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Catalytic Reduction of Hydrazine to Ammonia with MoFesS;—Polycarboxylate Clusters.
Possible Relevance Regarding the Function of the Molybdenum-Coordinated Homocitrate in
Nitrogenase
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The catalytic function of the previously synthesized and characterized [(L)A8gER]2—3~ clusters (L= tetra-
chlorocatecholate, citrate, citramalate, methyliminodiacetate, nitrilotriacetate, thiodiglycolate) and of the
[MoFesS,Cly(thiolactate)}*~ and [(MoFgS4Cly).(u-oxalate)f~ clusters in the reduction of M4 to NH;z is reported.

In the catalytic reduction, which is carried out at ambient temperature and pressure, cobaltocene and 2,6-lutidinium
chloride are supplied externally as electron and proton sources, respectively. In experiments wheli tbe N

the [(L)MoFe&S,Cl3]" catalyst ratio is 100:1, and over a period of 30 min, the reduction proceeds to 92% completion
for L = citrate, 66% completion for = citramalate, and 34% completion for=t tetrachlorocatecholate. The
[FesSiClg)?~ cluster is totally inactive and gives only background ammonia measurements. Inhibition studies
with PEg and CO as inhibitors show a dramatic decrease in the catalytic efficiency. These results are consistent
with results obtained previously in our laboratory and strongly suggest i &¢tivation and reduction occur

at the Mo site of the [(L)MoFsS,Cl3]>~ 2~ clusters. A possible pathway for the#l reduction on a single

metal site (Mo) and a possible role for the carboxylate ligand are proposed. The possibility that the Mo-bound
polycarboxylate ligand acts as a proton delivery “shuttle” during hydrazine reduction is considered.

Introduction also known as the iroamolybdenum cofactor (FeMo-cbyvas
structurally outlined in its entirety in the crystal structure
determination of the MoFe protein @zotobactervinelandii
andClostridium pasteurianurby two individual groups:® The
current model of the cofactor, based on the interpretation of
electron density maps, shows an elongated M8§-eluster
composed of MoFgus-S) and Fe(us-S); cuboidal subunits
linked by threeu,-S bridges (Figure 1). The Mo atom occupies
a unique position at th@ole of the cluster. In addition, it

The total amount of Mfixed on a global basis is estimated
to be about 2.4« 10° tons annually. Some 65% of this amount
is carried out by nitrogen fixing microorganisms, while the
industrial Haber process accounts for about 25%. The latter
occurs at high temperatures (36800°C) and pressures (350
1000 atm), whereas the biological fixation proceeds under
ambient conditions. In biology, the enzyme nitrogenase in
symbiotic or free living bacteria is responsible for the fixation
of atmospheric Mto NHs! with the concomitant reduction of
2H* to Hy (eq 1).
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Biochemistryl993 32, 7104. (d) Chan, M. K.; Kim, J.; Rees, D. C.

N, + 8¢ + 10H" + 16MgATP—
2NH," + H, + 16MgADP+ 16PQ”” (1)

Spectroscopic dafth,accumulated over a period of two
decades, have revealed many structural and electronic features
of the Fe/Mo/S center essential for substrate binding and
activation. This remarkable polymetallic Mo/Fe/S aggregate,

TPresent address: Venable and Kenan Laboratories, Department of
Chemistry, The University of North Carolina, Chapel Hill, NC 27599-3290.
® Abstract published imAdvance ACS Abstractsune 1, 1996.
(1) (a)Molybdenum Enzymes, Cofactors and Model SystStiefel, E.

I., Coucouvanis, D., Newton, W. E., Eds. ACS Symposium Series
535; American Chemical Society: Washington, DC, 1993; Chapters
10—-23. (b)Biology and Biochemistry of Nitrogen FixatipBilworth,

M. J., Glenn, A. P., Eds.; Elsevier: Amsterdam, 1991 Kilogical
Nitrogen Fixation Stacey, G., Burris, R. H., Evans, H. J., Eds.;
Chapman and Hall: New York, 1992. (d) Smith, B. E.; Eady, R. R.
Eur. J. Biochem1992 205, 1. (e) Eady, R. R.; Leigh, G. J. Chem.
Soc., Dalton Trans1994 2739. (f) Orme-Johnson, W. Annu. Re.
Biophys. Biophys. Cheml985 14, 419. (g) Ludden, P. W. In
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Figure 1. Structure of the Fe/Mo/S center in nitrogené3e.
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Mo/Fe/S aggregates many of which contain “cubane” type
structural subunits and a Fe:Mo ratio of Bbr 4:113 The
cubane [MoFe&]3" structural units are partial structural models
for the nitrogenase FeMo-to'*and show very similar first and
second coordination spheres around the Mo atoms. The
characteristic EPR signatdpe(S = 3/,) of the single-cubane
clusters that contain the [MoE®]3" core also is very similar

to those obtained for the semireduced state of the Nfe
protein of nitrogenase and of the extruded FeMdf®ecently,

we reported the catalytic reduction of hydrazine to ammdgnia
and of acetylene to ethylelfeusing the [MoFgS,Cl(Cls-
cat)(CHCN)]?2~ and (EfN)s[MoFesS,Cly(Hcit)]3~ cubanes as
catalysts (L= Cls-cat = tetrachlorocatecholate; Hcit the
citrate trianion). Similar studies have been carried out utilizing
the [VF&S4)2" cubane¥ for the catalytic reduction of hydrazine.
For these reactions evidence has been presented that strongly

appears coordinatively saturated surrounded by three inorganicsypports the involvement of the heterometal in the catalytic

sulfides, a histidine imidazole, and a bidentate homocitr&le ((
2-hydroxy-1,2,4-butanetricarboxylic acid) molecule in an ap-
proximately octahedral environment.

The presence of homocitrate as an integral constituent of the
FeMo-co was detected and reported previously by Ludsten
al., who established its identity by a combination of tech-
niquest??é The exact site on the cofactor involved in N
coordination and activation is not yet known although a variety
of possibilities have been proposEdi’ some of them based
on theoretical calculation’s.Experimental results suggest, but
do not prove, that the Mo site may be involved directly or
indirectly in some stage(s) of substrate reducfiorifwo
“alternative” forms of nitrogenase, neither of which contains
Mo, have been reported. The first has V in the place of Mo
and shows similar substrate selectivity but much lower efficiency
than the Mo prototyp&. The second is an “all-Fe” nitrogenase,
and its functional details still are under investigation. The latter
shows even lower activity than the V nitrogende.

A large number of coordination compounds have been
proposed as possible structural or functional models for nitro-
genase. Included among these are: (a) mononudélead
binucleat? transition metal complexes, with reactivity features
relevant to the nitrogenase functié¥§;12¢and (b) polynuclear

(6) (a) Hoover, T. R.; Shah, V. K.; Roberts, G. P.; Ludden, P.JWV.
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Paustian, T. D.; Ludden, P. W.; Shah, V. K.Bacteriol.1991, 173
5403. (j) Reference 1a, p 196.
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1062. (b) Dance, IAust. J. Chem1994 47, 979.

