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The [1:3] site-differentiated cubane-type clusters [Fe4Q4(LS3)Cl]2- (Q ) S, Se; LS3 ) 1,3,5-tris((4,6-dimethyl-
3-mercaptophenyl)thio)-2,4,6-tris(p-tolylthio)benzenate(3-)) undergo substitution reactions at the unique iron site
with a variety of ligands including thiolates, phenolates, cyclic triamines and a trisulfide, imidazoles, and tertiary
phosphines. Reactions are readily followed because of the extreme sensitivity of isotropically shifted resonances
to the nature of ligand L′ in the product clusters [Fe4Q4(LS3)L′]2-,-. Isotropic shifts and redox potentials are
reported for over 40 clusters, including many cluster pairs differing only in the core chalcogenide atom. In this
way, comparative properties of sulfide and selenide clusters can be elicited. It is shown that the larger isotropic
shifts consistently observed for selenide clusters and dominantly contact in nature arise from larger magnetic
susceptibilities, which indicate a lesser extent of antiferromagnetic coupling. It is further demonstrated that,
without exception, redox potentials of selenide clusters are more positive than those of sulfide clusters, usually
by 20-60 mV, at parity of ligation. The difference in potentials ofca. 300 mV between the [Fe4S4]2+,+ couples
of [Fe4S4(LS3)(SEt)]2- and [Fe4S4(LS3)(Im)]- (Im ) imidazole) clusters is the best available estimate of the
intrinsic potential difference between protein-bound [Fe4S4(Cys-S)4] and [Fe4S4(Cys-S)3(His-N)] clusters. The
ligand LS3 undergoes spontaneous transfer between [Fe4S4]2+, [Fe4Se4]2+, and [MoFe3S4]3+ cores in reactions
whose equilibrium constants are near the statistical value. The ligand binding affinity order PhS- > PhO- >
CN- . Cl- for [Fe4Q4]2+ cores was established. When taken together with earlier results from this laboratory,
a comprehensive picture of ligand binding to single iron sites in [Fe4Q4]2+ clusters emerges.

Introduction

The synthesis and development of the chemistry of cubane-
type Fe4S4 clusters in which one iron site is differentiated from
the other three by terminal ligation1 has been motivated by the
occurrence of related [1:3] site-differentiated clusters in proteins.
In this context, the [Fe4S4(Cys-S)3(OH2/OH)] active site of
aconitase has been demonstrated crystallographically;2,3 its
unique iron atom is the site of the hydration-dehydration
reaction sequence of the enzyme and of inhibitor binding.3 It is
highly probable that other hydrolyases have analogous catalytic
sites.4 Further, the catalytic center ofEscherichia colisulfite
reductase is now known to consist of a [Fe4S4(Cys-S)3(µ-Cys-
S)] cluster bridged to a siroheme group, at which substrate is
bound and reduced.5 Current evidence points to the existence
of coupled [Fe4S4(Cys-S)3-X-Ni] units (bridging group X
unidentified) at both catalytic nickel centers of the carbon
monoxide dehydrogenase fromClostridium thermoaceticum.6,7

Our approach to [1:3] site-differentiated Fe4Q4 clusters has
utilized species of the type [Fe4Q4(LS3)L′]z- with Q ) S (1S)
or Se (1Se), depicted in Figure 1. The semirigid trithiolate
cavitand ligand LS38 binds the cluster in a trigonally symmetric
arrangement, engendering regiospecific reactivity at the unique

iron site. This binding mode has been established by X-ray
structures of two [Fe4Q4(LS3)Cl]2- clusters8 and is otherwise
entirely consistent with the isotropically shifted1H NMR spectra,
which without exception disclose trigonal symmetry. Applica-
tions of the Fe4S4(LS3) system include formation of bridged
double cubanes with redox reactions coupled across bridges of
variable length,9 generation of five- and six-coordinate iron sites
with attendant modulation of cluster charge distribution, redox
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Figure 1. Schematic structure of the [1:3] site-differentiated clusters
[Fe4Q4(LS3)L′]z- (Q) S, Se). The numbering scheme for substituents
on the coordinating “arms” and buttressing “legs” of the LS3 ligand
system is indicated.
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potentials, and spin state,10,11 formation of sulfide-bridged
cluster-heme assemblies related to sulfite reductase,12 and
conversion to the cuboidal cluster [Fe3S4(LS3)]3- by removal
of the unique iron atom.13 Throughout this work, the hyper-
sensitivity of isotropic shifts of the 2-H, 4-Me, 5-H, and 6-Me
substituents on the coordinating arms of the LS3 ligand (Figure
1) to the ligand bound at the unique site has allowed detection
of ligand binding in solution. This situation is exemplified by
reaction 1,10,14 in which the relatively labile chloride ligand is
replaceable by a variety of other ligands to afford a unique iron
site with coordination number 4, 5, or 6. All [Fe4S4]2+ clusters
have a singlet ground state and a low-lying triplet state, partial
occupation of which in both synthetic8-14 and native15 clusters
affords isotropic shifts.

Practically all of our previous work on [1:3] site-differentiated
clusters has been carried out with species containing the
[Fe4S4]2+ core. Certain iron-sulfur apoproteins have been
reconstituted with an iron salt and selenide, affording [Fe4Se4]2+

clusters, which apparently produce only small changes in protein
structure while exhibiting optical and1H NMR spectra and redox
potentials somewhat perturbed compared to those of native
proteins. The consequences of S/Se replacement and the use
of selenide as a structural and electronic probe have been well
treated by Meyeret al.16 A number of the properties of protein-
bound selenide clusters have been anticipated or substantiated
by results for [Fe4Se4(SR)4]2- synthetic clusters. They include
red-shifted absorption spectra,17,18 positively shifted redox
potentials,17,18 larger 1H NMR chemical shifts,18-20 and in
[Fe4Se4(SR)4]3- clusters a clear tendency to stabilize a ground
state spinS > 1/2.18,20 We have also demonstrated core
chalcogenide exchange reactions between [Fe4Q4(SR)4]2-/3-

clusters (Q) S, Se) in the same oxidation state, the exchange
being much faster between [Fe4Q4]+ species.21 In addition, we
have proven the reversible interconversions [Fe3Q4]0 + Fe2+

a [Fe4Q4]2+ (Q ) S, Se)13 as found for aconitase.3,22 Further,
the [Fe4Se4]2+ form of aconitase is reported to show a higher
activity with isocitrate as substrate than the native [Fe4S4]2+

form.22 Given the continued interest in and utility of selenide-
substituted clusters,16 several fundamental properties of [Fe4-
Se4]2+ clusters, taken relative to [Fe4S4]2+ clusters, require

further clarification and have not been examined previously. In
the present study, we have utilized the clusters1S and1Se to
scrutinize these aspects of selenide substitution into the core
structure: (i) binding of variant ligands at the differentiated site;
(ii) the origin of the (usually) larger isotropic shifts of selenide
vs sulfide clusters; (iii) patterns of ligand spin density distribu-
tion; (iv) dependence of redox potential on variation of ligand
L′, including the previously unexamined but physiologically
relevant case of imidazole ligation; (v) exchange of the LS3

ligand between sulfide and selenide clusters. In the examination
of ligand binding and exchange reactions, (ii) can offer the
advantage of increased chemical shift resolution helpful or
necessary to product identification. Here we utilize aspect (ii)
to investigate intercluster ligand exchange reactions of both L′
and LS3 itself in [Fe4Q4(LS3)L′]2- clusters.

