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Distortions of the [4Fe-4S]+ cores of synthetic models from Td symmetry are analyzed in terms of the continuous
symmetry measures (CSM, S(Td)), and these are related to lattice effects in terms of the supramolecular synthon
terminology common to crystal engineering of small molecule structures. The small tetragonal compression to D2d

from idealized Td symmetry observed at low temperature is attributed to environmental factors. New members of
the isomorphous series of compositional variations of double salts of the air-sensitive reduced cluster
(Et4N)3[Fe4S4Cl4] · Et4NCl (1) are prepared in modest yield by treatment of FeCl2 with NaHS, or (Et4N)2[FeCl4] with
Et4NSH and a base. The crystals are isomorphous with the corresponding HS- ligated cluster. Crystal data: tetragonal,
P4̄21c, Z ) 2, a ) b ) 12.2550 (4), c ) 16.278 (1) Å at 100 K, and a ) b ) 12.385 (1), c ) 16.344 (2) Å at
295 K. The crystallographically imposed S4 symmetry obtained with sterically unincumbering ligands affords a
better view of the intrinsic geometry of the core structure. The cocrystallization of the halide ion affords the opportunity
to compare three types of weak C-H · · · X hydrogen bonds, or hydrogen bridges, between tetraalkylammonium
cations and anions within the same crystal lattice. The C · · · Cl- distances (3.590 and 3.634 at 100 K increase to
3.616 and 3.655 Å, respectively, at 295 K) are virtually temperature independent, indicative of hard hydrogen
bridges, whereas the C · · · Cl-Fe distances are 3.702-3.718 Å at 100 K but are 3.753-3.764 Å at room temperature,
suggesting a softer hydrogen bridge. A similar trend applies to the two sets of C · · · µ3-S distances (3.766-3.788
Å and 3.594-3.604 Å at 100 K and 3.821-3.848 Å and 3.614-3.676 Å at room temperature). The longer hydrogen
bridges are more linear (170°) than the shorter ones (134°). The core distortions are correlated with spatial distribution
of cations around the clusters.

Introduction

Protein crystallography has played a crucial role in defining
the structure of native iron-sulfur clusters but, until recently,
at a generally much lower resolution than is available with
synthetic models.1 The low confidence level in core dimen-
sions of early protein structures was dispelled by accurate
high-resolution structures of synthetic models,2 which have
typically displayed tetragonal distortions of the [4Fe-4S]
heterocubane clusters from idealized Td symmetry.3 The
distortions are not consistent over all structures, however,

and the role of lattice effects in the crystals have been evoked
to account for variations in structure.4,5 The “softness”6 or
“plasticity”7 of the reduced core structures in particular has
been recognized and is particularly evident with the crystal
structure determinations of high symmetry (Td point group)
cores in both oxidized8 and reduced9 clusters. Within the
past decade, advances in protein science and crystallography
have made it possible to obtain high-resolution crystal
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structures10-12 that are on a par with those of model clusters,
permitting detailed comparison of weak interactions between
the cluster and its immediate environment. The protein
environment of [4Fe-4S]n+ (n ) 0, 1, 2, 3) clusters greatly
influence structure and redox potential13,14 and, as a result,
their most common function as electron transfer agents.15

These developments call for a new approach in the analysis
of these structures first in terms of the distortions of the
[4Fe-4S] cores and, second, in the intermolecular forces
and how these might effect the core structures. Two
significant developments in the analysis of structures now
makes this possible. The first is the continuous symmetry
measure (CSM) of Avnir and co-workers16,17 and the second
is the field of crystal engineering of small molecules.

CSM is a quantitative measure S(G) of the deviations of
a structure of N vertexes whose coordinate vectors {Qk, k )
1, 2, ..., N} deviate from a specific perfect symmetry group
G (having coordinate vectors {Pk, k ) 1, 2, ..., N}, and is
given by the following equation,