(8) Smith, B. E.J. Less-Common Mefl977, 54, 465 and references
therein.
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Case, E. E.; Morningstar, J. E.; Dzeda, M. F.; Mauterer, L. A.
Biochemistryl986 25, 7251. (c) Hales, B. J.; Langosch, D. J.; Case,
E. E.J. Biol. Chem 1986 261, 15301. (d) Eady, R. R.; Robson, R.
L.; Richardson, T. H.; Miller, R. W.; Hawkins, MBiochem. J1987,
244, 197. (e) Arber, J. M.; Dobson, B. R.; Eady, R. R.; Stevens, P.;
Hasnain, S. S.; Garner, C. D.; Smith, B.Nf|ature1987, 325 372. (f)
Smith, B. E.; Eady, R. R.; Lowe, D. J.; Gormal, Biochem. J1988
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Elsevier: New York, 1990; p 165 and references therein.

process. The catalytic reduction of hydrazine (eq 2) has been
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Schiddekopf, K.; Hennecke, S.; Liese, U.; Kutsch, M.; Klipp, E. W.
Mol. Microbiol. 1993 8, 673. () Pau, R. N. IlNew Horizons in
Nitrogen Fixation Palacios, P., Moura, J., Newton, W. W., Eds.;
Kluwer: Dordrecht,The Netherlands, 1993; pp +122. (f) Muller,

A.; Schneider, K.; Krittel, K.; Hagen, W. RFEBS Lett.1992 303
36.
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Dalton Trans.1994 2431. (d) Gailus, H.; Woitha, C.; Rehder, D.

Chem. Soc., Dalton Tran$994 3471. (e) Leigh, G. New J. Chem.
1994 18, 157.

(12) (a) Shilov, A. EJ. Mol. Catal.1987, 41, 221. (b) Shilov, A. E. In
Coordination Chemistry and Catalysigjolkowski, J. J., Ed.; World
Scientific: Teaneck, NJ, 1988; p 393. (c) Henderson, Rlansition
Met. Chem.199Q 15, 330 and references therein. (d) Edema, J. H.
H.; Meetsma, A.; Gambarotta, $.Am. Chem. S04989 111, 6878.

(13) (a) Holm, R. H.; Simhon, E. D. IMolybdenum EmzymgSpiro, T.
G., Ed. Wiley-Interscience: New York, 198% 1 and references
therein. (b) Holm, R. H. IMAdvances in Inorganic Chemistry/ol.

38; Sykes, A. G., Ed.; Academic Press: New York, 1992; p 1. (c)
Holm, R. H.Pure Appl. Chem1995 67, 217. (d) Coucouvanis, D.
Acc. Chem. Redl991 24, 1. (e) Coucouvanis, D. Idvances in
Inorganic Biochemistry, Vol.;®Eichorn, G. L., Marzilli, L. G., Eds.;
Elsevier: New York, 1994; p 75. (f) Coucouvanis, D. In ref 1a, p
304. (g) Liu, Q.; Huang, L.; Liu, H.; Lei, X.; Wu, D.; Kang, B.; Lu,
J. Inorg. Chem.199Q 29, 4131. (h) Eldredge, P. A.; Bose, K. S;;
Barber, D. E.; Bryan, R. F.; Sinn, E.; Rheingold, A.; Averill, B. A.
Inorg. Chem1991, 30, 2365. (i) Coucouvanis, D. IBncyclopedia of
Inorganic ChemistryKing, B. R., Ed.; John Wiley and Sons: New
York, 1994; Vol. 5, p 2557. (j) Nordlander, E.; Lee, S. C.; Cen, Wei;
Wu, Z. Y.; Natoli, C. R.; Di Cicco, A.; Filliponi, A.; Hedman, B.;
Hodgson, K. O.; Holm, R. HJ. Am. Chem. S0d.993 115 5549~
5558.

(14) (a) Coucouvanis, D.; Demadis, K. D.; Kim, C.-G.; Dunham, R. W.;
Kampf, J. W.J. Am. Chem. S0d.993 115 3344. (b) Demadis, K.
D.; Coucouvanis, DInorg. Chem 1995 34, 436.
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Am. Chem. S0d 982 104, 4711. (b) Hoffman, B. M.; Roberts, J. E.;

Orme-Johnson, W. Hl. Am. Chem. So&982 104, 860. (c) Thomann,

H.; Morgan, T. V.; Jin, H.; Burgmayer, S. J. N.; Bare, R. E.; Stiefel,

E. . J. Am. Chem. S0d987, 109 7913. (d) True, A. E.; Nelson, M.
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Figure 2. Schematic structures of the [(L)MofS Cls] cubanes used in this study with= carboxylate group containing ligands. The structures
of compoundsl, 3, 5, and9—12 have been crystallographically determined.

N,H, +2e + 4H" —2NH," )

thoroughly studied® Hydrazine is a substraf&—° as well as a

product of functioning nitrogenase and has been isolated by

guenching the enzynvdd-9

triacetate dianion, ox= oxalate, im= imidazole, dmpe= dimeth-
ylphosphinoethane, LtHICI = 2,6-lutidine hydrochloride. Details on
the purification of solvents and instrumentation used for the spectro-
scopic and electrochemical studies have been given elsevfiefd!.

of the carboxylic acids, cobaltocene, hydrazine, and a 1.0 M solution
of HCl in EtO were purchased from Aldrich and were used as received.

In this paper, we report results of our studies on the behavior The clusters (BN)[MoFesSiCls(Cls-cat)(CHCN)] (1),2* (Et:N).-

of the (L)MoFgS, cubanes (L= polycarboxylate anions) as

[MoFesSCly(mida)] (3),*" (EtN).[MoFesSCls(tdga)] 6),** (EtN)s-

catalysts in the reduction of hydrazine to ammonia. Preliminary [MoFe;S«Cls(Hcit)] (6),*4 (EtN)[MoFesS,Cla(Hocit] (7),*4 (EtaN)2-

reports of this study have appeared in the literatité3

Experimental Section

General Considerations. Abbreviations used: Glcat= tetrachlo-
rocatecholate, maa& mercaptoacetate, tla= thiolactate, tdga=
thiodiglycolate, Hcit= citrate trianion, Hcit = citrate dianion, Hcmal
= citramalate dianion, midas methyliminodiacetate, Hntz nitrilo-

(20) Examples of chemical reduction obiNk to NH; by transition metal
complexes are ubiquitous in the literature: (a) Ramachadraiah, G.
Am. Chem. Sod 994 116, 6733. (b) Cai, S.; Schrock, R. Rorg.
Chem.1991, 30, 4105. (c) Schrock, R. R.; Glassman, T. E.; Vale, M.
G.; Kol, M. J. Am. Chem. S0d 993 115 1760. (d) Schrock, R. R;;
Glassman, T. E.; Vale, M. G.. Am. Chem. S0d 991 113 725. (e)
Collman, J. P.; Wagenknecht, P. S.; Hutchison, JAigew. Chem.,
Int. Ed. Engl.1994 33, 1537. (f) Schrauzer, G. N.; Robinson, P. R;
Moorehead E. L.; Vickrey, T. MJ. Am. Chem. S0d 976 98, 2815.

(21) (a) Burgess, B. K.; Wherland, S.; Stiefel, E. |.; Newton, W. E.
Biochemistry1981, 20, 5140. (b) Buler, W. A InProceedings of the
First International Symposium on Nitrogen Fixatiddewton, W. E.,
Nyman, C. F., Eds.; Washington State University Press: Pullman, WA,
1976; p 177. (c) Davis, L. CArch. Biochem. Biophysl98Q 204,
270. (d) Thorneley, R. N.; Lowe, D. Biochem. J1984 224, 887.
(e) Evans, D. J.; Henderson, R. A.; Smith, B. E.Bioinorganic
Catalysis Reedijk, J., Ed.; Marcel Dekker Inc.: New York, 1993; p
89. (f) Thorneley, R.N.; Eady, R. R.; Lowe, D. Nature (London)
1978 272, 557. (g) Dilworth, M. J.; Eady, R. RBiochem. J1991
277, 465.