Experimental Section23

Preparation of Compounds. All operations were carried out under
a pure dinitrogen atmosphere. Acetonitrile was distilled from CaH2

and THF from sodium benzophenone ketyl. Deuterated acetonitrile
was dried over molecular sieves prior to use. Sodium phenolates and
thiolates were obtained by the reaction of NaH with the phenol or thiol
in THF. 4,6-Dimethyl-1,3-benzenedithiol,24 Na2(mnt),25 and [9]aneS326

were prepared as described. Li2Se was prepared by the reaction of Se
powder with Li(Et3BH) in THF.27 All other compounds were com-
mercial samples.
(Bu4N)2[Fe4Se4(SEt)4]. This compound is more readily obtained

in the pure state and is more soluble than the previously reported Et4N+

salt;18 it is the precursor to (Bu4N)2[Fe4Se4(LS3)(SEt)].13 To a solution
of 106 mmol of NaOEt in 200 mL of ethanol was added 7.90 mL (106
mmol) of ethanethiol followed by solution of 4.30 g (26.5 mmol) of
FeCl3 in 100 mL of ethanol. The reaction mixture was stirred for 30
min, and 2.09 g (26.5 mmol) of selenium powder was added. Stirring
was continued overnight, and the mixture was filtered. A solution of
4.90 g (13.3 mmol) of Bu4NI in 250 mL of methanol was slowly added
to the filtrate with stirring over a period of 10 h. The product was
collected by filtration, washed with 300 mL of methanol and then with
ether, and dried in vacuo to give 7.15 g (85%) of pure product as a
black microcrystalline solid.1H NMR (CD3CN): δ 15.2 (CH2), 2.68
(CH3). The spectrum of the anion is identical with that of the Et4N+

salt.18

(Bu4N)2[Fe4Q4(LS3)Cl] (Q ) S, Se). To a solution of 0.492 mmol
of (Bu4N)2[Fe4Q4(LS3)(SEt)] (Q) S,12aSe13) in 150 mL of acetonitrile
was added 67.8 mg (0.492 mmol) of solid (Et3NH)Cl. The reaction
mixture was stirred for 12 h, during which time it was subjected to
dynamic vacuum about every 4 h for 10 min to remove ethanethiol
and triethylamine. The reaction mixture was filtered and the solvent
removed in vacuo to afford the pure product in essentially quantitative
yield. The1H NMR spectrum of the Q) S product in CD3CN solution
is identical with that of the Ph4P+ salt in the same solvent.8a 1H NMR
spectrum of [Fe4Se4(LS3)Cl]2- (CD3CN): δ 8.52 (5-H), 7.03 (2′-H),
6.64 (3′-H), 5.52 (2-H), 4.38 (4-Me), 3.96 (6-Me), 2.21 (4′-Me).
Generation of Clusters in Solution. To a solution of (Bu4N)2-

[Fe4Q4(LS3)Cl] (Q ) S, Se) in acetonitrile was added 1 equiv of a
solution of sodium thiolate in acetonitrile or a solution of sodium
phenolate in 1:1 acetonitrile/methanol (v/v). Cyanide-ligated clusters
were generated with 1 equiv of (Et4N)(CN) in acetonitrile. The acetate-
ligated cluster was formed by the reaction of equimolar [Fe4Se4-
(LS3)(OC6H4-p-Br)]2- and Me3SiOAc in acetonitrile. With neutral
ligands, a solution of 3 or more equiv in acetonitrile was added together
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[Fe4S4(LS3)Cl]
2- + (L′)0,-,2- f

[Fe4S4(LS3)L′]-,2-,3- + Cl- (1)
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with a solution of 4 equiv of NaBF4 in methanol. Reaction solutions
were stirred for 1-2 h at ambient temperature and volatile components
removedin Vacuo. The cluster salts and, when present, free ligands
were dissolved in a suitable volume of acetonitrile for examination by
1H NMR spectroscopy and voltammetry. Solvent volumes were chosen
to give ca. 2 mM cluster solutions. Residual salts are essentially
insoluble (NaCl) or sparingly soluble (NaBF4) in acetonitrile. The NMR
spectra indicated aJ95% conversion to the substituted cluster product;
no other cluster species were detected in these spectra. Ratios of neutral
ligands and clusters were employed which gave limiting NMR spectra
andE1/2 values ((10 mV) upon the addition of a further excess of
ligand.
Equilibrium Constants. In LS3 ligand exchange reactions, equimo-

lar (ca. 2 mM) solutions of the starting clusters in acetonitrile solutions
were mixed and stirred, and the reactions monitored by1H NMR until
equilibrium was reached. In the study of preferential ligand binding
in acetonitrile, a stock solution equimolar in (Et4N)(CN), (Bu4N)(OPh),
and (Bu4N)(SPh) was added to a solution of 2 mM [Fe4Q4(LS3)Cl]2-

(Q ) S, Se) such that there was initially 0.5 equiv of free ligand per
cluster. The mixtures were stirred for 1 h and the NMR spectra
recorded. Equilibrium constants were calculated from integrated signals
of 4-Me, 5-H, 6-Me, 2′-H, and 3′-H, as appropriate.
X-ray Structure Determination. Intensity data were collected on

a Siemens SMART CCD diffractometer equipped with an LT-2 low-
temperature apparatus operating at 213 K. Black crystals of (marginal)
diffraction quality were grown from∼10 mM solutions (containng
excess ligand) in acetonitrile. A crystal was mounted on a glass fiber.
Data were measured usingΩ scans of 0.3 Å per frame for 60 s, such
that a hemisphere was collected. A total of 1271 frames was collected
with a final resolution of 0.90 Å. No intensity decay was observed
over the period of data collection. Cell parameters were obtained using
SMART software (Siemens Analytical Instruments, Madison, WI) and
were refined using SAINT on all observed reflections. Crystal data
are given in Table 1. Data reduction was performed with SAINT;
absorption corrections were applied with SADABS. The structure was
solved by direct methods using the SHELXS-90 program and was
refined by least-squares methods with SHELXTL-93. The space group
was established by analysis of systematic absences,E statistics, and
successful refinement of the structure. The asymmetric unit consists
of one cation, one anion, and one molecule of [9]aneS3. All non-
hydrogen atoms were described anisotropically. Hydrogen atoms were
assigned to ideal positions and refined using a riding model with
isotropic thermal parameters 1.2× or 1.5× (methyl groups) those of
the attached carbon atoms.28

Other Physical Measurements.All measurements were performed
under strictly anaerobic conditions.1H NMR spectra were obtained at
297 K using a Bruker AM-500 spectrometer. Electrochemical mea-
surements were made with standard PAR instrumentation in acetonitrile
solutions with 0.1 M (Bu4N)(PF6) supporting electrolyte, a Pt working
electrode, and an SCE reference electrode. Cyclic voltammograms were
recorded at a scan rate of 20 mV/s. Under these conditions,E1/2(Fc+/
Fc) ) +0.39 V. Magnetic measurements in solution were made by
the standard1H NMRmethod29 using Me4Si as the reference compound.

Results and Discussion

Clusters2-31, listed in Tables 2 and 3, are of principal
interest in this investigation. The set includes some 13 pairs
of clusters differing only in the core Q atom (e.g.,2S/SSe in
Table 2) for which one or both of the comparative properties
of isotropically shifted NMR spectra and redox potentials have
been determined. The structures of the clusters are schemati-
cally depicted in Figure 2.
Scope of Ligand Substitution. Previously, we have reported

the occurrence of reaction 1 with sulfide cluster2S in Me2SO
solution with a large range of ligands L′, and have described
the response of1H NMR isotropic shifts and redox potentials
to variation in ligand at the unique iron site.1,8a,9-14,30 Here we
have examined the analogous ligand substitution reaction 2 of

selenide clusterSSe in acetonitrile solution. This solvent was
chosen because of the less robust nature of the [Fe4Se4]2+ core
but particularly to minimize competition between the binding
of solvent and added neutral ligands in reactions with both2S

and2Se. The reactions summarized in Figure 2 were conducted
in situat ambient temperature and were monitored by1H NMR
spectroscopy. Selenide clusters were generated in this way,
while the smaller set of sulfide clusters was obtained by reaction
1. Among the former are5Se and19Se, whose NMR spectra
are compared with those of their sulfide analogues in Figures 3
and 4, respectively. These are the first comparative spectra
published for [Fe4Q4]2+ clusters and immediately reveal the
enhanced downfield chemical shifts of selenide clusters.31 It
is the isotropic shifts, compiled in Tables 2 and 3, that are
responsible for differences between the sulfide and selenide
clusters. Of the most shifted resonances in the5S/5Sepair, the
methylene protons experience a 22% larger isotropic shift in
the selenide cluster. Similarly, in the19S/19Se pair, the 4-Me
shift in the selenide cluster is 32% larger. These factors are
not uniform for all isotropic shifts in these comparative pairs,
as is evident by, e.g., the reversal of 4-Me and 6-Me positions
in the members of each pair (Figures 3 and 4). Nonetheless,
except for the 2-H resonances, broadened by proximity to the
cluster core, a given substituent undergoes a larger shift in a
selenide vs sulfide cluster. The resonances that are most
sensitive to both Q) S/Se and ligand L′ differences are 4-Me,
5-H, and 6-Me of the coordinating arms (Figure 1). The 2′-H
and 3′-H resonances of the legs exhibit smaller isotropic shifts
and respond less sensitively and regularly to these changes.
Consequently, they, and the nearly constant 4′-Me chemical
shift, are not very useful in monitoring ligand substitution at
the unique site, and are not further considered.

