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The biological reduction of dinitrogen to ammonia is mediated
by a unique metatsulfur cluster (FeMe-cofactor) within the
enzyme nitrogenaseDespite extensive study, the molecular
mechanism of biological nitrogen fixation remains unresolved.
The crystal structure of the catalytic component of this enzyme
system (MoFe-protein) has provided a visualization of resting
state FeMe-cofactor as a [MoF&] cluster core’ This structural
model has inspired renewed speculation about the molecular
details of nitrogenase actidrincluding proposals where dinitro-
gen binding and reduction occur via bridging interactions to
multiple iron sites at the cluster centeiThese mechanisms
implicate the intermediacy of new types of iresulfur (Fe-S)
clusters which incorporate nitrogen atoms as cluster core ligands
both before and after reductive scission of thesNbstrate.

Although these hypothetical iron-binding models have been
extensively investigated by computati#hf, supporting experi-
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the solid state, as evidenced by their very limited solubility in all

but the most polar coordinating solvents (DMF, DMSO).
Single-crystal X-ray diffraction analysis dfa-THF reveals a

centrosymmetric ferrous dimer (Figure °t)The distorted tetra-

mental data are limited. We seek to address this issue by exploringhedral iron sites possess terminal amido and THF ligation, and

the fundamental reaction chemistry of-F& complexes with i\
fragments at various redox levels. We report here an FeQl)
mediated reductive NN bond cleavage, with consequent as-
sembly of a ferric imide thiolate cluster (Scheme 1).

Reaction of light green Fe[N(SiM],® with 1 equiv of aryl
thiol (ArSH) in benzene generates a dark red solution of species
with putative empirical formulation Fe[N(SiMR](SAr) (1).6
Although well-defined samples afhave proven difficult to isolate
from the reaction medium, crystallization of the mesitylthiol
(MesSH) derivative 1a) in the presence of THF gives orange-
yellow crystals of the heteroleptic dimer, f(SiMes),} (u-
SMes)(THF)} (1a-THF). Protonolysis of amide thiolaté with
a second equivalent of thiol yields a brick-red precipitate o
homoleptic ferrous thiolate, [Fe(SA}). For Ar = 2,4,6-tri-
phenylphenyl (Triph), dimeric [Fa¢STriph)(STriph)}’ is the
stable form; in contrast, homoleptic complexes with less hindered
aryls (e.g., Ar= mesityl) are probably coordination polymers in
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are bridged asymmetrically by pyramidal thiolato sulfurs to form
an [FeS;] rhomb typical in Fe-S coordination chemistrif—*2
Analogous heteroleptic ferrous amide thiolate complexes with
bulkier ligands have been characterized as either dithers
monomer% with low-coordinate iron sites. Compleka-THF
establishes an F€S environment in conjunction with a reactive
amide ligand that can be substituted readily and selectively by
protonolysis.

Treatment ofla (1 equiv, generated in situ in benzene) with
0.5 equiv of 1,2-diphenylhydrazine results in an instantaneous
deepening of solution color from dark red to maroon. After being
stirred for 20 h, the solution is filtered, concentrated, treated with
n-pentane, and cooled te20 °C to give [Fa(us-NPh)(SMes)]

(6) (a) The mesitylthiolate derivativEa displays a complex, paramagnetic
H NMR spectrum in §Dg with no evidence of the homoleptic bis(amide) or
bis(thiolate) species. ldg-THF, 1a exhibits a simplified NMR spectrum
identical with that obtained from crystallifiea-THF. For the very hindered
Ar = Triph analogue, théH NMR spectrum is well-definél and consistent
with the formation of a heteroleptic species, presumably Jf&Triph)-
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Figure 1. Structure of [FEN(SiMes)2} (u-SMes)(THF)} (1a-THF) with
thermal ellipsoids (35% probability level) and selected atom labels;
hydrogens are omitted for clarity. Selected distances (A) and angles
(deg): Fel-N1, 1.934(2); FetS1, 2.4296(8); Fe1S1A, 2.3846(8);
Fel-01, 2.113(2); Fet-FelA, 3.534(1); StFel-S1A, 85.55(3); N+
Fel-01, 105.96(10); Nt Fel-S1A, 135.01(8); Ot Fel-S1A, 101.12(7);
N1-Fel-S1, 119.31(8); OtFel-S1, 106.11(6); FeiSl-FelA,
94.45(3).

