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Table I. Stoichiometric Reductions To Give Ammonia 

complex 

[Mo](N2H4)+*'' 
[W](N2H4)+' 
N2H4

0"' 
[Mo](OTf)' 
[W](OTf)' 
[W](NNH2)0'* 

NH3 yield, equiv 

1.80 O ) ' 
1.84(2) 
0.12(4) 
0.05 (2) 
0.05 (2) 
1.80 (3) 

conversion, % 

90' 
92 
6 

<3 
<3 
90 

"Zn/Hg with base distillation. *Zn/Hg without base distillation. 
'CoCp2 with base distillation. ''Number of experiments. 'Variation 
±3% between experiments. 
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In spite of a vast amount of research on nitrogenases1 and 
isolable transition-metal dinitrogen complexes,2 few details are 
known about how the N-N bond of dinitrogen is cleaved to give 
ammonia. Explanations involving enzymes focus on bound diazene 
and hydrazine as intermediates.' Synthetic and mechanistic 
studies on low-oxidation-state "Chatt-type" complexes, M(N2)2L4 
(M = Mo or W; L = a phosphine), and related derivatives suggest 
that (i) a single metal center is sufficient for reducing dinitrogen 
stoichiometrically to ammonia if an open coordination site is 
available; (ii) a hydrazido(2-) complex (M=NNH2) is a key 
intermediate; and (iii) the N—N bond is cleaved either in a 
M=NNH3 or M=NHNH3 intermediate to give a M=N or 
M=NH species, respectively.3 We report here some results which 
suggest that the N-N bond is cleaved in coordinated hydrazine 
in relatively high oxidation state complexes having the MCp* Me3 
core. 

Complexes of the type MCp*Me3(OTf) (M = Mo4 or W;5 OTf 
= OSO2CF3; Cp* = Tj5-C5Me5) react with 1 equiv of hydrazine 
to give what are postulated to be ̂ -hydrazine complexes (la and 
lb; eq I).6 A monomeric structure containing ^-hydrazine is 
proposed on the basis of the following: (i) the structure of 
[WCp*Me3(?;2-NHNH2)]

 + is similar to the structure shown in 
eq I;7 (ii) 15N NMR studies suggest that the hydrazine ligand 
in [WCp*Me4(NH2NH2)]

+ is bound in an v
2 fashion;8 (iii) two 

i;2-NH2NRR' complexes have been structurally characterized;9 

(1) (a) Orme-Johnson, W. H. Annu. Rev. Biophys. Biophys. Chem. 1985, 
14, 419. (b) Veeger, C, Newton, W. E., Eds. Advances in Nitrogen Fixation 
Research; Dr. W. Junk/Martinus Nijhoff: Boston, 1984. (c) Leigh, G. J. 
J. MoI. Catal. 1988, 41, 363. 
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Trans. 1989, 425. 
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M. J. Am. Chem. Soc. 1990, 112, 4331. 

(6) Experimental details, NMR or EPR data, and elemental analyses can 
be found in the supplementary material. Hydrazine was obtained from 
Aldrich and dried with CaH2. 

(7) Liu, A. H.; O'Regan, M. B.; Finch, W. C; Payack, J. F.; Schrock, R. 
R. lnorg. Chem. 1988, 27, 3574. 

(8) A -80 0C "N NMR spectrum of [WCp4Me4(i)
2-'5NH2

l5NH2)]
+PF6-, 

prepared by treating [WCp*Me4]+PF6- with 15NH2
15NH2, shows a single 

nitrogen resonance at b 29.7 (vs liquid NH3) with 7NH = 80 and 83 Hz and 
yNW < 5 Hz. 