1H Isotropic Shifts. The magnetic properties of [Fe4Q4]2+

clusters arise from exchange coupling.33 Two Fe3+Fe2+ pairs
are each coupled by double exchange; the resultant spins are in
turn antiferromagnetically coupled to afford a diamagnetic
ground state and paramagnetic excited states, the occupation
of one or more of which produces the observed cluster
paramagnetism. Isotropic shifts are defined in Table 2. The
isotropic component of the proton chemical shifts of the

(28) See paragraph at the end of this article concerning Supporting
Information available.
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9529.
(31) Spectra of protein-bound [Fe4Q4]+ 32aand [Fe2Q2]2+,+ 32b clusters (Q

) S, Se) have been presented, with chemical shifts of cysteinyl protons
larger in the Q) Se cases.
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Table 1. Crystallographic Data for
(Bu4N)[Fe4Se4(LS3)([9]aneS3)]‚[9]aneS3

formula C78H103Fe4NS15Se4
fw 2074.75
cryst system orthorhombic
space group P212121
Z 4
a, Å 16.5445(1)
b, Å 20.2188(3)
c, Å 26.7010(5)
V, Å3 8931.8(2)
Fcalcd, g/cm3 1.543
µ, cm-1 2.66
λ, Å 0.710 73
T, °C -60
R1,a wR2b 0.0838, 0.1679

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo2 - Fc2)2/∑[w(|Fo|2)2]}1/2.
[Fe4Se4(LS3)Cl]

2- + (L′)0,-,2- f

[Fe4Se4(LS3)L′]-,2-,3- + Cl- (2)
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coordinated arms in [Fe4S4(LS3)L′]z- clusters with [Fe4S4]2+

cores are concluded to be dominantly contact in origin because
of the sign pattern of the isotropic shifts. Briefly, antiparallel
ligandf metal spin delocalization leaves parallel spin on the
odd-alternate benzenethiolate groups which is distributed via
theπ-system with positive spin densityFπ

C at carbon atoms 2,
4, and 6 (Figure 1) and negative spin density at the other carbon
atoms. From the definition of isotropic shifts, the relation for
the electron-nuclear hyperfine coupling constantAi ) QF

π
C (QCH

negative andQCMe positive), and standard contact shift theory,15,34

the pattern of observed shifts emerges. Resonances of 4-Me,
5-H, and 6-Me are displaced downfield while the 2-H signal is
shifted upfield. Dominant contact shifts are a general property
of [Fe4S4]2+ clusters.35 These shifts are rather small, in the
present case covering the range ofca. 1-2 ppm for the LS3
ligand. Accurate values, therefore, depend on the most ap-
propriate choice of diamagnetic reference. Here we have

employed the references stated in Table 2 and utilize the
isotropic shifts for internal comparison only rather than as
absolute values. If the shifts are purely contact, they are
proportional to the magnetic susceptibilityøM. For a pair of
selenide/sulfide clusters, the ratio of contact shifts of a given
proton i at the same temperature is that of eq 3.

Examination of the isotropic shift data in Tables 2-4 leads
to four conclusions:

(34) For a molecule with spinS, (∆H/H)con
i ) -(Ai/p)[gav2µB2S(S + 1)/

3γNkT]. For application to [Fe4S4]2+ clusters, this expression must
be modified to include population factors and summation over all
populated levels.15

(35) (a) Holm, R. H.; Phillips, W. D.; Averill, B. A.; Mayerle, J. J.;
Herskovitz, T.J. Am. Chem. Soc. 1974, 96, 2109. (b) Reynolds, J.
G.; Laskowski, E. J.; Holm, R. H.J. Am.Chem. Soc. 1978, 100, 5315.

Table 2. 1H NMR Isotropic Shifts and Redox Potentials of [Fe4Q4(LS3)L′]2-,3- Clusters (Q) S, Se) with Anionic L′ Ligands in Acetonitrile
Solutions at 297 K

(∆H/H0)iso,a ppm

no. L′ 2-H 4-Me 5-H 6-Me L′b E1/2, Vc

2S Cl- 1.68 -1.67 -1.51 -1.59 -0.99
2Se 1.15 -2.16 -1.79 -1.68 -0.97
3S CN- 1.36 -1.71 -1.40 -1.51 -0.92,-1.73
3Se 0.88 -2.12 -1.65 -1.58 -0.90,-1.55
4S MeS- 1.52 -1.49 -1.43 -1.55 -13.3 d
4Se 1.11 -1.99 -1.68 -1.64 -16.3 -1.08
5S EtS- 1.57 -1.47 -1.42 -1.54 -10.7 (CH2), -1.13 (Me) -1.11
5Se 1.12 -1.98 -1.68 -1.64 -13.1 (CH2), -1.50 (Me) -1.08
6Se iPrS- 1.10 -1.97 -1.67 -1.64 -9.02 (CH);-1.81 (Me) -1.11
7Se tBuS- 1.08 -1.95 -1.67 -1.63 -1.91 -1.12
8Se

S–
1.05 -2.03 -1.70 -1.63 1.47,-1.08, 2.14 -1.01

9S
S–Me

1.53 -1.53 -1.43 -1.53 1.21,-0.83,-1.59 -1.05

9Se 1.05 -2.02 -1.69 -1.63 1.41,-1.05,-1.88 -1.03
10Se

S–

iPr

iPr

iPr

1.03 -1.99 -1.67 -1.59 -0.41 (Me),-1.05,-0.02 (Me) -1.08

11Se Et2NCS2- 1.21 -1.99 -1.86 -1.75 -3.93 (CH2), -0.17 (Me) -0.20,e -1.14f
12Se

NC

NC

S–

S– 1.62 -2.03 -2.01 -1.91 -0.35,e -1.22f

13Se Cl

S–

S–

Cl

Cl

Cl

1.88 -2.03 -2.01 -2.00 -0.60,e -1.30f

14S

N S–

1.71 -1.52 -1.54 -1.64 g d

14Se 1.16 -2.06 -1.81 -1.73 g -1.03
15Se Me

S–

Me

–S

1.05 -2.01 -1.68 -1.61 -2.67 (Me),-2.42 (5-H)h -0.01,e -1.09f

16Se
S––S

1.08 -2.02 -1.69 -1.64 i -1.06

17S S2- h -1.88 -1.93 -2.25 -1.26,-1.53
17Se Se2- 1.55 -2.27 -2.14 -2.33 -1.21,-1.46
18Se

O–
1.46 -2.15 -1.82 -1.74 2.01,-2.63, 2.98 -1.04

19S
O–Me

1.99 -1.62 -1.54 -1.66 -,-2.04,-2.39 d

19Se 1.51 -2.14 -1.82 -1.74 2.20,-2.52,-2.88 -1.05
20Se

O–Br
1.45 -2.17 -1.83 -1.75 2.29,-2.38 -1.01

21Se MeCO2- 1.25 -2.17 -1.81 -1.70 -1.00
a (∆H/H0)iso ) (∆H/H0)dia - (∆H/H0)obs; diamagnetic reference shifts are those of (Bu4N)3LS3, NaS2CNEt2, and free (protonated) ligands L′ in

acetonitrile.b For phenyl ligands, shifts are given in the orderortho, meta, para. c E1/2 ) (Epc + Epa)/2. dNot determined.eOxidation. f Reduction.
gUnassigned signals at 10.0, 11.0, 12.3 (Q) S) and 10.1, 11.0, 12.5 ppm (Q) Se).h 2-H signal not observed.i Not observed.

(∆H/H)Secon/(∆H/H)
S
con) Ai

SeøMSe/Ai
SøMS (3)
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(i) Shifts of one or more of the substituents 4-Me, 5-H, and
6-Me on the LS3 ligand arms are very sensitive to the nature of
the ligand L′ at the unique iron site (Tables 2 and 3). The signs

of all shifts are consistent with contact interactions, which are
taken as dominant in all clusters.
(ii) Shifts of corresponding substituents on the LS3 ligand

Table 3. 1H NMR Isotropic Shifts and Redox Potentials of [Fe4Q4(LS3)L′]- Clusters (Q) S, Se) with Neutral L′ Ligands in Acetonitrile
Solutions at 297 Ka

(∆H/H0)iso, ppm

no. L′ 2-H 4-Me 5-H 6-Me E1/2, Vb

22Se

N

NN
MeMe

Me

1.54 -2.21 -1.97 -1.81 -0.94

23S

NN
N

HH

H

c d -1.73 -1.82 -1.98 -1.18
23Se d -2.48 -2.30 -2.24 -1.11

24Se
SS

S

1.34 -2.18 -2.05 -1.89 e

N NH N NH N NH

Me

Me

25S, 26S, 27S 1.64 -1.83 -1.54 -1.65 -0.79,-0.78,-0.79
25Se, 26Se, 27Se 1.07 -2.27 -1.80 -1.69 -0.78,-0.80,-0.79

28S
NMe2N

1.63 -1.83 -1.53 -1.64 -0.82
28Se 1.11 -2.29 -1.82 -1.71 -0.78

29Se iPr3P 0.90 -2.22 -1.69 -1.69 -0.77
30Se Cy3P 0.88 -2.19 -1.69 -1.66 -0.81
31Se tBu3P 0.88 -2.22 -1.69 -1.69 -0.81

a See footnotesa andb in Table 2.b ∆Ep ) 75-120 mV, with the large majority of valuese100 mV. c Stoichiometric reactions: tacn CH2
isotropic shifts are-6.67 and-13.1 ppm (Q) Se) and-5.83 and-9.70 ppm (Q) S). dNot observed.ePoorly defined redox step.