Figure 2. Structure of [Fg(us-NPh)(SMes)] (2a) with thermal ellipsoids
(35% probability level) and selected atom labels; hydrogens are omitted
for clarity. One of two independent molecules is shown. Selected distance
(A) and angle (deg) ranges [mean]: -Fd, 1.941(5)-1.985(5) [1.96(1)];
Fe—S, 2.200(2)-2.225(2) [2.214(9)]; Fe-Fe, 2.593(2)-2.666(1) [2.63(2)];
N—Fe—N, 94.4(2)-97.1(2) [95.4(7)]; Fe N—Fe, 82.9(2)-85.2(2) [84.3(6)];
S—Fe—N, 114.6(2)-127.6(2) [121(3)].

(2a) as dark brown microcrystals in 60% isolated yi€ldlhe
reaction proceeds well for aryl thiols with moderately bulky 2,6-
substituents (MelPr). The vyields, however, drop substantially
for the more hindered TriphSH, while the reaction with unhin-
dered benzenethiol forms a dark, soluble material, as yet unidenti-
fied, which does not appear to be tetranuclear cluater

Large diffraction-quality crystals oRa were obtained from
benzene solutions doped withpentane by slow evaporation at
—25°C. X-ray analysis oRareveals a cluster with four equivalent
tetrahedral iron centers, each terminally ligated by thiolate and
bridged by three phenyl imido ligands to form an Jgg-NPh)]+*
(all ferric) cubane core (Figure 2). Two nearly identical,
independent molecules @8, each with approximat€, symmetry
(including pendant aryl rings), occupy the asymmetric unit. |
solution, the complex displays a characteristic paramag#dtic

n

(14)™H NMR (500 MHz, GDs, 293 K): 6 13.54 (8 Hm-Ph), 11.77 (8 H,
m-Mes), 5.49 (24 Hp-Me), 5.02 (12 H,p-Me), 0.59 (8 H,0-Ph),—1.06 (4
H, p-Ph). Anion-mode laser desorption ionization mass spectrum (LDI-TOF
MS): m/z 1192.4 (theoretical 1192.8).
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NMR spectrum consistent with rapid ring rotation and idealized
Tg molecular symmetry* Compound?2 is also characterized by

a prominent parent ion signal in anion-mode LDI-TOF MS.
Variable-temperature magnetic susceptibility measurements show
Curie—Weiss law behavior below 30 K which fits a8 = 2
ground electronic staf€.The complex is stable only in relatively
inert solvents (hydrocarbons, arenes, ethers) and decomposes
within minutes upon exposure of a solid sample to air. Cluster
2arepresents one of the few structurally characterized examples
of a transition series [Mus-NR)4] cubane cord® and the first
case with nonorganometallic, weak-field ligation. The mixed
cubane [Fgus-Sk(us-N'Bu)](NO)4, prepared by reaction of
Hg[Fe(CO}(NO)], with (‘BuN),S, is perhaps the closest structural
analogue ta2;'” however, the electronic properties of the two
clusters-strong field Fé&" with metal-metal bonding vs weak
field, high spin Fé"—differ considerably. Equivalent core
interatomic distancé%are consistently longer fda, in keeping

with its formulation as a high-spin cluster.

The assembly of cluste? via reductive scission (or, equiva-
lently, oxidative addition) of a NN bond is noteworthy?
Cleavage of azo (R®NR) substrates has been observed in low-
valent iron carbonyl cluster chemist#but to our knowledge,
this is the first documented example of a hydrazine cleavage
coupled to ferrous/ferric oxidatiof. The imido ligands in the
core of cluster2a are accessible: stoichiometric addition of
p-toluidine results, within minutes, in exchange of the free
toluidine with the phenyl imide bridges (as monitored by NMR
and LDI MS) without cluster decomposition. To the extent that
fundamental reaction chemistry can suggest plausible enzyme
mechanisms, our present study advances the possibility of discrete,
core-bound nitrogen within the cofactor cluster as a ligation mode
following N, scission and preceding ammonia evolution.

The synthesis o provides an opportunity to examine both a
transformation and resultant cluster product which are chemically
related to recent proposals for nitrogenase mechanism. Future
reports will describe further investigations into the reaction
chemistry of iron, nitrogen, and sulfur.
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