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Nitrogen fixation, the process necessary to transform atmo-
spheric dinitrogen into a form usable for the synthesis of life-
sustaining biomolecules, occurs only in the presence of a suitable
catalyst. A small class of organisms, termed diazatrophs,
contains such catalysts, called nitrogenase enzymes.! In at-
tempts to mimic the operation of these enzymes, many transi-
tion-metal complexes containing N,H, ligands (x = 0—4) have
been prepared and interconverted>3 by the addition or subtrac-
tion of protons and electrons. The formation of NNH; ligands
by the addition of two protons to n' N, ligands is well
established;>* less clear in the sequence of events leading to
ammonia is the location and timing of the third protonation.
Because coordination to a metal can greatly decrease the rate
at which oxygens and nitrogens exchange protons,> we hoped
that the various protonation sites in N,H, ligands would be
separately observable and that we could study in detail the
proton transfer reactions involved in N» reduction.

A system reported by Schrock in 1990° seemed ideal.
Protonation of the bridging dinitrogen complex [MoCp*Mes](x-
N;)[WCp’Mes] (Cp* = CsMes, Cp” = CsMe4Et) in the presence
of zinc amalgam yielded up to 1.86 equiv of ammonia. Later,
WCp*Me;(NNH;) (1), a possible reduction intermediate ana-
logue, was isolated and protonated to give [WCp*Mes(n?-
NHNH,)]OTf ([2H*]OT) (eq 1).7
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The structural rearrangement involved in this protonation
suggested that its rate would be slow. One clue to its
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mechanism came from the low-temperature deprotonation of
2H reported by Schrock in 1992.8 As shown in Scheme 1,
deprotonation of 2H™ at low temperatures leaves a bent, 72,
hydrazido complex, WCp*Me;(72-NNH.) (2);° upon warming,
2 opens to the '-hydrazido complex 1. In order to see whether
the reverse process (the protonation of 1 to 2H™) also proceeds
through 2, we have studied the interconversion of 2H* and 1
with a variety of acids and bases, and we have found rwo
reaction pathways. This bifurcated mechanism gives a result
that is counterintuitive: a reaction involving proton removal
that slows down with more powerful bases.

We have established the existence of two equilibria. First,
the 'H NMR peak positions of 2/2H* mixtures are an average
of the peak positions of 2 and 2H* and depend on the ratio of
2 to 2H™; therefore 2 and 2H™ are in rapid equilibrium at low
temperatures.'® Observing this equilibrium with 2,4-lutidine in
CD,Cl; at —65 °C allowed us to calculate a pK, for 2H* of
14.7 in CH;CN.!1~13 Second, at room temperature in CD;CN
separate peaks can be observed for 2H* and 1, and an
equilibrium constant for their interconversion can be measured
by 'H NMR. Performing the deprotonation of 2H* with 2,6-
di-tert-butyl-4-methylpyridine resulted in a pKeq of 12.8 between
2H" and 1.1

Most intriguing, though, was that when 2H was deprotonated
by 2,4-lutidine in CDsCN at —23 °C, the formation of 1 was
too fast for kinetic study: at least 10 times faster than the
measured rate constant for 2 — 1 (k-3 below). This observation
implied a second pathway for 2H* — 1, one in which opening
of the n2-hydrizido ligand precedes deprotonation. Both
pathways are shown in Scheme 2.

If we assume that the 2/2H equilibrium is rapidly maintained
and make the steady state approximation for 1H*,'5 the rate
law for complete conversion of 2H* to 1 is eq 2.

iy kik[B] [ [BH]
dt ~ k_, + k[B\[BH'] + K[B]
r K[B]
T ————
[BH"] + K[B]

The first term represents the kik, path, 2H" == 1H* — 1; the
second term represents the k_3 path, 2H* ==2 — 1. The extent

T1+

[T] where [T]=[2H']+[2] (2)

(8) Glassman, T. E.; Vale, M. G.; Schrock, R. R. J. Am. Chem. Soc.
1992, 114, 8098—8109.

(9) Bold numbers (1 or 2) indicate whether the hydrazido ligand is #' or
72, and H* indicates that the hydrazido ligand is protonated. In Schemes
1 and 2, each tungsten is also bound to three methyl ligands and one Cs-
Mes = Cp* ligand. These ancillary ligands are omitted for clarity.

(10) The speed of proton exchange between 2 and 2H™ is not surprising
because it involves a simple proton transfer between lone pairs on Ng; no
rehybridization is necessary. See ref 5a and the following: Kristjansdéttir,
S. S.; Norton, J. R. In Transition Metal Hydrides; Dedieu, A., Ed.; VCH:
New York, 1992; Chapter 9.

(11) An NMR tube was charged with 2H™* and 800 yL of CD,Cl,, and
an appropriate amount (2.2 equiv with 6 gmol of 2H™, or 7.5 equiv with 8
umol of 2H*) of 2,4-lutidine was added by vacuum transfer at 77 K. After
warming to —65 °C, the chemical shift observed for the cis methyl ligand
in the mixture was compared with those of pure 2 (6 —0.63) and pure 2H*
(6 0.31). The ratio of 2 to 2H* thus obtained was used to calculate the
equilibrium constant K as 0.20(7). If we assume (because both acid/base
pairs are large!?) that X is approximately the same in CH3CN, neglect its
temperature dependence, and use the known pK, of 2,4-lutidine in CH3;CN
(14.05),!% we can estimate the 25 °C pK, of 2H* in CH;CN.

(12) The same assumption has been made in other cases: Jia, G.; Morris,
R. H. Inorg. Chem. 1990, 29, 581—582. See also ref 10.

