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Unusually Strong Binding of Dinitrogen to a Ruthenium Center**
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Metal-dinitrogen complexes are of great interest for their
potential to reduce energy costs in ammonia production, and
to facilitate access to nitrogen-containing organic com-
pounds."”! Many examples have been discovered since the
1965 report™ of [Ru(NH,)s(N,)]**. Despite the prominence of
iron systems in catalyzing the reduction of dinitrogen in
industrial and biological contexts,***>¢ and important
recent advances in dinitrogen fixation by iron complexes,’”
early- and mid-transition metal complexes have shown great-
est promise to date in cleaving the N—N bond.'=>%11 A
benchmark was set by Yandulov and Schrock, who reported
molybdenum triamidoamine derivatives, the first well-
defined catalysts capable of selectively reducing N, to
ammonia.'” Late-metal complexes tend to be limited by the
lower energy of their d orbitals (which impedes back-dona-
tion into the high-energy N=N antibonding orbitals),!>!* and
high N, lability. The latter has been identified as a key barrier
to the development of late-metal catalysts for N, activation.*!
Herein we present an experimental and computational study
that addresses this barrier.

Our interest in the broad catalytic utility of hydrido-
ruthenium complexes of N-heterocyclic carbene (NHC)
ligands">!*! led us to a report from Morris and co-workers
describing synthesis of the activated IMes complex 2 (Sche-
me 1a; IMes = N,N'-bis(mesityl)imidazol-2-ylidene) through
the thermolysis of 1 with excess IMes under argon.'” We
observed a very different reaction chemistry under an
atmosphere of dinitrogen: *'P{'H} NMR analysis indicated
the formation of less than 10 % of 2 (59.35, 58.72 ppm; ABq,
2Jpp = 13 Hz, THF), but considerable free PPh, (Scheme 1b).
The absence of any phosphine ligands in the major product 3
is evident from its null *P{'H} NMR spectrum, and from the
singlet multiplicity of its hydride signal. This species could be
obtained free of 2 by carrying out the reaction at room
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Scheme 1. Reaction of 1 with IMes under (a) Ar (12 h, THF, reflux);
(b) N, (20 h, reflux or RT). The ORTEP diagram for 3®! shows non-
hydrogen atoms as Gaussian ellipsoids set at the 50% probability
level.

temperature, and was isolated as an orange powder in 75 %
yield by precipitation from hexanes.

Single-crystal X-ray analysis of 3 indicated a mononuclear
structure containing two mutually trans, unactivated IMes
ligands (cf. the activated IMes group present in 2). While
disorder impeded the initial assignment of the remaining
ligands, we identified 3 as [RuHCI(IMes),(N,)] by detailed
NMR, IR, and MALDI-TOF mass spectrometric analysis.
Refinement of the X-ray data with an appropriate disorder
model yields a satisfactory solution. For both complexes in the
unit cell, the N, and Cl sites are disordered over two positions
(as found for other structures containing ClI trans to N,);'¥ in
one, the hydride is also disordered over two positions. The
excellent agreement between the model and the observed
data provides unambiguous confirmation of connectivity,
although the presence of the disorder limits the discussion of
the metrical parameters.

The upfield location of the 'H NMR singlet for the
hydride ligand in 3 (—28.03 ppm; C4Dj) is clear evidence for a
square pyramidal complex with apical hydride. Integration
confirms the presence of two IMes ligands. Rotation of
Ru—Cyyc and N—Mes bonds is rapid on the NMR timescale at
22°C, as deduced from the equivalence of the mesityl ortho-
CH; groups (these resolve into four singlets at 0°C). The
retention of chloride is confirmed by charge-transfer
MALDI-TOF mass spectrometry,*) which shows an excellent
match between the simulated and observed isotope patterns
for both [RuHCI(IMes),(N,)+H]" (minor signal) and [RuCl-
(IMes),—H]"* (major signal).””! We initially ruled out the
possibility that an N, ligand occupied the fifth coordination
site on the basis of reactions with CO described below, but
revised this conclusion in light of the quantitative formation
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of 3 on exposing [RuHCI(IMes),(H,)] to N,. A natural-
abundance 'H-"N NMR HSQC correlation experiment
confirmed the coupling of hydride to a non-IMes “N nucleus
(N,: —=72.6 ppm). The synthesis of [°N,]-3 by reaction of 1
under 98% N, enabled the location of the “N{'H} NMR
signal for N as well (—=55.8ppm, d, 'Jyy=5Hz). The
inequivalence of N, and N supports identification of 3 as a
monoruthenium, five-coordinate complex containing an end-
bound, *r]l-N2 ligand, in which any end-over-end N, tumbling
in solution is slow on the NMR timescale.

