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Abstract—The reaction of (Et,N);[(C,0,)MoFe,S,Cl,] (I) with (Et,N)CN affords
[(C,0)(CN)MOoFe,S,Cl,)*~ (IV) in nearly quantitative yields. The reaction of I with 0.5
eq. of (Et,N)CN and 0.5 eq. of a source of S*~ affords the doubly-bridged double-cubane
{[(C,04)MOFe;S,CL](4-CN) (4,-S)}°~ (V) in ~30% yield. Single crystal X-ray structures
were determined for IV and V. The mean Fe—Fe, Fe—S and Fe—Cl bond distances in IV
at 2.713(3), 2.270(5) and 2.214(5) A, are typical for MoFe,S, cubane-like structures. The
Mo—C(N) and C—N bond lengths are found at 2.19(2) and 1.04(2) A, respectively. The
pentaanion in V consists of two doubly-bridged cubane subunits bridged by a u,-CN~
ligand through the Mo atoms and a u,-S°~ through two Fe atoms. The Mo --Mo and
Fe- - -Fe(intercube) distances and the Fe—u,-S—Fe angle are found at 5.267(4), 3.443(7)
and 104.1(4)°. The spectroscopic and electrochemical features of IV and V are discussed.

Recent single crystal X-ray structure deter-
minations of the Fe—Mo protein of nitrogenase
from A. vinelandii'®® and C. pasteurianum'©?
have revealed the structure of the catalytically
active Fe/Mo/S center to near atomic resolution.
The Fe/Mo/S cluster consists of two cuboidal sub-
units, Fe,S; and MoFe,S;, bridged by two' or three?
S*~ ions and anchored on the protein matrix by
a Fe-coordinated cysteinyl residue and by a Mo-
coordinated imidazole group from a histidine resi-
due. Two of the coordination sites on the six-coor-
dinate Mo atom were found occupied by a bidentate

* Author to whom correspondence should be addressed.

homocitrate molecule. This observation  verified
previous chemical and spectroscopic studies that
had identified a homocitrate molecule as an integral
part of the Fe/Mo/S center.” Unusual structural
features of the Fe/Mo/S center include the unpre-
cedented trigonal planar coordination geometry for
the six u-S-bridged Fe atoms, and the unusually
short Fe—Fe distances across the two subunits
(2.5-2.6 A).

The structure determinations of the Fe/Mo/S
center in nitrogenase have put in perspective the
relevance of numerous synthetic Fe/Mo/S clusters
that have been proposed or synthesized as analogs
for the enzyme active site.*® It is now clear that
the multitude of clusters that contain the MoFe,S,
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Table 1. Comparison of selected distances (A) and angles (°) in the singly- and doubly-bridged double-cubanes

Fe---Fe
Cluster Mo---Mo (intercube) Fe—u,-S—Fe Ref.
{[(ClLicat)MoFe,S,CL],(1,-OH) (11-S)}*~ 4.248(5) 35() 97.8(8) 15
{[(Cl,cat)MoFe,S,ClL,],(1,-S)(12-S)}*~ 4.926(8) 3 33(2) 98.7(8) 15
{{(Cl,cat)yMoFe;S,Cly],(p,-NH,NH,) (1-S) } 4~ 5.22(1) 3.35 98.9 10
[(FesSiCLy),(u-S)]*~ — 3.433(4) 102.2(2) 14
{[(C0,)MoFe;S,CL],(u,-CN)(1-S)} °~ 5.267(5) 3.443(7) 104.1(4) “

4This work.

“cubane” cores can be considered in part as struc-
tural analogs for the center in nitrogenase.* Func-
tional analogs of the nitrogenase Fe/Mo/S site are
less common although electrochemically generated,
reduced, derivatives of the [Mo,FesSs(SPh)s)*~
cluster have been found effective in the reduction of
nitrogenase substrates in reactions that are mostly
non-catalytic in nature.” Our interest in the chem-
istry of the MoFe,S, cubanes has intensified fol-
lowing recent results that show these compounds
catalytically active in the chemical reduction of
hydrazine to ammonia.®

The first examples of MoFe;S, cubanes, with
polycarboxylate ligands coordinated to the Mo

* Recent studies in our laboratory (see Ref. 11) indicate
that the CN- ligands in either the single or the doubly-
bridged double-cubanes undergo  stoichiometric
reduction in the presence of protons to CH, and NH;.

+Analysis: Calc for MoFe,Cl;S,C5H(,N,O, (IV)
(MW-1002.08): C, 32.3; H, 6.0; N, 5.6%. Found: C,
32.4; H, 6.1; N, 5.5. Far IR spectrum of IV: 266(m),
318(m), 341(vs), 355(vs), 374(sh), 391(w), 414(m),
450(w) cm~'. Electronic spectrum (nm in CH;CN solu-
tion): 420 (e =2300), 320 (¢=5400) and 240
(e = 14100). The EPR spectrum of IV is similar to that
of other MoFe,S, single cubanes and characteristic of an
S = 3/2 ground state.