Figure 2. Summary of the ligand substitution reactions of [Fe4Se4(LS3)Cl]2- (2) affording the cluster products3-31. Monodentate and bidentate
coordination cannot be distinguished in21.
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arms and L′ are always larger in selenide clusters than in sulfide
clusters (with the exception of 2-H). These shifts are given as
ratios in Table 4. The magnetic susceptibility ratios (299 K)
for (Me4N)2[Fe4Q4(SPh)4]17 and for (Me4N)3[Fe4Q4(SPh)4]20 are
1.30:1 and 1.17:1, respectively, in the solid state (299 K),
indicating the selenide clusters to be less strongly coupled. For
[Fe4Q4(LS3)Cl]2- in acetonitrile, the mean values of magnetic
moments per cluster from three determinations of magnetic
susceptibilities areµeff ) 2.71µB (2Se) and 2.58µB (2S)36 (294
K). These values correspond to the susceptibility ratio 1.10:1.
The magnetic data are consistent with the larger isotropic shifts
of selenide clusters in the cluster pairs of Table 3, provided
thatAiSe/AiS ≈ 1.
(iii) The proposition thatAiSe/AiS ≈ 1 is supported by the

essentially constant shift ratios for three [Fe4Q4(SR)4]2- cluster
pairs (Table 4). In these clusters, the ligands can freely rotate

about C-S bonds and can assume random orientations with
respect to the core atoms. For clusters5, 9, and19, the isotropic
shift ratios of the ligands L′ are also practically constant.
However, this is not the case for the LS3 shifts of 2 and all
other Q) S/Se cluster pairs containing the LS3 ligand. When
11 such pairs, each with constant L′, are examined, there is a
definite trend in the shift ratios at the 4-Me, 5-H, and 6-Me
positions. The set includes species with four-, five- (14), and
six-coordination (23) at the unique iron site (Table 4). Further,
the shifts of 2-H in selenide clusters areca. 30%lessthan those
in sulfide clusters, the only instance of an isotropic shift reversal
in all of the cluster pairs investigated. While we cannot give a
precise reason for the small but real differences in electron
delocalization in the selenide and sulfide clusters, it must be
largely associated with the semirigid nature of the LS3 ligand
and changes in conformation produced by the different [Fe4Q4]2+

cores. Earlier, we estimated that the selenide core effective
volume is 25% larger than the sulfide core volume and provided
a rigorous conformational analysis of [Fe4Q4(LS3)L′]z- clusters
in terms of the tilt and cant angles of ligand arms and legs.8b

At least in their crystalline Ph4P+ salts, the conformations of
[Fe4Q4(LS3)Cl]2- are clearly different; even crystallographically
inequivalent [Fe4Se4(LS3)Cl]2- clusters in the same asymmetric
unit can differ somewhat in conformation.8b Of the protons on
the ligand arms, 2-H is most affected by conformation changes
that alter its position in the shielding cone of the central benzene
ring.8b This proton is also nearest the core and may be
influenced by weak but direct spin transfer from the core in
addition to delocalization through the Fe-S-phenyl pathway.
While we could not have predicted that 2-H isotropic shifts
would be smaller in selenide than sulfide clusters, it is clearly
the proton most likely to be influenced by variable ligand
conformation.37

(iv) The relative extent of spin delocalization in selenide vs
sulfide clusters is nearly independent of L′, as shown by the
small variation in the ratio of shift ratios for given LS3 and (to
a lesser extent) L′ substituents. This is illustrated for three
[Fe4Q4(SR)4]2- and four [Fe4Q4(LS3)L′]2- cluster pairs (Table
4); for example, among the latter the 4-Me ratio is 1:1.05:1.02:
1.02 (in order of listing). The 5-H and 6-Me shift ratios are
also essentially unity.
Substituted Clusters. The reactions of the clusters2 are

conveniently discussed in terms of anionic and neutral ligand

(36) This value is somewhat larger theµeff ) 2.1-2.3 µB usually found
for [Fe4S4L4]2- clusters at room temperature: (a) Wong, G. B.; Bobrik,
M. A.; Holm, R. H. Inorg. Chem. 1978, 17, 578. (b) Laskowski, E.
J.; Frankel, R. B.; Gillum, W. O.; Papaefthymiou, G. C.; Renaud, J.;
Ibers, J. A.; Holm, R. H.J. Am. Chem. Soc. 1978, 100, 5322.

(37) These points are made by assuming contact shifts only, consistent with
available evidence. We have no way of estimating any dipolar
contributions to isotropic shifts arising from the zero-field splittings
of integer-spin excited state(s) that may be populated.

Figure 3. Comparative1H NMR spectra of [Fe4Q4(LS3)(SEt)]2- (Q
) S, Se) in acetonitrile solution at 297 K. Signal assignments are
indicated.

Figure 4. Comparative1H NMR spectra of [Fe4Q4(LS3)(O-p-tol)]2-

(Q ) S, Se) in acetonitrile solution at 297 K. Signal assignments are
indicated.

Table 4. Comparative Isotropic Shifts of [Fe4Q4]2+ Clusters (Q)
S, Se) in Acetonitrile Solutions at 298 K

cluster (∆H/H0)iso
Se/(∆H/H0)iso

S

[Fe4Q4(SEt)4]2- 1.19 (CH2), 1.25 (Me)
[Fe4Q4(SPh)4]2- a 1.26 (o-H), 1.20 (m-H), 1.21 (p-H)
[Fe4Q4(S-p-C6H4Me)4]2- 1.25 (o-H), 1.17 (m-H), 1.22 (p-H)
[Fe4Q4(LS3)Cl]2- b (2) 0.68 (2-H), 1.29 (4-Me), 1.19 (5-H),

1.06 (6-Me)
[Fe4Q4(LS3)(SEt)]2- (5) 0.71 (2-H), 1.35 (4-Me), 1.19 (5-H),

1.06 (6-Me), 1.22 (CH2), 1.30 (Me)
[Fe4Q4(LS3)(S-p-C6H4Me)]2-

(9)
0.69 (2-H), 1.32 (4-Me), 1.18 (5-H),

1.07 (6-Me), 1.17 (o-H), 1.27 (m-H),
1.18 (p-H)

[Fe4Q4(LS3)(O-p-C6H4Me)]2-

(19)
0.76 (2-H), 1.32 (4-Me), 1.18 (5-H),

1.05 (6-Me), 1.23 (m-H), 1.30 (p-H)c

[Fe4Q4(LS3)L′]Z-

(mean values of 11 pairs)e
0.69(4)d (2-H), 1.30(7) (4-Me),

1.18(4) (5-H), 1.06(3) (6-Me)

a (Me4N)2[Fe4Q4(SPh)4] (solid, 299 K): µeff ) 2.47 µB (Q ) Se),
2.17µb (Q ) S).17 b Acetonitrile solution, 294 K:µeff ) 2.71µB (Q )
Se), 2.58µB (Q) S). c o-H signal (Q) S) not resolved.d Esd of mean
value.e 2-5, 9, 14, 17, 19, 23, 25, 28.
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substitution, with emphasis on the reactions of2Se. Reactions
were readily monitored because of the resolved chemical shifts
of initial and product clusters.
(a) Anionic Ligands. Clusters3-21 formed by mono- and

dinegative ligands are contained in Table 2. The reactions 1
and 2 in acetonitrile leading to these species, involving the
ligands cyanide, thiolate, phenolate, dithiolate, dithiocarbamate,
and selenide, are stoichiometric with little or no byproducts
detected by NMR. Although we have not pursued the matter
of relative potentials with a large number of [Fe4Q4(LS3)L′]z-
cluster pairs, the available data reveal a small but consistent
positive shift of redox potentials for the selenide clusters. This
is illustrated by the voltammograms of the clusters5 in Figure
5 (top). As is typical of [Fe4Q4(SR)4]2- species, both exhibit
reversible 2-/3- redox steps, with the potential of5Se 30 mV
more positive than that of5S. We have encountered no reversal
of the trendESe j ES for [Fe4S4]2+,+ couples in previous
work17,18 and among over more than 10 comparative pairs in
Tables 2 and 3. The trend is further upheld by the potentials
(E1/2S, E1/2Se) in acetonitrile for the following more conventional
cluster pairs: [Fe4Q4Cl4]2- (-0.79,-0.75 V), [Fe4Q4(SEt)4]2-