(22) Demadis, K. D.; Coucouvanis, norg. Chem 1994 33, 4195.

(23) Demadis, K. D.; Coucouvanis, Inorg. Chem 1995 34, 3658.

[MoFe&;S,Cl(Hemal)] (8),4 (EtN)J[MoFesS,Cls(tla)]z (9),2% 2 (EtaN)4-
[(MOFe&3S4Cla)2(u-0x)] (10),** (EtaN)[MoFesS.Cly(dmpe)] 1), and
(BusN)2(FesS4Cls) (12)%8 were synthesized by published procedures.
Also, Lut-HCI was prepared as previously descriB&dlhe structures
of the above clusters are depicted schematically in Figure 2.

(EtaN)[MoFesS,Cls(Cl4-cat)(im)] (2). A 0.30 g amount ofl (0.29
mmol) was mixed with imidazole (0.02 g, 0.29 mmol) in 30 mL of
CHsCN, and the homogeneous solution was stirred overnight. The color
turned to brown-orange. At this point, filtration (negligible amount of
black residue), addition of ED (100 mL) to the filtrate, and overnight
standing gave a highly crystalline black solid (yield 0.27 g, 90%). Anal.
Calcd for MoFgS4Cl,0,CosHaaN4 (2, MW 1072.57): C, 27.98; H, 4.10;
N, 5.22. Found: C, 28.31; H, 4.33; N, 5.25. Electronic spectrum
(CHsCN): lacking prominent features. Far-infrared spectrum (in Csl
disks, cntY): 299 (m), 314 (w), 350 (vs), 373 (sh), 392 (w), 410 (m),
423 (m). Mid-infrared spectrum (in Csl disks, cHt peaks assigned
to the imidazole ligand(C=N + C=C) 1650 (m), 1600 (m)y(N—
H) 3128 (m).

(EtaN)2[MoFesS,Cls(Hnta)] (4). A 0.30 g amount ofl (0.29 mmol)
was dissolved in 30 mL of C¥CN. Nitrilotriacetic acid (N(CH-

(24) Palermo, R. E.; Singh, R.; Bashkin, J. K.; Holm, R.JHAm. Chem.
Soc.1984 106, 2600.

(25) Zhang, Y.-P.; Bashkin, J. K.; Holm, R. Hhorg. Chem.1987, 26,
694.

(26) (a) Bobrik, M. A.; Hodgson, K. O.; Holm, R. Hnorg. Chem1977,
16, 1851. (b) Wong, G. B.; Bobrik, M. A.; Holm, R. Hnorg. Chem.
1978 17, 578. (c) Holm, R. HAcc. Chem. Red.977, 10, 427.
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COOH});, 0.083 g, 0.44 mmol, 1.5-fold excess) was partially dissolved
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g, 2.00 mmol) were added under vigorous stirring. The solution was

in 5 mL of MeOH, and this suspension was added dropwise to the stirred for~3 h, during which all of the cluster precipitated, leaving a

cluster solution under vigorous stirring. While the temperature was
kept at~50 °C, the mixture was stirred overnight, after which it was
allowed to cool at room temperature. A black insoluble residue was
removed by filtration and was discarded.,@{(~70 mL) was layered
onto the brown-reddish filtrate, and afté h of standing, a micro-
crystalline solid precipitated. It was isolated by filtration and washed
thoroughly with MeOH, acetone, andBx Finally, it was recrystal-
lized from CHCN/ELO and driedn vacuoto afford analytically pure
material (yield 0.15 g, 55%). Anal. Calcd for MofSeClsOsN3Ca2Ha7

(4, MW 947.73): C, 27.90; H, 5.00; N, 4.43. Found: C, 28.25; H,
5.07; N, 4.19. Electronic spectrum (@EN, nm): 470, 314. Far-
infrared spectrum (cmt): 324 (s), 353 (sh), 362 (vs), 397 (w), 414
(m). Mid-infrared spectrum (crm): vasyn(C=0) 1625 (vs), 1658 (vs),
1746 (m, due to uncoordinateeCOOH); vsyr(C—0O) 1393;v(0—H)
3440 (m).

Catalytic Reductions of Hydrazine. Reactions were performed
under strict anaerobic conditions in @EN. The final volume of the
reaction mixture was-40 mL, and the substrate:catalyst ratio was 100:
1. The concentration of the catalyst was 1:26.0°> M, and all the

yellow supernatant liquid (due to Co(G@), identified from its
characteristic electronic spectrum). The brown-black residue was
isolated by filtration and tested for ammonia. The residue was washed
thoroughly with CHCN, THF, EtOH, and ED (to remove the
byproducts) and finally drieth vacua An 0.25 g amount of the final
product was isolated, which corresponds to 92% recovery of the catalyst.
This material is totally insoluble in all solvents, so solution studies
proved impossible. The far-infrared spectrum (302, 318, 346, 374, 383,
412 cnY), is consistent with a cubane structural c&reMid-infrared
spectrum (CmY): vasyn(C=0) 1552, 1606, 1638, 1712. Vibrations
assigned to Co(Cp):3° 460, 866, 1414, 3100 cth Anal. Calcd for
MoF&S,ClsC0,CoeHze (7, MW 1085.85), [Co(Cp)[MoFesS,Cls-
(Hzcit)]: C, 28.73; H, 2.39; N, 0.0. Found: C, 28.43; H, 2.59; N, 0.0.
It should be noted that actually compoundthe protonated form of

6) is isolated at the end of the reactiande infra). Previous studies

on the identification of recovered catalylsincluded elemental analyses,
electronic spectroscopy, infrared spectroscopy, and quantification of
the characteristiS = ¥, EPR signal. Those results unequivocally
demonstrated that there is little or no loss of the catalyst (by

other reagent concentrations were scaled accordingly. The catalyticdecomposition) during catalytic cycles and the [Mgh&§* core

reductions were carried out by two methods.

Method A. To an Erlenmeyer flask was added 0.5 nfLadl mM
stock solution of the cubane catalyst in €¢N. Then a volume of
<40 mL of CH,CN was added. Hydrazine (0.25 mL of a 0.2 M stock
solution in CHCN) was injected via syringe into the flask under

continuous stirring, and the the volume was adjusted to 40 mL. The

concentrations of the catalyst and hydrazine at this stage werex1.25

105 and 1.25x 1072 M, respectively. Solid cobaltocene (0.02 g) and

Lut-HCI (0.03 g) were added to the reaction mixture, which was
vigorously stirred. Samples (3.0 mL) were obtained at 5 min, 30 min,
1 h, and 12 h.

Method B. To a 125 mL flask was added 20.0 mL of a 0.25 M
solution of cobaltocene in GJEN, followed by 20.0 mL of a 0.38 M
CHsCN solution of LutHX (X= CI, BPhy) and 0.50 mL of a 0.10 M
CHiCN solution of hydrazine. Immediately after the addition of
hydrazine, 0.10 mL of a 0.005 M solution of the catalyst insCN
was addedt(= 0). Samples (3.0 mL) were obtained at 1, 2, 4, and 6
min (all £3 s).