S(G))min

∑
k)1

N

|Qk -Pk|
2

∑
k)1

N

|Qk -Qo|
2

× 100

where Qo is the coordinate vector of the structure’s center
of mass.18 It has been used to analyze the relationships of
several inorganic structures to classic polyhedra, and we
apply it as an effective numerical way to compare distortions
from the idealized Td symmetry in [4Fe-4S] clusters.19 The
typical tetragonal distortions that have been observed in the
[4Fe-4S] cores are evident by a set of four near-parallel
Fe-S bond lengths that distinguish themselves by either
being shorter than (a tetragonal compression) or longer than
(a tetragonal elongation) the other eight Fe-S bonds. The
continuous symmetry measure affords the S4 nature of the
three mutually perpendicular S4 axes of the cubane cores,
so the relative degree of distortion becomes more evident.
The CSM approach has been used to describe distortion
pathways between different shapes,20 including the eight-

vertex polyhedra that include [4Fe-4S] clusters.21 The field
of crystal engineering is, in part, the study and application
of supramolecular synthons, or the forces that hold the
components of a crystal together.22 Its methodologies have
been widely applied in the field of solid state chemistry of
molecular systems but less so in the description of crystal
structures of synthetic models in bioinorganic chemistry.23

As with the symmetry maps identified by the CSM method,
the efforts leading to the methodologies of crystal engineering
are a result of mining the extensive database of high-re-
solution crystal structures provided by the Cambridge Cry-
stallographic Data Center.24

One category of recently appreciated synthons is D-H · · ·A
(donor/acceptor) hydrogen bonds, in which the donors are
C-H bonds rather than the more conventional D-H · · ·A
(D/A ) F, N, O, or Cl). Desiraju25 advocates use of the term
“hydrogen bridge bonds” in this situation, as the intention
is to distinguish traditional hydrogen bonds from these
weaker, but still essential, supramolecular synthons. C-H · · ·A
hydrogen bridge bonds are the primary intermolecular
interactions in crystals of neutral organic molecules26,27 and
organometallic compounds.28 Even more robust are the
charge-assisted hydrogen bridge bonds (CAHB) of the type
R3N+C-H · · ·S found in crystals of clusters having the
general formula (R4E)m[FenSnX4] (where E ) N, R is alkyl
or E ) P, R is aryl; m ) 0-4; n ) 2, 4; and X is an anionic
ligand), as well as in other charged coordination complexes.

The purpose of this report is to apply the above analyses
on the products of a simple one-pot synthesis and crystal-
lization of members of the isomorphous series of composi-
tional variations of double salts having the general formula
(Et4N)3[Fe4S4X4] ·Et4NY (X ) Y ) Cl (1); X ) SH, Y )
Cl (2); and X ) Cl, Y ) Cl/SH (3)). The analysis of the
supramolecular synthons in these crystals feature three re-
lated CAHB in the same lattice: R3N+-C-H · · ·X-,
R3N+-C-H · · ·X-Fe, and R3N+-C-H · · ·µ3-SFe3. This
emphasis on the intermolecular forces in solid state structures
will be helpful not only in describing high-resolution protein
structures, but will also facilitate the design of functional
solid state models of iron sulfur proteins that are capable of
mimicking their electron transfer function and, perhaps more
importantly, their role in catalysis.

Experimental Section

Preparation of Compounds. All manipulations were carried out
in a dry dinitrogen-filled glovebox using anhydrous solvents that
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were used as received after sparging with dinitrogen. The complex
(Et4N)2[FeCl4] was prepared as reported,29 and FeCl2 and Et4NSH
were used as obtained from Cerac.

(Et4N)3[Fe4S4Cl4] · (Et4N)Cl. (1). Method 1. Combining nearly
colorless DMF solutions of 0.20 g of Et4NHS (1.2 mmol in 25
mL) and 0.12 g of triethylamine (1.2 mmol) with 0.55 g (Et4N)2-
[FeCl4] (1.2 mmol in 25 mL) formed an intensely colored, almost
black, solution. The solution was stirred for 20 min and was left
undisturbed at room temperature for one week. Crystals of the
complex (Et4N)3[Fe4S4Cl4] ·Et4NCl (0.052 g, 16%) were physically
separated from a fine, insoluble, amorphous black powder.

Method 2. An acetonitrile solution of 0.28 g of (Et4N)2[FeCl4]
(0.61 mmol), 0.07 g of FeCl2 (0.55 mmol), and 0.15 g of NaOPh
(1.3 mmol in 40 mL) was stirred for 10 min, and then the off-
white solution was filtered to remove NaCl. The filtrate was treated
with 0.20 g of Et4NSH (1.25 mmol) dissolved in 10 mL of
acetonitrile. The color of the solution turned to black, then 40 mL
of diethyl ether was added and the solution was kept at room
temperature. After four days, black crystals formed along with some
black powder (0.21 g). The crystals were isolated and recrystallized
by cooling an acetonitrile solution. After 24 h, crystals of the
complex (Et4N)3[Fe4S4Cl4] ·Et4NCl (0.030 g, 10%) formed and were
collected.

