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Abstract: The catalytic reduction afis-dimethyldiazene by the (BY),[(Cls-cat)(CHCN)MoF&S4Clj] cluster (Ch-

cat = tetrachlorocatecholate) is reported. Unlike the reductiogistiimethyldiazene by the Fe/Mo/S center of
nitrogenase, which yields methylamine, ammonia, and methane (the latter from the reduction-ef\t®@d), the
reduction ofcis-dimethyldiazene by the synthetic cluster yields exclusively methylamine. In separate experiments,
it was shown that the €N bond of methylamine is not reduced by the [M@&g%" core, perhaps accounting for

the differences observed between the biological and abiological systems. 1,2-Dimethylhydrazine, a possible partially
reduced intermediate in the reductiorcigdimethyldiazene, was also shown to be reduced to methylamine. Interaction

of methylamine with the Mo atom of the cubane was confirmed through the synthesis and structural characterization
of (EuN),[(Cls-cat)(CHNH2)MoFesS,Cls].  Phosphine inhibition studies strongly suggest that the Mo atom of the
[MoFesS4)3* core, which has a Mo coordination environment very similar to that in nitrogenase, is responsible for
the binding and activation afis-dimethyldiazene. The reduction of aiN bond exclusively at the heterometal site

of a nitrogenase-relevant synthetic compound may have implications regarding the function of the nitrogenase Fe/
Mo/S center, particularly in the latter stages of dinitrogen reduction.

Introduction S H,CO0’ )

S—Fe Fe——S CH,CH,C00
Nitrogenase is capable of reducing many small, unsaturated / \/\/F \/ \ /O%o

molecules and ions, the most important of which is atmospheric SCys—Fe S Fe—S—Fe S Mo—o

N2. The enzymatic synthesis of ammonia by reduction of \s/\F /\ / NHis

atmospheric Munder ambient conditions supplies nitrogen in TN

the form needed in the biosynthesis of proteins and nucleic acids.rigure 1. The FeMo-cofactor of nitrogenase.

It is not surprising therefore that much research has been

undertaken in order to achieve a better Understanding of this FeMo-cofactor appears to be Coordinative|y Saturated, with a

remarkable reduction proces.In recent X-ray structure  terminal imidazole from a histidine residue and a bidentge (
determinations of nitrogenase the structure of the Fe/Mo/S activehomocitrate ligand completing the coordination sphere.

site has been obtained at near-atomic resoldtidiis MoFeSy

. . The synthesis of exact analogs for the FeMo-cofactor has
cluster of nitrogenase, referred to as the FeMo-cofactor, is hot peen accomplished. Nevertheless, partial analogs exist in
comprised of MoFgS; and FaS; site-voided cubanes linked gy nihetic cluster&. Outstanding among these clusters are simple
by three bridging sulfides (Figure 1). The Mo atom of the Fao/Mo/S cubanes that contain the [MaS4 cored and a Mo
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Reduction of cis-Dimethyldiazene by the [Mg&g3"

exclusively or principallyt® involved in the activation of the
substrate toward reduction.

The synthetic clusters most efficient in their ability to act as
catalysts have been the (E),[(L)(L")MoFe&S.Cl3] single
cubanes, with either a labile solvent molecule weakly coordi-
nated to the Mo atom (E bidentate tetrachlorocatecholaté, L
= CH3CN") or, paradoxically, a tridentate polycarboxylate
ligand (L, L' = polycarboxylato ligant}) that results in a
coordinatively saturated Mo atom. When the structure of the
Fe/Mo/S center in nitrogenase revealed that the Mo atom of

J. Am. Chem. Soc., Vol. 119, No. 7, 199663

were dependent on both the specific isomer used as substrate
and (as demonstrated for tlees isomer) the Fe:FeMo protein
ratio. The strained-ring diazene, diazirine, is also reduced by
nitrogenase to the same produt®s.In order to investigate what
role, if any, the Mo atom may play in reduction of &Nl bond,
cis-dimethyldiazene was investigated as a potential substrate
for the [MoFeSy]3" cubanes. Herein, we report on the catalytic
reduction of cis-dimethyldiazene by the (E),[(Cls-cat)-
(CHsCN)MoFegS,Cls] cubane. Results show that the only
detectable product from the reduction @é-dimethyldiazene

the cluster was coordinatively saturated in the resting state, theby the synthetic cluster is methylamine. Additionally, it has