Ammonia and Hydrazine Analysis. The addition of solid cobalto-
cene and LUHCI (requiring some time to dissolve; method A) makes
it difficult to sample and analyze the reaction mixture at the very early
stages €5 min). The rapid mixing of LutHX and PH, solutions
(method B) generates,Ns"X ™, which at times precipitates (> CI~)
or may serve as aiNs™ source for the catalyst, which itself precipitates.

remains intact after the completion of the reactidn.

Results and Discussion

The X-ray structure of the Fe/Mo/S aggregate of nitrogettase
has revealed the Mo atom to be coordinatively saturated and
located on the periphery of the Mo§Sg core. These observa-
tions have led to the suggestion that perhaps the Mo atom is
not directly involved in the activation and reduction of,r
other substrate’s. The merits of this conclusion may be explored
by reactivity studies on synthetic Mo/Fe/S clusters in which
the Mo coordination closely resembles the Mo environment in
the nitrogenase cofactor. The Fe/Mo/S “cubane” clusters that
contain the [MoFg5,]3" cores are well suited for such studies.

In these compounds the first and second coordination spheres
around the Mo atoms are nearly identical to those found in the
Fe/Mo/S center in nitrogenase.

Reactivity studies of the MoE8, single cubanes have shown
these clusters to be unreactive toward dinitrogen in either the
oxidized (core charge= +3) or the reduced (core charge
+2) form32 |n contrast, coordination of hydrazine and
substituted hydrazines to the Mo site of the Mgecubanes
occurs readily and has been demonstrated by spectroscopic

The latter method, however, allows for sampling in the earlier stages techniques and by X-ray crystallographic studfedhe Fe sites,

of the reaction, often prior to the onset of precipitation.
Samples (3.0 mL) were removed from the reaction solution at

predetermined times, were immediately quenched with an excess of

HCl in EtO (0.2 mL), and were then taken to drynéssacua The

water-soluble species were extracted with 25 mL of deionized water.

Aliquots (1 mL) of the aqueous extracts were used for ammonia
determination with the indophenol t&$t.Most determinations were
at least triplicate runs with a spread of approximately 7%. Periodic
tests for hydrazine with the PDMAB methdensured complete N
atom balance (106 5%).

Recovery and Identification of the (EtN)z[MoFes;S,Cls(Hcit)],
7, Cluster Catalyst. In previous publications we have described in
detail protocols for identifying a variety of ME®, (M = Mo, V) cluster
catalysts at the end of catalytic cyclé$® Here, we briefly present
analogous studies on the {B);[MoFe;S,Cls(Hcit], 6, cluster. For

practical reasons we scaled up the amount of the cluster and performed

a “pseudo-catalytic” experiment ¢N4:cluster 2:1). An 0.27 g sample
of 6 (0.25 mmol) was dissolved in 40 mL of GEIN. Then, hydrazine
(0.25 mL of a 0.2 M stock solution in GJEN, 0.50 mmol) was added
dropwise, and finally Co(Cp)0.02 g, 1.00 mmol) and Le#CI (0.03

(27) (a) Chaney, A. L.; Marbach, E. Elin. Chem.1962 8, 130. (b)
Weatherburn, M. WAnal. Chem1974 39, 971.

(28) p-(Dimethylamino)benzaldehyde (PDMAB) method: Watt, G. W.;
Chrisp, J. D.Anal. Chem1952 24, 2006.

(29) Details on these studies have been deposited as supplementary material

with ref 17. Also, see ref 23.

mainly coordinated by thiolate or halide terminal ligands, do
not undergo ligand exchange with hydrazines, and to our
knowledge, no FeN;H,4 adduct has ever been isolated or even
transiently detected. This lack of reactivity with hydrazines is
in contrast to what is observed with acetylene. The Fe sites in
the [MoF&S,]®" and [FeS4)2" cubanes are capable of reducing
C,H; to CHy, as shown by results obtained in tfiand other
laboratories? and very likely the reduction is preceded by
acetylene coordination and activation by the Fe atoms.

The recently reported catalytic reduction of hydrazine by the
MoFe&sS, single cubanes is of some relevance to the function
of nitrogenase considering that HNNH and HHN—NH; are
possible intermediates in biological dinitrogen fixation. Indeed,
Thorneley, Lowe, and othé?§~9 have detected hydrazine upon
guenching nitrogenase under turnover conditions. Furthermore,

(30) Materikova, R. B.; Babin, V. N.; Lyatifov, I. R.; Salimov, R. M.; Fedin,
E. I.; Petrovskii, P. VJ. Organomet. Chen1981, 219, 259.

(31) (a) Challen, P. R.; Koo, S. M.; Kim. C. G.; Dunham, W. R.;
Coucouvanis, DJ. Am. Chem. Sod.99Q 112, 8606. (b) Mosier, P.
E.; Kim, C. G.; Coucouvanis, Dinorg. Chem.1993 32, 3620. (c)
Challen, P. R. Ph.D. Thesis, The University of Michigan, 1990.

(32) (a) Tanaka, K.; Honjo, M.; Tanaka, J. Inorg. Biochem1984 22,

187. (b) Tanaka, T.; Nakamoto, M.; Tashiro,Bull. Chem. Soc. Jpn.

1985 58, 316. (c) McMillan, R. S.; Renaud, J.; Reynolds, J. G.; Holm,

R. H. J. Inorg. Biochem1979 11, 213.
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Table 1. Production (%) of NH* from the Catalytic Reduction of [N,H,V[catalyst] = 100
NH,NH_° by Various MoFg—Carboxylate Cubanes Using Co(Gp)
as the Reducing Agent and LHCI as the Proton Source (Method
A; [NHNHj]:[Catalyst] = 100:1¥

no. of
cluster cataly$t trials 5min 30min 1h 12h

[MoFe&;S,Cl3(Cls-cat)(CHCN)J]Z~ (1)
[MoFesS,Cl3(Clg-cat)(im)B (2)
[MoFesS,Cls(mida)F~ (3)
[MoF&sS,Cls(Hnta)p~ (4)
[MoFesSCly(tdga)f~ (5)
[MoFe&sS,Cly(Hcit)]* (6)
[MoFesSiCla(Hcit)]*~ (7)
[MoFe;S,Cls(Hcmal)B~ (8)
[MoFesSCls(tla)]2* (9)°
[(MOFe3S4Cla)o(u-0x)]4~ (10)®
[MoFe;SyCla(dmpe)l (11)
(FesSiCla)?~ (12

aThe experiments were performed according to a protocol described

in the Experimental Sectiofi.Periodically, NH, quantification with o 20 40

the p-(dimethylamino)benzaldehyde meti®donfirmed complete N Time (min)

atom balance. In all cases, there was a balance of 408%.