The IR spectrum of 3 revealed a single strong band at
2041 cm™!, in the region expected for the v(M-H) and »(N=N)
vibrations. Isotopic-labeling experiments resulted in the
expected shift in the »(N=N) band, to 1972 cm™! for [°N,]-
3: the v(Ru-H) band appears essentially unperturbed, at
2039 cm™'. Attempts to confirm the latter assignment by
deuterium labeling were unsuccessful,?” but the DFT-calcu-
lated v(Ru-H) and »(N=N) values are very close, at 2187 and
2174 cm ™, respectively.’!! The experimentally observed loca-
tion of the »(N=N) band for 3, at 2041 cm™', is striking in
comparison to values for closely related phosphane
derivatives, [{RuCl,(Cy,P(CH,),PCy,),}(N,)],”¥ [RuHCI-
(PCy;),(N,)],”! and [RuHCI(IMes)(PCy;)(N,)]!'¢ (2124,
2060, and 2048 cm ™, respectively). As the lowest energy of
such band yet reported for a monometallic ruthenium
complex,® this suggests considerable weakening of the
N=N bond.

Reactivity studies and computational analysis indicate an
unexpectedly strong M-N, interaction in 3. Remarkably,
given the ease with which N, is normally lost in late-metal
complexes (including closely related hydridoruthenium-
NHC derivatives),” 2! the N, ligand resists displacement by
CO at room temperature. While exposure of 3 to CO effects
immediate transformation, as indicated by a time-of-mixing
color change of the solution from orange to pale yellow and
an approximately 25 ppm downfield shift in the hydride
singlet, the product is neither [RuHCI(CO)(IMes),], nor
dicarbonyl complex 5% (Scheme2). While 5 is indeed
obtained under more forcing conditions (65% conversion in
1.5 hours at 65°C; C¢Dy), the major product at 22°C is the

65°C, CO
H ' H I H
Cliw. g IMes 22°c  Clu.g wiMes  Clu.  wIMes
IMes”™ N, =57 IMes” | TN, IMes” | YCO
co co
3(-28.03) 4(-3.26) 5(-4.22)

Scheme 2. Products formed upon reaction of 3 with CO. '"H NMR
chemical shifts for the hydride singlet (C4Ds) shown in brackets.

mono-CO adduct 4 (90 % yield; traces of 5 are also present).
Formation of 4 reflects both the low lability of the N, ligand in
3, which impedes access to the expected four-coordinate
intermediate,? and the small size of the CO ligand.

In comparison, carbonylation of [RuHCI(PCy;),(N,)] is
much more facile, and yields 50% [RuHCI(CO),(PCys),]
within 20 minutes at room temperature.”! The more forcing
conditions required to convert 4 into 5 suggest that a strong
Ru-N, interaction is retained in the former (although the
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presence of the m-acid CO ligand will undoubtedly attenuate
N, binding relative to 3). Unequivocal support for the
assignment of 4 comes from the observation of a hydride
singlet (—3.26 ppm; cf. —4.22 ppm for 5) that exhibits a 'H-
3C HMBC correlation with the equivalent carbene carbon
nuclei and a new CO carbon nucleus (187.7 and 195.0 ppm,
respectively): the large %/ value for the latter (49 Hz) is
consistent with coupling to trans hydride. IR bands for
v(N=N), v(Ru-H), and v(CO) appear at 2118, 2039, and
2005 cm™, respectively. Satisfactory microanalysis was ham-
pered, however, by ligand loss under vacuum, and the
presence of § in trace amounts.

Computational assessment of ligand-dissociation energies
and the charge distribution in 3 was undertaken by analysis of
the nontruncated system at the B3LYPFY/DZVPPY Jevel of
theory. Of note is the high dissociation energy calculated for
the Ru-N, interaction (Table 1, entry 1), which exceeds the
value calculated for the loss of IMes (17.8 vs. 14.6 kcalmol ™),

Table 1: N, lability vs. N=N activation in 3 and related complexes.”!

wandte

Chemie

Entry Compound AG,5 v(N=N) Atomic Charge
[kcalmol™] [em™P"  [a.u)]
N, Np

1 [RuHCI(IMes),(N,)], 3 17.8"! 2174 —0.02 -0.10
[2041]

2 [RuH,(IMes),(N,)], 3’ 5.2 2194 —0.06 —0.09

3 [RuCl,(IMes),(N,)], 3" 1.9 2235 —-0.01 —0.05

4 [Ru(NH;)s(N,)](PF), 13.6 2319 —0.08 +0.13
[2167]"

5 [FeH (depe),(N,)](BPh,)™ n.g. - —0.09 +0.11
[2091]