(Et4N)3[Fe4S4(SH)4] · (Et4N)Cl. (2). Crystals by method 1 above,
except that 320 mg of Et4NSH (2.0 mmol) was added to 228 mg
of (Et4N)2[FeCl4] (0.50 mmol). The sample was recrystallized by
cooling a warm DMF solution to -20 °C.

X-ray Structure Determinations. Crystals were collected on
filter paper in the glovebox and immediately immersed in Paratone
oil to protect them from oxidation and/or solvent loss. They were
removed from the glovebox to a microscope stage for sample
selection and mounting in or on Rayon loops and then transferred
to the diffractometer where they were bathed in a dinitrogen stream
from an Oxford Instruments Cryostream Series 700 low temperature
device. Data were collected on a Bruker D8 SMART Apex CCD
diffractometer using standard procedures (see CIF files in the
Supporting Information). The structures were solved and refined
using standard procedures, and hydrogen atoms on the cations were
included in calculated positions and are not corrected. The largest
peak in the difference map of 2 was chosen as the H atom on the
SH group. As there are no hydrogen bond acceptors, the H atom is
probably disordered over positions that do not interfere with the
C-H · · ·S interaction.

The CSM calculations are part of the Platon crystallographic
package of programs invoked with the CALC NONSYM
command.30The cif files were edited to contain only that fragment
of the structure under consideration: the Fe4S4 unit or Fe4S4X4

(X ) Cl, or S of SH or SR). Shape parameters and polyhedral
volumes were obtained using CrystalMaker (David Palmer,
www.CrystalMaker.com).

Other Physical Measurements. 1H NMR spectra were recorded
on a General Electric QE-PLUS 300 MHz, a Varian Inova 400, or
a General Electric Omega-600 spectrometer in CD3CN, CD3-
COCD3, or CDCl3 and referenced to tetramethylsilane. Electronic
absorption spectra were collected on a Shimadzu UV-3101PC,
UV-vis-NIR scanning spectrophotometer.

Results and Discussion

Synthesis and Characterization. Results. Iron(II) halides
or complexes, such as (Et4N)2[FeCl4] and (Et4N)2[Fe2-
(OPh)2X4] (X ) Cl, Br)31,32 using a 1:1 ratio of iron halide
to phenoxide (eq 1), react with Et4NHS or NaHS in ace-
tonitrile or dimethylformamide solutions to form intensely
colored solutions that deposit some black amorphous solid
along with crystalline isomorphous double salts: (Et4N)3-
[Fe4S4X4] ·Et4NY for X ) Y ) Cl- (1) and X ) HS-, Y )
Cl (2) (eqs 2-4). We find that better yields are obtained in
the coordinating solvent, DMF, than in acetonitrile, in which
a greater amount of insoluble black powder forms. We have
not yet been successful in isolating bromo-ligated clusters
by this method.

2FeX2+2NaOPh+ 2Et4NXf (Et4N)2[Fe2(µ-OPh)2X4]+
2NaX (X)Cl, Br) (1)

2(Et4N)2[Fe2(µ-OPh)2Cl4]+
4Et4NSHf (Et4N)3[Fe4S4Cl4]+ 4PhOH+ 4Et4NCl (2)

4(Et4N)2[FeCl4]+ 8Et4NSHf (Et4N)3[Fe4S4Cl4]+
4H2S+ 12Et4NCl (3)

4(Et4N)2[FeCl4]+ 12NaSHf (Et4N)3[Fe4S4(SH)4]+
4H2S+ 12NaCl+ 4Et4NCl (4)

Crystal growth is a supramolecular process involving re-
cognition by solvated species of surface sites on the growing
crystal. This process may not discriminate between chloride
and hydrosulfide; components of the potential equilibria in
eq 5 and crystalline samples composed of the mixture:
(Et4N)3[Fe4S4Cl4-n(SH)n] ·Et4NCl1-m(SH)m (n ) 0-4, m )
0-1) could form;

[Fe4S4Cl4]
3- + 4HS-h [Fe4S4Cl4-n(SH)n]

3-+nCl-+

(4-n)HS- (5)

Purity was determined by electrospray ionization mass
spectroscopy (ESI-MS), where the difference in natural
abundance of isotopes of Cl and S affords distinct spectral
patterns that can be used to differentiate between separate
species in [Fe4S4Cl4-n(SH)n]x+ (n ) 0-4, see Supporting
Information Figure S-1).

