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Abstract: In the search for complexes
modeling the [Fe(CN)2(CO)(cyste-
inate)2] cores of the active centers of
[NiFe] hydrogenases, the complex
(NEt4)2[Fe(CN)2(CO)(�S3�)] (4) was
found (�S3�2�� bis(2-mercaptophenyl)-
sulfide(2� )). Starting complex for the
synthesis of 4 was [Fe(CO)2(�S3�)]2 (1).
Complex 1 formed from [Fe(CO)3-
(PhCH�CHCOMe)] and neutral
�S3��H2. Reactions of 1 with PCy3
or DPPE (1,2-bis(diphenylphosphino)-
ethane) yielded diastereoselectively
[Fe(CO)2(PCy3)(�S3�)] (2) and [Fe(CO)-
(dppe)(�S3�)] (3). The diastereoselective
formation of 2 and 3 is rationalized by
the trans influence of the �S3�2� thiolate
and thioether S atoms which act as
� donors and � acceptors, respectively.
The trans influence of the �S3�2� sulfur
donors also rationalizes the diastereose-
lective formation of the C1 symmetrical
anion of 4, when 1 is treated with four

equivalents of NEt4CN. The molecular
structures of 1, 3 ¥ 0.5C7H8, and
(AsPh4)2[Fe(CN)2(CO)(�S3�)] ¥ acetone
(4a ¥C3H6O) were determined by X-ray
structure analyses. Complex 4 is the first
complex that models the unusual 2:1
cyano/carbonyl and dithiolate coordina-
tion of the [NiFe] hydrogenase iron site.
Complex 4 can be reversibly oxidized
electrochemically; chemical oxidation
of 4 by [Fe(Cp)2PF6], however, led to
loss of the CO ligand and yielded only
products, which could not be character-
ized. When dissolved in solvents of
increasing proton activity (from CH3CN
to buffered H2O), complex 4 exhibits
drastic �(CO) blue shifts of up to
44 cm�1, and relatively small �(CN) red

shifts of approximately 10 cm�1. The
�(CO) frequency of 4 in H2O
(1973 cm�1) is higher than that of any
hydrogenase state (1952 cm�1). In addi-
tion, the �(CO) frequency shift of 4 in
various solvents is larger than that of
[NiFe] hydrogenase in its most reduced
or oxidized state. These results demon-
strate that complexes modeling properly
the �(CO) frequencies of [NiFe] hydrog-
enase probably need a [Ni(thiolate)2]
unit. The results also demonstrate that
the �(CO) frequency of [Fe(CN)2(CO)-
(thiolate)2] complexes is more signifi-
cantly shifted by changing the solvent
than the �(CO) frequency of [NiFe]
hydrogenases by coupled-proton and
electron-transfer reactions. The ™iron-
wheel∫ complex [Fe6{Fe(�S3�)2}6] (6) re-
sulting as a minor by-product from the
recrystallization of 2 in boiling toluene
could be characterized by X-ray struc-
ture analysis.

Keywords: carbonyl ligands ¥
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iron ¥ S ligands

Introduction

Hydrogenases are enzymes that are indispensable for the
biological energy metabolism by means of catalysis of the
reversible redox reaction H2� 2H�� 2e�.[1] [NiFe] hydrog-
enases are the most common type of these enzymes.[2] X-ray
structure determinations[3, 4] in conjunction with IR studies[5, 6]

of [NiFe] hydrogenases from several sources have revealed
that they contain heterobimetallic active centers in which

nickel is linked through two cysteinate bridges to a [Fe(CN)2-
(CO)] unit. Scheme 1 depicts the active center of D. gigas.

Scheme 1. Schematic structure of the active center in [NiFe] hydrogenase
from oxidized D. gigas (X�O2� or OH�).[3]

It is to be noted that the nature of the additional X bridge
has not been identified with certainty. For the D. gigas
enzyme, it has been suggested to be a �-oxo or �-hydroxo
bridge;[3] in the hydrogenases fromD. vulgarisMiyazakiF[7] or
D. desulfuricansATCC27774,[8] X possibly is a sulfur atom.
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The X bridges are assumed to be present only in the (aerobic)
deactivated state of the enzymes.
EPR and IR studies ofD. gigas hydrogenase further showed

that the enzyme can exist in numerous different redox states
designated, for example, by Ni-A, Ni-B, Ni-SU, Ni-SI, Ni-C,
and Ni-R.[5, 9] Each state can be labeled by a different �(CO)
frequency. The �(CO) frequencies range from 1952 to
1914 cm�1 and sometimes differ by only three wavenumbers
for two directly related redox states such as Ni-SU
(1950 cm�1) and Ni-A (1947 cm�1).[10]

The EPR studies indicated the nickel site as a redox center
and an oxidation state of � II for the iron site in all individual
redox states of the enzyme. The �(CO) frequencies, on the
other hand, clearly demonstrated an electronic coupling
between the nickel and iron sites. However, a relationship
between the redox states and �(CO) frequencies in the sense
that a more reduced state should give rise to lower �(CO)
frequencies does not exist, probably because electron-transfer
steps are coupled with proton-transfer steps. Thus low-
molecular-weight compounds modeling the binuclear struc-
ture of [NiFe] hydrogenases and enabling the study of the
effects of electron- and proton-transfer steps in a detailed way
are of considerable interest. Such compounds remain un-
known in spite of considerable efforts.[11]

Even complexes modeling structure and reactivity features
of either the nickel or the iron site are extremely rare. For
example, the complex [Ni(NHPnPr3)(�S3�)] (�S3�2�� bis-
(2-mercaptophenyl)sulfide(2� )) is the only nickel complex
that models the distorted sulfur coordination sphere of the
nickel site and catalyzes the heterolysis of H2.[12] Just as rare
are complexes with [Fe(CN)2(CO)] cores. Cyano carbonyl
iron complexes with various CN:CO ratios have been known
for a considerable time[13] and were recently discovered also in
[FeFe] hydrogenase centers;[14] however, the structural motif
of two cyano and one carbon monoxide ligand binding to one
iron center, is not only without precedence in living matter,
but has been found until now in only two complexes. These
are [Fe(Cp)(CN)2(CO)]�[15] (Cp� �5-cyclopentadienyl) and
[Fe(Me3TACN)(CN)2(CO)] (Me3TACN� trimethyltriazacy-
clononane),[16] and M. Darensbourg et al. could demonstrate
that K[Fe(Cp)(CN)2(CO)] and some of its derivatives model
remarkably well certain IR spectroscopic features of [NiFe]
hydrogenases.[17]

[Fe(CN)2(CO)] complexes with ancillary sulfur ligands
have remained unknown. There are a few iron complexes
which contain cyano, carbonyl, and sulfur ligands, for
example, [Fe(PS3)(CO)(CN)]2� (PS3�H3� tris(2-phenyl-
thiol)phosphane),[18] [Fe(CO)2(CN)(S2C6H4)]22�,[19] and
[Fe2II(S2C3H6)(CO)4(CN)2]2�[20] and are described as models
for the active centers of [FeFe] hydrogenases. However, these
compounds lack the 2:1 ratio of cyano and carbonyl ligands. In
addition the very limited number of these complexes signals
the considerable difficulties to synthesize complexes with
[Fe(CN)2(CO)(Sn)] cores. Here we want to report (NEt4)2-

[Fe(CN)2(CO)(�S3�)], which is
the first example of such a com-
plex and resulted from our stud-
ies on the coordination chemis-
try of the [Fe(�S3�)] fragment.