direct involvement of the Mo atom in substrate binding appeared
unlikely. The ability of the polycarboxylate-ligated [MofSa]3*

been demonstrated through inhibition studies that activation and
reduction ofcis-dimethyldiazene occurs exclusively at the Mo

model clusters to serve as catalysts suggested a special role fosite. The implications of these observations on the possible

the coordinated carboxylate ligands. Indeed, the observation
that carboxylate-bound clusters with coordinatively saturated
Mo atoms are also catalytically active in substrate reduction
implies their ability to generate coordination sites for the
substrate by displacing one of the “arms” of the carboxylate
ligand through protonatioh!! In some case$these polycar-
boxylate-ligated clusters are actually better catalysts than the
catecholate precursors, presumably due to the protonated ar
of the ligand that may serve as a “shuttle”, returning a proton
to the reduced substrate. While; N6 not reduced by the
synthetic [MFgS,]™* clusters, the catalytic reactivity of the latter
suggests the possibility of partially reduced substrates interacting

function of the cofactor of nitrogenase will also be discussed.

Experimental Section

General Considerations. All manipulations were performed under

an inert atmosphere using standard glove box and Schlenk techniques.
Solvents were distilled under,Nrom the appropriate drying agents
diethyl ether and THF from sodium/benzophenone, ang@Hfrom

,0s) or stored ove 3 A molecular sieves (absolute ethanol) and
thoroughly degassed with,Mr Ar prior to use. Reagent-grade chemi-
cals were purchased from Aldrich Chemical Company (cobaltocene
(CoCp), 99% 2,6-lutidine (Lut), anhydrous DMF, methylamine,
ethylamine, dimethylhydrazine dihydrochloride, NagPhO M ethereal

and being reduced at the heterometal atom of the Fe/M/S centeHCI, PEt) and used without further purification. Freshly prepared

in nitrogenase.

With regard to dinitrogen reduction, it has been suggested
that dinitrogen is activated in the e-S)Fe; “cage” created
by the six three-coordinate Fe atoms in the central part of the
cofactor!2 The mechanism of dinitrogen reduction is believed
to proceed through diazene-like intermedidfealthough di-
azene has not yet been demonstrated to interact with the
nitrogenase cofactdf. At present, it is not known where the
reduction of dinitrogen to ammonia occurs. It could take place
entirely at the six-Fe “cage” or it may undergo the initial two-
or four-electron reduction at the six-Fe “cage” and the final two-
to four-electron reduction and cleavage of the-Nl bond at
the Mo atom.

Recently, it has been reported that batis- and trans

solutions ofcis-dimethyldiazen® in distilled, degassed GEN (typi-
cally 0.1-0.2 M as determined by UV spectroscopy; = 266) were
stored at—196 °C until immediately prior to use.

Physical Measurements.Infrared spectra (Csl disks) were obtained
using a Nicolet 740 FT-IR spectrometer (far-IR 560 cnt?) or a
5DXB FT-IR spectrometer (mid-IR 4060400 cnt?l). Quantification
of methylamine and ammonia was performed using an HPLC technique
previously describef. An HP 5890 Series Il gas chromatograph
equipped with either a porapak N column (Supelco) or a 4% carbowax
20 m column (Supelco) was used in order to detect methane or £tNH
respectively. EPR studies and elemental analysis were performed by
the Biophysics Research Division and the Analytical Services Division,
respectively, at the University of Michigan. Integration of the EPR
signal was accomplished according to previously discussed techifques.
Analysis samples were routinely kept under dynamic vacuum for 12 h

dimethyldiazene are substrates for nitrogenase, and as suctyefore submission.

represent the first example of reduction of an unstrainedNN
bond by the Fe/Mo/S center of nitrogend3eProducts detected
included methylamine, methane, and ammonia in ratios that

(9) (a) Demadis, K. D.; Malinak, S. M.; Coucouvanis, IRorg. Chem.
1996 35, 4038. (b) Coucouvanis, D.; Demadis, K. D.; Malinak, S. M.;
Mosier, P. E.; Tyson, M. A.; Laughlin, L. J. Mol. Cat. A: Chemical
1996 107, 123. (c) Malinak, S. M.; Demadis, K. D.; Coucouvanis, D.
Am. Chem. Socl995 117, 3126. (d) Demadis, K. D.; Coucouvanis, D.
Inorg. Chem1995 34, 3658. (e) Coucouvanis, D.; Mosier, P. E.; Demadis,
K. D.; Patton, S.; Malinak, S. M.; Kim, C. G.; Tyson, M. . Am. Chem.
Soc.1993 115 12193.

