 
that 3 is an excellent structural analogue of the active site of 
oxidized plant ferredoxin. Assuming an m:n = 2:2 model and 
(Tvib = 0.045 A for the Fe-S bonds, we calculate |/?2 - Ri'l 
= 0.09 A from the determined a of 0.063 (14). This latter value 
is slightly smaller than the 0.11 A found for model compound 
3, suggesting that the terminal Fe-S(Cys) and the bridging 
Fe-S* bond lengths are very similar to those in 3 and that the 
spread may be slightly smaller. The Debye-Waller factor of 
0.078 (16) A for the single Fe-Fe bond in 8 is very similar to 
that of 0.070 (10) A in 3, indicating that the Fe-Fe vibrational 
force constants are probably very similar. 

For ferredoxin containing 4Fe-4S* clusters 11-14 (note that 
11 and 12 contain one 4Fe-4S* cluster whereas 13 and 14 
contain two), the Fe-S and Fe-Fe distances range from 2.249 
(16) to 2.262 (14) and from 2.659 (50) to 2.744 (32) A, re
spectively. These values agree with the corresponding values 
of 2.270 (13) and 2.717 (24) A found by EXAFS for the model 
compound [Fe4S4(5-benzyl)4]

2_ (4).7a While this comparison 
suggests that 4 is a good structural representation of the redox 
centers of these proteins, it is not possible to assign the oxida
tion states because of the small differences in Fe-S and Fe-Fe 
distances observed upon reduction. However, extensive spec
troscopic studies have established that 4 is a good synthetic 
analogue of reduced HIPIP (12) and oxidized ferredoxin 
(13). 

3. Comparisons. It is of prime importance to compare 
structural parameters of closely related species with various 
phases (solid vs. solution), stereochemistries (monomeric vs. 
dimeric vs. tetrameric), and oxidation states (oxidized vs. re
duced). This might allow us to correlate subtle structural 
variations with changes in physical and chemical properties 
which are vital in the basic understanding of the function of 
these proteins. 

One advantage of EXAFS spectroscopy is its ability to de
termine structural parameters in solution. This gives us the 
opportunity to compare solid-state structures with solution 
structures. We find, however, little changes in the structural 
parameters upon dissolving the proteins in solution. As can be 
seen in Table II, the agreements are generally within one 
standard deviation for both Fe-S and Fe-Fe bonds. The 
Debye-Waller factors are also in fair agreement in the two 
phases. These findings, taken together, indicate that the active 
sites of the proteins undergo little, if any, structural changes 
in going from powder to solution. Solvation effects on the redox 
properties must, therefore, be mediated through the proteins 
(perhaps the tertiary structure) and not directly upon the active 
sites. In this context, it is important to note that the reduction 
of reduced HlPlP (12) to a superreduced state can only be 
accomplished by denaturing the protein in 80% DMSO/H2O 
(but not in aqueous solution)26 whereas such reduction can 
readily be carried out for the electronically equivalent model 
compound 4 to its trianion as well as the oxidized bacterial 
ferredoxin 13 to its reduced state 14. 

There are characteristic trends in the average structural 
parameters in going from the monomeric to the dimeric and 
tetrameric iron-sulfur clusters. For the series of model com
pounds 1, 3 and 4 which have been characterized by X-ray 
crystallography, the average terminal Fe-S distance first 
lengthens from 2.267 (2) A in 1 to 2.305 (2) A in 3 and then 
shortens to 2.251 (2) A in 4, which bears no relation to the iron 
formal oxidation states, which go from +3 to +3 to +2.5. The 
average Fe-S(bridging) and Fe-Fe distances increase by 0.08 
and 0.05 A, respectively, in going from the dimer 3 to the tet-
ramer 4. The average Fe-S bond lengths determined by 
EXAFS for 1, 3, and 4 are 2.279 (13), 2.234 (15), and 2.270 
(13) A, respectively, while the Fe-Fe distances in 3 and 4 are 
2.704 (23) and 2.717 (24) A. Within the experimental accu
racy there is no correlation between these bond lengths and 
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formal charges. The same trend was observed in the proteins: 
the average Fe-S distances are 2.265 (13) A in 5,2.227 (15) 
A in 8, and 2.251 (13) A in 12, once again showing a dip in the 
dimer distances. The average Fe-Fe distances are determined 
less accurately. With the exception of 12 (HIPIPred), which 
is 2.659 (50) A, all the Fe-Fe distances are ~2.72 (4) A. The 
distance in 12 agrees with all the others within experimental 
errors except that in 10 which was plant Fdred and was 2.762 
(48) A, so that the combined errors do not quite allow for 
overlap. With these small spreads (compared to the possible 
errors) we feel that it would be premature to attach any sig
nificance to the changes observed in the Fe-Fe distances except 
to say that they all are in the region of 2.72 A, and are in 
agreement with those determined by crystallography for the 
model compounds. We intend to obtain larger EXAFS data 
sets so that the Fe-Fe distances can be determined more ac
curately. 