¢ Sampling of the reaction mixture and treatment of the samples were

performed as described previousty The results were reproducible to

within 5% from the mean.? Reactions of catalyst with Co(Gpand

Lut-HCI (absence of BH4) or of N.Hs with Co(Cp) and LutHCI B

(absence of catalyst) gave Nkithin background limits £3%). © For 50 N— b —a—1

clusters9 and 10 two molecules of M, per double cubane (or one /
— ]
[
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N2H4 per Mo) were used in the experiments. 40 k

Eady?® in the reduction of N to NHz by the alternative V R //
nitrogenasé. 20

A cofactor essential for nitrogenase function is the homoci- ////
trate molecule coordinated to the Mo atom of the FeMo-co. It To
has been reported that the Viifene which encodes for the
synthesis of homocitrate is needed for the biosynthesis of all 0 domim o : e
three (FeMo-co, FeV-co, and FeFe-co) cofactdrsThe dis- 0 ! 2 N 4 8 & 7
covery of the Mo-bound homocitrate in the FeMo-co led to Time (min)
exhaustive biochemical studieésThe catalytic competence of  Figure 3. (A) Ammonia production (%)s time in CHCN solvent,
the FeMo-co was investigated in the presence of various at ambient temperature, from the reduction gHNin the presence of

polycarboxylate ligands in experiments designed to delineate Co(Cp} and LutHCI under initially heterogeneous conditions using

. - - PP various catalysts, as indicated. This graph was based on data taken
the poss'ble role O.f the homocitrate Ilgand n hkatlpn. A from Table 1 using method A (see Experimental Sectids)) Ammonia
number of interesting results have derived from this sructure/ production (%)stime in CHCN solvent, at ambient temperature, from

function study: (a) a minimum of twe-COOH groups and  the reduction of BH, in the presence of Co(Cpand LutHBPh, under
one—OH (in some cases a keto) group is required for activity; initially homogeneous conditions using various catalysts, as indicated
(b) thep acids are preferred over theacids; (c) small changes  (method B, Experimental Section).
on various parts of the homocitrate ligand cause dramatic effects . ) i o o
on the N fixing ability of the FeMo-co. Citrate, the acid anion protonation, facile protonation and partial dissociation of the
structurally closest to homocitrate, effected the biosynthesis of Pound carboxylate functions in compour@s8 are expected
a FeMo-co which could fix B albeit at very low yields and at 0 occur. The yleld§; of ammonia, obtalned for all clusters after
much higher concentrations than homociti#teThe apparent 2 Min of reaction time (Table 1, Figure 3), represent 80%
reactivity differences tunable by slight modifications of the Mo 90% of the ammonia produced after 1 h. This rapid leveling
coordination environment and/or alterations in the polycarbox- Off of the amount of NH produced indicates that the anionic
ylate chaififl prompted us to explore the reactivity characteristics cluster catalysts rapidly precipitate as insoluble [CogCp)
of the synthetic MoFsS;—polycarboxylate cubanes. The _N2H5+, or NHs"salts. A reaction o8 with 2 equiv of hydrgzme
methodology for the synthesis of these compounds has beenn the presence of [Co(Cg)and LutHCI has resulted in the
developed in our laboratot2223and has made them available ~formation of the very insoluble [Co(Cg){(CitHz)MoFesSs-
for the studies reported herein. (Cl)3] product (see Experimental). The onset of precipitation
The catalytic reduction of hydrazine was attempted with a fOr €ach cluster is difficult to ascertain, and consequently
variety of these clusters, and the results are compiled in Table Meaningful initial rates (at5% of substrate consumption) are
1 and displayed in Figure 3. All of the polycarboxylate clusters N€arly impossible to measure. As a result, the amount of NH
have a coordinatively saturated Mo site, and the coordination OPtained after 5 min (Figure 3) for each of the clusters cannot
and activation of MH, must be preceded by at least partial Pe used as an indicator of relative reactivity. y
dissociation of the carboxylate ligand. With the high proton !N an attempt to obtain meaningful kinetic data, conditions
concentrations of acid that prevail under the reaction conditions Were adopted that made it possible to sample the reaction
(100-fold excess of LuthHCl), in addition to hydrazine  Mixture attimes less than 5 min in the “initial rate” linear region.
These conditions consist of the initial dissolution of the

(33) Dilworth, M. J.; Eady, R. RBiochem. J1991, 277, 46. [Co(Cp)] and LutHX reagents in CECN followed by the
(34) Kennedy, C.; Dean, IMol. Gen. Genet1992 231, 494. addition of hydrazine and finally a solution of the catalyst that

the presence of §H4 has also been detected by Dilworth and § 30 /7%
y




Catalytic Reduction of Hydrazine to Ammonia

definest = 0. The choice of counterion in LtX had a
profound influence in the results. For=>X CI~, upon addition

of hydrazine, a white precipitate was observed, presumably
N2Hs*CI~. The percent conversion of hydrazine to ammonia
was low after 6 min £16%) for a selected group of clusters
(Cly-cat, mida) probably limited by the rate of dissolution of
N,HsTCl~. Reactions with LUHCI were therefore discontin-
ued. For X= BPhy~, the reactions were considerably faster
and the results are shown in Figure 3B for four cubanes (Cl
cat, mida, Hcit, tdga). These results indicate little or no
difference between the relative rates of hydrazine reduction
between the clusters. All show an initial burst to about 25%

Inorganic Chemistry, Vol. 35, No. 13, 1996043

coordination saturation of the Mo atom in these clusters does
not interfere with the catalytic process.

Cluster2 has the same core structure and Mo coligandk as
except that it has an imidazole coordinated to the Mo instead
of an CHCN (a histidine imidazole has been found coordinated
to the Mo of the FeMo-co). Its catalytic efficiency is almost
identical to thatl and indicates that the imidazole ligand
dissociates from the Mo (very likely as a result of protona-
tion37:38), thus generating a vacant site on the Mo foiHh
coordination and reduction.

In the MoFegS, cubanes, the MeO (catecholate or carbox-

which then slowly levels off to about 50% in 6 min. Due to Ylate) moieties are located in positions that allow for hydrogen-
the lack of precision in agcuiring data in times less than 1 min, bonding interactions with the Mo-coordinated hydrazine mol-
initial rates cannot be obtained reliably. Nevertheless, the ecule. Such interactions are evident in the structures of the
curvature in the lines (Figure 3B) may indicate relative rates in [MoFe;S,Cls(Cls-cat)(NHLNHPh)P~ 3% and {[MoFe;S,Cl,-
addition to the onset of catalyst precipitation. It appears likely (Cls-cat)b(u-NoHa)(u-S)4~ clusterst3d3ia Although the H

that, by having all components soluble initially, the “true” rate atoms of the PANHNEHor N;H; molecules were not located,

of reaction can be witnessed. Unfortunately reliable data cannotthe distances between the tetrachlorocatecholate oxygen atoms

be obtained in times less than 1 min from= 0. An
examination of Figure 3 shows that the carboxylate cubanes
are more efficient catalysts than the;€at cubanel. The rapid
leveling off of the rate for the citrate cubang, after only 1

min of reaction time indicates that this cluster precipitates very
rapidly and may have a faster initial rate than indicated. The
overall greater yields of ammonia over the same period of time
obtained with method A (Figure 3A) very likely reflect a control
of the rate (slowing down) of precipitation of the catalyst by
the slow release of the reagents in solution and the smaller ionic
strength of the solution.

In addition to generating a coordination site on the Mo atom,
protonation causes anodic shifts of the electrochemical reduction
potentials of the clusters. For example, addition of a 5-fold
excess of LUHCI to 5 shifts the reduction potential from750
to —670 mV3% Such shifts are at times needed to bring the
reduction potential of the clusters within the reducing capacity
of cobaltocene (under identical conditiof¥<€;, of cobaltocene
—940 mV). In catalytic studies with the [VE8&4)2"
cubaned? Lut-HCI, effectively used in the catalytic reaction,
is sufficiently acidic (K{(CHs;CN) = 14.1) to protonate
hydrazine. Acids weaker than;Nst (pKy(CH3CN) = 16.6)
such as BNHT (pKi(CHsCN) = 18.3) however are not
effective, and as a consequence the use gMliEt as a source
of protons shuts off the catalytic process.