6 [RUHCI(H,IMes),(N,)] 17.2 2186 +0.04 —0.08

7 [RuHCI(N,) (PMe3),] 20.1 2216 +0.02 —0.04
[2060]

8 [Mo(NN';) (N,)]i4™ n.g. - —0.07 —0.06
[1990]"2

[a] Lability assessed from AG for N, loss; activation from both v(N=
N) values (indicated as calculated [experimental] values), and atomic
charges on N (assessed by natural-population analysis). [b] AG for loss of
IMes = 14.6 kcal mol™". [c] Experimental value refers to the PCy, analogue.
[d] N"=3,5-(2,4,6-iPr;C¢H,),C¢H;.  Cy=cyclohexyl, depe=1,2-bis(diethyl-

phosphanyl)ethane.

despite the strength that is routinely attributed to M—NHC
bonds."? Consistent with this finding is our unanticipated
observation, in preliminary studies, that olefin isomerization
via 3 is suppressed by added IMes: that is, the mechanism is
dissociative in NHC.

We attribute the strong binding of the N, ligand in 3 to the
simultaneous presence of a strongly o-donating hydride
ligand, and a m-donating chloride trans to N,, as well as the
donor properties of the two NHC ligands. A fragment
molecular orbital (FMO) analysis of 3, relative to complexes
[RuXX'(IMes),(N,)] (3 X=X'=H; 3": X=X'=C(l), gives
more detailed insight. The energies of the d orbitals for the
[RuXX'(IMes),] fragment F1 increase in the order 3" <3< 3
(Figure 1a), reflecting the electrostatic repulsion associated
with successive replacement of chloride by the strong o-donor
hydride. The high d-orbital energy of dihydride 3’ favors the
F1—N, back-donation, owing to the improved match in
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Figure 1. (a) Energies of frontier molecular orbitals of [RuXX'(IMes),],
fragment (F1).%Ru=Ru character in fragment orbitals;

% Ao, = change in population on turning on the F1-N, interaction.
(b) F1=N, electronic interaction energy (—E;,).

orbital energies, but limits o donation from N,—F1, as
indicated by the lower electronic-interaction energy (—E;,;
Figure 1b). Dramatically weaker N, binding results (Table 1,
entry 2). In 3", conversely, ¢ donation is improved, but the low
HOFO energies, and their reduced Ru character, limit
effective m back-bonding. Again, this results in weakened
—E;, and Ru—N, bonding (Figure 1b; Table 1, entry 3).
Complex 3 thus occupies a “sweet spot” maximizing both
o donation from N, —F1, and back-donation from F1 into the
N, antibonding orbital. The resulting stabilization presumably
contributes to the activation barrier evident from the low N,
lability for 3. As regards N, activation, Tuczek and Lehnert¥
have pointed out the importance of strong o-donor ligands:
the present system illustrates the operation and limits of this
effect, and the capacity of a m-donor ligand to significantly
amplify it. It should be noted that the o-donor ligand must be
perpendicular to the M—N bond, so that its strong trans
influence does not diminish the M—N, bond strength: this
feature is “built in” to square pyramidal 3, as the high trans
influence of hydride constrains it to occupancy of the apical
site.

The IMes ligand is unlikely to be unique in its capacity to
simultaneously stabilize N, binding, and to activate the N,
ligand, in this [RuHCIL,(N,)] complex. To examine whether
other strong o-donor L-ligands exert a similar effect, we
calculated the AG for N, loss, ¥(N,), and the atomic charge on
N, for L =1IMes, H,IMes, and PMe; (Table 1). The strength of
N, binding is comparably high for all three complexes,
differing by only 2-3 kcalmol™' (i.e. within error limits),*
as compared to the 15 kcalmol ' range for 3-3". N, activation,
however, declines in the order L =1IMes > H,IMes > PMe;.
This difference reflects the greater role of o donation in N,
binding, but of m back-bonding in contributing to N=N
activation.

The electron density on the N, ligand in 3 suggests that it
should be susceptible to electrophilic attack. Both N, and N
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are negatively charged in all of complexes 3-3” (Table 1,
entries 1-3), in contrast to the Senoff complex (Table 1,
entry 4), and Tuczek’s iron complex (Table1, entry5).
Indeed, the electron density on N in 3 exceeds that calculated
for the Schrock Mo system (Table 1, entry 6), suggesting that
this site should likewise react with Brgnsted or Lewis acids.
However, preliminary experiments with lutidinium BAr"
(with or without the reducing agent Cp,Co),'*! 9-BBN,¥
or NaH" showed no change by 'H or 'H-"N HSQC NMR
analysis. This is almost certainly due to the steric protection of
N conferred by the bulky IMes ligands, exacerbated by their
rapid rotation at room temperature (see above); less encum-
bered systems are currently under study.