(-1.32,-1.26 V).
With regard to other aspects of redox behavior, there are

several instructive observations in Table 2. Given5Se as a
reference cluster with all-thiolate ligation, replacement of
ethanethiolate with dithiocarbamate in11Seaffords two revers-
ible steps (Figure 5, lower), an oxidation ([Fe4Se4]3+,2+) at-0.20
V and a reduction ([Fe4Se4]2+,+) at-1.14 V. Because the latter
potential is only 60 mV different from5Se (-1.08 V), we
conclude that bidentate coordination by dithiocarbamate does

not strongly increase the electron density in the [Fe4Se4]2+ state
but, by means of its charge-separated resonance form, is
effective as a source of electron density in stabilizing the
oxidized ([Fe4Se4]3+) state. The latter is usually unstable in
[Fe4Q4(SR)4]- clusters, only one example (with very bulky
ligands) having ever been isolated.38 When a dithiolate ligand
is coordinated at the unique iron site as in12Se and13Se, the
cluster negative charge is increased by one unit and additional
electron density is introduced into the core relative to5Se or
the benzenethiolate cluster8Se as references. This has the
consequence of facilitating oxidation and thus shifting potentials
to more negative values. The result is that both reversible
oxidation and reduction steps can be observed, as seen in the
voltammogram of12Se(Figure 5, middle). Both of these effects
represent ways of modulating redox potentials of protein-bound
Fe4Q4 clusters, by an increase of coordination number with
anionic sulfur ligands. On the other hand, cluster14Se shows
a reversible reduction (-1.03 V) but not a well-defined
oxidation. Evidently, the pyridine donor functionality is not
consequential relative to coordination of the thiolate sulfur
atom. It is now our experience that bidentate coordination by
anionic sulfur ligands39 at a single site in Fe4Q4 clusters tends
to stabilize the [Fe4Q4]2+,3+ oxidation levels in acetonitrile,
DMF, and Me2SO solutions.10 In clusters with monodentate
coordination at that site, the [Fe4Q4]3+ level is generally
obtainable only in solvents of very low nucleophilicity, such
as dichloromethane.10,11

When two [Fe4Q4]2+ clusters are connected by sulfide or
selenide, the cluster reduction steps are not independent. This
has been previously observed for17S in Me2SO, where the
potential difference is 220 mV.9 The same property applies to
17S and the new cluster17Sein acetonitrile where the differences
are 270 and 250 mV, respectively.40 Attempts to prepare double
cubanes with different bridge and core chalcogenide atoms by
variation of the reaction giving17Se(Figure 2) afforded species
with multiple NMR signals indicative of mixed sulfide/selenide
cores. Clusters of this sort have been prepared earlier by
intercluster chalcogenide exchange.21 Separate reduction steps
were not resolved by cyclic or differential pulse voltammetry
for bridged clusters15Se and16Se, for which we estimate the
nearest Fe‚‚‚Fe intercluster separations to be>7.8 Å in the
expected transoid conformations.9 In 17Se, this distance is 3.94
Å.40

Last, we consider the redox behavior of cyanide-ligated
clusters3, whose voltammograms are presented in Figure 6.
Both clusters show two reversible reductions corresponding to
the couples [Fe4Q4]2+,+ and [Fe4Q4]+,0. While the second
reduction has been observed occasionally for [Fe4S4L4]2-

species,41 it is absent or chemically irreversible in the vast
majority of clusters with L) RS-, RO-, or halide examined
in acetonitrile, DMF, and Me2SO. Presumably the encapsulating
nature of the LS3 ligand, with a small contribution from the
π-acid property of cyanide, helps stabilize the all-ferrous cores

(38) O’Sullivan, T.; Millar, M. M. J. Am. Chem. Soc. 1985, 107, 4096.
(39) For earlier examples with dithiocarbamate-bound Fe4S4 clusters,cf.:

Kanatzidis, M. G.; Coucouvanis, D.; Simopoulos, A.; Kostikas, A.;
Papaefthymiou, V.J. Am. Chem. Soc. 1985, 107, 4925.

(40) The bridged structure has been demonstrated by the X-ray structure
determination of (Bu4N)4[17Se], in which the Fe-Se-Fe bridge angle
is 113 and 115° (two independent anions). This information is
included in a forthcoming report of the synthesis and properties of
sulfide- and selenide-bridged double cubane clusters: Huang, J.;
Mukerjee, S.; Segal, B. M.; Akashi, H.; Zhou, J.; Holm, R. H.
Submitted for publication.

(41) (a) For example, the [Fe4S4(SPh)4]3-,4- couple has been observed at
-1.72 V in acetonitrile: Cambray, J.; Lane, R. W.; Wedd, A. G.;
Johnson, R. W.; Holm, R. H.Inorg. Chem. 1977, 16, 2565. (b) See
also: Pickett, C. J.J. Chem. Soc., Chem. Commun. 1985, 323.

Figure 5. Cyclic voltammograms in acetonitrile solutions (20 mV/s,
297 K): (Top) [Fe4Q4(LS3)(SEt)]2- (Q ) S, Se); (middle) [Fe4Se4-
(LS3)(mnt)]3-; (bottom) [Fe4Se4(LS3)(S2CNEt2)]2-. Peak potentials are
indicated.
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[Fe4Q4]0, one of which has recently been isolated in the form
of [Fe4S4(PR3)4].42 Even more surprising is the 180-mV
difference in potential for the second reduction. This is the
largest difference known for any pair of isoelectronic [Fe4Q4]z,z-1

couples and may be compared to typical values of<50 mV for
the [Fe4Q4]2+,+ couples. Evidently, the difference in chalco-
genide character of the redox-active orbitals in the [Fe4Q4]+,0

step is larger than in preceding redox steps.
(b) Neutral Ligands. Clusters22-31 containing neutral

ligands L′ are collected in Table 3 together with their isotropic
shifts and redox potentials. They were generated by reaction 4

in acetonitrile, in which excess NaBF4 (4 equiv) in methanol
removes chloride from2 in the presence ofg3 equiv of L′. In
the cases tested, there was no reaction of the cluster with at
least 3 equiv of ligand in the absence of NaBF4. The ligand
set includes cyclic triamines, a cyclic trisulfide, imidazoles, a
substituted pyridine, and tertiary phosphines. Although multiple
attempts were made, only the cluster24Secould be obtained in
crystalline form suitable for an X-ray study.
Cluster24Sewas crystallized in the form (Bu4N)[Fe4Se4(LS3)-

([9]aneS3)]‚[9]aneS3. Its structure is only the fourth that has
been determined for an LS3-bound cluster,8,13whose salts usually
form only microcrystalline solids. The structure of the [9]aneS3

solvate molecule is similar to that reported43 and is not
considered further. The structure of the entire cluster anion,
shown in Figure 7, reveals theabababconformation,8 in which
phenylthio substitutents alternate in position above and below
the central benzene ring. Atom Se(3) is positioned 3.73 Å above
the central benzene ring, indicating that the [Fe4Se4]2+ core is
substantially immersed in the ligand cavity defined by atoms
S(11-13) and the inward edges of the three phenylthio arms.
The corresponding distances are 3.68, 3.69, and 4.09 Å in three
crystallographically independent clusters2Se, for which a
detailed conformational analysis has been presented.8b No
symmetry is imposed on the anion. The cluster core with its

terminal ligands is shown in Figure 8. Cluster dimensions are
comparable to those for other [Fe4Se4L4]2- clusters (L) Cl-,
Br-, PhS-).44 However, the core does not show the compressed
tetragonalD2d structure common to [Fe4Q4]2+ clusters but rather
a trigonal distortion engendered by coordination of [9]aneS3 and
LS3. Metric data in Table 5 are arranged such that idealized
trigonal symmetry is evident. Thus, the three Fe(1)-Se
distances are considerably longer (mean 2.51(2) Å) than all other
Fe-Se distances (mean 2.396(7) Å). The same is true of the
three Fe(1)-Fe distances (mean 2.95(1) Å) compared to the
other three Fe-Fe separations (mean 2.810(9) Å). Note also
that the six Fe-Se-Fe angles in the rhombic faces of the core
containing Fe(1) are distinguishable from other such angles
involving Fe(2-4), consistent with trigonal symmetry.
Cluster24Se is the first structurally characterized [1:3] site-

differentiated Fe4Q4 cluster with a six-coordinate iron atom. The

(42) Goh, C.; Segal, B. M.; Huang, J.; Long, J. R.; Holm, R. H.J. Am.
Chem. Soc. 1996, 118, 11844. No X-ray structure of this cluster
oxidation state is available; however, stoichiometry implies tetrahedral
coordination and therewith an electronic structure unlike that of [Fe4S4-
(CO)12], which contains six-coordinate Fe(II) and whose structural
parameters indicate a diamagnetic compound: Nelson, L. L.; Lo, F.
Y.-K.; Rae, A. D.; Dahl, L. F.J. Organomet. Chem. 1982, 225, 309.