Results

Synthesis and structure of [Fe(CO)2(�S3�)]2 (1): All attempts to
synthesize characterizable CO complexes with [Fe(�S3�)] frag-
ments directly from FeCl2 ¥ 4H2O, �S3�2�, and CO were
unsuccessful. In the case of tetra- and pentadentate thiolate
thioether ligands, for example, �S4�2�� 1,2-bis((2-mer-
captophenyl)thio)ethanato(2� ) and �S5�2�� 2,2�-bis(2-mer-
captophenylthio)diethylsulfide(2� ), this method of prepara-
tion yielded the corresponding [Fe(CO)2(�S4�)] or [Fe(CO)-
(�S5�)] complexes in straightforward reactions.[21] However,
when solutions of FeCl2 ¥ 4H2O in THF or MeOH were
treated with �S3�2� in the presence of CO, immediately black-
brown precipitates formed, which were insoluble in all
common solvents. These precipitates probably represent
polynuclear species related to the ™iron-wheel∫ complex
[Fe6{Fe(�S3�)2}6], which is described below.
In the search for [Fe(CO)n(�S3�)] complexes (n� 2 or 3) we

finally found [Fe(CO)2(�S3�)]2 (1). Black-brown crystals of
analytically pure [Fe(CO)2(�S3�)]2 (1) formed in a slow
reaction according to Equation (1), when �S3��H2 and [Fe-
(CO)3(MeCOCH�CHPh)] were combined in THFand stored
for approximately one week without stirring under ambient
conditions. The formation of 1 can be rationalized by a series
of reaction steps that include dissociation of the Me-
COCH�CHPh ligand, oxidative addition of �S3��H2 to the
resultant [Fe(CO)3] fragment, reductive elimination of hy-
dride ligands as H2, and release of CO to give [Fe(CO)2(�S3�)]
fragments, which dimerize yielding 1.

�1�

Complex 1 crystallized from the reaction solution in about
60% yield. The crystals proved stable in air and extremely
sparingly soluble in common organic solvents such that no
solution NMR spectra could be recorded. The �(CO) region
of the IR(KBr) spectrum of 1 exhibited only two intensive
�(CO) bands at 2031 and 1991 cm�1, and the number of �(CO)
bands indicated that only one diastereomer had formed when
the chiral [Fe(CO)2(�S3�)] fragments dimerized. This was
corroborated by X-ray structure crystallography. Figure 1
depicts the molecular structure of 1 and lists selected distances
and angles.
Complex 1 possesses crystallographically required centro-

symmetry. In 1, two enantiomeric [Fe(CO)2(�S3�)] fragments
are bridged by thiolate donors of the �S3� ligand such that the
meso-diastereomer of [Fe(CO)2(�S3�)]2 results. Distances and
angles show no anomalies. The Fe�S distances lie in the range
typical of low-spin FeII thiolate thioether complexes.[22] It is
only to be noted that the Fe�S(thioether) distances
(228.0(2) pm) are slightly shorter than the Fe�S(thiolate)
distances within one [Fe(CO)2(�S3�)] fragment (230.3(2) pm;
231.3(2) pm), and that the Fe1�S1a and Fe1a�S1 bridge
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Figure 1. Molecular structure of [Fe(CO)2(�S3�)]2 (1) (hydrogen atoms
omitted). Selected distances [pm] and angles [�]: Fe1�S1 230.3(2), Fe1�S2
228.0(2), Fe1�S3 231.3(2), Fe1�S1a 233.6(2), Fe1�C1 178.8(6), Fe1�C2
179.8(6), Fe1�Fe1a 345.1(1), S1�S1a 310.1(3), C1�O1 113.2(7), C2�O2
112.6(7), S1�Fe1�C1 177.0(2), S2�Fe1�C2 173.9(2), S3�Fe1�S1a 174.05(6),
Fe1�C1�O1 179.7(5), Fe1�C2�O2 178.4(5), S1�Fe1�S1a 83.89(6),
S1�Fe1�S2 88.14(6), S1�Fe1�S3 91.82(7), S1�Fe1�C2 91.0(2),
C1�Fe1�S1a 93.3(2), C1�Fe1�S2 91.0(2), C1�Fe1�S3 91.0(2), C1�Fe1�C2
90.2(3), S2�Fe1�S3 85.73(6), S2�Fe1�S1a 90.00(6), C2�Fe1�S1a 95.9(2),
C2�Fe1�S3 88.2(2), Fe1�S1�Fe1a 96.11(6), a: symmetry code �x� 1, �y,
�z� 1.

distances are slightly elongated (233.6(2) pm). The most
important structural feature of 1 is the facial coordination of
the �S3� ligands. The facial �S3� coordination results in thiolate
donors binding in the cis-position to the iron centers, and it
contrasts with the �S3� coordination in distorted planar
[M(L)(�S3�)] complexes (M�Ni, Pd, Pt, L�monodentate
ligands), which have trans-S(thiolate) donors.[23] The crystal
structure of a second polymorph (1a) of 1 has been
determined. The corresponding molecular dimensions are in
good agreement with those of 1.