Discussion. Of the five potential oxidation states of the
iron-sulfur clusters with cores [Fe4S4]n+ (n ) 0-4), all but
the n ) 4 cluster have previously been isolated by appropriate
choice of terminal ligand on iron. The original “as-isolated”
form, using common reagents and due care to prevent air
oxidation or hydrolysis, contain the [Fe4S4]+2 core. The single
electron reduced cluster [Fe4S4]+1 is considerably more
susceptible to oxidation by adventitious chemical oxidants
during preparation, purification, and characterization. Thus,
models of this oxidation state were initially isolated by
chemical reduction of the prepurified clusters (R4N)2-
[Fe4S4(SR)4] using strong chemical reductants; although this
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approach was successful only for aryl thiolates and not for
the more reducing alkyl thiolates. A “one-pot” synthesis was
developed for the latter, using reactions of iron(II) precursors
such as (Et4N)2[Fe4(SEt)10] with (Et4N)SH.33 More recently,
the reaction of [Fe(PEt3)2Cl2] with (Et4N)SH and Na2S
directly affords the simplest structural model of reduced
ferredoxins: [Fe4S4(SH)4]3-.9

Crystal Structures. The crystal structure of this double
salt is isomorphous to the previously reported structure of
(Et4N)3[Fe4S4(SH)4] · (Et4N)Cl.9 As described in Table 1,
seven sets of data were collected on six crystals: two
exclusively at low temperature (100 K, 1b and 1c), three at
ambient temperature (1d, 2, and 3), and one at both (1a-LT
and 1a-RT). All diffraction data were consistent with
primitive tetragonal unit cells and the space group Pj421c.
The variations in cell dimensions are suggestive of the
presence of members of the series (Et4N)3[Fe4S4Cl4-n(SH)n] ·
Et4NCl1-m(SH)m (n ) 0-4, m ) 0-1) but, alone, are not
sufficient to distinguish between them.

We chose this series in spite of the inherent difficulty of
using X-ray diffraction to differentiate the isoelectric Cl-

and SH- by analysis of electron density maps because, as
has been shown for [Fe4S4X4]2- (X ) Cl, SH),23 the
difference in Fe-X bond lengths can be used to distinguish
them. However, even here ambiguity remains as the mixture
of Cl and SH at one site will exhibit an average bond length
with unexceptional thermal parameters, so a single crystal
structure determination may not be sufficient to establish the
limiting distances for Fe-Cl and Fe-SH. This limitation
has previously been demonstrated by Yoon and Parkin34 with
a series of Zn-X (X ) Me, Cl, I) structures and has also
been seen in [Fe2S2X4]2- (X ) Cl, Br).35

[4Fe-4S]n+ clusters are usually described as “cubane-
type” structures.3 When such a structure contains two
interpenetrating tetrahedra of identical size and composition
it has Oh symmetry; when the tetrahedra are of identical size
but have different composition, it has Td symmetry. By

extension, when Fe4 and S4 tetrahedra are no longer the same
size, the six faces of the cube become nonplanar rhombs,
and the twelve triangles form an irregular dodecahedron, also
called a triakis tetrahedron with Td symmetry. Our analysis
uses Pilati and Forni’s molecular symmetry determination
(MOLSYM) program36 and the continuous symmetry mea-
sure (CSM, S(G)sa measure of the deviation of a structure
from symmetry group G) of Zabrodsky and co-workers.16,17

The [4Fe-4S]+ core of 2a (S(Td) ) 0.01) and 2b9 (S(Td) )
0.00) exhibits near perfect Td symmetry. Somewhat greater
distortions are seen in 1a-LT, where the terminal HS- have
been replaced by more electronegative Cl- (S(Td) ) 0.01).
This is the familiar tetragonal distortion toward D2d in which
deviations are greater for two of the three mutually perpen-
dicular S4 axes (S(S4) ) 0.01) than the third (S(S4) ) 0.00,
see Table 2 and Supporting Information). As compiled in
Table 2, greater tetragonal distortions from Td symmetry of
the core of 1 are evident at low temperature (S(Td) ) 0.04
at 100 K) than at room temperature.