(10) Laughlin, L. J.; Coucouvanis, D. Am. Chem. So&995 117, 3118.

(11) (a) Demadis, K. D.; Coucouvanis, org. Chem.1995 34, 436
and references therein. (b) Demadis, K. D.; Coucouvanisn@g. Chem.
1995 34, 3658 and references therein.
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Dance, |. GAust. J. Cheml994 47, 979. (c) Deng, H.; Hoffman, RAngew.
Chem., Int. Ed. Engl1993 32, 1062. (d) Chan, M. K.; Kim, J.; Rees, D.
C. Sciencel993 260, 792.

(13) Thorneley, R. N. F.; Lowe, D. Biochem. J1984 224, 887.

(14) Burris, R. H.; Winter, H. C.; Munson, T. O.; Garcia-Rivera, J. in
Intermediates and Cofactors in Nitrogen Fixatio8an Pietro, A., Ed.;
Antioch Press: Yellow Springs, OH, 1965; p 315.

(15) (a) McKenna, C. E.; Simeonov, A. M.; Eran, H.; Bravo-Leerab-
handh, M.Biochemistry1996 35, 4502. (b) McKenna, C. E.; Simeonov,
A. M. In Nitrogen Fixation: Fundamentals and Applicatigriskhonovich,

I. A., Provorov, N. A., Romanov, V. |., Newton, W. E., Eds.; Kluwer
Academic Publishers: Dordrecht, 1995; p 158. (c) Simeonov, A. M,;
McKenna, C. E. submitted for publication.

Preparation of Compounds. Analytically pure 2,6-lutidinium
hydrochloride (LutHCI) was prepared from the reaction between
lutidine and ethereal HCI. Lu#iBPh, was prepared from the metathesis
reaction between LeHHCl and NaBPh in ethanol. (EMN).[(Cls-
cat)(CHCN)MoFe&S,Cl3]*® and (PhP)[FesSiCly)%° were obtained by
procedures similar to those previously reported.

(EtaN)2[(Cl s-cat)(RNHz)MoFesSCls) (R = Me or Et). An amount
of RNH; (0.10 mL d a 2 M EtOH solution) was added to an GEN
solution (30 mL) of (EfN),[(Cls-cat)(CHCN)MoFeSCl3] (0.21 g, 0.20
mmol) in one portion. After approximatell h of stirring, the solution
was filtered and ether (150 mL) was layered on the filtrate. After
overnight standing, a near-quantitative yield of brown crystals was
isolated by filtration and washed well with ether.

(A) R = Me (I). Analysis calculated for &H4sN3zO,Cl;S,FesMo:

C, 26.68; H, 4.38; N, 4.06. Found: C, 27.01; H, 4.22; N, 4.10. Mid-
IR (Csl disks): 3290(w), 3250(w) from amine. Far-IR (Csl disks):
408(m), 351(vs). Single crystals of this complex were the subject of
an X-ray structure determination.

(16) Simeonov, A. M.; McKenna, C. B. Org. Chem1995 60, 1897.

(17) Bravo, M.; Eran, H.; Zhang, F. X.; McKenna, C./&nal. Biochem.
1988 175 482.

(18) Hearshen, D. O.; Hagen, W. R.; Sands, R. H.; Grande, H. J.;
Dunham, W. RJ. Magn. Reson1986 69, 440 and references therein.

(19) Palermo, R. E.; Holm, R. HI. Am. Chem. S0d.983 105, 4310.

(20) Wong, G. B.; Bobrik, M. A.; Holm, R. Hinorg. Chem.1978 17,
578.
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Table 1. Summary of Crystal Data for
(EuN)2[(Cl4-cat)(CHNH2)MoFesSiCls] (1)

umol), Lut-HCI (10.0 mL, 10umol) and cluster (0.15 mL, 0.72mol)

analogous to those described in section B above were placed in a flask
containing predetermined amounts of £LMl. With the concentrations

chemical formula MoF£5,Cl7C23H45N30;, . X
molecular weight, g/mol 1034.52 of these reagents held constant, the appropriate amount ai$- a
color, morphology brown, needles dimethyldiazene solution (3167 equiv based on cluster concentration)
space group Pbcm was added to the flask, markitg= 0 h. Att =1 h, 3.0 mL aliquots

a, 11.635(6) of the reaction solution were obtained and worked up as described
b, A 32.14(1) above.