Reactions of [Fe(CO)2(�S3�)]2 with PCy3, DPPE, and CN� : In
spite of its insolubility, [Fe(CO)2(�S3�)]2 (1) proved reactive
towards nucleophiles such as PCy3, DPPE, and NEt4CN and
yielded mononuclear complexes of the [Fe(�S3�)] fragment. In
the course of the respective reactions, black-brown suspen-
sions of 1 in THF slowly turned into dark-red solutions that
contained the mononuclear complexes [Fe(CO)2(PCy3)(�S3�)]
(2), [Fe(CO)(dppe)(�S3�)] (3), and (NEt4)2[Fe(CN)2(CO)(�S3�)]
(4) (Scheme 2). These reactions could be monitored by IR
solution spectroscopy.
Treatment of 1with two equivalents of PCy3 in THF yielded

[Fe(CO)2(PCy3)(�S3�)] (2). Complex 2, isolated as red-brown
microcrystals, is diamagnetic and proved soluble in THF,
CH2Cl2, acetone, and toluene. The IR spectrum of the
reaction solution as well as that of isolated 2 redissolved in
THF exhibited in the �(CO) region only two strong �(CO)
bands at 2015 and 1966 cm�1. The number of �(CO) bands
indicated again that stereoselectively only one out of two
possible stereoisomers had formed. This could be corrobo-
rated by the 1H and 13C NMR spectra of 2. The 13C NMR

Scheme 2. Syntheses and reactions of [Fe(L)(L�)2(�S3�)] complexes (L, L��
CO, CN�, PR3).

spectrum also enabled us to establish CS symmetry for 2 as
indicated in Scheme 2, because it exhibited only six 13C signals
for the twelve aromatic C atoms. Accordingly, the PCy3 ligand
adopts the position trans to the thioether S donor, and the CO
ligands both are trans to the thiolate S donors. This arrange-
ment of ligands can be rationalized by their �-acceptor or �-
donor character: the strong �-acceptor CO ligands prefer
positions trans to the �-donor thiolates. Dissociation of 1 into
two five-coordinate [Fe(CO)2(�S3�)] fragments and their
isomerization via square-pyramids and trigonal bipyramids
according to Equation (2) enables the CO and L ligands to
adopt their favored positions.

�2�

Treatment of 1 with one equivalent of DPPE yielded
[Fe(CO)(dppe)(�S3�)] (3). In this case, cleavage of the
dinuclear 1 is accompanied by CO substitution. Complex 3,
too, is red-brown, diamagnetic, soluble in solvents such as
THF, CH2Cl2, CH3CN, toluene, or acetone, and is produced in
a diastereomerically pure form. This was indicated by the IR
spectrum showing only one �(CO) band (1957 cm�1 in THF).
The C1 symmetry of 3 could be concluded from its 1H, 13C, and
31P NMR spectra and was corroborated by the X-ray structure
analysis of the toluene solvate 3 ¥ 0.5C7H8 grown from
solutions in toluene. The stereoselective formation of 3 can
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be rationalized in the same terms as that of 2 : the strong �-
acceptor CO ligand prefers a position trans to a �-donor
thiolate and thus determines the positions left for the two
phosphane donors. Figure 2 depicts the molecular structure of
3 ¥ 0.5C7H8 and lists selected distances and angles.
As in complex 1, the �S3� ligand facially coordinates the Fe

center, and the Fe�S distances lie in the usual range.
However, it is remarkable that, in spite of different trans
ligands such as CO and phosphane, the two Fe�S(thiolate)
distances (232.9(1), 233.3(1) pm) are identical within the 3�
criterion. The same holds true for the two Fe�P distances. This
demonstrates that the [Fe(�S3�)] entity exhibits a considerable
structural rigidity towards the electronic influence of different
trans ligands, although such an influence is evident from the
stereoselectivity of the reactions discussed above. As in all
complexes with [M(�S3�)] fragments, the Fe�S(thioether)
distance (224.5(1) pm) is the shortest Fe�S distance. This
can be traced back to the steric requirements of the �S3�
ligand.[23]

The diastereoselectivity of the reactions leading to 1 as well
as to 2 and 3 prompted us to investigate also the reaction of 1
with cyanide ions in order to obtain the [Fe(CN)2(CO)(�S3�)]2�

anion. This anion would model the 2:1 ratio of CN� and CO
and the coordination of two cysteine thiolate donors found for
the iron site in [NiFe] hydrogenases.
For this purpose, a suspension of 1 in CH3CN was treated

with four equivalents of NEt4CN at room temperature. In the
course of one to two hours, the brown suspension turned into
an orange solution. Monitoring the reaction by IR spectros-
copy showed that the solution exhibited three �(CN) bands at
2106, 2084, and 2074 cm�1 and three �(CO) bands at 2033

Figure 2. Molecular structure of [Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥
0.5C7H8) (50% probability ellipsoids; hydrogen atoms and solvent
molecules omitted; phenyl rings of DPPE are dashed). Selected distances
[pm] and angles [�]: Fe1�S1 232.9(1), Fe1�S2 224.5(1), Fe1�S3 233.3(1),
Fe1�P1 223.6(1), Fe1�P2 223.7(1), Fe1�C1 175.2(3), C1�O1 115.2(4),
S1�Fe1�P1 175.98(3), S2�Fe1�P2 173.58(3), S3�Fe1�C1 173.6(1),
S1�Fe1�S2 89.23(3), S1�Fe1�S3 90.36(3), S2�Fe1�S3 88.17(3),
S1�Fe1�C1 85.1(1), S1�Fe1�P2 93.02(3), S2�Fe1�C1 87.3(1), S3�Fe1�P1
87.03(3), S2�Fe1�P1 93.74(3), P1�Fe1�P2 83.75(3), P1�Fe1�C1 97.7(1),
P2�Fe1�C1 98.9(1).

,1982, and 1929 cm�1 (Figure 3a). These bands could be traced
back to the formation of a mixture of the two anions
[Fe(CN)(CO)2(�S3�)]� (designated by �), which forms initially
by cleavage of 1, and [Fe(CN)2(CO)(�S3�)]2� (designated by *),
which results from subsequent CO/CN� exchange. In line with
this, gently heating the solution to 60 �C quickly drove the
reaction to completion. Then the IR spectrum of the reaction
solution exhibited only the �(CN) and �(CO) bands of the
[Fe(CN)2(CO)(�S3�)]2� anion (Figure 3b).

Figure 3. IR monitoring of the reaction between [Fe(CO)2(�S3�)]2 (1) and
four equivalents of NEt4CN in CH3CN at room temperature: a) reaction
solution after 40 min containing [Fe(CN)(CO)2(�S3�)]� (�) and
[Fe(CN)2(CO)(�S3�)]2� (*); b) complete formation of [Fe(CN)2(CO)(�S3�)]2�

(*) after heating to 60 �C.