Hypotheses concerning the possible role of the unique
homocitrate ligand have been presented in the literature and
include possible modulation of the electrochemical potentials
or participation in proton transfer ste}fs36 The latter seems

more reasonable, taking into account the fact that the bidentate

coordination mode of the homocitrate ligand allows two
uncoordinated—COOH (or —COO-) groups to become in-
volved in protonation/deprotonation stefs.

The qualitative results obtained with the majority of the
carboxylate MoFg5, clusters3—10 show that the catalytic
reduction of hydrazine is occurring generally with a higher
efficiency than that of eithet or 2. Furthermore, the apparent

(35) Voltammetric measurements in @EN solution vs a Ag/AgCl
reference electrode using Pt working and auxiliary electrodes and
BusNCIO4 as supporting electrolyte.

(36) It is very interesting to notice that the closely related citrate binds to
an Fe of an F5, cluster in the active site of aconitase, in the same
bidentate fashion: (a) Glusker, J. P. The EnzymesBoyer, P. D.,
Ed.; Academic Press: New York, 1971; p 413. (b) Lauble, H.;
Kennedy, M. C.; Beinert, H.; Stout, C. Biochemistryl992 31, 2735.

(c) Kennedy, M. C.; Stout, C. D. IAdvances in Inorganic Chemistry
Vol. 3§ Cammack, R., Sykes, A. G., Eds.; Academic Press: New
York, 1992; p 413.

and the hydrazine nitrogens (2:73.85 A) are indicative of
hydrogen-bonding interactions. Not unlike the possible involve-
ment of the carboxylate ligands infHransfer, the catecholate
oxygen atoms also may be important in the protonation of the
substrate during the catalytic process.

The lack of reactivity of clustet1 (Figures 2 and 3) may be
attributed to the following factors: (a) the nonlability of the
Mo-bound CI, which already has been establighddr this
cluster, and (b) the inability of the dmpe ligand to serve as an
effective proton transfer site. The “all-Fe” cluste2 was found
totally inactive in the reduction of M, to NHz, showing only
a 7% conversion after 1248. A possible explanation for this
lack of reactivity could be the inability of ¥, to displace the
Fe-bound Cf ligands#!

Inhibition Studies. To further explore the importance of
the direct Mo involvement in the catalytic process, attempts were
made to inhibit hydrazine reduction with ligands that are known
to bind exclusively and irreversibly to the Mo atom in the
[MoFesS)®*t cubanes. Triethylphosphine is one such lighd,
and in its presence the reduction of hydrazine is strongly
inhibited (Figure 4). The observed low (above background)
levels of NH; production can be explained by (a) the dissociation
of some of the bound PEin the presence of a large excess of
N,H,4 or (b) the H-promoted dissociation of one “arm” of the
Cls-cat ligand that generates a vacant coordination site on the
Mo atom.

(37) In dimethylformamide, DMF, for LuHCI, pK, ~ 5.0; for citric acid,
pKa1 = 7.2, Kaz = 10.9, and Kaz = 12.2: lzutsu, K.Acid Base
Dissociation Constants in Dipolar Aprotic Seints IUPAC Chemical
Data Series, No. 35; Blackwell Scientific Publications: Oxford, U.K.,
1990.

(38) (a) Benoit, R. L.; Lefebvre, D.; Frechette, I@an. J. Chem1987,

65, 996. (b) Bordwell, F. GAcc. Chem. Red.988 21, 456.

(39) Coucouvanis, D.; Patton, S.; Kim, C. K. Unpublished results.

(40) This cluster has been found effective in the reduction of acetylene at
a rate much slower than that of the Mo cubatfes.

(41) Tanakaet al. have reported PH4 reductions to NH using electro-
chemically generated forms of the fSa(SR)}]%~ cluster (R= SPh,
SCHCH,0H) as the active center (Hozumi, Y.; Imasaka, Y.; Tanaka,
K.; Tanaka, T.Chem. Lett.1983 897). These systems differ from
ours in that they are substoichiometric (noncatalytic) and employ
thiolates as Fe ligands. It is well established that Fe-bound thiolates
cathodically shift the electrochemical potentials by least 2004hV;
therefore, the reduced cluster is “charged” with higher reducing power.

(42) (a) Cambray, J.; Lane, R. W.; Wedd, A. G.; Johnston, R. W.; Holm,
R. H.Inorg. Chem1977, 16, 2565. (b) Hill, C. L.; Renaud, J.; Holm,

R. H.; Mortenson, L. EJ. Am. Chem. Sod.977, 99, 2549.

(43) (a) Holm, R. H. InBiomimetic ChemistryYoshida, Z., Ise, N., Eds.;
Elsevier: New York, 1983; p 7999. (b) Mascharak, P. K.; Armstrong,
W. H.; Mizobe, Y.; Holm, R. HJ. Am. Chem. S0d.983 105, 475.



4044 Inorganic Chemistry, Vol. 35, No. 13, 1996

[N,H,Vcatalyst] = 100
80 T —

70 | 8
£ e
60 r r—_-—“'
EL ——— —— 8 + 10 PEY,
50 [
[} F
I
4 S
°\° I
. 1+ PEt,
S 8+200 PEL,
1+CO
40 60 80
Time (min)

Figure 4. Ammonia production (%)s time in CHCN solvent, at
ambient temperature, from the reduction ofH¥ in the presence of
PEg or CO as inhibitor, Co(Cp) and LutHCI using various catalysts,
as indicated. This graph was based on data taken from Table 2.

Table 2. Production (%) of NH by the Catalytic Reduction of
NH:NH; by Various MoFe—Carboxylate Cubanes in the Presence
of Inhibitor PEt or CO (Experimental Conditions as in Table 1;
[NH NH_]:[Catalyst] = 100:1)

no.of 5 30

cluster catalyst trials min min 1h 12h

[MOFesS:Cl3(Cla-cat)(CHCN)]Z (1)2 3 30 34 38 61
[MOFesSCls(Cls-cat)(CHCN)Z- (1) + PE& 2 18 20 23 37
[MOFe;S4Cls(Cls-cat)(CHCN)]Z (1)/COP 2 7 7 8 9
[MoFesS.Cls(Hecmal)p~ (8)2 3 62 66 68 78
[MoFesS.Cls(Hcmal)p- (8) + PE& (1:10) 1 54 55 57 66
[MoFesSCls(Hcmal)p~ (8) + PE(1:200) 1 17 18 18 19

aFor comparison reasons Nkields (%) from Table 1 using clusters
1 and8 as catalysts have been also includebh this experiment, the

Demadis et al.

initial protonation and subsequent reduction. These data are
consistent with results reported for many othginuclear
transition metal complexes that contain end-on bridging N
These complexes upon reduction/protonation give high yields
of N2H4*® but little or no NH;.*6 In the case of the MoR&,—
carboxylate cubanes, steric constraints preclude dimerization that
would result in an end-on bridging -N4 ligand and the
activation/reduction of hydrazine must occur on a single metal
site.

The catalytic reduction and disproportionation o) by a
binuclear Mo complex with pyridinethiolate coligands has been
reported’’ The actual nature of the active catalyst and the
coordination mode of the hydrazine ligand are not clear. In
this system, hH, may be activated either by an end-on bridging
fashion or (more likely) with the two Mo centers acting
independently in the activation of two terminally boungHy
molecules. Kuwatat al. recently reported thdisproportiona-
tion of NyH, and substituted PH, with a binuclear Ru
complex?® In this case, binuclear activation of;N; seems
attractive due to the coordination unsaturation of both Ru
centers.

