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Bimetallic System for Nitrogen Fixation:
Ruthenium-Assisted Protonation of Coordinated
N, on Tungsten with H,

Yoshiaki Nishibayashi, Shotaro lwai, Masanobu Hidai*

Treatment of the tungsten dinitrogen complex cis-[W(N,),(PMe,Ph),] (Me = methyl, Ph =
phenyl) with an equilibrium mixture of [RuCl{dppp),]X and trans-[RuCl(n?-H,)(dppp),1X
[X = BF,, PFg, or OSO,CF,; dppp = 1,3-bis(diphenylphosphino)propane] under 1 at-
mosphere of dihydrogen at 55 degrees Celsius for 24 hours gave NH, in moderate yield.
The same reaction in the presence of acetone produced acetone azine in high yield. None
of these reactions proceeded in the absence of dihydrogen.

Dinitrogen has been regarded as one of the
most inert molecules under normal labora-
tory conditions. Industrially, organonitro-
gen compounds fundamentally depend for
their nitrogen source on NH; produced by
the energy-consuming Haber-Bosch pro-
cess, where extremely drastic reaction con-
ditions are required in order to activate N,
(1). The development of chemical processes
that enable direct transformation of N, into
compounds such as NH; and organonitro-
gen compounds under mild conditions is an
important goal.

Studies of the reactivities of coordinated
N, in complexes of the type M(N,),(L),

(M = Mo or W; L = phosphine) (2)—the

first of which is trans-[Mo(N,),(dppe),]

Department of Chemistry and Biotechnology, Graduate
School of Engineering, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113, Japan.

*To whom correspondence should be addressed.

[dppe = 1,2-bis(diphenylphosphino)ethane],
prepared by our group in 1969 (3)—have
shown that the ligating N, can be trans-
formed into NH; or hydrazine by treat-
ment with inorganic acids such as H,S0,
and HCI (4). A detailed mechanism for
the formation of nitrogen hydrides has
been proposed on the basis of the reactiv-
ities of isolable intermediate complexes
such as hydrazido(2-) complexes (4). How-
ever, H, could not be used for the synthesis
of nitrogen hydrides because H, replaced
the ligating N, in the complexes to form
MH,(L), without formation of the N-H
bond (5). Previously, metal carbonyl hy-
drides such as HCo(CO), were used for
the N-H bond formation of the coordinat-
ed N, (6). Recently, Morris et al. tried to
use an acidic H; complex [CpRu(dtfpe)
H,|BE, {Cp = 2’-CHg; dtfpe = 1,2-
bis[bis(p-trifluoromethylphenyl)phosphino]
ethane} with pK, = 4.3 (K, is the acid
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Table 1. Reaction of 3 with an equilibrium mixture
of 1 and 2 derived from 10 equiv of 2 under 1 atm
of H, in dichloroethane-benzene at 55°C for 24
hours unless otherwise indicated. Yield is based
on the W atom. Free yield was before base distil-
lation of the reaction mixture, and basic yield was
after, to fully liberate NH,.

Yield of NH (%)

X~ of2
Free Basic Total
PFs 10 45 55*
PFsT 3 23 26
PF,i 1 1 2
PF.8 8 26 34
BF, - 16 38 54*
OTf 9 36 45%
BPh, 6 2 8
*Variation +3%  between  experiments. fin
THF. $At room temperature. §mer-WBr,(NNH,)-

(PMe,Ph), (5) was used instead of 3.

constant) to protonate the ligating dinitro-
gen in trans-[W(N,),(dppe),] (7). The H,
complex reacted with the N, complex to
form a hydrazido(2-) complex, although the
H, complex was not available directly from
H, but from, an inorganic acid. Recently,
Fryzuk et al. reported N-H bond formation
when a dinuclear zirconium dinitrogen com-
plex was treated with H, (8); however, no
NH, was formed. This reaction seems quite
different from Morris’s protonation of the
coordinated N, with the acidic H, complex.

As an extension of our bimetallic ap-
proach for N, fixation (6, 9), we used
the Ru-H, complexes trans-[RuCl(n?-H,)-
(dppp),IX with pK, = 4.4, which are di-
rectly derived from H, (10). Ruthenium-
assisted protonation of coordinated N, with
H, produced NH; and acetone azine
[(CH;),CNNC(CHj,),]. This may be a first
step to realize the synthesis of NH; from N,
and H, under mild conditions, in sharp
contrast to the Haber-Bosch process.

