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Delocalized Metal-Metal and Metal-Ligand Multiple Bonding
in a Linear Ru—Ru=N Unit: Elongation of a Traditionally Short

Ru=N Bond**

Jozsef S. Pap, Serena DeBeer George, and John F. Berry*

Binuclear metal-metal bonded complexes such as [Rh,-
(OAc),] (Scheme 1, A) are celebrated because of their
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Scheme 1. Structure of [Rh,(OAc),] catalyst (A), the proposed multiply
bonded intermediate (B), and the proposed diruthenium model com-
pound (C).

unmatched ability to catalyze reactions that directly function-
alize C—H bonds.'! These metal-metal bonded catalysts
function by assisting the transfer of a carbene or nitrene
group (CR, or NR, respectively) to an organic substrate.!!
The key intermediates in these C—H activation reactions are
proposed to have structures such as B (Scheme 1) that feature
both a metal-metal bond and a metal-ligand multiple bond.
Despite many years of mechanistic study on these reactions,
no multiply bonded species, such as B, has, to our knowledge,
ever been isolated and characterized.”! In order to synthesize
an M—M=E metal-metal/metal-ligand multiply bonded
system, we chose to target a Ru—Ru=N nitrido complex
(Scheme 1, C) for which no structural precedents exist. This
species could be synthesized from thermal or photolytic
decomposition of the appropriate Ru—Ru—Nj; azido precur-
sor.”l This experimental strategy is attractive because syn-
thetically useful [Ru,(L),X] compounds (L =ligand) are well
known!*! and also because Ru is known to stabilize mono-
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nuclear nitrido Ru"! complexes® that form a useful compar-
ison to C.

We used the previously reported azido compound [Ru,-
(dPhf),N;] (2, dPhf=N,N'-diphenylformamidinate)’® as a
precursor for the photoreaction (Scheme 2), since it has
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Scheme 2. Synthesis of nitrido complex 1 from azido complex 2.

intense absorption bands at 520 nm and 660 nm.[! The nitrido
complex, [Ru,(dPhf),N] (1) was detected in positive-ion
mode MALDI-TOF experiments on 2. At low laser power,
only one set of peaks with the characteristic distribution of
natural Ru isotopes can be seen, centered at 984.1, which is
assigned as [2—N;]* whereas, at higher laser power, a new set
of peaks is detected at 14 mass units higher (998.1), that is
ascribed unequivocally to 1%, as is further supported by the
calculated isotopic pattern.”

Owing to its quartet ground state, the X-band EPR
spectrum of 2 at 8 K features a distinct S =3/2 signal at g ;=
4.22. Photolysis of 2 at —40°C produces a new sharp axial S =
1/2 EPR signal, described below, that is unmistakably due to a
highly reactive intermediate species because it decays rapidly
at —40°C.

Photolysis of frozen samples of 2 in CH,Cl, at 77 K
allowed us to maximize the yield of this new species, and to
observe an accompanying color change from purple to pink
upon its formation (UV/Vis spectroscopic data are given in
the Supporting Information). The new axial EPR signal
(Figure 1) clearly indicates an S =1/2 species that we suggest
is due to the photooxidation product [Ru,(dPhf),N] (1),
because photooxidation formally removes two electrons from
the {Ru,} moiety, leaving only one unpaired electron located
in an Ru, &* orbital (see below). Simulation of the EPR data
yielded g tensor components, g, =2.189 and g; =1.900, con-
sistent with axial molecular symmetry. The g value <2.00
suggests spin-orbit coupling with vacant d-orbital-based
molecular orbitals, that is, a higher oxidation state for the
diruthenium core. Introduction of hyperfine coupling to '"'Ru
and “Ru nuclei (both have I=5/2 with 17% and 12.8%
natural abundance, respectively) that are statistically distrib-
uted between two non-identical Ru positions was also
necessary for an accurate simulation. The hyperfine couplings
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Figure 1. X-band EPR spectrum of 1 (110 K) and a simulated spectrum
below.