c,A 33.06(1) (D) Attempted Reductions of 1,2-Dimethylhydrazine, Methyl-

Vv, A3 12506 amine, and Ethylamine. To a 125 mL reaction flask filled with an

Z . 12 appropriate amount of G)&N (total solution volume was 40 mL) was
ggﬂzﬁy Egglsc‘:irl\gtag()j’)g/r/nnlﬂ igg’ added 4.2 mL of a 7.2 mM CoGpsolution (30xmol), 0.03 g of
Caiiotion 9 MO K. Lut-HBPh, (70 xmol) and 0.2 mL of a 4.8 mM (BN)[(Cls-cat)-
absorption coefficient 201 CH;CN)MoFeS,Cl3] solution. An excess of the appropriate substrate
data collected B ) < 45° (MeNH;, EtNH,, or 1,2-dimethylhydrazirféas CHCN solutions, 16-
unique data 4016 15 equivalents based on cubane concentration) was then added, marking
data usedR,2 > 30(F.2) 2762 t=0h. Att=1 h, aliquots were obtained and quenched with HCI as
number of parameters 399 described and analyzed for products. In the case of the amines, the

phasing techniques
R Ry

direct methods
0.0717, 0.0840

(B) R = Et (Il). Analysis calculated for £H4/Ns;O.Cl;S:FesMo-
1,CH;CN: C, 28.06; H, 4.58; N, 4.58. Found: C, 28.45; H, 4.53; N,
4.86. Mid-IR (Csl disks): 3297(w), 3239(w) from amine; 2249(w)
from lattice CHCN. Far-IR (Csl disks): 421(m), 410(m), 392(w),
350(vs), 343(sh), 298(w).

X-ray Structural Determination. Crystals suitable for diffraction
study were obtained by vapor diffusion of ether into ansCN solution
of I. Brown needlelike crystals were mounted in glass capillaries and
flame sealed under argon. Diffraction experiments were performed at
ambient temperature with a Nicolet R3m four-circle automated dif-
fractometer using graphite-monochromatized Ma Kadiation. The
orientation and unit cell parameters were determined from 18 machine-
centered reflections with 20< 20 < 25°. A total of 5234 reflections
were collected in the rang€ 3= w < 45° with 4016 unique reflections.
The structure was solved using direct methods. Anisotropic temperature
factors were used for all non-carbon atoms of the anion. The final
cycle full-matrix least squares refinement was based on 2762 reflections
(I > 3o(1)) and 399 variables using the SHEXTL Plus crystallographic
software package. The refinement converged Rtk 0.0717 and
Ry = 0.0840. Crystal data are summarized in Table 1.

Reduction of cis-Dimethyldiazene. (A) Time-Course Studies.A
125 mL flask was charged with 0.030 g (1@@nol) of CoCp and
0.030 g (210umol) of Lut-HCI. Acetonitrile was then added (35.5
mL) to form a slurry. An aliquot of a 4.8 mM C}€N solution of
(EtN)[(Cl4-cat)(CHCN)MoF&S,Cls] (0.45 mL, 2.2umol) was then
added, followed immediately by an aliquot of tbis-dimethyldiazene
solution (32umol). The addition of the substrate markiegt O h. At
t=0.5,1.0, 2.0, 3.5, and 5 h, a 1pQ@ sample of head space gas was
obtained from the reaction flask and analyzed for,Chh addition,

3.0 mL samples were removed from the reaction flask and placed in 5
mL septa-capped vials. These aliquots were immediately quenched
with 0.2 mL of a 1.0 M aqueous HCI solution. The vials were analyzed
for methylamine, ethylamine, and ammonia. Reactions were performed
under both N and Ar. Also, “blanks” were run under the same
conditions but only sampled at 3.0 h.

(B) Phosphine-Inhibition Studies. In a 20 mL vial fitted with a
septa, 8.3 mL of a 7.2 mM CoGolution (CHCN, 60 uxmol), 8.3
mL of a 10.9 mM LutHCI solution (CHCN, 90 umol), and an
appropriate amount of a 9.5 mM REolution (CHCN, from 0-10
equiv based on cubane concentration) were combined. A 0.2 mL
aliquot of a 4.8 mM cluster solution (GEBN, 0.96umol) was then
added, followed immediately by a 0.08 mL aliquot of the substrate
solution (CHCN, 15umol). Addition of the substrate marked= 0
h. A 2.0 mL aliquot of the reaction solution was obtained & 1 h
and immediately quenched with 0.2 mL of a 1.0 M aqueous HCI
solution n a 5 mLsepta-capped vial. Vials were subsequently analyzed
for methylamine and ammonia. In some reactions RRfFe;SsCl,]
was used in place of the (),[(Cls-cat)(CHCN)MoFeS,Cl3] cluster.