To emphasize the spacial arrangement of CAHB in the
crystal, the [Fe4S4X4]n- clusters are completely described
as triakis tetrahedra, made of electronegative S4

* and X4

tetrahedra. The supramolecular synthons between these
tetrahedra, the anions Cl- or SH-, and the cationic
+N(CH2)4 tetrahedra (see Figures 1 and 2) are the “glue”
that maintains the isomorphous crystal structures of
(Et4N)3[Fe4S4Cl4-n(SH)n] ·Et4NCl1-m(SH)m (n ) 0-4, m
) 0-1). They consist of parallel stacks of anions located
on alternating crystallographic S4 sites (Wyckoff positions
a and b) along the c-axes and center of a tetragonal cell.
A single cation in the asymmetric unit sits on a general
position such that each anion is surrounded by four cations
(Figure 1).

The nonconventional hydrogen bridge bonds between them
are summarized in Table 3 and are highlighted in color in
Figure 2. Those CAHB involving the monatomic Y consist
of four short contactssH(7b) · · ·Y, 2.64-2.71 Å; C(7) · · ·Y,
3.582-3.617 Å; C(7)-H-Y, 160-161°sand two longer
onessH · · ·Y, 2.83-2.89 Å; C(1) · · ·Y, 3.629-3.671 Å;(33) Hagen, K. S.; Watson, A. D.; Holm, R. H. Inorg. Chem. 1984, 23,

2984–2990.
(34) Yoon, K.; Parkin, G. J. Am. Chem. Soc. 1991, 113, 8414–8418.
(35) Tonon, C.; Ierno, H.; Laugier, J.; Greneche, J.-M.; Jordanov, J. Chem.

Ber. 1997, 130, 235.
(36) (a) Pilati, T.; Forni, A. J. Appl. Crystallogr. 1998, 31, 503–504. (b)

Pilati, T.; Forni, A. J. Appl. Crystallogr. 2000, 33, 417.

Table 1. X-ray Crystallographic Data for (Et4N)3[Fe4S4X4] ·Et4NY (X ) Y ) Cl (1); X ) SH, Y ) Cl (2a); X ) Cl, Y ) Cl/SH (3))

crystal data for 1b 1a-LT 1a-RT 1c 3 1d 2a

formula 4(C8H20N) ·Cl4Fe4S4 ·Cl 4(C8H20N)H4Fe4S8Cl
F000 1106 1106
Mr 1049.89 1040.36
Dcalcd. (g cm-3) 1.431 1.426 1.391 1.422 1.376 1.396 1.384
T (K) 100 (2) 100 (2) 295 (2) 100 (2) 298 (2) 295 (2) 295 (2)
crystal system space

group, Z
Tetragonal, Pj421c, 2

X-ray radiation, λ Mo KR, 0.71073 Å
µ, (mm-1) 1.64 1.63 1.59 1.63 1.58 1.6 1.55
a ) (Å) 12.2465 (5) 12.2550 (4) 12.385 (1) 12.2784 (3) 12.435 (1) 12.3771 (8) 12.4153 (4)
c ) (Å) 16.241 (1) 16.278 (1) 16.334 (2) 16.2649 (9) 16.385 (3) 16.309 (2) 16.198 (1)
V ) (Å3) 2435.8 (2) 2444.7 (2) 2507.0 (4) 2452.1 (2) 2533.7 (5) 2498.4 (4) 2496.8 (2)
color black
crystal size (mm3) 0.28 × 0.22 × 0.17 0.32 × 0.24 × 0.11 0.29 × 0.10 × 0.07 0.37 × 0.17 × 0.13 0.31 × 0.13 × 0.11 0.18 × 0.16 × 0.15
θ (°) 2.5-27.5 2.1-33 2.1-26.0 2.1-30.0 2.3-31.8 2.1-26.5 2.3-30
indep., I > 2s(I) refl. 2803, 2768 4457, 4241 2466, 2145 3571, 3112 2914, 2724 2590, 2420 2454, 2312
R[F2 > 2σ(F2)] 0.023 0.034 0.031 0.043 0.034 0.042 0.054
wR(F2), S 0.060, 1.2 0.087, 1.15 0.074, 0.96 0.086, 0.96 0.072, 1.04 0.101, 1.16 0.100, 1.04
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C(1)-H-Y, 137-139°sthat, collectively, make up the two
tetrahedra of an irregular (R3N+C-H(1b))4 · · ·Cl · · · (H(7b)-
CN+R3)4 dodecahedron. The shorter contacts are oblique to
the S4 axis (�(H(7b)) ) 77.6°), but the longer ones are more
closely aligned with it (�(H(1b)) ) 27.2°). Although we
observe no spread in these distances when determined under
low temperature conditions, the structure obtained from room
temperature data shows less than 0.5% lengthening of these
contacts. The corresponding distances for crystal 3 are sligh-
tly longer, possibly because in this crystal Y is a mixture of
HS- and Cl-.