(A) between the unpaired electron and the nuclear magnetic
momenta of the two nonequivalent ruthenium nuclei differ
significantly (A4 ,*'=20x10"*cm™ and AR'=35x
10%em™; A, ®?=6x10"cm™ and A*”=11x10"*cm™)
though both hyperfine tensors are axially symmetric, in
agreement with the molecular geometry of 1.

The resonance Raman (RR) spectrum of a photolyzed
sample of 2 was measured (Figure 2). A striking feature of the
spectrum is that the azide stretching band at 2058 cm™' that
dominates the IR spectrum of 2 is missing, consistent with
photochemical generation of 1. Additionally, a new group of
overlapping bands appears with the highest intensity signal at
847.2 cm™, which is not present in the IR spectrum of 2.7 An
isotopically substituted derivative of 2 was also prepared, *N-
2, that bears a *N-labeled azido ligand (*N-"*N-“N) that may
bind to ruthenium at either the *N or the '“N atom with equal
probability. Photolysis of *N-2 produces a mixture of 1 and
5N-1, the RR spectrum of which shows an isotopic shift of the
band at 847.2cm™! to 822.6 cm™! (Figure 2). Notably, there
are no other isotopically sensitive bands in the spectrum. This
change of 24.6 cm™' is almost exactly as predicted for the
isotopic shift of an Ru=N stretch, v(Ru=N), by reduced mass
analysis (v(Ru=N) =25.1 cm™'). We therefore assign the band
at 847.2 cm™! as v(Ru=N) for 1. Irradiation of a KBr pellet
containing 2 resulted in similar changes in the IR spectrum.!”!
In this case, v(Ru=N), found at 851.5cm™ in the room
temperature IR spectrum, is both Raman and IR active as
expected for a band of a; symmetry in the C,, point group.

It is useful to compare the v(Ru=N) value of 1 to those of
previously characterized mononuclear Ru"" nitrido com-
pounds,”! as the stretching frequency is an indicator of bond
strength. The v(Ru=N) frequencies in Ru“'-nitrido com-
pounds vary between 1000 and 1100 cm ™' as seen in Figure 2,
and reflect an Ru=N bond order of 3 (one o and two m
bonding MOs, formed by overlap of the filled N 2p orbitals
and the empty ruthenium d., d,, and d,)). We may also
compare the value of v(Ru=N) in 1 to the Ru=N stretching
frequencies for nitrogen atoms bound at Ru(0001) (v, (Ru=
N) 573 cm™)¥® and Ru(1010) (v,(Ru=N) 484 cm™)F
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Figure 2. a) Resonance Raman spectra of 1 and *N-1 measured at

77 K with an excitation wavelength of 514.5 nm. b) Comparison of Ru—
N stretching frequencies for mononuclear Ru"'-nitrido complexes o,
N-atoms attached to Ru single-crystal surfaces (v, modes) v and v,
and 1 e.

surfaces, which represent key intermediates in ammonia
synthesis by the Haber-Bosch process. These stretching
frequencies are much lower than those of the mononuclear
complexes, or of 1, which is partly due to a weaker bonding
interaction, and partly due to the nitrogen atoms bridging
three neighboring Ru atoms. The long Ru—N bond length
(1.93 A on Ru(0001) surfaces)®™ is in accordance with weak,
but significant bonding. An important aspect of this bonding
structure is that the N 2p orbitals interact with the d_. orbitals
of three surface Ru atoms, raising the Ru;N antibonding
combination above the Fermi energy, thus remaining unoc-
cupied.®*! Thus the delocalized energy levels of the bulk
ruthenium atoms act as a buffer for electrons that would
destabilize the Ru=N bond. The new Ru—Ru=N species 1, in
this respect, lies between the extremes of a mononuclear
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Ru"'-nitrido and a Ru-surface-bound nitrogen atom, indica-
tive of a new type of metal-nitrogen interaction.