(C) Investigation of Kinetics. Reactions were prepared in 125 mL
flasks. The total solution volume was brought up to 40 mL with
acetonitrile. Aliquots of acetonitrile solutions of CoQg@5.0 mL, 108

headspace gas in the reaction solutions was analyzed fgra@H the
solution analyzed for ammonia by the indophenol method as previously
described. In the case of 1,2-dimethylhydrazine, the vials were
analyzed for methylamine by HPLC.

The reactions described in sections A, B, and D were performed in
duplicate, while those in section C were performed in triplicate.
Additionally, each reaction aliquot was analyzed for products at least
twice. While repeat measurements on each vial typically did not vary
by more than 10%, absolute product yield varied slightly between
identical reactions. Regardless, the trends observed for the time course
of the reaction, the phosphine inhibition and thes [cis-dimethyl-
diazene] curves were consistent between sets of experiments and are
reported as such.

(E) Recovery and Identification of the [MoFe;S,]°* Catalyst. A
125 mL flask was charged with 23 mL of a 7.2 mM CaGplution,

23 mL of a 10.9 mM LwHCI solution, and 3.0 mL of a 4.8 mM
solution of (E4N),[(Cls-cat)(CHCN)MoFeSCls]. Addition of 0.42

mL of a 0.1 Mcis-dimethyldiazene solution markeéd= 0 min. After
stirring for 90 min, the solution was taken to dryness. The resulting
residue was washed well with THF to remove any unreacted goCp
and subsequently dissolved in 10.0 mL DMF. An aliquot of this DMF
solution (1.3 mM cubane) was then obtained and subjected to a
guantitative EPR analysis.

Results and Discussion

Synthesis and Crystallographic Results. After some 20
years of very thorough studies, the synthesis, ligand-substitution
properties, and reactivity of clusters with the [M@Bg3* core
are well established. It has been demonstrated that (a) the
catecholate moiety on the Mo atom of the cubane can be
removed through protonation by acidic cateckblnd poly-
carboxylic acid&! and (b) the single labile solvent molecule on
the Mo atom in (EiN)2[(Cls-cat)(CHCN)MoFeS,Cls] and
related clusters can be readily replaced by any number of
o-base$ but generally not byr-acids except in the case of
reduced core$ It is not unexpected, therefore, that amines
will readily coordinate to the Mo atom of the cluster through
the N-lone pair, replacing the relatively poor €EN ligand.
The sole purpose in verifying this ligand substitution syntheti-
cally and crystallographically is to establish unambiguously the
Mo—amine interaction in light of the result that neither MeNH
nor EtNH, are reduced by the [Mok&]3" core gide infra).

The methylamine single cubanke shown in Figure 2,
crystallizes with two distinct anions within the asymmetric unit,
one in which all atoms are located on general positions (A)

(21) In order to prepare a standard solution of 1,2-dimethylhydrazine in
CH3CN, a slight excess of Bl was used to neutralize and hence solubilize
the dihydrochloride salt.

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

(23) Mascharak, P. K.; Armstrong, W. H.; Mizobe, Y.; Holm, R. H.
Am. Chem. Sod983 105, 475.
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Figure 2. An ORTEP plot (30% probability ellipsoids) showing the *ﬁ]ﬂ-
anion of (EiN)2[(Cls-cat)(CHNH2)MoFe;S.Cl3] (IA). 0 L
A B C D E
’@25 Figure 4. Product distributions (plotted as HPLC response) after 3 h
2 for reaction systems with all reagents present exceptc{gylimeth-
z 20 yldiazene, (B) the [MoFRS,]3" catalyst, and (C) proton and electron
] sources, and (D) with 10 equiv of PEtdded to inhibit the Mo site of
< 15 1 the catalyst. (E) A typical product distribution for the reductiorcist
% dimethyldiazene (15-fold excess) by the £Bb[(Cls-cat)(CHCN)-
p 10 | MoFe;S,Cl3] catalyst. Ethylamine production results from the apparent
2 reduction of acetonitrile. See Experimental Section for reaction
€ conditions. (Bars are from left to right: ammonia, ethylamine,
g5 methylamine/10.)
=
2 0 , ; the substrate, (b) the [MoE®]" catalyst, and (c) proton and
0 1 o 3 4 5 electron sources and (d) with 10 equiv of P&tided to inhibit
Time (hr) the Mo site. As shown in Figure 4, while methylamine is