(43) (a) Glass, R. S.; Wilson, G. S.; Setzer, W. N.J. Am. Chem. Soc. 1980,
102, 5068. (b) Cristiani, F.; Devillanova, F. A.; Isaia, F.; Lippolis,
V.; Verani, G.; Demartin, F.Heteratom Chem. 1993, 4, 571.

(44) (a) Cen, W.; Liu, H.Jiegou Huaxue(J. Struct. Chem.) 1986, 5, 203.
(b) Fenske, D.; Maue´, P.; Merzweiler, K.Z. Naturforsch. 1987, B42,
928. (c) Rutchik, S.; Kim, S.; Walters, M. A.Inorg. Chem. 1988, 27,
1513. (d) Ahle, A.; Dehnicke, K.; Maichle-Mosmer, J.; Stra¨hle, J.Z.
Naturforsch. 1994, B49, 434.

Figure 6. Cyclic voltammograms in acetonitrile solutions (20 mV/s,
297 K) of [Fe4Q4(LS3)(CN)]2- (Q ) S, Se). Peak potentials are
indicated.

Figure 7. Overall structure of [Fe4Se4(LS3)([9]aneS3)]1-, showing the
ababab ligand conformation, the atom-labeling scheme, and 50%
probability ellipsoids.

Figure 8. Structure of the cluster portion of [Fe4Se4(LS3)([9]aneS3)]-,
with the atom-labeling scheme, 50% probability ellipsoids, and bond
distances (Å) averaged under trigonal symmetry.

[Fe4Q4(LS3)Cl]
2- + L′ + NaBF4 f

[Fe4Q4(LS3)L′]- + NaCl+ BF4
- (4)
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mean Fe-S(1-3) bond distance of 2.58(2) Å to [9]aneS3 is
incompatible with localized low-spin Fe(II,III) formulations such
as apply to the complexes [Fe([9]aneS3)2]2+,45a Fe([9]aneS3)-
([9]aneS3O]2+,45b and [Fe([9]aneS3)2]3+.46 Instead, the unique
iron atom would appear to be biased toward the high-spin
Fe(III) condition based on the mean Fe-S bond distance of
2.57(3) Å in high-spin [Fe([9]aneS3)Cl3].47 The difference
between mean values of the core Fe(1)-Se and Fe(2-4)-Se
bond lengths (0.18 Å) is consistent with the difference between
high-spin octahedral and tetrahedral Fe(III) radii (0.15 Å).48

Whatever may be the exact charge distribution, the magnetic
coupling within the [Fe4Se4]2+ core is not strongly perturbed
compared to other clusters. The isotropic shifts, although
somewhat higher in this and other clusters (22Se, 23) having a
six-coordinate site, still indicate a diamagnetic ground state.

Finally, the structure of24Seproves at once that an iron site in
an [Fe4Q4]2+ cluster can sustain six-coordination with non-
oxygen ligands. In enzyme-inhibitor complexes of aconitase,
five- and six-coordinate unique sites of the FeS3O2,3 types have
been detected crystallographically49 in the [Fe4S4]2+ cluster of
the active form.
(c) Imidazole-Ligated Clusters. Among additional observa-

tions, it was found that the clusters2 bind imidazoles to give
25-27and the basic derivative 4-(dimethylamino)pyridine (but
not pyridine itself) to afford28. Limiting isotropic shifts of
25S-27S and of25Se-27Se are not distinguishable, and redox
potentials within these sets are practically identical (Table 3).
Also, 2Se binds the more basic tertiary phosphines, whose
different substituents have almost no effect on isotropic shifts
and redox potentials of clusters29Se-31Se. This is the first
demonstration of the binding of unsaturated nitrogen ligands
and phosphines to the [Fe4Q4]2+ core. In the reaction systems
2/g3L′/4NaBF4 represented by reaction 4, bound and free ligand
L′ are in fast exchange and2 and [Fe4Q4(LS3)L′]1- are in slow
exchange on the NMR time scale. Given the large cone angles
of the phosphine ligands (160-182°) and structural character-
ization of [Fe4S4(PR3)4]+ clusters with these phosphines, it is
certain that only one such ligand binds.
Particular interest attends imidazole binding because the first

example of a native imidazole-ligated cluster, [Fe4S4(Cys-S)3-
(His-N)], has been discovered by crystallography inDe-
sulfoVibrio gigas hydrogenase.50 The course of imidazole
binding in this work is typified by the system2S/n 4-MeIm/
4NaBF4 in Figure 9. With no added ligand, the spectrum is
identical with that of2S in the absence of NaBF4. Whenn )

(45) (a) Wieghardt, K.; Ku¨ppers, H.-J.; Weiss, J.Inorg. Chem. 1985, 24,
3067. (b) Küppers, H.-J.; Wieghardt, K.; Nuber, B.; Weiss, J.; Bill,
E.; Trautwein, A. X.Inorg. Chem. 1987, 26, 3762.

(46) Blake, A. J.; Holder, A. J.; Hyde, T. I.; Schro¨der, M.J. Chem. Soc.,
Chem. Commun. 1989, 1433.

(47) Ballester, J.; Parker, O. J.; Breneman, G. L.Acta Crystallogr. 1994,
C50, 712.

(48) Shannon, R. D.Acta Crystallogr. 1976, A32, 751.

(49) (a) Lauble, H.; Kennedy, M. C.; Beinert, H.; Stout, C. D.Biochemistry
1992, 31, 2735;J. Mol. Biol. 1994, 237, 437. (b) Lauble, H.; Stout,
C. D.Proteins1995, 22, 1. (c) Lauble, H.; Kennedy, M. C.; Emptage,
M. H.; Beinert, H.; Stout, C. D.Proc. Natl. Acad. Sci. U.S.A. 1996,
93, 13699.

(50) (a) Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey,
M.; Fontecilla-Camps, J. C.Nature1995, 373, 580. (b) Volbeda, A.;
Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. M.; Hatchikian,
E. C.; Frey, M.; Fontecilla-Camps, J. C.J. Am. Chem. Soc. 1996,
118, 12989.

Table 5. Selected Interatomic Distances (Å) and Angles (deg) for
[Fe4Se4(LS3)([9]aneS3)]-

Terminal Ligands
Fe(2)-S(11) 2.263(6) S(1)-Fe(1)-S(2) 80.7(2)
Fe(3)-S(13) 2.244(7) S(1)-Fe(1)-S(3) 80.5(2)
Fe(4)-S(12) 2.272(6) S(2)-Fe(1)-S(3) 80.7(2)
mean of 3 2.26(1) S(1)-Fe(1)-Se(1) 93.4(2)
Fe(1)-S(1) 2.578(7) S(1)-Fe(1)-Se(4) 84.8(2)
Fe(1)-S(2) 2.602(3) S(3)-Fe(1)-Se(1) 85.3(2)
Fe(1)-S(3) 2.564(6) S(2)-Fe(1)-Se(2) 83.8(2)
mean of 3 2.58(2) S(2)-Fe(1)-Se(4) 91.0(2)

S(3)-Fe(1)-Se(2) 92.2(2)

Core
Fe(1)-Se(1) 2.523(4) Fe(1)-Fe(2) 2.959(3)
Fe(1)-Se(2) 2.485(3) Fe(1)-Fe(3) 2.962(4)
Fe(1)-Se(4) 2.513(3) Fe(1)-Fe(4) 2.938(4)
mean of 3 2.51(2) mean of 3 2.95(1)

Fe(2)-Fe(3) 2.803(4)
Fe(2)-Se(2) 2.398(4) Fe(3)-Fe(4) 2.820(4)
Fe(3)-Se(4) 2.400(4) Fe(2)-Fe(4) 2.806(4)
Fe(4)-Se(1) 2.401(3) mean of 3 2.810(9)
Fe(2)-Se(1) 2.393(3)
Fe(3)-Se(2) 2.387(3) Fe(2)-Fe(1)-Fe(3) 56.51(9)
Fe(4)-Se(4) 2.406(4) Fe(4)-Fe(1)-Fe(3) 57.1(1)
Fe(2)-Se(3) 2.386(3) Fe(4)-Fe(1)-Fe(2) 56.83(9)
Fe(3)-Se(3) 2.399(4) mean of 3 56.8(3)
Fe(4)-Se(3) 2.395(3)
mean of 9 2.396(7) Fe(4)-Fe(3)-Fe(1) 61.0(1)