Table II. Catalytic Reductions of Hydrazine to Ammonia 

complex 

[Mo](N2H4)+ 

[W](N2H4)+ 

[W](NNH2) 

added 
N2H4, equiv 

2 (2)" 
3(4) 
4(3) 
2(2) 
3(4) 
4 (3) 
3(2) 
6(1) 

NH3 

yield, equiv 

5.70 (6)* 
6.88 (8) 
8.70 (10) 
5.88 (6) 
7.28 (8) 
8.30 (10) 
6.72 (8) 

10.92 (14) 

conversion, 
% 
95 
86 
87 
98 
91 
83 
84 
78 

"Number of experiments. 'Maximum yield possible. 

and (iv) conductivity studies on lb in nitromethane suggest that 
it is a 1:1 electrolyte analogous to [WCp*Me4(?;2-NH2NH2)]

+.10'18 

MCp4Me3(OTf) + NH2NH2 

?P 

OTf- (D 

Me 
Me—M-NH 2 

M/ \/ 

NH2 

la (Mo); lb (W) 
Both la and lb are reduced by zinc amalgam or cobaltocene 

in THF in the presence of 2,6-lutidine hydrochloride (lutHCl) 
to give ammonia in >90% yield (Table I)." Since 
[WCp*Me3(r;

2-NH2NH2)]+ is reduced by sodium amalgam in 
the absence of lutHCl to give WCp*Me3(NH)'2 and ammonia 
in at least 70% yield, we propose that the N-N bond is cleaved 
in WCp*Me3(NH2NH2). In the absence of added protons, an 
attractive mechanism for N-N cleavage is overall migration of 
an Ha proton to N3, either in an V-hydrazine ligand (eq 2) or 
(equivalently) as shown in eq 3.13 In the presence of protons, 
the N3 electron pair could be protonated in ^'-hydrazine (eq 2) 
or in one of the amido ligands in WCp*Me3(NH2)2. In all sce
narios, ammonia would be formed smoothly since the required 
two electrons are provided by the metal. 

Hydrazine can be reduced catalytically to ammonia in high yield 
by [WCp*Me3(NH2NH2)]

+ or [MoCp*Me3(NH2NH2)]
+ under 

conditions analogous to those employed for stoichiometric re
ductions (Table II). Catalytic reduction of hydrazine to ammonia 

(9) (a) Bultitude, J.; Larkworthy, L. F.; Povey, D. C; Smith, G. W.; 
Dilworth, J. R.; Leigh, G. J. J. Chem. Soc., Chem. Commun. 1986, 1748. (b) 
Bailey, N. A.; Frisch, P. D.; McCleverty, J. A.; Walker, N. W.; Williams, J. 
J. Chem. Soc, Chem. Commun. 1975, 350. 

(10) [WCp*Me4(7j2-NH2NH2)]
+ loses methane slowly in nitromethane to 

give [WCp4Me3(ij
2-NHNH2)]

+, which is stable in nitromethane. A0 (units 
Q-' mo!'1 cm"2) was determined to be 83 for [Cp*WMe3(i;

2-NH2NH2)]OTf 
and 93 for [Cp4WMe4(ij

2-NH2NH2)]PF6.
6 

(11) (a) Reductions were carried out in THF at room temperature under 
N2 using 12 equiv of Zn/Hg and 16 equiv of lutidine hydrochloride. The 
reaction mixture was stirred for approximately 15 h. See supplementary 
material for a complete description of the workup procedure. The ammonia 
was quantified by the indophenol method."b (b) Chaney, A. L.; Marbach, 
E. P. Clin. Chem. (Winston-Salem, N.C.) 1962, 8, 130. 

(12) Addition of 1 or 2 equiv of ammonia to MCp4Me3(OTQ yields 
[MCp4Me3(NH3)I+OTf or [MCp4Me3(NH3)2]

+OTf", respectively (M = 
Mo or W). Each is deprotonated by excess NEt3 to give MCp4Me3(NH2). 
In the presence of NEt3, WCp4Me3(NH2) reacts with FeCp2

+PF6" to yield 
WCp4Me3(NH) in high yield, we propose via [WCp4Me3(NH2)]+. So far 
[WCp4Me3(N^)I+ has not been observed at room temperature by NMR. 