Workup yielded yellow (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) in
approximately 80% yield. Complex 4 was completely char-
acterized by elemental analysis and the common spectro-
scopic techniques. One �(CO) IR band and, in particular,
seventeen 13C signals in the 13C{1H} NMR spectrum of 4
arising from one CO, two CN�, twelve aromatic, and two
aliphatic C atoms, indicated that the anion of 4 had formed in
diastereomerically pure form with C1 symmetry. This could be
corroborated by the X-ray structure of (AsPh4)2[Fe(CN)2-
(CO)(�S3�)] ¥ acetone (4a ¥C3H6O), which was obtained by a
metathesis from 4 and AsPh4Cl in acetone. Figure 4 depicts
the molecular structure of the [Fe(CN)2(CO)(�S3�)]2� anion in
4a ¥C3H6O and lists selected distances and angles.
The crystal lattice of 4a ¥C3H6O consists of discrete cations,

anions, and acetone solvate molecules. There are no contacts
shorter than the van der Waals radii between the acetone
solvate molecules and cations or anions. The C atoms of CO
and CN� ligands and the �S3� sulfur donors surround the Fe
center pseudo-octahedrally. The thiolate S donors adopt cis
positions, and the CO ligand is trans to one of them. In line
with the discussion of the structures of 1 and 3, the distances
and angles of the [Fe(�S3�)] fragment show no anomalies.
Although the Fe�CN distances (193.3(9) and 191.2(8) pm) are
significantly longer than the Fe�CO distance (177.5(9) pm), in
4, too, the Fe�S(thiolate) distances trans to either a CO or a
CN� ligand (233.5(2) vs. 235.7(2) pm) do not significantly
differ and do not reflect a structural trans influence of the CO
ligand. It is noted that the Fe�CN and Fe�CO distances in
[Fe(CN)2(CO)(�S3�)]2� are very similar to those found in
[NiFe] hydrogenases isolated from D. gigas (Fe�CN (1.9 ä),
Fe�CO (1.7 ä), Fe�S (Cys68) (2.2 ä), and Fe�S (Cys533)
(2.2 ä)),[3b] D. vulgaris MiyazakiF (Fe�CO (1.84 ± 1.93 ä),
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Figure 4. Molecular structure of [Fe(CN)2(CO)(�S3�)]2� in 4a ¥ acetone
(50% probability ellipsoids; hydrogen atoms omitted). Selected distances
[pm] and angles [�]: Fe1�S1 233.5(2), Fe1�S2 226.1(2), Fe1�S3 234.7(2),
Fe1�C1 193.3(9), Fe1�C2 191.2(8), Fe1�C3 177.5(9), C1�N1 111.6(9),
C2�N2 115.3(9), C3�O1 115.9(9), S1�Fe1�C1 176.1(2), S2�Fe1�C2
174.5(2), S3�Fe1�C3 177.6(3), S1�Fe1�S2 87.3(1), S1�Fe1�S3 92.3(1),
S2�Fe1�S3 88.3(1), S1�Fe1�C3 87.3(3), S1�Fe1�C2 89.6(2), S2�Fe1�C1
93.1(3), S2�Fe1�C3 94.0(3), S3�Fe1�C1 91.6(2), S3�Fe1�C2 87.3(2),
C1�Fe1�C2 90.3(3), C1�Fe1�C3 88.8(3), C2�Fe1�C3 90.4(3), Fe1�C1�N1
177.8(7), Fe1�C2�N2 177.7(8), Fe1�C3�O1 176.3(8).

Fe�S (Cys84) (2.29 ä), and Fe�S (Cys549) (2.36 ä)),[4] andD.
baculatum (Fe�CN (1.9 ä), Fe�CO (1.9 ä), Fe�S (Cys68)
(2.3 ä), and Fe�S (Cys490) (2.3 ä)).[7]

Chemical properties of (NEt4)2[Fe(CN)2(CO)(�S3�)]: In the
solid state, complex 4 is relatively stable in air, in solution,
however, it is rapidly oxidized by air and decomposes with loss
of CO. The solutions of 4 then turn from yellow to dark green.
Attempts to oxidize 4with [(Cp)2Fe]PF6 in order to determine
a redox dependency of the �(CO) frequency remained
unsuccessful and yielded decomposition products only that
did not exhibit any �(CO) bands.
The cyclic voltammogram (CV) of 4 in CH3CN (Figure 5a)

shows two anodic redox processes at �98 mV and �489 mV
(vs. NHE). These redox processes are largely irreversible and

Figure 5. Cyclic voltammogram of (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) in
CH3CN (0.1� [nBu4N][PF6]): a) in the range from �1.0 to �2.5 V at
250 mVs�1; b) from �0.10 to �0.25 V at 100 mVs�1.

thus correspond with the results obtained by the chemical
oxidation of 4. However, the redox process at �98 mV
becomes quasireversible when the current is reversed at
100 mV (Figure 5b). This redox wave can be assigned to a FeII/
FeIII redox reaction yielding the 17 valence electron complex
[Fe(CN)2(CO)(�S3�)]� . Cathodic redox waves could not be
observed down to the solvent window (�2.5 V for CH3CN).[24]

The good solubility of 4 in CH3CN,MeOH, EtOH, andH2O
permitted the study of the solvent shift of its �(CO) and �(CN)
bands in different solvents. Table 1 shows that this solvent
shift is extremely large for the �(CO) band which is blue-

shifted by 44 cm�1 when CH3CN is replaced by H2O. The
�(CN) bands are much less shifted and they are rather red-
shifted decreasing from 2085/2076 cm�1 in CH3CN to 2074/
2065 cm�1 in H2O.
These shifts can be traced back to the formation of

hydrogen bridge bonds between solvent protons and Br˘nst-
ed-basic thiolate donors in the [Fe(CN)2(CO)(�S3�)]2� anion
(Scheme 3). Their strength increases with increasing solvent
acidity. The slight red shift of the �(CN) bands in water
indicates that this solvent is
also able to form hydrogen
bridges to the cyano ligands.
When cyano ligands are proto-
nated they acquire isonitrile
character, and isonitriles are
good � acceptors. Thus, the
O�H ¥¥¥ NC bridges can be ex-
pected to withdraw also elec-
tron density from the iron cen-
ters, and this explains the par-
ticularly large �(CO) blue shift
of 4 in water.
This interpretation is in line with previous results, which

demonstrate that protonation of iron thiolate complexes such
as [Fe(CO)(�NHS4�)] (�NHS4�2�� 2,2�-bis(2-mercaptophenyl-

Table 1. Comparison of �(CO)/�(CN) frequencies [cm�1] of (NEt4)2-
[Fe(CN)2(CO)(�S3�)] (4), NEt4[Fe(CN)2(CO)(�S3��H)] (5), K[Fe(Cp)(CN)2-
(CO)], and H[Fe(Cp)(CN)2(CO)] in different solvents.