3 (13) Chantooni, M. K., Jr.; Kolthoff, I. M. J. Am. Chem. Soc. 1968, 90,
005.

(14) An NMR tube was charged with 15 gmol of 2H* and 1 equiv of
2,6-di-tert-butyl-4-methylpyridine in CD3CN. The equilibrium concentra-
tions of 1 and 2H* were measured by 'H NMR integration. The resulting
equilibrium constant, 0.58, agreed within experimental error with that
obtained when the equilibrium was approached from the opposite direction.
The pKeq was then determined by taking the pK, of 2,6-di-tert-butyl-4-
methylpyridinium triflate as 12.6 (obtained by analyzing the 'H NMR peak
positions of equilibrium mixtures of this acid with 2,4-lutidine).

(15) No 1H" is observed during the reaction.
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to which each path occurs depends on the 2H*/2 equilibrium.
To the extent that all the 2H* is converted to 2, the reaction
will occur only through the k-3 path; to the extent that none of
the 2H™ is converted to 2, the reaction will occur only through
the kik; path. Because the k-3 path is inherently slower than
the kk, path, the overall rate of 2H't — 1 decreases when the
base shifts the 2H'/2 equilibrium to the right.

For sufficiently small [B], k»[B] should be <k-; and K{B]
<« [BH'], and the first term in eq 2 should increase linearly
with added base. For sufficiently large [B], k;[B] should be
>k_, and K[B] > [BH"], and the first term in eq 2 should be
proportional to [B]~!. The predicted behavior was observed
when 2H* (4.7 umol in 800 uL of CD,Cl,) was treated with
varying amounts of 2,4-lutidine. The formation of 1 and the
disappearance of 2/2H* were monitored at —53 °C by 'H NMR.
The relationship between the resulting rate constants and the
concentration of 2,4-lutidine was fitted with the first term of
eq 2 (the formation of 1 through 2, the k-3 path, is negligible
at this temperature). The experimental data, the best fit, and
the resulting parameters for k; and k—,/k; are shown in Figure

Scheme 2 requires that the value of the rate constant k; for
the opening of the #*-hydrazido ligand be independent of the
nature of the base. Indeed, the use of pyridine gave ap-
proximately the same value for k!¢ as that obtained with 2,4-
lutidine.

Two pathways are also available to the reverse process, the
conversion of 1 to 2H*. Protonation of 1 can occur either
directly to give 1H*, followed by closure to 2H™, or after
closure of the hydrazido ligand in 1 (1 — 2). However, direct
'H NMR observation of 2 — 1 shows that k_3 is only 2.5 x
104 s~! at —23 °C in CH3CN, and ks must be even slower.!”
(No 2 can be detected by '"H NMR after it is allowed to come

(16) When the 2,4-lutidine concentration exceeds 0.3 M, k; becomes rate
limiting the kops == k1([BH*1)/([BH*] + K[B]). If we assume that k; is at
least as large for pyridine as for 2,4-lutidine, the same expression will hold
for [py] > 0.3 M. Thus we have estimated k) from kobs for 2H* — 1 with
[py] of 0.3 and 0.6 M.

(17) The deprotonation of 2H* to 2 was performed with three bases:
triethylamine, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and morpholine.
The observed rate constants for 2 — 1 were equivalent (between 2.4 and
2.6 x 1074 s71) and thus independent of the nature of the base, suggesting
that the k) k; path is inoperative under these conditions.
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Figure 1. Dependence of the rate of 2H* — 1 on the concentration of
2,4-1utidine in CD,Cl; at —53 °C.

to equilibrium with 1, and the pKeq and pK, of 2H* give an
estimate of k—3/k; as >80 in CH3CN at 25 °C). As conversion
of 1 to 2H' with pyridinium triflate in CD3;CN is complete
within 5 min at —37 °C, it must occur via 1H™,

The protonation of 1 to 1HT is facile; its rate with weak acids
can be directly measured. The 'H NMR resonance due to the
B hydrogens of 1 broadens when a CD3CN solution is treated
with [MesNH][C1O4], although there is no net reaction. This
broadening is proportional to the concentration of Me;NH™ and
must be due to the operation of eq 3. At room temperature k—»
is 2600 M1 57118

ka
WZENNH, + Me;NH* —™ WIZEENNH* + Me,N: (3)
Kz

In an effort to determine the structure of 1H* we have treated
1 with various acids at low temperatures. With HOTf in CD»-
Cl,, 2H' is formed immediately at —75 °C. However, with
[(Et20);H][B(ArF)4]!° at —50 °C in THF-dj, 1 is converted into
a species with only a single NH resonance (3H, broad, 6 =
10.32). This species rearranges to 2H" above —40 °C and is
presurmnably the 1H* in Scheme 2. The fact that one nitrogen
of 1H* bears all three protons has been confirmed: in the proton
NMR spectrum the NH resonance appears as a doublet, [y =
77 Hz, when 1H" is prepared from 1-13§,20.21

It is thus clear that the 8 nitrogen of 1 is the Kinetic site of
protonation. Still unsolved is the question of how 1HT
rearranges to 2H*.
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(18) The line width of the NgH, resonance of 1 was measured in the
presence and absence of MesNH*. The lifetime 7 of the NgH, protons
was then obtained from 77! = (AVexcess). Because only two-thirds of the
H* transfers in eq 3 lead to line broadening, k->[MesNH*] = (3/2)r~! =
(3/2)7(AVexcess)-
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(20) The fact that 1H* cannot be observed in less coordinating solvents
suggests that it coordinates THF when generated in that solvent.
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