Fe(2)-Fe(3)-Fe(1) 61.68(9)
Fe(4)-Fe(2)-Fe(1) 61.21(9)
mean of 3 61.3(3)

Fe(3)-Fe(2)-Fe(4) 60.4(1) Fe(2)-Fe(4)-Fe(1) 61.96(9)
Fe(2)-Fe(4)-Fe(3) 59.8(1) Fe(3)-Fe(4)-Fe(1) 61.9(1)
Fe(2)-Fe(3)-Fe(4) 59.9(1) Fe(3)-Fe(2)-Fe(1) 61.8(1)
mean of 3 60.0(3) mean of 3 61.9(1)

Se(1)-Fe(1)-Se(4) 101.7(1) Se(1)-Fe(2)-Se(3) 105.3(1)
Se(2)-Fe(1)-Se(4) 100.4(1) Se(2)-Fe(3)-Se(3) 105.7(1)
Se(2)-Fe(1)-Se(1) 100.5(1) Se(1)-Fe(4)-Se(3) 104.8(1)
Se(1)-Fe(2)-Se(2) 107.0(1) Se(4)-Fe(3)-Se(3) 105.0(1)
Se(2)-Fe(3)-Se(4) 106.7(1) Se(2)-Fe(2)-Se(3) 105.8(1)
Se(1)-Fe(4)-Se(4) 108.7(1) Se(4)-Fe(4)-Se(3) 104.9(1)

Fe(1)-Se(1)-Fe(4) 73.2(1) Fe(1)-Se(1)-Fe(2) 74.0(1)
Fe(1)-Se(2)-Fe(2) 74.6(1) Fe(1)-Se(2)-Fe(3) 74.8(1)
Fe(1)-Se(4)-Fe(3) 74.1(1) Fe(1)-Se(4)-Fe(4) 73.3(1)

Fe(2)-Se(1)-Fe(4) 71.7(1) Fe(2)-Se(3)-Fe(3) 71.7(1)
Fe(3)-Se(4)-Fe(4) 71.9(1) Fe(2)-Se(3)-Fe(4) 71.9(1)
Fe(3)-Se(2)-Fe(2) 71.7(1) Fe(3)-Se(3)-Fe(4) 72.1(1)

Figure 9. 1H NMR spectra of the reaction systems of [Fe4S4(LS3)Cl]2-

with n ) 0-3 equiv of 4-methylimidazole in the presence of 4 equiv
of NaBF4. Signal assignments are indicated.
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1 equiv, new signals appear at 3.93 (4-Me), 4.05 (6-Me), and
7.07 (2′-H) ppm, and the 5-H resonance at 8.27 ppm is
broadened and very slightly shifted. The new signals are
assigned to imidazole-bound cluster27S. At n ) 3 equiv, the
new peaks intensify and the broadened signals of the exchanging
ligand are evident. In this system, the reaction is complete at
n) 3 equiv because the resonances of2S are no longer evident
and the addition of a larger excess of ligand produces no change
in the LS3 signals of27S. The behavior is very similar in the
other reaction systems producing clusters25-28. In all cases,
only one new spectrum arises with added ligand, whose features
are not broadened or shifted by variations in the initial L′:2S
mol ratio. Barring accidental degeneracy inall resolved LS3
chemical shifts of clusters with one, and with more than one,
bound ligand, we conclude that25-28are properly formulated
as monoligated by L′.
All potentials in Table 3 refer to the [Fe4Q4]2+,+ couple.

Although the clusters23 are uninegative, their potentials of
-1.18 V (23S) and-1.11 V (23Se) are comparable to (or more
negative than) those of dinegative clusters (Table 2). This
behavior obtains because electron donation to the core by the
tridentate tacn ligand compensates the behavior of one mono-
dentate anionic ligand. All other potentials of uninegative
clusters are substantially less negative and occur in the interval
-0.77 to-0.82 V. The voltammogram of26S, shown in Figure
10, is representative of the systems2/nL′/4NaBF4/0.1 M (Bu4N)-
(PF6) in acetonitrile. Addition ofn) 3 equiv of 2-MeIm shifts
initial potential of-0.99 V (2S) in the positive direction by
200 mV. Further increments of ligand cause peak potential
shifts ofca. 30 mV until the limiting potential (-0.78 V) and
peak separation (77 mV) are reached near 30 equiv of ligand.
In general,n> 3 equiv of ligand decreased the peak separation
and resulted in a closer approach to the criterionipc/ipa ) 1
for chemical reversibility. With ethanethiolate-ligated cluster
5S as a reference, replacement of thiolate with 4-MeIm (27S)
results in a positive potential shift of 320 mV. We take this
value as the best availableestimateof the intrinsic potential
difference between [Fe4S4(Cys-S)4] and [Fe4S4(Cys-S)3(His-N)]
clusters.
The electron transfer pathway inD. gigas hydrogenase

consists of the alignment proximal-Fe4S4|Fe3S4|distal-Fe4S4
proceeding outward from the Ni-Fe active site.50 The distal
cluster is coordinated by the side chain of one histidyl residue,
and the proximal cluster has the common [Fe4S4(Cys-S)4]
ligation. The redox potentials at pH 8 are-410 mV for the
proximal cluster and-350 mV for the distal cluster.51 Judging
from the method of determination, the difference in potentials

is more significant than their absolute values. If the proximal
cluster is taken as the reference, the sign of the ligand
substitution effect is the same but the difference of 60 mV is
much less than the estimated intrinsic value of 320 mV. Part
of this difference may be attenuated by protein hydrogen-
bonding and other environmental differences at the proximal
and distal clusters. Such effects lead to a variation of over 300
mV for [Fe4S4]2+,+ potentials of [Fe4S4(Cys-S)4] clusters.52

Further, both hydrogenase potentials, as well as some in the
foregoing range, are pH-dependent.
Ligand Exchange and Binding Affinities. Noting the

conformational differences implied by the1H NMR results for
the LS3 ligand when bound to the two [Fe4Q4]2+ cores, we
sought to learn whether there is a detectable preference of the
ligand for one core over the other. Consequently, reaction
systemsA-F in Table 6 were examined in acetonitrile solutions
at ambient temperature. In no previous context had we
entertained the possibility of exchange oftridentate LS3 between
clusters, as exemplified by reactions 5 and 6. In fact, these

and related reactions do occur and slowly reach equilibrium
over a period of hours or several days; the equilibrium
components are readily identified by their characteristic NMR
spectra. No core chalcogenide exchange was observed; this
process is extremely slow for [Fe4Q4]2+ clusters at room
temperature.21 While no kinetics data are available, exchange
of unidentate ligands between [Fe4S4(SR)4]2- and [Fe4Se4(SR′)4]2-

to give an essentially statistical mixture of clusters occurs within
several minutes or less after mixing.
Reaction systemsA, E, andF are illustrated in Figure 11;

the cubane-type MoFe3S4 clusters in systemsC-F have been
prepared previously.40,53 In systemA (top spectrum), the partial
conversion of2Se to 2S is clear from the fully resolved spectra;
Keq) 0.45 and∆G) 0.47 kcal/mol. If, in the simplest analysis,
∆S ) 0, cluster solvation enthalpies cancel, and Fe-Cl and
Fe-SEt bond energies are independent of Q, there is an apparent
slight enthalpic preference for binding of LS3 to the [Fe4Se4]2+

core in systemsA andB. In systemsC-F, the bond energy
equality is less certain inasmuch as the iron atoms do not
necessarily have the same charge. These systems were inves-
tigated primarily to see if LS3 transfer has generality. The
occurrence of ligand transfer is particularly clear in these cases
because LS3 moves to a cluster with anS) 3/2 ground state
and larger isotropic shifts. Thus, for systemsE (middle

(51) Roberts, L. M.; Lindahl, P. A.J. Am. Chem. Soc. 1995, 117, 2565.
(52) Stephens, P. J.; Jollie, D. R.; Warshel, A.Chem. ReV. 1996, 96, 2491.
(53) Demadis, K. D.; Coucouvanis, D.Inorg. Chem. 1995, 34, 436.

Figure 10. Cyclic voltammogram of [Fe4S4(LS3)(2-MeIm)]- (2 mM)
in the presence of excess amounts of ligand in acetonitrile solution
(20 mV/s, 297 K). Peak potentials are indicated.