complex solvent �(CO) �(CN)

(NEt4)2[Fe(CN)2(CO)(�S3�)] (4) KBr 1924 2074
CH3CN 1929 2085, 2076
EtOH 1959 2083, 2072
MeOH 1960 2085, 2073
H2O (pH 7) 1973 2074, 2065

NEt4[Fe(CN)2(CO)(�S3��H)] (5) KBr 1960 2099
K[Fe(�5-C5H5)(CN)2(CO)][17] KBr 1954, 1973 2085, 2095

CH3CN 1949 2088, 2094
H2O 1979 2068, 2083

H[Fe(�5-C5H5)(CN)2(CO)][17] KBr 1991 2106, 2135
CH3CN 1988 2096, 2107
H2O 1979 2068, 2083

Scheme 3. Strong S ¥¥¥ H�X
and weak CN ¥¥¥H�X hydrogen
bridge bonds between
[Fe(CN)2(CO)(�S3�)]2� and sol-
vent protons (X�OEt, OMe,
OH).
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thio)diethylamine(2� ))[25] and related species blue shifts
their �(CO) frequencies by approximately 40 cm�1 per step of
protonation.
In order to corroborate this interpretation we treated a

solution of 4 in ethanol with one equivalent of HBF4 in Et2O.
Instantaneously a green solid precipitated from the solution. It
proved too insoluble for purification by recrystallization; its
elemental analysis, however, was compatible with the forma-
tion of (NEt4)[Fe(CN)2(CO)(�S3��H)] (5), exhibiting one NEt4�
cation less than 4 and a [�S3��H]� ligand as the monoprotonated
form of �S3�2�. Complex 5 could be further characterized by its
IR(KBr) spectrum showing a band of medium intensity at
2383 cm�1, which is assignable to a �(SH) band. The �(CO) and
�(CN) bands of 5 appeared at 1960 and 2099 cm�1, that is, they
both were blue-shifted by 36 and 25 cm�1 in comparison with
the respective bands of 4 in KBr (1924, 2074 cm�1).
The general IR spectroscopic trends observed for 4 in

different solvents are very similar to those observed by M.
Darensbourg et al. for K[Fe(Cp)(CN)2(CO)] and the respec-
tive proton derivative H[Fe(Cp)(CN)2(CO)].[17] For example,
4 as well as K[Fe(Cp)(CN)2(CO)] experience a com-
parably large �(CO) shift to higher frequencies when
KBr is replaced by CH3CN or H2O. This is remarkable
in so far as in K[Fe(Cp)(CN)2(CO)] only the terminal N
atoms of the cyano ligands can act as Br˘nsted bases, whereas
4 has additional thiolate donors. The most significant differ-
ence between 4 and K[Fe(Cp)(CN)2(CO)] certainly is that the
�(CO) frequency always appears approximately 20 cm�1

lower in 4 than in K[Fe(Cp)(CN)2(CO)] with one exception:
when water is the solvent, the �(CO) frequencies differ by
6 cm�1 only. These effects are certainly due to the different
electron-donating capacities of the C5H5

� and �S3�2� ligands,
and they also show that water can level electronic differences
probably by forming hydrogen bridges of varying numbers
and strength with different complexes.

Formation and molecular structure of [Fe6{Fe(�S3�)2}6] ¥ 8 tol-
uene (6 ¥ 8C7H8): The molecular structure of 1 demonstrates
the stabilization of coordinatively unsaturated [Fe(CO)2(�S3�)]
fragments by formation of Fe�S�Fe bridges. Such bridges are
also present in [Fe6{Fe(�S3�)2}6] ¥ 8 toluene (6 ¥ 8C7H8). This
complex formed as a minor by-product when [Fe(CO)2-
(PCy3)(�S3�)] (2) was recrystallized from boiling toluene.
Complex 6 had not been a target molecule of our investiga-
tions, and for this reason, we did not search for a deliberate
synthesis. However, the structure of 6, representing a twelve
nuclear ™iron wheel∫, is so unusual that it merits description
here. The formation of 6 can be rationalized by a complete
dissociation of [Fe(CO)2(PCy3)(�S3�)] under harsher condi-
tions (in boiling toluene), in the course of which [Fe(�S3�)2]2�

and Fe2� ions result which combine to give complex 6.
Figure 6a depicts the molecular structure of 6 ¥ 8C7H8

and lists selected distances and angles. Figure 6b depicts one
of the six [Fe{Fe(�S3�)2}] building units of 6 ¥ 8C7H8 showing
that a four-coordinate FeII atom binds to two thiolate donors
of one [Fe(�S3�)2]2� unit containing a six-coordinate FeII center.
This motif is repeated six times in which four- and six-
coordinate FeII centers alternate leading to the ring structure
of 6.
Three particular points are to be noted.

1) The four-coordinate FeII centers each bridge two enantio-
meric [Fe(�S3�)2]2� units.

2) All Fe�S distances lie in the range of Fe�S distances
observed in diamagnetic FeII complexes of polydentate
thioether thiolate ligands, for example, [Fe(CO)(�NHS4�)]
or [Fe(CO)(�S5�)] (vide supra).[26]

3) The Fe�S(thioether) distances in the [Fe(�S3�)2] units are
particulary short (221 pm). The shortness of these dis-
tances is due to the steric requirements of the �S3� ligands
and is typical for all [M(�S3�)] complexes (vide supra and
refs. [12b] and [23]).

Figure 6. a) Molecular ™iron wheel∫ structure of [Fe6{Fe(�S3�)2}6] in 6 ¥ 8C7H8 (thermal ellipsoids at 50% probability level, hydrogen atoms omitted, phenyl
rings lined). Distances [pm]: Fe�S(thiolate) 230.3 ± 233.4, Fe�S(thioether) 221.2 ± 223.6, Fe�Fe 297.5 ± 306.4. Bond angles [�]: trans S�FeO�S 172.9 ± 177.6, cis
S�FeO�S 84.6 ± 97.7, S�FeT�S 96.3 ± 117.9, FeO�S�FeT 79.7 ± 97.4; b) One of the six [Fe{Fe(�S3�)2}] units in 6 ¥ 8C7H8. Distances [pm]: Fe1�S1 230.5(2), Fe1�S2
221.5(2), Fe1�S3 231.7(2), Fe1�S4 233.4(2), Fe1�S5 221.2(2), Fe1�S6 231.1(2), Fe2�S4 232.3(2), Fe2�S6 231.5(2), Fe2�S7 231.5(2), Fe2�S9 232.2(2).
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Conclusion