All of the CAHB distances between the cations and
[Fe4S4X4]3- cluster are longer than those between the cations
and the isolated chloride ions. In addition, a greater increase
in the C-H · · ·µ3-S-Fe3 and C-H · · ·Cl-Fe distances, 2
and 4%, respectively, is observed upon warming to room
temperature. This suggests that these interactions are “softer”
than those to Cl- and that interactions to the core sulfides
are more robust than the significant, although weaker,
interionic ones between cation and terminal ligands. Core
sulfides exhibit a stronger interaction with the R3N+CH2Me
methylenessH · · · (µ3-S), 2.84-2.93 Å; C · · · (µ3-S), 3.594-
3.676 Å; C(7)-H-(µ3-S), 133-135°sthan with the methyls:
H · · · (µ3-S), 2.80-2.90 Å; C · · · (µ3-S), 3.766-3.848 Å;
C-H-(µ3-S), 170-172°). The high end of the ranges above
correlate with the softer SH terminal ligands. These weak
interactions with the terminal ligands (H · · ·X, 2.77-3.00 Å;
C · · ·X, 3.702-3.798 Å; C-H-X, 157-159°) are not as
definitive a means of distinguishing between Cl and SH as
are the Fe-X distances that range from 2.289 to 2.326(1) Å
in the structures reported here (see Table 3). On the basis of
our analysis and comparison of the Fe-X distances in the
oxidized clusters, we attribute the 2.289 Å bond to terminal
Fe-Cl and the 2.326 (1) Å bond to Fe-SH (which is slightly
longer than that found in 2b).9

The lack of organic ligands on the clusters described here
isolates the intermolecular interactions to CAHB (R3

+NC-
H · · ·S/Cl), as opposed to the more complex combination of
intermolecular interactions with clusters having bulky or
complex organic ligands (as in X ) SEt, StBu, SBzl, SPh,
S-C6H4-p-Br, or OPh). Invariably, when organic ligands
are present the [Fe4S4(X)4]3- clusters exhibit greater distor-
tions from Td symmetry (X ) SH, S(Td), 0.02-0.11; Cl,
0.23-0.61; SEt, 1.67;33 SCH2Ph, 1.35;37,38 StBu, 3.19;33 and
OPh, 3.96) than do the [4Fe-4S]+ cores (S(Td) 0.00 for SH
to 0.51 for StBu, Table 2). When the alkyl thiolates are
replaced by aromatic thiolates in (Et4N)3[Fe4S4(SC6H4-p-
Br)4],39 S(Td) is 1.95 and 0.15 for cluster and core,
respectively. There are two clusters in the asymmetric unit
of (Et3MeN)3[Fe4S4(SPh)4]40 and S(Td) is 0.184 for one but
only 0.10 for the other, and the clusters do not show Td

(37) Berg, J. M.; Hodgson, K. O.; Holm, R. H. J. Am. Chem. Soc. 1979,
101, 4586–4593.

(38) Gloux, J.; Gloux, P.; Laugier, J. J. Am. Chem. Soc. 1996, 118, 11644–
11653.

(39) Stephan, D. W.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H.
Inorg. Chem. 1983, 22, 1550–1557.

(40) 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,
5322–5337.T
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symmetry although the latter does show approximate D2d

point group (S(D2d), 0.556). The distortions are even more
dramatic with the phenoxide cluster, (Et4N)3[Fe4S4(OPh)4],41

where S(Td) is 3.96 for the cluster and 0.51 for the core,
and phenoxides incorporate stronger C-H · · ·O interactions
in addition to the C-H · · ·µ3-S bridge bond. The smaller
spread in CSM for [4Fe-4S]+ cores than that of [Fe4S4X4]3-

fragments of the clusters suggests that the cores have an

intrinsic high symmetry and that distortions are caused by
the supramolecular synthons of the crystal.

The structure to show this effect most dramatically is that
of (Bu4N)3[Fe4S4(CN)4], which resides on a crystallographic
C3 axis in space group R3c.42 The [4Fe-4S]+ core has S(Td)
) 0.021, whereas inclusion of cyanide C affords S(Td) )
S(T23) ) 0.834 for the [Fe4S4C4] cluster, and the complete

(41) Hagen, K. S. unpublished results.
(42) Scott, T. A.; Zhou, H.-C. Angew. Chem. Intl. Ed. 2004, 43, 5628–

5631.