Owing to the instability of 1 in solution, it has thus far
been impossible to obtain this species in crystalline form. We
have therefore accessed structural information for 1 from X-
ray absorption (XAS) data. Figure 3 shows Ru K-edge XAS
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Figure 3. a) Comparison of the normalized Ru K-edge data for 1 and 2.
b) The non-phase shift corrected Fourier transforms for 1 and 2.

data for frozen solutions of 2 before and after irradiation, for
which approximately 85% conversion into 1 was confirmed
by EPR spectroscopy. The edge region for 2, which is similar
to that measured separately for a polycrystalline sample of 2,
is broad and featureless, with a major inflection at 22116.5 eV.
The edge energy for 1, 22117.9 eV, is approximately 1 eV
higher than that for 2, signifying an increase in the formal Ru
oxidation state of one unit per Ru atom. This change is
consistent with the oxidation of {Ru,}’" in 2 to the novel
{Ru,}”" core in 1. There is also a notable pre-edge shoulder in
1 that may be attributed to p/d orbital mixing in the virtual
orbital levels, mediated by the Ru—N o interaction. Alter-
natively, this feature could be due to a 1s-to-5p ligand-to-
metal charge-transfer transition, which gains intensity as a
result of the covalent Ru-nitrido interaction.

The EXAFS region of the spectrum was also analyzed so
that Ru-ligand bond lengths could be ascertained. The data
for 2 in frozen CH,CI, solution are similar to those obtained
for the solid sample. More importantly, data for both of these
samples could be fitted with structural parameters (4.5 Ru—N
vectors of 2.06 A, and one Ru—Ru vector of 2.33 A) that are
consistent with the crystal structure of 2 (Ru—N bond lengths
of 2.06-2.08 A and a Ru—Ru bond length of 2.34 A).[l The
EXAFS spectroscopic data for 1 are significantly different
from those of 2 and could not be fitted without the inclusion
of a short Ru—N vector of 1.76 A that we propose is due to the
Ru=N group. Whereas the other Ru—N bond lengths in 1
remain at 2.07 A, the Ru—Ru bond length of 2.42 A is
significantly lengthened by approximately 0.09 Ain compar-
ison to 2, signifying a loss of metal-metal multiple bonding.
The Ru=N bond in 1 is also significantly longer, by 0.16 A,
than Ru=N bond lengths in mononuclear RuY'-nitrido
species.’! The only terminal Ru=N bond length comparable
to that of 1 is found in a Ru"-nitrido species (ca. 1.74 A),1%in
which one of the three d electrons from the Ru" center
occupies a Ru—N n* antibonding orbital, which leads to a
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lower bond order and corresponding elongation of the Ru=N
bond.

Density functional theory (DFT) was used to calculate the
electronic structure of [Ru,(HNCHNH),N], 1mod, a model
for 1 in which the eight phenyl rings have been replaced by
hydrogen atoms to facilitate computations. The structure of
1mod converged to a minimum-energy geometry with bond
lengths of 2.51 A for Ru—Ru and 1.72 A for Ru=N that are in
reasonable agreement with those found for 1 by EXAFS
spectroscopy. Other properties of 1mod that have been
calculated include the vibrational frequencies. The Ru—Ru
stretching frequency, which, although it was not experimen-
tally detected, is calculated to appear at 230 cm™'. The
calculated v(Ru=N) value, 882 cm™, is in good agreement
with the experimentally determined value, 848 cm™'. The
g tensor for 1mod was also calculated, gy=1.92 and g, =2.62,
and was found to be in good qualitative agreement with the
experimental EPR spectrum in that both the experimental
and computed g tensors are axial with g;<2.00. The com-
puted g, value is significantly different from that observed by
EPR (g, =2.19), as is to be expected because the orbital
containing the unpaired electron has Ru, 6* character and
also has a major contribution from the equatorial ligand
(HNCHNH" in the case of 1meod, but dPhf™ in the case of 1).

