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of the ¢ axis, which is the needle axis. Segments of two parallel
chains are illustrated in Figure 2.
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On the basis of analytical! and spectroscopic*™* data numerous
structures have been proposed® for the unique Fe/Mo/S centers
in nitrogenase® and the nitrogenase cofactor’ (FeMoco). The
design and synthesis of models for these centers must be directed
by, and confined within, the constraints imposed by the available
data. Our studies at present are directed toward the synthesis
of analogue Fe/Mo/S clusters with Fe/Mo/S ratios of 6-7/1/6-8
and structures compatible with the Méssbauer,? EXAFS,? and
ENDOR* characteristics of the heterometallic centers in nit-
rogenase and the nitrogenase cofactor.

Recently we reported on the synthesis and spectroscopic
properties of the [FegSg(OAr)s(Mo(CO);),]% complex anion.?
This cluster was obtained by the addition of two Mo(CO),
fragments to the [FesSg(OAr)¢])* “prismane”.®® We were unable
to obtain single crystals for this compound for a structure de-
termination. However, on the basis of elemental analysis and EPR,
NMR, Méssbauer, and electronic spectroscopic data we proposed
a heterometallic Pentlandite-type of structure for this compound
with a [FegMo,S¢]°* core.

In this paper, we report on the synthesis and spectroscopic
properties of the structurally analogous [FesS¢Clg(Mo(CO);),)"
anions (n = 3, 4) and the crystal structures of the Et,N* and Ph,P*
salts of the [Fe,S¢Cls(Mo(CO),),]* tetraanion.

The reaction of (CH;CN);Mo(CO); with (Et,N);FesS;Cls in
CH,CN, at ca. 60 °C for 20 min, in a 2:1 molar ratio occurs
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Figure 1. Structure and labeling of the anions in I and II. Thermal
ellipsoids as drawn by ORTEP (Johnson, C. K., ORNL-3794, Oak Ridge
National Labaratory, Oak Ridge, TN, 1965) represent the 40% proba-
bility surfaces.

Table I. Selected Distances® (A) and Angles (deg) in the (Ph,P)*
(A) and (Et,N)* (B) Salts of the [FesS¢Cls{Mo(CO);],]* anions
and the [Fe,S¢Clg]* Prismanes, n = 3 (C), n = 2 (D)
A B ct D¢
Distances

Fe-Fed  3.766 (3, 11) 3.785 (3, 10) 3.790 (3, 8) 3.791 (6, 5)
Fe-Fer  2.747 (3, 14) 2.761 (3, 10) 2.765 (3, 3) 2.757 (6, 5)

Fe-S¢ 2.333(3,3) 2.333(3,3) 2.284(3,3) 2.268 (6, 8)
Fe-S¢ 2.284 (6, 6) 2.286 (6,5) 2.272(6,2) 2.254 (12, 8)
Mo—Fe 299 (3,2) 3.005 (3, 11)

Mo-§ 2.608 (3,6) 2.619 (3, 3)

Mo—C 1.943 (3, 13) 1.958 (3, 11)

Angles
Fe-S—Fed 111.1 (3,6) 111.8(3,5) 113.2(3,3) 114.5(6, 6)
Fe-S-Fe¢ 73.0(6,3) 73.4(6,2) 747(6,1) 751 (12, 4)
S-Fe-8¢ 113.2(3,5) 113.0(3,4) 113.7(3,3) 112.0(6,9)
Fe-Mo-F¢ 78.1 (3,3)  78.07 (3, 2)
Fe-S-Mo  75.0(6,4)  75.2 (6, 3)
S-Mo-S 93.9(3,6) 93.4(3,2)

2See Figure 1 for the labeling scheme. The mean values of chemi-
cally equivalent bonds are given. In parentheses the first entry repre-
sents the number of independent distances or angles averaged out, the
second entry represents the larger of the standard deviations for an
individual value estimated from the inverse matrix or of the standard
deviation: o = [T X (x; - )2/ N(N = 1)]"/2. ®From ref 9b. ¢From ref
9c. “Distances or angles within the Fe;S; structural units. ¢Distances
or angles within the Fe,S, rhombic units.

readily. Upon filtering, dilution with ether, and standing, the
reaction solution affords a black crystalline product. Upon re-
crystallization, crystals of (Et,N),[FesS¢Cls(Mo(CO),),] (1) are
isolated in 40% yield. The IR spectrum of I shows two CO
stretching vibrations at 1896 and 1834 cm™! and suggests the
presence of Mo(CO); units with C;, microsymmetry. The elec-
tronic spectrum of I in CH;CN solution shows only a shoulder
at 470 nm, and no EPR signals were detected from a frozen
CH;CN solution at 9 K.

The crude product, as initially isolated in the synthesis of I,
shows a weak EPR signal (g, = 2.064) and two additional CO
vibrations of minor intensity at 1921 and 1855 cm™. The para-
magnetic, minor component that accounts for these spectral
characteristics very likely is the [FegMo,Clg(Mo(CO);),)? tri-
anion. The latter would be analogous to the paramagnetic, S =
1/,, [FegSe(p-CH3CgH 40)s(Mo(CO);),])?" trianion for which the
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vco are found® at 1915 and 1860 cm™.