1 Crystal and refinement data : black needle crystals of
IV are monoclinic, space group P2,/n, with
a=10.331(2), b=22.580(6), c=19.083(4) A,
B = 91.973(17)° and Z = 4. Single crystal diffraction data
for IV were collected on a Nicolet P3F four-circle auto-
mated diffractometer using Mo-Ku radiation. The struc-
ture was solved by conventional methods. The refinement
of the structure by full-matrix least-squares methods was
based on 3303 unique reflections (20,,,., = 45°, I > 3a(D)).
Anisotropic temperature factors were used for all non-
hydrogen atoms and the hydrogen atoms were assigned
idealized locations. Refinement on 415 parameters con-
verged to a R(Rw) value of 5.41(4.87).

atoms, were recently reported® and include the oxal-
ato derivatives (Et,N);[(C,O)MoFe;S,CL] (I)
(Et4N)4{[MOFC3S4C14]2(#2'C204)} (II) and the
(EtyN);[(citr)MoFe,S,Cly], citrate cluster (III). Of
these I and II have been characterized structurally
and the identity of the microcrystalline III was
based on total elemental analysis and detailed spec-
troscopic studies.” In the catalytic reduction of
hydrazine to ammonia,® III was found a more
efficient catalyst than the (Et,N),[(Clicat)
(CH;CN)MoFe,S,Cl;], catecholate analog* and
prompted us to further study the chemistry of com-
plexes such as I-III. In this communication we
report on the syntheses and structural charac-
terization of (Et;N);[(C,0,)(CN)MoFe;S,Cl;] (IV)
and the (Et,N)s{[(C,O,)MoFe;S,CL},(u-CN)(u-
S)}, doubly-bridged, double-cubane (V). The syn-
thesis of a doubly-bridged double-cubane, anal-
ogous to V but with tetrachlorocatecholate ligands
in place of the oxalate ligands has been the subject
of a previous report.'® At that time, due to poor
crystal quality and insufficient diffraction data, we
were unable to determine an accurate structure and
only atomic connectivity could be established
for the {[(Clicat)MoFe;S,CL],(4-CN)(u-S)}°~
cluster.'® The need for an acceptable structure of
a doubly-bridged double-cubane, with a possibly
activated* bridging cyanide ligand, is met in the
structure of V and is the principal reason for this
communication.

The reaction of I with 1 eq. of (Et,N)CN in
CH,CN solution, cleanly affords black, highly crys-
talline, IV in nearly quantitative yield.t In IV the
C=O0 vibration is found at 1670 cm~' and a weak
vibration at 2123 cm™! is assigned to terminally
bound CN~. Single crystals of IV suitable for
diffraction studies were grown from CH,CN/ether
mixtures. The crystal structure} shows the trianion
as a single cubane possessing crystallographically
required C, symmetry. Three of the coordination
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sites on the Mo atom are occupied by the terminal
oxalate and cyanide ligands (Fig. 1(A)). The mean
Fe—Fe, Fe—S and Fe—Cl bond lengihs at
2.713(3),2.270(5) and 2.214(5) A are unexceptional
and similar to those reported for several single and
double cubanes.** The Mo—C bond, 2.192(15) A
(typical for Mo(III, IV)—cyanide complexes'?) and
the almost linear Mo—C—N angle, 178.61(13)°,
are comparable to values reported for [(Clicat)
MoF U3Q4(SEt)3(CN\J3_ at
178.1(22)°, respectively.'
The reaction of I with 0.5 eq. Of (Et,N)(CN),
followed by the addition of 0.5 eq. of (Et,N),S—
in CH;CN solution follows the protocol described
previously in the synthesis of other doubly-bridged
and singly-bridged double-cubanes'*!® and gives
black crystalline V in moderate purified yields

(30%).* The C—N vibration in V is found at 2136
cm™~!, and is hypsochromically shifted relative to
IV. Such shifts are typical for end-on bridging CN."
Unequivocal evidence for the bridging nature of the
CN hganu was obtained from a X-ray structure
determination. Single crystals of V were grown by
slow diffusion of ether into a CH;CN solution of
the compound.t The pentaanion in V (Fig. 1(B)) is
a doubly-bridged double-cubane, with a CN-bridg-
ing the two Mo atoms and a §?~ bridging two Fe
atoms. The C and N atoms of the cyanide bridge

are nearlv imnossible to differentiate and verv likelvy
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are positionally disordered. Among the outstanding
structural features in V, are included long

and
174 eJ) A anG

* Analysis: Caic for Mo,FesCisSeCysH 10sNcOs (V)
(MW-1809.06): C, 29.8; H, 5.5; N, 4.6%. Found: C,
29.5; H, 5.4; N, 4.5. Far IR spectrum of V: 328(sh),
336(vs), 346(vs), 360(sh), 395(m), 409(s) and 470(w)

!. Electronic spectrum (nm in CH;CN solution) : 525
/n — 06{\[\\ AA{\ In — Oan\ and 240 {a = AC gnn} Qn]n,

00}, 44 = and 240
tions of Vin CH;CN were found EPR silent.