(13) (a) We thank C. Cummins for this suggestion, (b) Cummins, C. C; 
Baxter, S. M.; Wolczanski, P. T. J. Am. Chem. Soc. 1988, 110, 8731. (c) 
Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. Soc. 1988, 110, 
8729. 
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M-NH2 - — M»-NH2 — M=NH (2 ) 

- NH3 / - NH3 

H 2 Nq 5 

-NH3 

M - N H 2 — M NH2 — M=NH (i) 

\ / \ 
H2N NH2 

is rare,14 although there are many examples of formation of di-
nitrogen and ammonia complexes from hydrazine, including 
[Ru(NH3)5(N2)]

2+, the first dinitrogen complex.15 The first four 
steps that are most plausible on the basis of the observed chemistry 
are shown in eq 4 (M = MCp*Me3). (In brackets are compounds 
that have not been observed and are believed to be unstable.) Steps 
that complete the cycle shown in eq 5 are based on the demon-

M(N2H4)+ -^- [M(N2H4)] -^* M=NH -^* 

[M(NH2)+] -Z* M(NH2) (4) 

M(NH2) - ~ [ M ( N H N H 2 ) ] - M(N2H4)+ (5) 

strated reaction between WCp*Me3(NH2) and hydrazine to give 
WCp*Me3(NNH2) and WCp*Me3(NH) as well as ammonia via 
disproportionation of WCp*Me3(NHNH2) in the absence of 
protons.16 (The nature of the disproportionation in the absence 
of protons is still under investigation.) Support for the last step 
in eq 5 is protonation of WCp*Me4(NHNH2) to give 
[WCp*Me4(NH2NH2)]+.7 Note that the N-N bond in 
WCp*Me3(NHNH2) (d1) in the absence of protons most likely 
is cleaved in a disproportionation reaction, while in 
WCp*Me3(NH2NH2) (d2) it most likely is cleaved intramolec-
ularly. Note also that WCp*Me4(NHNH2), [WCp*Me3-
(NHNH2)]+, and [WCp*Me4(NH2NH2)]

+, all formally d0 

complexes, are relatively stable toward N-N cleavage. 
We believe that these findings are relevant to the reduction of 

dinitrogen. So far we known that WCp*Me3(NNH2), a likely 
intermediate in a dinitrogen reduction system based on complexes 
having the MCp*Me3 core,17 can be reduced to give ammonia 
(Table I) and is a catalyst for reducing hydrazine (Table II). 
However, reduction of MCp*Me3(OTf) complexes under di
nitrogen gives little ammonia (Table I). Side reactions (most likely 
protonations) probably destroy the metal site before dinitrogen 
can bind and WCp*Me3(NNH2) can form. 

We believe that the chemistry of dinitrogen and N2Hx and NHy 
ligands bound to a single Mo or W in a high oxidation state is 
extensive and will offer further insight into the mechanism of 
dinitrogen reduction, especially if the metal site can be stabilized 
toward protons. Efforts in this direction are under way. 
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(14) (a) Hozumi, Y.; Imasaka, Y.; Tanaka, K.; Tanaka, T. Chem. Lett. 
1983, 897. (b) Schrauzer, G. N.; Robinson, P. R.; Moorehead, E. L.; Vickrey, 
T. M. J. Am. Chem. Soc. 1976, 98, 2815. 

(15) Allen, A. D.; Senoff, C. V. /. Chem. Soc., Chem. Commun. 1965, 621. 
(16) (a) Similar results are observed in the reaction between WCp*Me3-

(OTQ and LiN2H3, the reduction of WCp1Me3(NHNH2)+ with Na/Hg, and 
the deprotonation of WCp*Me3(NH2NH2)

+. The role of disproportionation 
reactions in Chatt-type compounds and derivatives has been addressed re
cently.16" (b) Kaul, B. B.; Hayes, R. K.; George, T. A. J. Am. Chem. Soc. 
1990, 112, 2002. 

(17) WCp* Me3(OTf) is reduced under dinitrogen (no added H+) to give 
Cp ,Me3W=NN=WCp*Me3 in >90% yield.5 The key proposed reaction is 
electrophilic attack on intermediate WCp*Me3(V-N2) by WCp^e3(OTf). 