Figure 3. Time course of methylamine production from the reduction Present in all systems, amounts of methylamine from these
of Cis_dimethy|diazene’ p|0tted as HPLC response (area)tlvs b|ankS IS typlca.”ys 10% Of the amounts deteCted from reactions

[(EtaN);[(Cls-cat)(CHCN)MoF&S,Cls] | = 54 uM, [cis-dimethyldi- where all reagents are present and the [M&Hé" cluster is
azene] = 800 uM. Conversion &5 h is approximately 90%. present as a catalyst. These results taken together strongly
suggest thatis-dimethyldiazene is catalytically reduced by the
and the second which is bisected by a crystallographic mirror [MoFe;Ss]3* cuboidal core in the presence of externally added
plane through Mol, Fe2, S2, and S4 (B). As a result, there areprotons and electrons.
12 anions per unit cell. The structureloghows the Mo single The integrity of the (EiN),[(Cl4-cat)(CHCN)MoFeS,Cls)
cubane ligated by methylamine (Figure 2). The nitrogen atom catalyst at the end of the reaction was verified through EPR
of methylamine inB is located on the mirror plane. As aresult, spectroscopy. After removal of excess Ce@p = /,) from
the methyl carbon (C1l) is somewhat disordered over two the reaction mixture (THF washings were essentially colorless),
positions but is modeled sufficiently by a 50% occupancy on an EPR spectrum of the reaction solution was obtained. The
both positions. The MeN distance in both anions is very characteristicS = 3/, spectrum for the [MoF£5,]3" core was
nearly the same at 2.28(2) and 2.35(4) A. The average observed, and the signal integrated to-.0.3 mM, suggesting
Mo— —Fe (2.737(6) A), Me-S (2.346(9) A), Me-0 (2.09(2) no cluster decomposition during the first 90 min of reaction
A), Fe-S (2.26(1) A), Fe-Cl (2.22(1) A), and Fe —Fe time. Previous studies on the identification of the recovered
(2.727(7) A) distances are unexceptional. Given the abundance(EtN)2[(Cls-cat)(CHCN)MoFeS,Cls] cluster after catalytic
of Mo—cubane structures in the literaturep further description cycles included elemental analysis, electronic and infrared
of this structure is warranted. spectroscopy, and demonstration of further catalysis by the
Substrate Reductions. As a reference point, catalytic recovered cuban®!® These results taken together demonstrate
reductions were generally performed with the substrate in the robust nature of (EM),[(Cls-cat)(CHCN)MoF&S,Cls]
approximately 15-fold excess relative to the catalyst, with under reaction conditions and identifies the cubane as the active
externally added sources of electrons (CaCGp4 equiv) and catalyst for the reduction of a variety of substrates.
protons (LutHCI, =6 equiv). As shown in Figure 3gis- Ammonia yields for the reactions shown in Figure 4 were
dimethyldiazene is catalytically reduced to methylamine under (1) exceedingly small, only reaching approximately 1% of the
these conditions. There is an initial burst to approximately 50% total yield of methylamine in the catalytic systems, and (2)
conversion (based on 2 mol of methylamine for every mole of essentially equivalent for all systems, catalytic reactions and
cis-dimethyldiazene) in the first hour of reaction time for the blanks alike. It was therefore concluded that the reduction of
15:1 substrate/catalyst ratio, with conversion slowly leveling cis-dimethyldiazene with these synthetic clusters led to forma-
off. This behavior may be due to a slow precipitation of the tion of methylamine buhotammonia, unlike what is observed
catalyst as cations are generated in solution (i.e., GbCp in the enzyme system. No change in product distribution was
MeNHs%), a behavior typically observed in the reduction observed when the reaction was performed under Ar instead of

systems previously investigatéd. N,. Given the inability for N to serve as a ligand for the Mo
In order to verify that (1) the substrate was being activated cluster in either the -8 or 2+ state, this result was expected.