In the search for complexes that model the coordination
sphere of the iron centers in [NiFe] hydrogenases, in
particular the CN:CO ratio of 2:1 and the thiolate coordina-
tion, the complex (NEt4)2[Fe(CN)2(CO)(�S3�)] (4) was found.
Entry to the coordination chemistry of [Fe(�S3�)] complexes
was afforded by the synthesis of [Fe(CO)2(�S3�)]2 (1). Treat-
ment of 1 with four equivalents of NEt4CN yielded 4. The
controlled cleavage of the dinuclear [Fe(CO)2(�S3�)]2 and
substitution of exactly one CO group per iron center by
NEt4CN can be traced back to the trans influence of thiolate
and thioether donors in the [Fe(�S3�)] fragment. Such an
influence is evidenced by the diastereoselective formation of
[Fe(CO)2(PCy3)(�S3�)] (2) and [Fe(CO)(dppe)(�S3�)] (3) when
1 is treated with mono- or bidentate phosphanes. It is
rationalized by the �-donor and �-acceptor properties of
thiolate versus thioether ligands. (NEt4)2[Fe(CN)2(CO)(�S3�)]
(4) is, to the best of our knowledge, the first synthetic complex
that duplicates the [Fe(CN)2(CO)(thiolate)2] coordination of
the iron centers in [NiFe] hydrogenases. The third sulfur
donor coordinating the Fe center in 4 can be considered to
model the oxygen �X� bridge inD.gigas [NiFe] hydrogenases[3]

and the sulfur �X� bridge in hydrogenases from D.vulgaris
MiyazakiF,[7] or D.desulfuricansATCC27774.[8]

After the characterization of 4, a question of major
importance was how the �(CO) and �(CN) frequencies of
model complexes such as 4 can be used for identifying
oxidation states of the enzyme metal centers and redox states
of the holoenzymes. The numerous different redox states of
D.gigas hydrogenase each can be labeled by an individual
�(CO) frequency.[10] However, there is no simple relationship
that more reduced states give rise to lower �(CO) frequencies,
probably because in many reaction steps electron- and
proton-transfer steps are coupled.
The results obtained with 4 permit the following conclu-

sions.
1) The �(CO) band of 4 is strongly blue-shifted up to 44 cm�1

when 4 is dissolved in solvents of increasing proton activity.
The �(CN) bands are considerably less affected. They are
slightly red-shifted, and their red shift is significant only in
water (11 cm�1).

2) The trends of �(CO) and �(CN) shifts of 4 are identical to
those observed by M. Darensbourg et al. for
K[Fe(Cp)(CN)2(CO)].[17] However, all three respective
bands of 4 appear at lower frequencies than in
K[Fe(Cp)(CN)2(CO)]. Most notable is the �(CO) fre-
quency. In 4, it is usually 20 cm�1 lower than in
K[Fe(Cp)(CN)2(CO)]. This �(CO) difference between 4
and K[Fe(Cp)(CN)2(CO)] is reduced to only 6 cm�1 in
H2O, and this indicates that water can strongly level
electronic differences in complexes because it is able to
form the strongest hydrogen bridges and probably also the
largest number of these complex ± solvent interactions.

3) The �(CO) and �(CN) bands of 4 in KBr (1924, 2074 cm�1)
or CH3CN (1929, 2074, 2084 cm�1) compare with the
frequencies of the Ni-SIa enzyme state (1932, 2074,
2086 cm�1). The Ni-SIa state is EPR silent, activates H2,
and is assumed to exhibit the oxidation state � �� for the Ni

as well as the Fe center. However, such a comparison is of
limited value only because the �(CO) and �(CN) frequen-
cies shift to 1973, 2065, and 2074 cm�1, when 4 is dissolved
in buffered (pH 7) water. In water, the �(CO) frequency of
4 lies higher than the highest �(CO) frequency observed
for any enzyme state (Ni�C: �(CO) 1952 cm�1).
The �(CN) frequencies of 4 in H2O could be correlated best

to the Ni-R state of the enzyme (�(CN): 2059, 2073 cm�1). The
Ni-R state is the most reduced enzyme state, however, it
shows a �(CO) band at 1936 cm�1. Evidently there are no
simple relationships between �(CO) and �(CN) frequencies.
4) The �(CO) shift of 44 cm�1 of 4 observed when CH3CN
(1929 cm�1) is replaced by H2O (1973 cm�1) is larger than
that observed for most different enzyme states judging by
their different �(CO) frequencies. These are the Ni-SI
(�(CO): 1914 cm�1) and Ni-C states (�(CO): 1952 cm�1).
The interconversion of these states requires proton- and
electron-transfer reactions. In conclusion, the solvent-
dependent �(CO) shifts of 4 demonstrate that varying
exclusively the solvent exerts a larger effect upon the
�(CO) frequencies than coupled electron-proton transfer
reactions of the enzyme.
It also has to be stated that investigations of mononuclear

iron complexes do not yet suffice to determine unambiguously
the different enzyme states with respect to the metal oxidation
and protonation states of the active centers, even if these
complexes exhibit [Fe(CN)2(CO)(S�thiolate)2] cores, which
are nearly identical to the iron site in [NiFe] hydrogenases.
Evidently, model complexes are needed which practically
copy the structure of the active centers. In this context a
question of major concern is how binding a [Ni(SR)2] entity to
[Fe(CN)2(CO)(�S3�)]2� cores will affect the �(CO) frequency.
This is part of our current research.

Experimental Section

General methods : Unless noted otherwise, all reactions and spectroscopic
measurements were carried out at room temperature under nitrogen by
using standard Schlenk techniques. Solvents were dried and distilled before
use. As far as possible, reactions were monitored by IR spectroscopy.
Buffered H2O solutions (phosphate buffer, pH 7) were used for recording
the IR spectra of aqueous solutions of 4. Spectra were recorded on the
following instruments: IR (KBr discs or CaF2 cuvettes with compensation
of the solvent bands): Perkin Elmer983, 1620FT IR; NMR: JEOL-JNM-
GX270, EX270, and Lambda LA400 with the residual protio-solvent
signal used as an internal reference. Chemical shifts are quoted on the
� scale (downfield shifts are positive) relative to tetramethylsilane (1H,
13C{1H} NMR) or 85% H3PO4 (31P{1H} NMR); mass spectra: JEOL
MSTATION700 spectrometer; elemental analyses: Carlo Erba EA1106 or
1108 analyzer; cyclic voltammetry: DEA-332 electrochemical analyzer,
utilizing a glassy carbon working electrode, platinum reference electrode,
and platinum auxiliary electrode. Cyclic voltammograms were obtained
from 1.5 m� analyte concentration in CH3CN by using 0.1� [nBu4N][PF6]
supporting electrolyte. All potentials were scaled to NHE by using
ferrocene (E1/2� 400 mV in CH3CN) as internal standard. NEt4CN and
HBF4 (54% in Et2O) were purchased from Fluka and Aldrich. �S3��H2�
Bis(2-mercapto-phenyl)sulfide,[23a] [Fe(CO)3(MeCOCH�CHPh)],[27]
Ph2PCH2CH2PPh2�DPPE,[28] and PCy3[29] were prepared by literature
methods.