T Crystal and refinement data: black crystals (blocks)
of V are monoclinic, space group P2,/n, with
a=15.125(4), b=21.254(7), c=23.399(10) A,
B =94.62(3)° and Z = 4. Single crystal diffraction data
were collected on a Nicolet P3F four-circle diffractometer
using Mo-K, radiation. The structure solution was car-
ried out by direct methods and the core structure was
confirmed independently by a heavy-atom Patterson
map. The refinement of the structure using full-matrix
least-squares methods was based on 3557 unique reflec-
tions (20,., =40°, I> 5a(I)). The atoms of the

pentaanion, excent the C of the cvanide and one C of the
pentaanion, ¢xcept the C of the cyamde ang on Colfthe

oxalate, were refined anisotropically, as well as the N
atoms of the cations. The H atoms were included in the
structure factor calculation at idealized locations, but
were not refined. Refinement on 511 parameters has led
to a conventional R (R,) value of 8.73(9.42).

1 qr = quasireversible, irr = irreversible.
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o0---Mo and Fe---Fe(intercube) distances of
5.267(5) and 3.443(7) A, respectively, and a Fe—p,-
S—Fe angie of 104.1(4)°. The Mo—C, Mo—N and
C—N bond lengths are found at 2.25(3), 2.30(3)
and 1.024) A, respectively, and the
Mo—C(N)—N(C) angles are 157(3) and 160(3)°.
A comparison of the C—N bond length in V with
the one in IV shows no significant difference as
expected by the similarity in the frequencies of the

N vikhratin the twao chigtere The Fa__,, _
% 1N VIULQLAUIID lll L1l LYWU WwiIUOLViIO. 111V 1 W ,&2

S—Fe angle and the intercube Fe- - - Fe distance in
V are similar to those reported for the
[(Fe,SiCly),(11,-S)]*~  singly-bridged double-cu-
bane,™ at 102.2(2)° and 3.433(4) A, respectively. In
the {[((,14cat)IvIo'Fe3b4u2 To{12-X) (12-S)}"~ doubly-
bridged double-cubanes'® with monatomic bridges
the Fe—yu,-S—Fe angles are more acute and the
Mo- - -Moand Fe- - - Fe(intercube) distances (Table
1) are shorter than those in V. Thus, for X = OH,
n=>5 the corresponding values are 97.8(8)°,
4. 248(5) A,and 3.35(1) Aand for X =S8, n=6,

£0R (R0 4 O96(RY & amd 2 22N & have
values of 98. /\0) 4.7206{0) A ana 3.553(<) A nave

been reported.'® The structure of the anion in V is
quite similar to the isostructural {[(Clscat)
MoFe,;S,CL],(4-X) (,-S)}"~ anions’ (X = CN-,
n=5and X = N,H,, n = 4).

The cyclic voltammetry of IV (on a Pt working
electrode, in CH,Cl,, vs Ag/AgCl, Bu,NCIO, as

sunnarting electrolvte) shows a
supporimg clecir olyte) shows a

(—1090 mV, qr}) and an oxidation (4330 mV,
irr}). In contrast, V shows multiple reductions
(—1110 mV, irr; —1500 mV, irr) and oxidations
(+ 50 mV, qr; +300 mV, gr), under the same con-
(llllOIlb T ne douDlng of me vouammemc waves lIl
V with appreciable differences in redox potentials
suggests that the double-cubane structure is
retained in solution and indicates significant elec-
tronic communication between the two cuboidal
subunits. The lack of an EPR signal in solutions
of V also indicates electronic communication and

affactiva anin counling hatwaan tha Q — 2/2 cuh
WIILALLIY W Dylll \rUul}lllls ULLYYLVLlL UiLv I — .J/b sSuuv-

units. The reactivity properties of IV and V pres-
ently are under investigation.'!

cinole reduction
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Fig. 1. The structures of (A) the [(C,0,)MoFe;S,Cl;(CN)]*~ and (B) the {[(C,0,)MoFe;S,Cl,],(1-
CN)(u-S)}°~ clusters showing atoms as 40% probability ellipsoids drawn by ORTEP.
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