and reduced by the [Mok&]3* core exclusively and (2) The lack of reduction products derived from—@® bond

methylamine was obtained only from reductionoid-dimeth- reduction incis-dimethyldiazene (the only route leading to jH

yldiazene, a number of “blanks” were performed. These blanks was verified in two individual experiments. First, GC analysis
included reaction systems with all reagents present except (a)of the headspace gases in the catalytic systems routinely showed
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no CH, up throudn a 5 hperiod. Methane would necessarily ©8 = —
have to be present in a 1:1 ratio with any ammonia that was 2 7
produced in the system. Second, in experiments using methyl- X% L™
amine as a “substrate” for the [Mof=]3* cluster, no ammonia e

or methane were observed at any time as a result of potential %5 """ -
reduction of the &N bond. Given that methylamine is a better B4 f
ligand for the [MoFgS,]3* cluster than CHCN on the basis of el
synthetic and crystallographic resultsde suprg, the lack of E ol
reactivity observed with methylamine is due to its inability to g -

be reduced by the [MoR8,]3* core and not to its inability to £ Ty .o L R
interact with the catalyst. The inability of the model systems =0 ‘ * * * * ,
to reduce methylamine may be due to the lack of a free lone 0 100 200 300 400 500 600

pair needed for protonation once the substrate is coordinated to 1M Phosphine

the catalyst. In model systems employing hydrazine as a Figure 5. Inhibition of cis-dimethyldiazene reduction by PESSee
substrate, protonation of the bound hydrazine was shown to beExperimental Section for reaction conditions.

a necessary first step in making the reduction potential of the

12

cluster accessiblk.No turnover of hydrazine to ammonia was !
observed in systems which lacked sufficiently acidic protons T T
to protonate hydrazine.

The ability of the [MF@Sy )™ (M = Mo, n=3; M=V, n g By
= 2) cores to catalytically reduce hydrazine to ammonia has S OB AL
been established previouslyAs a matter of principle, however, 3
it was important to verify that 1,2-dimethylhydrazine (a possible > 4P T
reduced intermediate in the reductionaé-dimethyldiazene) ol N
reacted in a similar manner. Under catalytic conditions (15-
fold excess of 1,2-dimethylhydrazine relative to catalyst), 0 o ‘ ; : i
approximately 80% of the substrate was reduced to methylamine 0 500 1000 1500 2000 2500 3000
within the first hour, a yield essentially identical to that reported [cis-dimethyldiazene] (uM)

for the unsubstituted hydrazire. A “blank” reaction which Figure 6. Reaction velocity §) vs [cis-dimethyldiazene] Reaction
contained no catalyst showed the typical background levels of velocities are based on the first 60 min of reaction time. See
methylamine (6%) established previously. In these reactions, Experimental Section for reaction conditions.

Lut-HBPh, was used instead of L4 Cl to insure that a majority

of the substrate stayed soluble initially, given that the dihydro- 100 =

chloride salt of 1,2-dimethylhydrazine is quite insoluble in € -

CH4CN. E B0
In addition to methylamine, it was established by HPLC and < BO o _

GC that ethylamine is also a product in these systems (Figure S N

4). Yields of ethylamine (a) are largest when there isciso S a0l . e

dimethyldiazene in the system, (b) are essentially nonexistent §

in the absence of catalyst or protons/electrons, (C) are present — © 20 - oo ogormrmrm

in lower amounts whenis-dimethyldiazene is present, and (d) R _ e s = T

are not observed when 10 equiv of phosphine (per cluster) are 0 # LR : }

present in the system. These results suggest that the f=ipFe 0 500 1000 1500 2000 2500 3000

core may reduce the solvent, @EN, to ethylamine at a very [cis-dimethyldiazene] (uM)

slow rate. When “better” ligands are present (phosphine, Figure 7. Percent conversion afis-dimethyldiazene to methylamine
hydrazine cis-dimethyldiazene), the yields are either decreased vs [cis-dimethyldiazeng]
or nonexistent. In separate experiments, it was verified that

