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Figure 1. (A) UV-visible absorption spectra in acetonitrile under argon
(0.1-cm path length cell) for 0.5 mM AQ (—), for the combination of
0.5 mM AQ and 1.5 mM (Buy,N)OH (in MeOH) at ~20 °C (---), and
for the latter solution after it was warmed to 25 °C (). (B) Initial rates
of formation of AQ™ from the reaction of AQ with (Bu,N)OH in MeCN
under argon at 25 & 1 °C. The ordinate is the initial rate of appearance
for AQ™ (mM s™!) as monitored spectrophotometrically at 543 (e 12
mM™ ecm™) in a 1-cm cell. The solid curve was calculated from eq 6 with
K, =43x10*M'sland ky =12 M5,

system is via reaction 3. Any O, formed reacts with AQ™ to form
0,1

0,+ AQ- =0, + AQ, Ks=0.14 (5)

Combination of reaction 1 with material balance relations for
AQ and OH" and the expression for the rate of formation of AQ™
via Reaction 2 gives an expression for the initial rate

d[AQ™]

(T) = k,[AQ(OH)][AQ] =
t=0

CaoKi[OH]
— 4+ = e —
ky(Cag — Con-+ [OH ])( | + K,[OH] ) (6)
with Caq and Coy- the initial concentrations of AQ and OH™. The
parameters K; and k, have been determined by adjusting their
values to give the best fit to the initial-rate data (Figure 1B). The
respective values of K, and k, for AQ are (4.3 % 0.5) X 10* M~!
and 1.2 = 0.1 M1 s and for 2-EtAQ are 4 X 10* M™! and 4.2
M- sl The solid curve of Figure 1B results from the best-fit
parameters for AQ in eq 6; the maximum at [OH™]/{AQ] = 0.5
is consistent with the proposed reaction sequence (eq 1 and 2).
The fate of the AQ(OH) species that results from electron
transfer to AQ from the adduct [AQ(OH)™] is not clear. However,
the results indicate a rapid dimerization of AQ(OH) followed by
decomposition to AQ and H,0,. With excess base H,0, is
unstable and can disproportionate to O, and H,0,!6 react with
MeCN, and oxidize AQ™. Thus, the combination of OH™ and
AQ in aprotic solvents results in a significant yield of radicals
(AQ™) and dioxygen species (H,O,, O,, and O,™). Such chemistry
is likely to occur in biomembranes that contain the primary
reactants and may represent one path for the apparent toxicity
of natural quinones.!?
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(19) The reversible redox potentials for the AQ/AQ™ (-0.58 V vs. NHE)
and 0,/0,™ (0.63 V) couples in MeCN provide a measure of K; (log K =
AE[0.059).
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Although at least one end of dinitrogen is believed to bind to
molybdenum (perhaps Mo(IV)) in nitrogenase in order to be
reduced to ammonia,! no dinitrogen complex of tungsten(IV) or
molybdenum(IV) has ever been reported. There is good reason
to expect that at least u-N, complexes containing two M(IV) (d%)
metals might be prepared since Zr(II),2 Nb(IlI),? and Ta(IlI)?
complexes of this type are known and a recent W,(u-N,) complex
(formally W(II) if N, and diphenylacetylene are assumed to be
neutral ligands) prepared from hydrazine* shows the relatively
long N-N bond (1.292 (16) A) characteristic of a highly reduced
N, (N,*) ligand first observed in the Nb and Ta complexes.* Here
we show that a ditungsten(IV) u-N, complex can be prepared from
hydrazine, that NHNH,!" and NNH,?" intermediates can be
isolated, and that the u-N, complex also can be prepared by
reducing a W(V) complex in the presence of molecular nitrogen.

WCp*Me, (Cp* = n°>-CsMes)? can be oxidized by [FeCp,]*-
PF; (Cp = #°-CsH,) in dichloromethane to give yellow
[WCp*Me,]tPF,~ (1) in 90% yield as a yellow powder.® We
believe 1 is the only isolable cationic d® alkyl complex other than
[TaCp,Me,]*BF,~” When 1 is added to ~2 equiv of hydrazine
suspended in diethyl ether, it dissolves to give a colorless solution
and a small amount of a beige and sometimes gummy precipitate.
When dried thoroughly in vacuo the precipitate becomes a powder
that has IR, P NMR, and °F NMR spectra that show the
presence of the PF,™ ion and that can be hydrolyzed to give ~1
equiv of hydrazine.® Therefore, we believe the reaction proceeds
as shown in eq 1. The proposed hydrazido(1-) complex (2) is

[WCp*Me ] *PF¢ + 2N,H,—— > WCp*Me,(NHNH,)+
2
[N,Hs]*PF¢ (1)

a white microcrystalline material that is soluble in ether or toluene.
Its 'H NMR spectrum in C¢Dg at 298 K shows a broad lump at
3.0 ppm that can be ascribed to the N,H; protons in addition to
peaks for the Cp* and three other types of methyl groups at 1.23
(Cp*), 0.44 (2 Me), 0.42 (Me), and 0.34 ppm (Me). The N,H,
peak at 2.7 ppm in CD,Cl, splits into three broad singlets at 2.1,
2.5, and 3.5 ppm at 190 K. At the same time the two methyl
groups that are equivalent at 298 K become inequivalent at 190
K. These data are consistent with the low-temperature, 18¢”
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Figure 1. 'H NMR spectrum in CgDy of the crude reaction mixture
produced upon reduction of “WCp*Me;C1” under N, showing ~20%
[WCp*Mes],(u-Ny).