Syntheses
[Fe(CO)2(�S3�)]2 (1): Without stirring, a dark green solution of �S3��H2

(1.02 g, 3.78 mmol) and [Fe(CO)3(MeCOCH�CHPh)] (1.08 g, 3.78 mmol)
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in THF (50 mL) was stored for one week in a Schlenk tube connected to a
gas valve for removing liberated CO and H2. Black-brown crystals of 1
precipitated, were separated, washed with THF, and dried in vacuo. Yield:
905 mg (66%); IR (KBr): �� � 2031, 1991 cm�1 (CO); elemental analysis
calcd (%) for C28H16Fe2O4S6 (720.49): C 46.68, H 2.24, S 26.70; found: C
46.81, H 2.26, S 26.63.

[Fe(CO)2(PCy3)(�S3�)] (2): [Fe(CO)2(�S3�)]2 (1) (428 mg, 0.59 mmol) and
PCy3 (333 mg, 1.18 mmol) were combined in THF (15 mL). The resulting
brown suspension was stirred at room temperature for 24 h to give a dark
red solution. It was filtered, and n-hexane (ca. 80 mL) was added dropwise.
A red-brown solid precipitated, which was separated, washed with n-
hexane, and dried in vacuo. Yield: 462 mg (61%); 1H NMR (269.7 MHz,
CD2Cl2): �� 7.56 (d, J� 7.8 Hz, 2H; C6H4), 7.50 (d, J� 7.8 Hz, 2H; C6H4),
7.02 (m, 2H; C6H4), 6.89 (m, 2H; C6H4), 2.40 ± -1.24 (m, 33H; PC6H11);
13C{1H} NMR (67.8 MHz, CD2Cl2): �� 211.3 (d, 2JPC� 20.1 Hz, CO), 154.0
(d, 3JPC� 7.8 Hz), 136.9, 130.5, 129.6, 129.1, 122.3 (C6H4), 37.1 (d, 1JPC�
16.8 Hz), 30.0, 27.9 (d, 2JPC� 10.1 Hz), 26.5 (C6H11); 31P{1H} NMR
(161.7 MHz, CD2Cl2): �� 56.71 (PC6H11); IR (KBr): �� � 2012, 1965 cm�1

(CO); MS (FD, CD2Cl2): m/z (%): 640 [Fe(CO)2(PCy3)(�S3�)]� ; elemental
analysis calcd (%) for C32H41FeO2PS3 (640.68): C 59.99, H 6.45, S 15.01;
found: C 59.59, H 7.02, S 14.73.

[Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8): [Fe(CO)2(�S3�)]2 (1)
(260 mg, 0.36 mmol) and DPPE (287 mg, 0.72 mmol) were combined in
THF (10 mL). The resulting brown suspension was stirred and heated to
60 �C for 1 ± 2 h to give a red solution. The solution was cooled to room
temperature and filtered. All volatile components were removed in vacuo
to give a red-brown residue. It was redissolved in warm toluene (60 �C, ca.
20 mL) to obtain a saturated solution, which was filtered while warm and
stored at room temperature for 24 h and �30 �C for one week. Dark red
single crystals formed, which were separated, washed with MeOH, and
dried in vacuo. Yield: 358 mg (64%); 1H NMR (399.7 MHz, CD3CN): ��
7.84 ± 6.40 (m, C6H5, C6H4), 3.34 ± -2.35 (m, 4H; Ph2PC2H4PPh2), 2.24 (s,
H3CC6H5); 13C{1H} NMR (100.4 MHz, CD3CN): �� 215.6 (dd, 2JPC�
23.1 Hz, 2JPC� 21.5 Hz, CO), 155.9 (d, JPC� 10.6 Hz), 154.4 (d, JPC�
12.3 Hz), 140.1 (d, JPC� 18.2 Hz), 138.7, 138.2, 135.7 (d, 1JPC� 43.4 Hz),
134.7 (d, 1JPC� 33.0 Hz), 133.0 ± 128.3, 127.8, 126.8 (d, JPC� 9.1 Hz), 125.6,
121.6, 121.2 (C6H5, C6H4), 26.3 (dd, 1JPC� 30.1 Hz, 2JPC� 12.8 Hz), 24.7 (dd,
1JPC� 33.8 Hz, 2JPC� 9.9 Hz) (Ph2PCH2CH2PPh2), 20.8 (CH3C6H5); 31P{1H}
NMR (161.7 MHz, CD3CN): �� 73.4, 64.6 (d, 2JPC� 23.0 Hz,
Ph2PC2H4PPh2); IR (KBr): �� � 1944 cm�1 (CO); IR (CH3CN): �� �
1952 cm�1 (CO); MS (FD, THF): m/z (%): 730 [Fe(CO)(dppe)(�S3�)]� ;

elemental analysis calcd (%) for 3 ¥ 0.5C7H8 C42.5H36FeOP2S3 (776.68): C
65.72, H 4.67, S 12.38; found: C 64.65, H 4.61, S 11.97.

(NEt4)2[Fe(CN)2(CO)(�S3�)] (4): [Fe(CO)2(�S3�)]2 (1) (718 mg, 1.00 mmol)
and NEt4CN (638 mg, 4.08 mmol) were combined in acetonitrile (40 mL).
The resulting brown suspension was stirred and heated to 60 �C for 4 h to
give a clear orange solution. Removal of all volatile components in vacuo
gave a greenish brown residue, which was extracted with acetone (ca.
60 mL) to yield 4 as a yellow residue. This residue was separated, washed
with acetone, and dried in vacuo. Yield: 1.06 g (82%); 1H NMR
(269.7 MHz, CD3CN): �� 7.36 (m, 2H; C6H4), 7.15 (m, 2H; C6H4), 6.62
(m, 2H; C6H4), 6.47 (m, 2H; C6H4), 3.05 (m, 16H; NCH2), 1.05 (t, 24H;
NCH2CH3); 13C{1H} NMR (67.8 MHz, CD3CN): �� 220.2 (CO), 162.0,
161.5 (C6H4), 155.6, 149.6 (CN), 142.1, 141.4, 131.8, 131.5, 129.8, 129.6, 127.9,
127.6, 119.8, 119.3 (C6H4), 53.6 (NCH2), 8.3 (NCH2CH3); IR (KBr): �� �
2074 cm�1 (CN), 1924 cm�1 (CO); IR (CH3CN): �� � 2085, 2074 cm�1 (CN),
1929 cm�1 (CO); elemental analysis calcd (%) for C31H48FeN4OS3 (644.79):
C 57.55, H 7.50, N 8.69, S 14.92; found: C 56.94, H 8.30, N 8.90, S 13.78.