while ethylamine binds to the Mo atom of the clust#(it is phosphine is added in greater amounts to the reaction system
not reduced to ammonia and methane. (from 0 to 10 equiv of phosphine), the turnover of substrate to
Role of the Mo Atom in Substrate Reduction. It has been products drops dramatica"y_ At 1 equiv of phosphine’ the
well-established in the reduction of other nitrogenase substratesamount of productri 1 h drops to about half of the amount
by the synthetic [MFg54]"" clusters that the heterometal (either  gptained when [PEL=0. Between 5 and 6 equiv of phosphine,
Mo or V) is either exclusively (in the case of hydrazihey the amount of methylamine present in the reaction solutions
predominantly (in the case of,B2)*?involved in the activation  was determined to be well within background limits, indicating
of the substrate toward reduction. The role of the heterometal complete inhibition. These results taken with those results
in thecis-dimethyldiazene system was investigated by (1) using optained previously with other substrates demonstrates the
the [FeS,Cly]*~ as a potential catalyst in place of the [Me&4*" importance of the Mo atom in substrate binding and activation
core and (2) observing the effect of the addition of phosphine toward reduction.
to the catalytic system. Phosphine is known to bind strongly  |nvestigation of Kinetics. From initial time-course studies,
to the Mo ator and presumably dramatically affects the ability it was determined that the conversion of substrate to product

catalysis. Additionally, as shown in Figure 5, it is clear that as

of other, weakep-bases to coordinate. with time was essentially linear within the first 60 min.
By using the all-Fe cluster as a potential catalyst, the amountsTherefore, catalytic systems were performed over a number of
of methylamine observed aftdd h were well within back- cis-dimethyldiazene concentrations and analyzeid=atl h. As

ground limits established with the blanks, suggesting that the shown in Figure 6, it is clear that typical saturation kinetics
Fe atoms in the [MoRg&,]3" cluster are not involved in  observed for enzyme systems are not applicable in this model
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Figure 8. Possible reaction pathways for the reductiorcistdimethyldiazene by synthetic [MoE®]3" cuboidal cores.

system. This observed trend may be due in part to insolubility Summary and Conclusions

of the catalyst as cations are generated in solution (gbCp

MeNHz™). At lower substrate:catalyst ratios, the catalyst  The nitrogenase enzyme has recently been shown to catalyze
remains in solution to effect near quantitative reduction within the reduction otis-dimethyldiazene to methane, ammonia, and
the first hour. At higher concentrations of substrate, the reaction methylamine. The nitrogenase model compoundN&f(Cls-
velocity drops to a minimum, followed by a gradual increase. cat)(CHCN)MoF&S4Cls] also reduces the NN bond incis-

As shown in Figure 7, however, the percent conversiocisf dimethyldiazene, but methylamine ihe only obserable
dimethyldiazene to methylamine (k_)ased on 2 equiv of_ product product The inability of the model compound to reduce
per mole of substrate) is essentially constant at higs-[  methylamine, even though it has been unambiguously demon-
dimethyldiazene]. strated that methylamine binds to the Mo atom in the cluster,

s étgr?gﬁ?uzznb%itxv?:notrTgaStKQEh;glZ\21%;?rztinfznt1;élc may account for the lack of methane and ammonia formation.
Y . P Insofar as the cuboidal clusters can be considered reactivity

inelandii nitrogen is-dimethyldiazene is r . o
vinelandii nitrogenasegis-dimethyldiazene is reduced to NA models for the cofactor of nitrogenase, the ability of the

CHg, and CHNH; in a ratio of 1.0:1.0:1.6+ 0.1 (Fe:FeMo 3+ q both p luspel
protein ratio of 6.6), in contrast to the synthetic system [MoFesS,]*" cores to reduce bothN and N=N exclusiely

employing [MoFeSy]3+ as catalyst, where methylamine is at the Mo_ sitemay suggest the M(_)-atom in the cofactor is, in
produced exclusively. In the synthetic system, methylamine is fact, not “innocent” as suggested in the pédut rather plays
not reduced and hence no methane or ammonia are observabl@ Vital role in the later stages of dinitrogen reduction. We have
as products. It seems likely that the reaction proceeds by onepreviously considered the possibility of initial activation of
of two pathways (assuming mononuclear activation), as depicteddinitrogen at the unique, three-coordinate Fe atoms of the
in Figure 8. The coordinatedis-dimethyldiazene may be  cofactor, followed by “migration” of a patrtially -reduced species
reduced in a “symmetric” way, forming dimethylhydrazine as (hydrazine) to the peripheral Mo atom where reduction to
an intermediate, which has been shown to yield methylamine ammonia proceed®. This work not only supports this pos-
upon protonation and reduction. Alternatively, the substrate may sipility, but also suggests that the Mo atom may be involved in
be reduced in an “unsymmetric” manner, forming methylamine the reduction process at the diazene level.
and a Mo-bound imine after the first two-electron, two-proton
step. Either way, it is clear in the model system that methyl-
amine is the only product and that the Mo atom seems to be of  Acknowledgment. The support of this work by grants from
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