On the other hand, the Fe-S distances are determined ac
curately enough to see that first they agree very well with the 
model compounds and second the lengths are not correlated 
with formal charges. We believe that the small but charac
teristic Fe-S bond length variations observed in going from the 
monomeric to the dimeric to the tetrameric iron-sulfur cluster 
systems are consequences of different stereochemistries rather 
than results of differences in metal charges as implied by the 
formal oxidation states. In fact, similar trend of structural 
variation has been observed in "nonbonded" (with no net 
metal-metal bonding) clusters (Ph3P)4Ag2Br: and 
(Ph3P)4Ag4Br4 where electronic effects are relatively unim
portant.27-28 

In the past8 we have measured the monomeric FeS4 center 
in rubredoxin and its model compounds. Fourier transforms 
of the data showed a single peak, corresponding to the Fe-S 
distance. In the present cases of the two and four iron centers, 
the Fourier transforms definitely show two peaks at distances 
corresponding to the Fe-S and the Fe-Fe distances (cf. Figures 
3a-d). These peaks, however, are not fully resolved in distance 
space. The intensity of the Fe-Fe peak relative to that of the 
Fe-S peak in the dimer with one Fe-Fe bond is less than the 
corresponding value in the tetramer with three Fe-Fe bonds 
in the coordination sphere (cf. Figures 3a-d). The Fe-S and 
the Fe-Fe bonds both contribute appreciably to the absorption 
as indicated by the beating modes seen at k « 7.5 A - 1 in Fig
ures 4a-d for the 2-Fe and 4-Fe systems. These beating modes 
are due to the interference between the Fe-S and the Fe-Fe 
waves and are consequently absent in the 1-Fe systems. The 
differences in the relative intensities observed in the Fourier 
transforms are also manifested in these filtered EXAFS spectra 
(cf. Figures 4a-d) in that there is a much greater interference 
in the 4-Fe vs. the 2-Fe clusters. It is clear that the present data 
allows us to differentiate among the three types of Fe-S 
complexes discussed here with zero (1-Fe), one (2-Fe), and 
three (4-Fe) iron neighbors. However, because of the interplay 
between the Debye-Waller factors and the numbers of bonds 
in the fit, better data are needed to determine the exact number 
of contributing pairs. 

Since the most important biophysical property of these 
iron-sulfur proteins appears to be their redox properties, it is 
important to correlate structure changes, if any, with the redox 
behavior, within the accuracy of the present measurements. 

For each structural type, there were small but significant 
structural changes observed at the active site(s) upon reduc
tion. Our results show that the magnitude (per electron) of such 
variations, however, decreases in going from monomeric to 
dimeric and tetrameric iron-sulfur clusters presumably owing 
to the increasing number of Fe-S and Fe-Fe bonds involved 
for each electron transfer. Upon reduction, the average Fe-S 
bond length in rubredoxin increased from 2.265 (13) (powder) 
and 2.256 (16) (solution) to 2.32 (2) A (solution). This sig

nificant increase of 0.06 A in the Fe-S bonds can be correlated 
with the change of Fe(IIl) in the oxidized to Fe(II) in the re
duced form. It is also comparable to that of 0.06 (EXAFS) or 
0.09 A (X-ray crystallography) observed in the model com
pounds (1 -+ 2). Accompanying the increase of the Fe-S bond 
lengths upon reduction, there was an increase in the spread of 
the four chemically equivalent distances as indicated by an 
increase in Debye-Waller factors which go from 0.043 (15) 
to 0.053 (17) A in the model compounds (1 -* 2) and 0.049 
(15) (powder) or 0.047 (18) (solution) to 0.057 (25) A in ru-
bredoxins (5 or 6 to 7). 