Figure 1. Packing diagram of (Et4N)3[Fe4S4Cl4] · (Et4N)Cl at room temperature viewed approximately down the a axis. Fe4S4Cl4 clusters as gray, Cl--(HC)8

are green irregular dodecahedra, and N are blue tetrahedra, with CH3 groups and C-H hydrogens not involved in C-H · · ·X interactions omitted for clarity.

Hagen and Uddin
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[Fe4S4(CN)4]3- cluster is not recognized as being close to
Td symmetry (S(T23) ) 2.86) because of the significant bend
in three of the four Fe-CN groups. The tilt in these CN-

ligands are the result of a R3N+C-H · · ·N’C π hydrogen
bond(C(1) · · ·H,2.90Å;N(1) · · ·H(36),2.81Å;C(1)-H-C(3),
142°; N(1)-H-C(3), 165°). The other cyanide nitrogen is
equidistant to six hydrogens at 3.25 Å. Thus, the crystal-
lography supports the 3Fe(II) and 1Fe(III) formal oxidation
states of the cluster from both the intracluster dimensions
and the intermolecular interactions. The tetragonal distortions
from Td symmetry are much more pronounced and less
variable in the more oxidized [4Fe-4S]2+ cores. These
generally appear as tetragonal compressions, although excep-
tions include a core elongation in (Me3NCH2CONH2)2-
[Fe4S4(StBu)4]43 and the crystallographically imposed Td

symmetry of (K(18C6))4[FeCl4][Fe4S4Cl4], where the cluster
is surrounded by a regular array of K+.44

Distribution of Cations around Cluster. The [Fe4S4X4]3-

clusters are surrounded by eight cations whose nitrogens form
the vertices of a dodecahedron, the center of which (Cg) is
the center of each Fe4 tetrahedron (Figure 3). Four of these
nitrogens, Nlel form a tedrahedron elongated along the cry-
stallographic S4 axis (Cg · · ·Nlel, 6.56-6.62 Å) and the other

four, Nob, form a tetrahedron that is flattened relative to this
axis (Cg · · ·Nob, 6.40-6.49 Å). An octahedron of chloride
ions, each surrounded by a tetrahedron of cations, form
bridges to neighboring clusters. The cations bridge the
clusters such that the Nlel adjacent to one cluster occupy the
Nob positions about adjacent clusters. The symmetric disposi-
tion of cations around the cations is reflected in the high
symmetry of the [Fe4S4]+ cores reported here. A discernible
trend relates the shorter Fe-S bonds parallel to the columns
of cation interspersed anions. This situation also occurs in
the (Me4N)3[Fe4S4(SEt)4] structure,33 which also contains
columns of clusters separated by cations along a crystal-
lographic S4 axis. In this case, the structure consists of a
network of vertex-sharing octahedra of six cations surround-
ing each cluster. Both the octahedra and clusters exhibit
tetragonal compressions along the S4 axis (four Fe-S, 2.29
Å; two Cg · · ·Nlel, 5.64 Å; eight Fe-S, 2.32 Å; and four
Cg · · ·Nob, 6.44 Å). The (Et4N)3[Fe4S4(StBu)4] ·MeCN struc-
ture33 consists of chains of clusters in distorted squares of
cations that share two vertices along a diagonal that also
coincides with the tetragonal compression of the cluster (four
Fe-S, 2.297 Å; two Cg · · ·Nlel, 6.01 Å; eight Fe-S,
2.30-2.338 Å; and two Cg · · ·Nob, 5.73 and 6.65 Å). The
(Me4N)3[Fe4S4(SPh)4] ·2MeCN structure45 also contains the
same chains of clusters in more regular squares of cations
that share two vertices along a square diagonal that coincides
with a crystallographically imposed 2-fold axis. The most
notable feature is a tetragonal elongation of the cluster
perpendicular to the CgN4 squares (two Fe-S, 2.27 Å;
parallel to two Cg · · ·N at 5.57 and 5.63 Å; two Fe-S, 2.30
Å; parallel to two Cg · · ·N at 5.71; and the two longer Fe-S
bonds at 2.34 Å that are parallel to the S-C bonds of the
ligands). Similar structures and distortions are seen for
[Fe4Se4(SPh)4]3- clusters (Table 2).45,46 Other less-symmetric
cores are associated with bulky ligands and correspondingly
less-symmetric arrangements of cations.47