The H, complex trans-[RuCl(n*-H,)-
(dppp),JX [X = PF (1a)] is slowly formed in
situ from [RuCl(dppp),IX [X = PF, (2a)]
under 1 atm of H, (10). Thus, an equilibrium
mixture of 2a and 1a in a ratio of about 9 to
1 was obtained when a solution of 2a in a
dichloroethane-benzene mixture was stirred
under 1 atm of H, at ambient temperature for
12 hours. Addition of cis-[W(N,),(PMe,-
Ph),] (3) to the equilibrium solution con-
taining 10 equivalents (equiv) of the Ru
atom based on the W atom and the subse-
quent reaction under 1 atm of H, at 55°C for
24 hours afforded NH; in 55% total yield
based on the W atom. Free NH; in 10% yield
was observed in the reaction mixture, and
further NH; in 45% yield was released after
base distillation. Direct treatment of 3 with
10 equiv of 2a under 1 atm of H, at 55°C for
24 hours afforded NH; in 22% total yield.

This result indicates that pretreatment of 2
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Scheme 1.

under 1 atm of H, is necessary to increase the
yield of NH;. The *'P nuclear magnetic res-
onance (NMR) spectrum of the reaction
mixture showed the formation of [RuHCI-
(dppp),] (4) and free PMe,Ph. Complex 4
has been isolated and characterized by spec-
troscopy. Because hydrazido(2-) intermediate
complexes (vide infra) were not observed in

2 [RuCl(dppp)2IX

H

N (1 atzm)\il

Pl _P

(poW<p)+ 2 [RUCI(n?H,)(dppp)a]X
N 1

P ) : dppe 55 °C

Scheme 2.

the NMR spectrum of the reaction mixture,
we are inclined to believe that the coordinat-
ed N, converted into NH; and NH,*. Thus,
base distillation of the reaction mixture was
carried out to fully liberate NH;. The yield of
NH, was lower when tetrahydrofuran (THF)
was used as solvent.

Interestingly, the reaction was critically
dependent on the nature of the counteranion
of 2. In the case of [RuCl(dppp),]X [X = BF,
(2b)] and [RuCl(dppp),IX [X = OTf, OTf =
OSO,CF; (2¢)], NH, was obtained in 54 and
45% total yield, respectively. In contrast, in

the case of [RuCl(dppp),]X [X = BPh, (2d)],

4 [RuCl(dppp)alX

H 2
a ai"mﬂl

=z

| o}

P! P
P~ ‘NSN

® P-S-Z

P : PMe,Ph

Scheme 3.

NH,; was obtained in only 8% total yield.
The ideal stoichiometry for the formation of
NH; is shown in Scheme 1. The typical
results are shown in Table 1. Both Ru com-
plexes 2 and H, are essential to this reaction.
In fact, in the absence of 2 or H,, no NH,
was obtained. In all cases, only a trace

/ 55°C
7
N N
6 X=PFg, or BF, >=O lil
P ll__P
P (PVW )

2 NH; + 6 [RuHCI(dppp)2] + W (VI) species (?)
4

amount of NH,NH, was observed. Indepen-
dently, we confirmed that the reaction of
anhydrous NH,NH, with the equilibrium
mixture derived from 2a under 1 atm of H, in
a mixture of dichloroethane and benzene at
55°C for 24 hours gave NH; in quantitative
yield (11). This result means that NH,NH, is
converted into NH; quantitatively in this

H H
N

Pl _p
(P;vlv:P) ]x + 2 [RUHCI(dppp)z]
F 4

N

X+ 2 [RuHCI(dppp)2] + H20
4

[P
F

8

reaction system, even if NH,NH, is formed.

The tungsten hydrazido(2-) complex mer-
WBr,(NNH, )(PMe,Ph), (5), which is avail-
able by protonation of 3 with HBr, reacted
with the same Ru mixture under 1 atm of H,
to afford NH; in 34% total yield. Thus, the
Ru-assisted protonation of 3 with H, seems
to proceed by way of tungsten hydrazido(2-)
complexes similar to 5 as an intermediate
complex. This proposed mechanism is further
supported by the finding that the reaction of
trans-[W(N,),(dppe),] (6) with an equilibri-
um mixture derived from 2 equiv of 2a or 2b
under 1 atm of H, in a dichloroethane-ben-

+ 4 [RuCI(nz-Hz)(dppp)z]X W >=N—N=< + 4 [RuHCl(dppp)2] + 2 H,O + W (IV) species (?)
1

4

acetone azine

zene mixture gives the hydrazido(2-) com-
plexes trans-[WF(NNH, )(dppe),]X [X = PF
(7a); X = BF, (7b)] in 40 to 60% yield
together with 4 (Scheme 2). The same hy-
drazido(2-) complexes are also prepared from
6 by protonation with HBF, or HPF, (12).