Confining our attention to the Fe-S distances, which have 
an accuracy between ±0.01 and ±0.02 A, we can compare the 
three proteins in their oxidized and reduced forms. Upon re
duction the Fe-S distance in plant Fd goes from 2.23 to 2.24 
A, in HIPIP from 2.26 to 2.25 A, and in bacterial Fd from 2.25 
to 2.26 A. In all cases these changes are much smaller than the 
change of 0.06 (EXAFS) or 0.09 A (crystallography) reported 
for [Fe(S2-O-XyI)2]". Nor do they reflect the change of 2.24 
to 2.30 reported from the protein crystal structure of HIPIP, 
but they do agree with those results within the errors quoted. 
Although the EXAFS results on HIPIP show a decrease of 
0.01 A of the Fe-S bond upon reduction, it is well within the 
limits of error. However, all these Fe-S bond length changes 
observed are small when compared to those in the single iron 
center. 

Correlated with the small Fe-S changes there are small 
changes of the Fe-Fe distances listed in Table II. However, the 
larger possible errors in these bond lengths make it impossible 
to say anything definite about their changes upon reduction 
except that they are definitely smaller than 0.1 A. 

The magnitudes of these EXAFS changes are in accord with 
the corresponding changes of +0.025 and +0.007 A found for 
the reduction of the model dianionic tetramer (4) to its tri-
anion.31 

It is clear from our results that the changes in the average 
structural parameters of the redox centers of iron-sulfur 
proteins upon electron transfer are by no means drastic and are 
very similar to those of the model compounds and that the 
changes upon incorporation in the protein are also very small. 
Though EXAFS does not allow the determination of the sense 
of distortion of the Fe4S4 cube,3' the small changes and spreads 
of Fe-S and Fe-Fe distances rule out any drastic structural 
distortion. It has been shown earlier8" from a consideration of 
Fe-S stretching force constants that a distortion of 0.05 A 
corresponds to a strain energy of kT at room temperature. All 
of the differences between the model compounds and the 
proteins are smaller than this, so that any strain energy either 
from the protein or from reduction, stored in the Fe-S group, 
is negligible on this scale. The implication is that any strain 
energy, if present, lies within the polypeptide region (either 
through a localized or a delocalized mechanism) rather than 
being stored in the redox centers. 
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Abstract: The structure of H3Ni4Cp4 (Cp = ^-CsHs), an unusual paramagnetic metal cluster complex, has been analyzed by 
single-crystal neutron diffraction techniques at low temperature (81 K). As predicted from an earlier X-ray diffraction study, 
the hydrogen atoms bridge three faces of the Ni4 tetrahedral core. Although the Ni4 cluster itself is an essentially undistorted 
tetrahedron [with Ni-Ni edges of 2.469 (6) A], the individual NisH linkages are unsymmetrical. The H atoms are slightly dis
placed away from the unique apical Ni atom: Ni-H distances involving the apical Ni atom average to 1.716 (3) A, while those 
involving the basal Ni atoms average to 1.678 (6) A. The overall mean Ni-H distance is 1.691 (8) A, and the H atoms are sit
uated an average of 0.907 (6) A above the Ni3 faces. Other average distances and angles in the molecule follow: H-H = 2.316 
(6) A, Ni-C = 2.132 (5) A, Ni-H-Ni = 93.9 (3)°, H-Ni-H = 86.1 (6)°. The title compound crystallizes in space group C2/c 
with the following cell parameters at 81 K: a = 28.312 (13) A, b = 9.234 (5) A, c = 14.783 (7) A, Q = 103.35 (2)°, V = 3760 
(3) A3, Z = 8. The structure has been refined to yield final agreement factors of Rf = 0.107 and RwF = 0.067 for 2616 reflec
tions having / > 1.5 cr(/). 

Introduction 

Tetrakis(r;5-cyclopentadienyl)tetranickel trihydride is 
one of the few known examples of polynuclear organometallic 
complexes not containing carbonyl ligands. The compound was 
isolated from the reaction of CpNi(NO) (Cp = r/5-cyclopen-
tadienyl) with AlCl3 and LiAlH4.2 The presence of the three 
hydride ligands was inferred from the mass spectrum of the 
complex which showed ions resulting from the loss of one, two, 
and three H atoms. A particularly interesting aspect of 

HaNi4Cp4 is its electronic configuration. The unknown species 
Ni4Cp4 would have the expected "closed-shell" 60-electron 
configuration3 and would be diamagnetic. Such a 60-electron 
species is in fact known as HUCo4Cp4.4 However, H3Ni4Cp4 

has three additional electrons which are all unpaired,2 making 
the compound a rare example of a paramagnetic metal cluster 
complex. Spectral data give no indication of the presence of 
the hydride ligands,2 but IR spectra frequently do not show 
absorptions due to stretching frequencies from bridging hy-
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