The electronic structure of 1mod is unique. The terminal
N atom adds a major perturbation to the typical ordering of
the Ru, orbitals (o, 27, §, 8%, 2r*, 0*)¥ by interacting strongly
with the o and & orbitals. The Ru, orbitals of 6 symmetry are
unchanged, but three-center Ru—Ru=N orbitals are formed
for both the o and & sets. The resulting three-center orbitals
(Figure 4) consist of bonding, nonbonding (n.b.), and anti-
bonding (*) combinations of the ¢ orbitals (formed from the
overlap of the Ru d,. orbitals and the N p, orbital) and =
orbitals (formed from the Ru d,, and d,, orbitals overlapping
with the N p, and p, orbitals, respectively). Filling the orbital
manifold with the nine electrons from the {Ru,}’" group as
well as six electrons from the nitrido ligand (leaving one lone
pair on the N atom) yields the following electron config-
uration: o*m*8*o(n.b.)’m(n.b.)*8*!. The unpaired electron is
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Figure 4. Molecular orbital diagram for 1mod computed by means of
DFT with contour surfaces of the three-center 0 and m orbitals, o
orbitals shown to the right, and electron configuration shown as
n.b.=nonbonding.
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thus situated in an Ru, 8* orbital that has no N character, and
has an unsymmetrical distribution about the two Ru atoms,
thus explaining the lack of N superhyperfine interactions in
the EPR spectrum as well as the two different Ru A tensors
detected. The Ru—Ru=N unit therefore involves a three-
center four-electron (3c4e) o bond and two orthogonal 3cde
bonds. We propose that this delocalization of bonding
throughout the Ru—Ru=N chain causes the elongation of
both the Ru—Ru and the Ru=N bonds and is an important
factor in stabilizing a nitrido species with the relatively low
Ru oxidation state of + 3.5, because the nonbonding Ru—Ru=
N orbitals can accommodate the electrons that would
otherwise occupy Ru=N antibonding orbitals in the case of
a mononuclear Ru—nitrido species, similar to how bulk metal
atoms act as an electron reservoir to Ru-surface-bound N
atoms. An alternative oxidation state formulation for 1 is an
{Ru,}"" group having a localized {Ru"-Ru‘} electronic
structure. Whereas this possibility has merit in the fact that
the Ru=N bond length in 1 (1.76 A) is similar to that of a
known Ru"-nitrido species (ca. 1.74 A),'” DFT calculations
on 1mod suggest a delocalized system with no filled m*
orbitals. Also, N hyperfine interactions are not detected in the
EPR spectrum of 1 but would be expected in a genuine Ru'—
nitrido center.

In conclusion, for the first time we have demonstrated that
a metal-metal multiply bonded complex is capable of binding
a terminal ligand with multiple bonds. This complex is
stabilized by electron delocalization over the second metal,
which leads to nonbonding MO combinations that can
accommodate the electrons that would otherwise occupy
antibonding orbitals in a mononuclear species. The unprece-
dented electronic structure of 1 may lead us to better
understand the unique ability of metal-metal-bonded com-
pounds to facilitate carbene or nitrene insertion reactions into
C—H bonds. We can suggest that, analogous to the delocal-
ization-derived elongation of the Ru=N moiety in 1, carbenes
and nitrenes may form weaker bonds to Rh, catalysts than
they would in the case of a mononuclear species, thus
rendering them more labile and available to react with
substrates.

Experimental Section

Conversion of 2 into 1 was achieved by irradiation of frozen CH,Cl,
solutions (0.5-2 mMm) of 2 immersed in a liquid nitrogen bath under a
nitrogen atmosphere with light from either the 514.5 nm band of a
Coherent I-305 Ar" laser (for resonance Raman samples), or 350 nm
mercury vapor lamps in a Rayonet RPR-200 photochemical reactor
(for EPR and XAS/EXAFS samples). Since most samples for
resonance Raman spectroscopy were prepared at a different photol-
ysis wavelength than the XAS and EPR spectroscopy samples, we
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prepared one resonance Raman spectroscopy sample in the photo-
chemical reactor at 350 nm, and the resulting Raman spectrum was
identical to those for samples irradiated at 514.5 nm. The best yields
(80-85%, determined by EPR spectroscopy) were obtained after 8 h
of continuous irradiation at 77 K in the photoreactor.
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