structure being one in which W, N, H,, Ng, Hy, and Hy' all lie
in a plane that is not a molecular plane, viz.,

»®
Me_ | ~Me
Me/l\N.#H
Me N-H
1
H

An alternative 18¢” structure containing an 7>-NHNH, ligand!¢
is less likely for steric as well as electronic reasons. This is the
least ambiguous example of a complex containing the extremely
rare parent [NHNH,] ion.” Due to the instability of 2 (see below)
we have not yet been able to show whether the three protons
equilibrate by an intra- or an intermolecular process. Limited
stability of 2 also has prevented accurate elemental analyses. We
have shown, however, that 2 is hydrolyzed rapidly by aqueous HC1
to give 0.85 (5) equiv of hydrazine.

In polar solvents such as dichloromethane 2 decomposes
quantiatively (by "H NMR) to 3 (eq 2).¢ 3 is a fully characterized

WCp*Me, (NHNH,) — CH, + WCp*Me;(NNH,) (2)
2 3

red-orange, pentane-soluble complex whose NMR spectra are
consistent with a square-pyramidal structure, viz.

o
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Its NNH, protons are found at § 4.59 in C¢Dg. In the presence
of aqueous HCI 3 is hydrolyzed immediately to give 0.85 (5) equiv
of hydrazine.?

The reaction between [WCp*Me,]*PF,” and 3 in ether pro-
duces a red-orange complex in ~ 50% yield that is physically quite
similar to 3 but that has neither »ny peaks in its IR spectrum nor
NH resonances in its !H NMR spectrum.!® We propose that
it is the u-N, complex 4 (eq 3), with a structure related to that

WCp*Me,(NNH,) + [WCp*Me,]*PF,” —
3 1
[WCP*M‘:s]z(M'Nz) (3)

of 3.8 A preliminary X-ray structural study confirms that this

(10) Typically WCp*Me;(NNH,) (0.2 g, 0.51 mmol) and
[WCp*Me,]*PFs™ (0.26 g, 0.51 mmol) are stirred together in diethyl ether
(15 mL) for 12 h. The mixture is then filtered and the ether removed from
the filtrate in vacuo to give 0.22 g of red [WCp*Me;l,(u-N,).
[WCp*Me;]5(u-N,) can be recrystallized from pentane.

is the case.!! Interestingly, however, 4 in ether is not readily
hydrolyzed upon being shaken with 1 N NaOH overnight. Also,
no hydrazine is liberated when an ether solution of 4 is treated
with aqueous or gaseous HCl. A red precipitate forms that we
are in the process of identifying. The stability of 4 toward hy-
drolysis might be ascribed to the hydrophobic coordination sphere
and/or what are apparently relatively nonbasic formal electron
pairs on what is believed to be essentially a u-N,* ligand.

An interesting question is whether 4 can be prepared by re-
ducing WCp*Me,Cl under molecular nitrogen. WCp*Me,Cl is
unknown. We attempted to prepare it by the conproportionation
between WCp*Me, (three parts) and WCp*Cl, (one part) in
dichloromethane for 20 h. The solvent was removed from the
resulting red solution and the residue was dissolved in THF. One
equivalent of sodium amalgam was added and the mixture was
stirred under N, (40 psi) overnight. The mixture was filtered and
the THF removed in vacuo to give a red semisolid whose 'H NMR
spectrum showed ~20% of the diamagnetic product mixture to
consist of 4 (Figure 1). 4 was isolated from this mixture by
recrystallization from pentane in 5-10% yield. We hesitate to
suggest a mechanism for this reaction in view of the number of
unknowns, but the fact that any 4 is observable, whatever the
mechanism might be, is intriguing. It is possible, however, that
a relatively high oxidation state complex (e.g., WCp*Me;) does
scavenge N, at a rate that competes with other reactions involving
the methyl groups.

We believe that these preliminary studies show that high ox-
idation state tungsten u-N, complexes can be prepared and that
they are likely to have some unique properties and reactivities.
We expect to encounter other examples soon.
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The reaction of dioxygen and carbon monoxide is slow in the
absence of catalysts. The role of a single metal atom to activate
CO and O, and to mediate their reaction has been suggested,’
but one of the most effective homogeneous catalysts for the re-
action is the Rhg(CO),, cluster.? Spectral studies of the reaction
of CO and O, on Pt/SiO, led to a proposal of a multi metal atom
mechanism involving dissociative adsorption of O, and subsequent
reaction with coordinated CO.> We describe experiments which
provide evidence for a bimetallic-mediated pathway for the re-
action of CO and O,.

Gaseous dioxygen was observed not to react with [Pt-
(PPh,),(CO)CI]BF, (2), but the dioxygen complex Pt(PPh;),0,
(1) in CH,Cl, reacts rapidly with 2. The reaction proceeds with
loss of »(CO) of 2 at 2115 cm™ and formation of a strong IR band
at 1521 cm™. Gas chromatographic assay on molecular sieves
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