(NEt4)[Fe(CN)2(CO)(�S3��H)] (5): HBF4 (50 �L, 363 �mol, in Et2O) was
added to a yellow solution (25 mL) of (NEt4)2[Fe(CN)2(CO)(�S3�)] (4)
(234 mg, 363 �mol) in EtOH. Instantaneously, a green precipitate formed,
and the solution discolored completely. The green precipitate was
separated, washed with ethanol, and dried in vacuo. It proved insoluble
in all common solvents and could not be recrystallized. The elemental
analyses were not satisfactory, however, they clearly indicated the
formation of the 1:1 salt. Yield: 180 mg (96%); IR (KBr): �� � 2383 (SH),
2099 cm�1 (CN), 1960 cm�1 (CO); elemental analysis calcd (%) for
C23H29FeN3OS3 (515.23): C 53.59, H 5.67, N 8.15, S 18.66; found: C 52.06,
H 6.13, N 7.79, S 17.45.

Crystal structure determinations of [Fe(CO)2(�S3�)]2 (1), [Fe(CO)(dppe)-
(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8), (AsPh4)2[Fe(CN)2(CO)(�S3�)]2 ¥ acetone
(4a ¥ C3H6O), and [Fe6{Fe(�S3�)2}6] ¥ 8 toluene (6 ¥ 8C7H8): Black-brown
rhombs of 1 and dark red blocks of 3 ¥ 0.5C7H8 were obtained directly
from the respective reaction solutions. Brown single crystals of 4a ¥C3H6O
were grown by layering a solution of 4 in acetone with a saturated solution
of AsPh4Cl in acetone at �4 �C. Complex 6 ¥ 8C7H8 was obtained from a
saturated solution of [Fe(CO)2(PCy3)(�S3�)]2 in toluene (2), which had been
heated to reflux for one to three minutes and stored for three weeks at
room temperature. Complex 2 remained in solution, and black blocks of 6 ¥
8C7H8 crystallized in a yield of approximately 5%. Suitable single crystals
were sealed in glass capillaries under N2. Data were collected on the
following diffractometers: SiemensP4 (1, 3 ¥ 0.5C7H8, 4a ¥C2H6O) and

Table 2. Selected crystallographic data for [Fe(CO)2(�S3�)]2 (1), [Fe(CO)(dppe)(�S3�)] ¥ 0.5 toluene (3 ¥ 0.5C7H8), (AsPh4)2[Fe(CN)2(CO)(�S3�)]2 ¥ acetone (4a ¥
C3H6O), and [Fe6{Fe(�S3�)2}6] ¥ 8toluene (6 ¥ 8C7H8).

1 3 ¥ 0.5C7H8 4a ¥C2H6O 6 ¥ 8C7H8

formula C28H16Fe2O4S6 C42.5H36FeOP2S3 C66H54As2FeN2O2S3 C200H160Fe12S36
Mr [gmol�1] 720.49 776.68 1208.98 4387.64
T [K] 295(2) 200(2) 210(2) 173(2)
crystal system triclinic monoclinic triclinic triclinic
space group P1≈ C2/c P1≈ P1≈

a [pm] 767.8(3) 2843.6(6) 1018.7(1) 1709.1(1)
b [pm] 780.7(2) 1445.7(3) 1245.5(2) 1823.1(1)
c [pm] 1236.2(3) 2215.6(3) 2304.8(5) 1881.0(1)
� [�] 79.99(2) 90 79.73(2) 111.245(3)
� [�] 80.82(3) 125.61(1) 81.31(2) 115.088(2)
� [�] 72.36(2) 90 78.71(1) 96.527(3)
V [nm3] 0.6909(4) 7.41(1) 2.8012(8) 4.6926(5)
Z 1 8 2 1
	calcd [gcm�3] 1.732 1.393 1.433 1.553
� [mm�1] 1.539 0.697 1.601 1.352
crystal size [mm] 0.24� 0.12� 0.10 0.52� 0.44� 0.40 0.30� 0.20� 0.18 0.42� 0.18� 0.10
Tmin/Tmax 0.654/0.788 ± 0.398/0.487 ±
2
 range [�] 5.5 ± 54.0 3.5 ± 54.0 3.5 ± 50.0 4.6 ± 49.5
measured ref. 3697 9286 11645 27554
unique ref. 3011 8097 9824 15701
observed ref. 1935 5715 5345 10273
parameters 206 545 699 1127
R1[a] ; wR2 [%] 5.58; 14.23 4.54; 11.24 6.70; 14.86 6.49; 19.07

[a] [I� 2�(I)].
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Nonius Kappa CCD (6 ¥ 8C7H8),[30] by using MoK� radiation (��
71.073 pm), a graphite monochromator, and -scan technique. Selected
crystallographic data are listed in Table 2.[31] The crystallographic data of a
second polymorph of 1 are not included in Table 2 but have been deposited
with the CCDC-168523 (1a).[31] For 1 and 4a ¥C3H6O, an absorption
correction was applied on the basis of� scans. All structures were solved by
direct methods and refined by full-matrix least-squares procedures on
F 2.[32] All non-hydrogen atoms were refined anisotropically. The positions
of the hydrogen atoms in 1, 3 ¥ 0.5C7H8, and 4a ¥C3H6O were taken from a
difference Fourier synthesis. For 1 and 3 ¥ 0.5C7H8, their positional
parameters were refined with fixed common isotropic displacement
parameters. For 4a ¥C3H6O both the positional parameters and a common
isotropic displacement parameter were kept fixed during the refinement.
The hydrogen atoms in 6 ¥ 8C7H8 and of the solvent molecule in 3 ¥ 0.5C7H8

were geometrically positioned with isotropic displacement parameters
fixed at 1.2 or 1.5 times the U(eq) of the adjacent carbon atom. No
hydrogen atoms were introduced for the disordered solvate molecule in
4a ¥C3H6O. In the structure of 6 ¥ 8C7H8 two of the eight toluene molecules
are disordered.
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