These results are direct evidence for protona-
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tion of the coordinated N, with H, in the
presence of 2. Although the detailed reaction
mechanism for the formation of NH; is not
yet clear, the first step must be the direct
reaction of the N, complex 3 with the H,
complexes 1 to form hydradizo(2-) complex-
es. In this reaction, the heterolytic cleavage
of H, occurs at the Ru center, where one H
atom is used for protonation of the coor-
dinated N, on the W atom and the other
H atom remains at the Ru atom as a hy-
dride. Further protonation of the hydra-
zido(2-) complexes with the H, complexes
1 results in the formation of NH;. Because
3 is synthesized under 1 atm of N, at
ambient temperature, the present reaction
allows the formation of NH; directly from
N, and H; under mild conditions.
Interestingly, when 3 was treated in the
presence of acetone with an equilibrium mix-
ture derived from 10 equiv of 2a, 2b, or 2¢
under 1 atm of H, at 55°C for 24 hours,
acetone azine was formed in 65, 80, or 100%
yield based on the W atom, respectively
(Scheme 3). The yield of acetone azine de-
pended on the nature of the counteranion of

2. The formation of acetone azine was not
observed without H,. However, when com-
plex 6 was used instead of complex 3, the
diazoalkane complexes trans-[WF(NNCMe,)-
(dppe),|X [X = PF (8a); X = BE, (8b)] were
formed in high yields. Complex 8b has been
isolated and characterized by spectroscopy.
The same complexes are well known to be
derived from the condensation of trans-
[WE(NNH,)(dppe),]X with acetone (13).
The formation of acetone azine has previously
been observed upon treatment of 3 with a
methanol-acetone mixture at 50°C (14). We
believe that the mechanism of the present
reaction is essentially similar to the previous
one, which includes a diazoalkane complex as
an intermediate. However, it is noteworthy
that H, can be used in place of methanol.
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Isolation of an Intrinsic Precursor to Molecular
Chemisorption

David E. Brown, Douglas J. Moffatt, Robert A. Wolkow*

Over the past 70 years, numerous gas-surface adsorption studies have indicated the
existence of a weakly bound, mobile intermediate that is a precursor to chemical bond
formation. The direct observation and characterization of such a species are presented.
Precursor and chemisorbed benzene on a silicon surface were clearly distinguished with
the use of a tunable-temperature scanning tunneling microscope. Precursor decay to
chemisorption was observed, allowing the salient features of the potential energy surface

to be determined.

The microscopic details of gas-surface ad-
sorption dynamics have been actively studied
for the better part of a century. Much of the
conceptual framework in use today builds
upon the pioneering work of Langmuir (1)
and Lennard-Jones (2), who studied the na-
ture of forces acting when atomic or molec-
ular species come into contact with a surface.
Although knowledge of physical interactions
between adsorbates and surfaces (physisorp-
tion) and of relatively strong chemical inter-
actions (chemisorption) has advanced steadi-
ly over the years, important issues remain to
be addressed. One such issue, central to a
discussion of adsorption phenomena and a
recurring theme throughout the history of
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surface science, involves an adsorption inter-
mediate known as a precursor. Although no
direct observation or characterization has
been achieved, numerous observations con-
sistent with precursor-mediated adsorption
have led to widespread use of the concept
(3). Here, we describe the direct observation
of this evasive but likely common entity.

In Langmuir’s early work, a simple scenar-
io was considered in which an impinging
species either was chemisorbed when striking
an adsorbate-free surface site or was scattered
back into the gas phase upon encountering
an occupied site, leading to a linear depen-
dence of the sticking coefficient (that is, the
probability of adsorbing) on surface coverage.
Exceptions to this behavior—systems exhib-
iting near-unity sticking probability at high
coverage—were noted early on, for example,
Cs (4) and N, (5) adsorption on tungsten. To
account for these observations, more sophis-
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ticated models by Morrison and Roberts (6)
and Kisliuk (7) invoked a weakly bound,
mobile intermediate state that allowed in-
coming adsorbates to search for a free site.
Later adsorption studies, usually measure-
ments of sticking coefficients (8—10), point-
ed to such a precursor-mediated adsorption
mechanism (3). Numerous theoretical papers
have modeled the role of precursor states in

~ adsorption and desorption (11, 12). A nota-

ble advance came with the work of Doren
and Tully, who pointed out that rather the
free energy of interaction, not only the en-
thalpy, should be considered in understand-
ing precursors (11).

Two very different types of precursor have
been described. The extrinsic precursor is
associated with incoming molecules blocked
from direct chemisorption by preexisting ad-
sorbed molecules. It is weakly bound to an
adsorbate-covered portion of the surface
through van der Waals interactions but is
free to diffuse laterally, increasing the oppor-
tunity to find a free site for chemisorption.
Qur focus is on the intrinsic precursor, a
physisorbed intermediate state that does not
arise from simple blocking of adsorption sites.
Rather, it exists spatially at virtually the same
point where chemisorption can occur, but is
inhibited from forming a stronger bond by a
barrier related to the structural distortion or
realignment of the molecule, the surface, or
both. The intrinsic precursor is thought to be
physisorbed and laterally free-moving, like
the extrinsic precursor. Although they are
fundamentally different entities, both precur-
sor types are described by the schematic po-
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