Relationship of Models to Proteins. There are eight
conventional hydrogen bonds involving inorganic sulfide and
thiolate sulfur in low potential ferredoxins. Only two such
bonds, limited to the cysteinate sulfurs, are found in a more
hydrophobic pocket in high-potential iron proteins (HiPIP).
These clusters are surrounded by hydrophobic residues,
resulting in protein/cluster interactions of the much weaker
C-H · · ·S hydrogen bridge type bonds discussed below. The
CAHB interactions delineated above are comparable to those
of protein-encapsulated [4Fe-4S]2+/3+ clusters in hydropho-
bic pockets in the HiPIP and are not as evident in the
[4Fe-4S]2+ cores of low potential Ferredoxin (Fd) that are
found in hydrophilic pockets rich in N-H · · ·S hydrogen
bonds. All but one of the sulfurs in the Fd (PDB:2FDN)
have N-H · · ·S hydrogen bonds to amides, including all but
one of the inorganic sulfides of the [4Fe-4S] clusters.
However, there are only two such bonds to the HiPIP cluster

(43) Walters, M. A.; Roche, C. L.; Rheingold, A. L.; Kassel, S. W. Inorg.
Chem. 2005, 44, 3777–3779.

(44) Willems, J. B.; Köckerling, M. Chem. Commun. 2001, 1380–1381.

(45) Carney, M. J.; Papaefthymiou, G. C.; Whitener, M. A.; Spartalian,
K.; Frankel, R. B.; Holm, R. H. Inorg. Chem. 1988, 27, 346–352.

(46) Hauptman, R.; Schneider, J.; Chen, C. Henkel Acta Cryst, C55 1999,
194–196.

(47) Carney, M. J.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H.
Inorg. Chem. 1989, 28, 1497–1503.

Figure 2. Thermal ellipsoid plot (50% probability level for data collected
at 100 K) of (Et4N)3[Fe4(µ3-S)4Cl4] · (Et4N)Cl, the Cl- (on S4 axes ) c axis
and center of ab face) and those portions of the Et4N+ involved in C-H · · ·X
interactions with these anions. Fe in brown, S in yellow, Cl in green, N in
blue, C-H · · ·X bonds in color, and lengths (Å) given in black (100 K)
and red (295 K).
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(PDB:1CKU) surrounded by nine C-H · · ·µ3-S hydrogen
bridges (C · · ·S, 3.517-3.755 Å) and six weaker C-
H · · ·S(Cys)-Fe hydrogen bridges (C · · ·S, 3.715-3.840 Å).
The concerted nature of a small number of identical sup-
ramolecular synthons in small molecule crystals as compared
to the large number of very dissimilar interactions in proteins
means that the roles of C-H · · ·S interactions are very
different in the two environments, even though they are of
comparable dimensions.

Summary

A simple, one-pot synthesis of (Et4N)4[Fe4S4Cl4]Cl from
iron(II) chlorides and HS- in aprotic solvents is presented.
The subtle effects of C-H · · ·S and C-H · · ·X interactions
are more discernible in these simple high-symmetry struc-

tures than in those with thiolate ligands. Distortions of the
[4Fe-4S] cores from Td symmetry, as determined using the
CSM method, are correlated with the interionic CAHB
synthons in the crystal structures. The temperature depen-
dence of these interactions are used to classify those that
show only a slight variation in D · · ·A distances as “hard,”
whereas those with a more substantial temperature depen-
dence are termed “soft.” When synthetic models are stripped
of their organic groups and the remaining interactions are
analyzed in terms of CAHB, it is apparent that the [4Fe-4S]+

cores are inherently of high symmetry and that distortions
are the result of their environment. The cocrystallization of
a tri-anionic cluster with a chloride results in a symmetric
distribution of cations about the anions that is reflected in a
more highly symmetric cluster structure than generally occurs
with three cations per tetranuclear cluster. Less-symmetric
[4Fe-4S] cores have correspondingly less-symmetric dis-
tributions of cations around them. Comparable weak hydro-
gen bridge bonds to those observed here are found in high-
resolution protein structures containing [4Fe-4S]2+ clusters.
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Figure 3. The eight cation nitrogen atoms (blue) around the [Fe4S4X4]3-

clusters form the vertices of a dodecahedron of elongated (top and bottom
pairs of N) and compressed tetrahedra (central four N). The crystallographi-
cally imposed S4 axis is vertical, and the longer Fe-S bonds are represented
in color.
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