The PhP* salt of I also is obtained by a remarkable, Mo-
(CO);-induced rearrangement reaction. This reaction takes place
upon heating (to ca. 60 °C for 20 min) a CH,CN solution of
(CH,;CN);Mo(CO); and (Ph,P),(Fe,S,Cly)" in a 4:3 molar ratio.
After unexceptional workup, crystals of (PhP),[Fe¢S¢Cls(Mo-
(CO);3),] (D), can be obtained in ~40% yield (based on
(Ph,P),(Fe;S,Cl,). The spectroscopic properties of II are identical
with those of I.

Oxidation of II with 1 equiv of (Cp),Fe* in CH,Cl, solution
affords, after addition of ether, the crystalline (Ph,P);-
[FeS¢Cls(Mo(CO);),) complex III. The IR spectrum of III
contains two sharp CO vibrations (vco, 1929, 1883 cm™) and in
frozen CH;CN solution (9 K) shows an EPR spectrum (g, =
2.064). The EPR spectrum of III is very similar to the one
observed for the § = !/, (FesS¢Clg)* anion® and suggests that
III also is characterized by a S = !/, ground state. The cyclic
voltammetry traces of II and Il in CH,CN solution are identical
and show reversible waves at -0.05 and —0.55 V (vs. SCE) that
correspond to the 3~/4- and 4~/5- couples. The 3-/4~- reduction
for III occurs at nearly 350 mV more positive potential than the
corresponding reduction for the [FegSq(p-CH;C¢H,O)4(Mo-
(CO)3),)* trianion (-0.39 V). A similar trend was observed
previously in the electrochemistry of the [FesSs(L)s]™ prismanes.’

Single crystals of I and II were obtained by the slow diffusion
of ether to CH;CN solutions of these compounds. The crystal
structures'' of the centrosymmetric tetraanions in both I and II
show virtually identical [Fe,Mo,Sg]** cores (Figure 1). Selected
structural parameters for these anions are compared (Table I)
to corresponding parameters reported previously® for the [Fe,Sq)**
and [Fe,Sg]** cores in the [FegS¢Clg)™ clusters. Coordination
of the Mo(CO); units to the [FesS] central cage results in an
elongation of the latter along the idealized 3 axis. Slight, but
consistent, changes are apparent in the lengthening of the Fe-S
bonds, the shortening of the Fe—Fe distances, and the concomitant
closing of the Fe-S-Fe angles (Table I).

The Mo(CO), fragment resembles the analogous unit in the
1,4,7-trithiacyclononane Mo(CO); complex.!? The Mo~C bond
(1.95 (15) A) and the IR spectrum (v absorptions at 1915 and
1783 cm™) in the latter are similar to those in I and II.

As stated previously,? the [FesMo,Sg] core cannot be considered
as a satisfactory structural analogue for the core in the Fe/Mo/S
center in nitrogenase. However, derivative clusters that contain
the [FegMoS¢) and [Fe,MoSq) units will satisfy a number of the
necessary structural and stoichiometric requirements. The sug-
gestion that a pentlandite-type [Fe,MoS¢] unit may be an ap-
propriate model for the Fe/Mo/S center in nitrogenase has been
advanced previously.!> Presently we attempt to synthesize such
units and are exploring the organometallic and coordination
chemistry of the [FegS¢Lg]™ “ligands”.
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One of the intriguing problems of current inorganic chemistry
is the description of the bonding in transition-metal carbonyl
clusters.'? The polyhedral skeletal electron pair (PSEP) theory
has had considerable success in rationalizing the many geometries
found for these compounds.! However, Evans and Mingos have
pointed out that PSEP theory is often unsuccessful in accounting
for the structures of clusters with M(CO), units and have extended
the theory to encompass clusters with nonconical fragments.
Here we describe the synthesis and structure of Os,(CO),4(PMe;)
that contains one Os(CQO);(PMe,) and two Os(CO), units. The
asymmetry present in the structure is unexpected from PSEP
theory or the extension of Evans and Mingos. We believe it is
best rationalized in terms of three-center—two-electron metal-metal
bonds. The compound also exhibits remarkable fluxional character
in solution that may be attributable to its unusual bonding.

To a solution of (Me;P)(0C),0s0s,(CO);,* in CH,Cl, a so-
lution of Me;NO in MeOH was added dropwise until the ab-
sorption in the infrared spectrum at 2085 cm™ had just disap-
peared. The resultant solution was filtered and evaporated to
dryness. The product, Os,(CO),4(PMe;) (1), was recrystallized
from hot hexane as air-stable, dark red crystals.® The structure
of the compound® (Figure 1) consists of an almost planar Os,
skeleton (the dihedral angle between the planes Os(1)-Os(2)-
Os(3) and Os(1)-0s(3)-Os(4) is 177.10 (3)°). The periphery
of the metal framework consists of two adjacent short Os—Os bonds
(Os(1)-0s(2) = 2.779 (2) A; Os(1)-Os(4) = 2.784 (2) A) and
two long Os~Os bonds (Os(2)-0s(3) = 3.013 (2) A; Os(3)-Os(4)
= 2,982 (2) A). The short diagonal Os—Os vector is more typical
of a normal Os-Os single bond (Os(1)-Os(3) = 2.935 (2) A).
(The average Os-Os bond length in Os,(CO),, is 2.877 (3) A7)
The structure found for 1 is unique for 62-electron tetranuclear
clusters. Most clusters of this type adopt the butterfly geometry,?
the structure most compatible with PSEP theory. We have also
observed the butterfly configuration in a cluster closely related
to 1, namely, Os,(u-H),(CO),;(PMe;).? On the other hand
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