Possible Role of the Mo-Bound Polycarboxylate Ligands
in the Function of the [MoFesSs|®" Cubanes and Their
Relevance to Homocitrate in the FeMo-co. A possible
pathway for the reduction of M4 to NHsz by the polycarbox-
ylate cubanes shown in Figure 5 is similar to that published for
the reduction effected by the VE® cubane¥ but also includes
the possible involvement of the carboxylate ligands. The
starting point A) (Figure 5) is the proton-induced dissociation
of a carboxylate{ COQO") “arm” from the Mo atom, generating
a vacant site for BH4 coordination B). The subsequent Mo

reaction flask was evacuated and immediately refilled with CO (Johnson N,H, adduct may be stabilizeda hydrogen-bonding interac-

& Mathey) as soon as all the reagents were mixed.

Carbon monoxide is known to inhibit nitrogenase reactiffty;
furthermore, CO can bind to the Mof&a cubane®nly at their
reduced (2-) oxidation level*3® In both cases, the precise site
of CO coordination (Fe, Mo, or both) is not entirely clear. A
hydrazine reduction experiment using clusters a catalyst was

performed under a CO atmosphere. The ammonia production ¢
yields (Table 2), although slightly above background, were much

lower than the corresponding yields under a &dmosphere
(Figure 4). This result suggests that the [Me&g*" core
undergoes reduction to thet2oxidation level during the

catalytic process, where it is attacked and irreversibly inactivate

by CO (very likely at the Mo site). The fact that hydrazine

tions ((hydrazine)N-H-O or (carboxylate)©H:--N). An
initial protonation to thes-N of NyH4 occurs C) which is
followed by 1€ reduction D). An additional protonation
releases the first equivalent of NH leaving a Me-NH, moiety
(E) (or alternatively a Me=NH (F) group). At this point,
protonation by the uncoordinatedCOOH groups and subse-
quent reduction will cause the release of the second equivalent
47 and the regeneration of the starting cluster

At this stage, it is difficult to predict in which protonation
step the-COOH group participates. Furthermore, it is uncertain
whether the H ions originate from a~-COOH group, a (Mo}

¢ OH group, or a combination of both. In contrast to intermediate

C (Figure 5), which has been isolated and characterized with

protonation precedes cluster reduction further suggests that the-l4-cat in place of citrate on the M8,D, E, andF have not

CO molecules compete with thesNs™ ligand for binding sites
in the Mo coordination sphere. The BEnd CO ligands

been isolated or detected.
Proposed Pathway for Nitrogen Fixation by Nitrogenase.

previously have been used successfully in our laboratory asA plethora of binuclear complexes with bridging Nave been

inhibitors in NbH4 reduction by the [VFg5;]2+ cores® and in
C,H; reduction by the [MoF$54)3" cores!®

Mononuclear »s Binuclear Activation of N,H4. Recently
we reported that the[MoFe;S,Cly(Cls-cat)p(u-NaHa) (u-S) 4~
doubly bridged double cubafié did not reduce the end-on
bridging hydrazine to ammonia in the presence of Cof@pjl
Lut-HCI.Y” This result was explained by the unavailability of

lone pairs on the bridging hydrazine molecule for the essentia

(44) (a) Smith, B. E.; Lowe, D. J.; Bray, R. ®iochem. J.1973 135
331. (b) Hawkes, T. R.; Lowe, D. J.; Smith, B. Biochem. J1983
211, 495. (c) Hwang, J. C.; Chen, C. H.; Burris, R. Biochim.
Biophys. Actal973 292 256. (d) Davis, L. C.; Shah, V. K; Birill,
W. J. Biochim. Biophys. Actd975 403 67. (e) Orme-Johnson, W.
H.; Davis, L. C.; Henzl, M. T.; Averill, B. A.; Orme-Johnson, N. R;
Minck, E.; Zimmerman, R. IrRecent Deelopments in Nitrogen

Fixation; Newton, W. E., Postgate, J. R., Rodriguez-Barrueco, C., Eds.;

Academic Press: London, 1977; p 131.

synthesized, and many of them have been stucturally character-

(45) (a) Manriquez, J. M.; Sanner, R. D.; Marsh, R. E.; Bercaw, J.E.
Am. Chem. Socl976 98, 3042. (b) Churchill, M. R.; Li, Y. J;
Theopold, K. H.; Schrock, R. Rnorg. Chem.1984 23, 4472. (c)
Leigh, G. J.J. Mol. Catal. 1988 47, 363. (d) Anderson, S. N.;
Richards, R. L.; Hughes, D. 1. Chem. Soc., Chem. Comma882
1291.

| (46) (a) Teuben, J. HI. Organomet. Cheni973 57, 159. (b) Leigh, G.

J.; Prieto-Alcm, R.; Sanders, J. R. Chem. Soc., Chem. Commun.
1991 921. (c) Ferguson, R.; Solari, E.; Floriani, C.; Chiesi-Villa, A.;
Rizzoli, C.Angew. Chem., Int. Ed. Endl993 32, 396. (d) Dilworth,
J. R.; Henderson, R. A,; Hills, A.; Hughes, D. L.; Macdonald, C.;
Stephens, A. N.; Walton, D. R. M. Chem. Soc., Dalton Tran99Q
1077. (e) Henderson, R. A.; Morgan, S. H.; Stephens, AChNem.
Soc., Dalton Trans1990Q 1101.

(47) Block, E.; Ofori-Okai, G.; Kang, H.; Zubieta, J. Am. Chem. Soc.
1992 114, 758.

(48) Kuwata, S.; Mizobe, Y.; Hidai, Minorg. Chem.1994 33, 3619.

(49) Mosier, P. E.; Coucouvanis, D. Results to be published.
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Figure 5. Proposed pathway for the catalytic reduction gHMto NHz by cluster [(Hcit)MoFe;S,Cls]?™, 7, with emphasis on a possible™H

delivery role of the carboxylate function. The intra- and intermolecular electron transfer steps arbitrarily are depicted by changes in the formal

oxidation level of the Mo atom.

ized3® Many show exceptional reactivity upon reaction with
strong acids, e.g. HX (%= CI, Br), with NoH, being the
product?® but only a small number of them yield NHusually

in very low yields?6:50 Proton attack on th@-N, (or on the
u-HN=NH at a subsequent st&g? ligand can be easily
visualized given ther-electron density of the bridging unit. Once
theu-N2H4 level is reached however, protonation is impossible
because neither-electron density nor lone pairs on the N atoms
are available any longer. As a consequence, reductigrMNy
ceases at the hydrazine level.

In mononuclear complexes, terminab Ngands are reduc-
tively transformed to terminally bound hydrazines with lone
pairs on the unbound nitrogen atoms available for protonation
and subsequent reduction. As a result, thdigands in these
complexes are reduced readily to p#e50453 |n these reduc-
tions, several metalhydrazido (NH""; x = 1-3; n = 1-3)

(50) (a) Chatt, J.; Dilworth, J. R.; Richards, R.Chem. Re. 1978 589.
(b) Anderson, S. N.; Richards, R. L.; Hughes, D.J..Chem. Soc.,
Chem. Commuril982 921. (c) Chatt, J.; Leigh, G. Q. Re.. Chem.
Soc.1972 1, 121. (d) Henderson, R. A;; Leigh, G. J.; Pickett, C. J.
Adv. Inorg. Chem. Radiochem 983 27, 197.