The foregoing describes a ruthenium—-NHC complex that
binds N, with unprecedented strength, thus demonstrating
that the problem of high N, lability is not intrinsic to late-
metal complexes, as heretofore believed. The heightened N,
binding and activation found for [RuHCI(IMes),(N,)], rela-
tive to its dihydride and dichloride analogues, in conjunction
with the DFT-predicted stabilization of bound N, for
analogous complexes containing other strong o-donor L-
ligands, suggest promising new directions for the design of
robust late-transition-metal catalysts for dinitrogen function-
alization.

Experimental Section

Optimized synthesis of 3:* Solid IMes (359 mg, 1.812 mmol,
2.2 equiv), followed by THF (5mL), was added to a stirred
suspension of 1 (496 mg, 0.537 mmol) in THF (9 mL) under N,. A
color change from purple to orange was evident over 20 h at 24°C.
3P NMR analysis at this point revealed only the presence of free
PPh;. The dark orange solution was filtered through Celite, the
solvent was removed under reduced pressure and the residue was
taken up in hexanes. The resulting suspension was chilled (—=35°C),
filtered, and washed with cold hexanes (3 mL) and hexanes/Et,O (3:1;
3x1mL). The orange solid was dried under vacuum. Yield 309 mg
(74%). '"H NMR (C¢Dy, 298 K): 6 =6.84 (s, Mes CH, 4H), 6.82 (s,
Mes CH, 4H), 6.25 (s, NCH, 4H), 2.34 (s, Mes p-CH;, 12H), 2.14-2.08
(br, Mes 0-CH3, 24 H), —28.03 ppm (s, RuH, 1 H). At 203 K, the signal
for the mesityl CH protons resolves into two singlets, and those for the
methyl protons into six singlets. *C{'H} NMR (C¢Dg, 298 K): 6 =
198.4 (s, RuCyyc), 150.3 (Mes i-C), 136.9 (Mes p-C), 129.1 (Mes CH),
128.4 (Mes i-C), 121.7 (s, NCH), 21.3 (s, Mes p-CHj3), 19.0 ppm (br s,
Mes 0-CH3). "N{'H} NMR (C¢Ds, 30 MHZ): § = —55.8 (d, 'Jxy =5 Hz,
Np), =72.6 ppm (d, 'J\w=5Hz, N,). IR (Nujol): »(Ru-H), »(N,)
2041 cm™" ([*N,]-3: »(Ru-H) 2039 cm ™', »("N="N) 1972 cm ). CT-
MALDI MS (pyrene matrix), m/z: [RuHCI(IMes),(N,)+H]" 775.1
(simulated: 775.3); [RuCl(IMes),—H]"* 744.3 (simulated: 744.3).
Anal. Calcd. for C,,H,CINgRu: C, 65.14; H, 6.38; N, 10.85. Found:
C, 65.22; H, 6.27; N, 10.78.

Synthesis of [RuHCI(CO)(IMes),(N,)] 4:' A solution of
[RuHCI(IMes),(N,)] (70 mg, 0.090 mmol) in C¢Hy (2mL) was
degassed by consecutive freeze-pump-thaw cycles and allowed to
thaw under 1 atm of CO at room temperature. A color change from
orange to pale yellow was complete within 5 min. The solvent was
removed under reduced pressure to obtain a pale yellow solid. Yield
66 mg (90%). 'H NMR (C,Ds, 500 MHZ): 6 =6.77 (s, Mes CH, 4H),
6.75 (s, Mes CH, 4H), 6.13 (s, NCH, 4H), 2.24 (s, Mes p-CH;, 12H),
2.15 (s, Mes 0-CH3, 12H), 2.13 (s, Mes 0-CH;, 12H), —3.26 ppm (s,
RuH, 1H). *C{'H} NMR (C,Ds, 298 K, 126 MHZ): § =195.0 (s, CO),
187.7 (s, RuCyyc), 139.4 (s, Mes i-C), 137.2 (s, Mes p-C), 136.7 (s, Mes
0-C'), 136.4 (s, Mes 0-C), 129.43 (s, Mes CH), 129.37 (s, Mes CH),
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123.2 (s, NCH), 21.3 (s, Mes p-CHj3), 18.8 (s, Mes 0-CH3), 18.7 ppm (s,
Mes 0-CH,). *C (*H-coupled) NMR: 6 = 195.0 (d, /iy = 49 Hz, CO),
187.7 (d, ey =5 Hz, RuCyyye)- IR (Nujol): »(N,), 2118 em™'; »(Ru-
H), 2039 cm™'; »(CO), 2005 cm™'. Microanalysis is consistently poor,
owing to the presence of ca. 5% of 5, and ligand loss upon extended
exposure to reduced pressure to remove traces of the solvent.
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