Table 6. Equilibrium Constants for Ligand Exchange between
Clusters in Acetonitrile

system reactants
Keq

(297 K)

A [Fe4S4Cl4]2- + [Fe4Se4(LS3)Cl]2- 0.45
B [Fe4S4(SEt)4]2- + [Fe4Se4(LS3)(SEt)]2- 0.50
C [(Meida)MoFe3S4Cl3]2- + [Fe4S4(LS3)Cl]2- 0.55
D [(Meida)MoFe3S4Cl3]2- + [Fe4Se4(LS3)Cl]2- 0.48
E [(Cl4cat)(MeCN)MoFe3S4Cl3]2- + [Fe4S4(LS3)Cl]2- 0.20
F [(Cl4cat)(MeCN)MoFe3S4Cl3]2- + [Fe4Se4(LS3)Cl]2- 0.16
G [Fe4S4(LS3)(SEt)]2- + [Fe4Se4(LS3)Cl]2- 1.5
H [Fe4S4(LS3)(CN)]2- + [Fe4Se4(LS3)Cl]2- 1.4
I [Fe4S4(LS3)Cl]2- + [Fe4Se4(LS3)(OC6H4-p-Br)]2- 0.97

[Fe4S4Cl4]
2- + [Fe4Se4(LS3)Cl]

2- a

[Fe4S4(LS3)Cl]
2- + [Fe4Se4Cl4]

2- (5)

[(Meida)MoFe3S4Cl3]
2- + [Fe4Se4(LS3)Cl]

2- a

[(Meida)MoFe3S4(LS3)]
2- + [Fe4Se4Cl4]

2- (6)
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spectrum) andF (bottom spectrum), the appearance of 4-Me,
5-H, and 6-Me signals in the 10-15 ppm region is proof that
ligand transfer has occurred. These features with only minor
chemical shift differences have been found for the isolated
product of reaction 7.54 In systemsC-F, there is an apparent

modest preference for the binding of LS3 to the [Fe4Q4]2+ core.
However, the equilibrium constants do not differ largely from
the statistical value of unity and the free energy changes are
too small (-0.2 to 1.1 kcal/mol) to interpret in terms of one
dominant factor. We have previously described LS3 as a
semirigid tridentate cavitand-type ligand on the basis of mo-
lecular dynamics simulations and its structural chemistry.8b

Further, we have used this property to stabilize the cuboidal
[Fe3S4]0 unit, which decomposes in a less constraining ligand
environment.13 Evidently, ligand “semirigidity” is not devel-
oped to the point where LS3 cannot be detached from one cluster
core and transferred to another, even in systems at ambient
temperature lacking an exogenous nucleophile as a displacement
agent.55 The mechanism of ligand exchange is complicated and
unclear.
Reaction systemsG-H equilibrate in a matter of minutes,

with the net result being the exchange of unidentate ligands
between cluster cores in processes that are essentially statistical.

Evidently, neither core has a dominant affinity for any one of
ligands thiolate, chloride, cyanide, and phenolate. In a com-
binatorial experiment, cluster2 was exposed to a equal
deficiency (0.5 equiv) of benzenethiolate, phenolate, and cyanide
in acetonitrile. The system initially containing2Se is shown in
Figure 12. It is immediately apparent that2Se has been fully
converted to a mixture of3Se, 8Se, and18Se. Signal integration
leads to the following affinity order: PhS- (2.7)> PhO- (1.7)
> CN- (1.0) . Cl-. The same order and relative amounts
were observed in the corresponding system based on2S. The
affinity order, not determined previously, is fully consistent with
numerous observations of ligand substitution, including those
in the early development of the iron-sulfur cluster field.56 It is
a reaffirmation of the pronounced affinity of iron atoms in Fe4Q4

clusters for anionic sulfur ligands, a property that pervades all
protein-bound iron-sulfur clusters of any type.
Summary. The following are the principal results and

conclusions of this investigation:
1. [1:3] Site-differentiated [Fe4Q4]2+ clusters (Q) S, Se)

bind a wide variety of anionic and neutral mono-, bi-, and
tridentate ligands L′ at the unique site. Ligands include thiolates,
phenolates, halides, cyclic triamines and trisulfides, imidazoles,
and tertiary phosphines. The substituted cluster products
[Fe4Q4(LS3)L′]2-,- are detectable by the isotropically shifted
resonances of the LS3 ligand, which are acutely sensitive to the
nature of L′ and without exception indicate trigonal symmetry
in solution.
2. The non-halide clusters in (1) can be prepared by

substitution of chloride in [Fe4Q4(LS3)Cl]2-. In general, thi-
olates and phenolates displace chloride stoichiometrically while
an excess of most neutral ligands (in the presence of NaBF4) is
required.
3. In [Fe4Q4]2+ clusters differing only in the core chalco-

genide atom, isotropic shifts are larger (except for 2-H) and
redox potentials are less negative when Q) Se. The larger
shifts correlate with higher magnetic susceptibilities indicating
reduced antiferromagnetic coupling. Redox potential differences
typically are in the 20-60 mV interval except for the second
reduction of [Fe4Q4(LS3)(CN)]2-, for which the difference is
180 mV.
4. The crystal structure of [Fe4Se4(LS3)([9]aneS3)]- reveals

idealized trigonal symmetry and demonstrates six-coordination
at the unique Fe site. Bond distances suggest that the iron atom
is biased toward the high-spin Fe(III) description.
5. With use of the clusters [Fe4S4(LS3)(SEt)]2- (-1.11 V)

and [Fe4S4(LS3)(4-MeIm)]- (-0.79 V), the intrinsic potential
difference between protein-bound [Fe4S4(Cys-S)4]2- and [Fe4S4-
(Cys-S)3(His-N)]- is estimated as 320 mV for the [Fe4S4]2+,+

couple. The potential difference between two such clusters in
D. gigashydrogenase is 60 mV, suggesting some attentuation
of the potential difference by protein environmental and pH
effects. This enzyme is the only known case of imidazole
binding to a native Fe4S4 center.
6. The tridentate LS3 ligand undergoes slow exchange

between [Fe4S4]2+, [Fe4Se4]2+, and [MoFe3S4]3+ cores. The
clusters [Fe4S4(LS3)L′]2- and [Fe4Se4(LS3)L′′]2- exchange
ligands L′/L′′ ) EtS-, Cl-, CN-, andp-BrC6H4O-. For both
types of ligand exchange, equilibrium constants are near the
statistical value of unity (Keq ≈ 0.2-1.5) in acetonitrile,
suggesting that there is little differential affinity of the three
cores for LS3 binding and of the [Fe4Q4]2+ cores for binding of
these unidentate ligands.

(54) Ciurli, S.; Holm, R. H.Inorg. Chem. 1989, 28, 1685.
(55) For example, LS3 is readily removed from [Fe3S4(LS3)(SEt)]2- by 3

equiv of NaSEt in Me2SO to form [Fe4S4(SEt)4]2- and Na3(LS3)
quantitativelyin situ.13

(56) (a) Que, L., Jr.; Bobrik, M. A.; Ibers, J. A.; Holm, R. H.J. Am. Chem.
Soc. 1974, 96, 4168. (b) Wong, G. B.; Bobrik, M. A.; Holm, R. H.
Inorg. Chem. 1978, 17, 578.

Figure 11. 1H NMR spectra in acetonitrile solutions (297 K)
demonstrating transfer reactions of the LS3 ligand in the indicated cluster
systems. Signals are designated as belonging to sulfide or selenide
clusters (top) and MoFe3S4 (Mo) and Fe4Q4 (Fe) clusters (middle,
bottom).

[(Cl4cat)(DMF)MoFe3S4(SEt)3]
2- + L(SH)3 f

[(Cl4cat)(DMF)MoFe3S4(LS3)]
2- + 3EtSH (7)

4076 Inorganic Chemistry, Vol. 36, No. 18, 1997 Zhou and Holm



7. In competition experiments involving [Fe4Q4(LS3)Cl]2-

and selected added ligands, the affinity binding order PhS- >
PhO- > CN- > Cl- for Q ) S and Se was established in
acetonitrile. Observation of these reactions and those in (6)
depends entirely on the extreme sensitivity of LS3 isotropic shifts
to ligation at the unique iron site and to cluster spin state.
The results reported here constitute the most recent part of

our study of the reactivity of iron-sulfur clusters in nonredox
processes. When integrated with the findings of earlier
investigations,10,11,14a comprehensive picture of ligand binding
to single iron sites in cubane-type [Fe4Q4]2+ clusters emerges.
Elsewhere, we have shown that cuboidal [Fe3S4]0 clusters
undergo metal ion incorporation reactions to afford heterometal
cubane-type MFe3S4 clusters.57
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Figure 12. 1H NMR spectra in acetonitrile solution (297 K) of the indicated ligand substitution system. Signals are designated as belonging to (c)
cyanide-, (o) phenolate-, or (s) benzenethiolate-ligated clusters.
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