(51)

protonation of the thermally unstable [Fex)(PPh)2]2(«-N2) complex.

The final product of this transformation is;Ns: Yu, G.; Borodko,

M. O.; Boitman, L. M.; Kachapina, A. E.; Shilov, A. E.; Yu, Chem.

Commun1971, 1185.

Metat-diazene complexes are described in the literature: (a) Smith,

M. R., lll; Cheng, T.-Y.; Hillhouse, G. LJ. Am. Chem. S0d.993

115 8638. (b) Cheng, T.-Y.; Peters, J. C.; Hillhouse, GJLAm.

Chem. Socl994 116, 204. (c) This article reports the crystal structure

of a binuclear Fe complex having an endzoWNHNH: Sellman, D.;

Soglowek, W.; Knock, F.; Moll, MAngew. Chem., Int. Ed. Engl.

1989 28, 1271.

(52)

In fact, such a pathway has been proposed to take place upon

intermediates have been isolated and some have been structurally
characterized!c.200.54

A proposed pathway (Figure 6) for the reduction of td
NH3; consistent with the available data on the reduction of N
and NH,4 in model complexes, the structure of the nitrogenase
cofactor, and previously suggested mechanismas follows:

(a) The N molecule initially coordinates to one of thefsgjuare
facegb of the Fg prismatic unit of the cofactor (step 1). (b)
The bridging N undergoes proton attack followed by a two-
electron reduction to diazene. Subsequent protonation followed
by reduction leads to hydrazine (or hydraziée)Protonation
steps during the first two steps of reduction, (N HN=NH —
NHx—NH,>®) may be facilitated by the,-S ligands in the center

of the FeMo-co, perhaps formingS---H species (steps 2 and
3). (A N—H---S hydrogen bond between a histidine-195
imidazole and one of the central, doubly bridging, S ligands of
the FeMo-co was recently reporte). (c) At the hydrazine
stage, the bridging M4 cannot be protonated and further
reduced due to the unavailability of lone pairs on the N atoms.
It is likely, then, that the hydrazine molecule either changes to
a monodentate binding mode migratesfrom the Fe site(s) to
the Mo site and coordinates to it in a terminal fashion (step 4).

(53) (a) Sellman, D. In ref 1a, p 332. (b) Hidai, M.; Mizobe, Y. In ref 1a,

p 346. (c) George, T. A; DeBord, J. R. D. Inref 1a, p 363. (d) George,
T. A,; Rose, D. J.; Chang, Y.; Chen, Q.; Zubietarbrg. Chem.
1995 34, 1295 and references therein.

(54) (a) George, T. A.; Kaul, B. B.; Chen, Q.; Zubieta,ldorg. Chem.
1993 32, 1706. (b) Vogel. S.; Huttner, G.; Zsolnai, L.; Emmerich, C.
Naturforsch.1993 48B, 353.

(55) For a study on protonation sites in metal-hydrazido complexes, see:
Wagenknecht, P. D.; Norton, J. R. Am. Chem. Sod995 1167,
1841.
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Figure 6. Possible mechanism for the binding, activation, and reduction ,0foNNH; by the FeMo-co based on a combination of available
literature data and the present study. Diazene=4{) and hydrazine (NENH,) as possible intermediates are also shown.

These events possibly are accompanied by positional, confor-bind Ny, and dihydrogen, b is displaced when Mbinds to the

mational, and electronic changes in the vicinity of and/or within

the FeMo-co. The protein environment surrounding the FeMo-

enzyme®? The participation of the Mo-bound corg-S ligands
in the FeMo-co during the last protonation steps is possible and

co plays an important role in the substrate reduction process,may play an important role. Indeed, the presence of hydrogen

since thasolatedFeMo-co does not reduce;NOther substrates

bonds between thes-S ligands in the [F£54]%" centers and

such as acetylene and cyclopropene are reduced by the cofactofl—H groups (from neighboring amino acids) is well docu-

albeit at a small fraction (8%) of the enzymatic raté® (d)

During the last reduction step the Mo-bound homaocitrate ligand

mente®3

may participate in proton transfers (see also the proposedSummary

pathway in Figure 5) to the substrate (hydrazine).
Abiological nitrogen fixation systems that involve carboxylate

The principal findings and conclusions of this investigation
are the following: (a) The [MoF#&,]3* cores catalytically

coligands have been reported. Early reports include studies byreduce NH4 to NHs with Lut-HCI as the proton source and

Folkesson and Larss#thon N reduction to NH, utilizing V"
species in the presence afw-dicarboxylates {OOC(CH).-
COO, 3 = n < 10) and the photocatalytic reduction of b
NH3 by RU(EDTA) complexe8? Similarly, RU"(EDTA)(H,O)
compounds catalyze the reduction ofHy to NH3z in aqueous

Co(Cp} as the reducing agent. (b) The Mo-bound carboxylate
ligands under acidic conditions partially dissociate and allow
coordination of hydrazine to the Mo atom. They appear to
promote rather than hinder the catalytic reduction of hydrazine
to ammonia. (c) Control experiments with the;Secubanes

acidic solutiort® The above studies emphasized the positive and inhibition studies, with ligands that are known to coordinate
effects of the polycarboxylate ligands in the process. However, to the Mo atom, have shown total or pronounced loss of catalytic
their possible role as proton transfer devices was not invoked. activity. These results support the suggestion that reduction

In a recent report, Nbinding to [MH(72-O0CCH)(dppe)]
(M = Mo, W) was reported to require initial dissociation of
the acetate liganét.

occurs at the Mo site. (d) The possible involvement of the
carboxylate functions as “built-in”, local, Hdelivery agents
may play an important role in catalysis. The homocitrate

The pathway proposed in Figure 6 does not include or attempt molecule in the FeMo-co may very well function in a similar

to explain the H evolution concomitant with Nreduction (eq
1). It has been propos&dthat binding of a H to the FeMo-
co (possibly involvingus-S ligands) and its Zereduction to

H~, can be envisioned as a step that prepares the enzyme to

(56) (a) Kim, C.-H.; Newton, W. E.; Dean, D. Biochemistryl995 34,
2798. (b) DeRose, V. J.; Kim, C.-H.; Newton, W. E.; Dean, D. R.;
Hoffman, B. M. Biochemistry1995 34, 2809. (c) Thomann, H.;
Bernardo, M.; Newton, W. E.; Dean, D. Rroc. Natl. Acad. Sci.
U.S.A.1991, 88, 6620.

(57) Shah, V. K.; Chisnell, J. R.; Brill, W. JBiochim. Biophys. Res.
Commun.197§ 81, 232.

(58) McKenna, C. E.; McKenna, M. C.; Huang, C. Rroc. Natl. Acad.
Sci. U.S.A1979 76, 4773.

(59) Folkesson, B.; Larsson, Rcta Chem. Scand. Ser.1®79 33, 347.

(60) Rao, N. N.J. Mol. Catal.1994 93, 23.

(61) Hughes, D. L.; Ibrahim, S. K.; Pickett, C. J.; Querme, G.; Laueman,
A; Talarmin, J.; Queiros, A.; Fonseca, Rolyhedron1994 13, 3341.

manner, liberating a site on the coordinatively saturated Mo and
subsequently providing the protons to the substrate(s).
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