(18) Note added in proof: The proposed structure of 16 (eq 1) has now 
been proven in an X-ray study. 
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The design of catalytic, asymmetric reactions that proceed with 
high enantioselectivity is an important goal in chemical synthesis.1 

As a consequence of our continuing interest in asymmetric syn
thesis, we have been evaluating the potential utility of chiral 
4,4'-disubstituted bis(oxazolines) such as 1-3 as bidentate ligands 
for several transition-metal-catalyzed reactions. In order to ex
amine the stereodifferentiating ability of these ligands, and because 
of the importance of cyclopropanes of defined absolute stereo
chemistry,2 we have studied the catalyzed asymmetric cyclo
propanation of olefins.3 

V N N V V N N^ <JJ NJ> 
R R R R / . '•• 

1 2 R 3 R 
a, R = CHMe2; b, R = CMe3 

Recently, chiral oxazoline ligands have been employed in 
metal-catalyzed asymmetric reactions.4 Such ligands are at
tractive as a consequence of their topography and ease of synthesis 
from readily available chiral amino alcohols. We have constructed 
a number of such ligands, including the illustrated examples, 1-3. 
One of these, the neutral ligand 3, resembles the charged semi-
corrin ligand recently reported by Pfaltz, who has demonstrated 
that derived copper(I) complexes deliver high levels of enan-
tioselection in the cyclopropanation of monosubstituted olefins 
by menthyl diazoacetate esters.5 The purpose of this commu
nication is to report a Cu(I) complex derived from ligand 3b and 
copper(I) triflate which is an attractive catalyst for the cyclo
propanation of mono- and 1,1-disubstituted olefins with achiral 
diazo esters at ambient temperatures. Asymmetric induction in 
excess of 99% and 1000-fold catalyst turnover are appealing 
attributes of these processes. 

Initially, a search was made for a copper complex to catalyze 
the cyclopropanation of styrene with ethyl diazoacetate (eq 1). 
Complexes of chiral bis(oxazolines)6'71-3 with copper(I) triflate8 

were found to be highly effective catalysts for the reaction, which 
proceeds rapidly at 25 0C. The products were isolated as trans/cis 
mixtures of the cyclopropyl esters 5 and 6 whose absolute stere
ochemistry is as shown.9 Copper(II) triflate complexes do not 

(1) Recent reviews: (a) Brunner, H. Synthesis 1988, 645-654. (b) BIy-
stone, S. L. Chem. Rev. 1989, 89, 1663-1679 and references cited therein. 

(2) Recent reviews: (a) Wong, H. N. C; Hon, M.-Y.; Tse, C-W.; Yip, 
Y.-C; Tanko, J.; Hudlicky, T. Chem. Rev. 1989, 89, 165-198. (b) Salaun, 
J. Chem. Rev. 1989, 89, 1247-1270. 

(3) Pfaltz, A. In Modern Synthetic Methods; Scheffold, R., Ed.; Springer: 
Berlin, 1989; Vol. 5, pp 199-248. 

(4) For previous uses of oxazoline-derived ligands, see: (a) Brunner, H.; 
Obermann, U. Chem. Ber. 1989, 122, 499-507. (b) Brunner, H.; Obermann, 
U.; Wimmer, P. Organometallics 1989, 8, 821-826. (c) Nishiyama, H.; 
Sakaguchi, H.; Nakamura, T.; Horihata, M.; Kondo, M.; Itoh, K. Organo
metallics 1989, 8, 846-848. (d) Balavoine, G.; Clinet, J.; Lellouche, I. Tet
rahedron Lett. 1989, 30, 5141-5144. 

(5) Fritschi, H.; Leutenegger, U.; Pfaltz, A. HeIo. CMm. Acta 1988, 71, 
1553-1565. With chiral diazoacetate esters, Pfaltz has obtained an 82:18 
trans/cis mixture in up to 97% ee for trans, 95% ee for cis. 

(6) For a review of C2-symmetric ligands, see: Whitesell, J. K. Chem. Rev. 
1989,59,1581-1590. 

(7) The syntheses of ligands 1-3 are contained in the supplementary ma
terial. 
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