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Electron-rich late-transition-metal complexes with terminal
metal-nitrogen multiple bonds (M=N, M=N) were considered
unstable until only a few years ago. Owing to their postulated
existence as transient intermediates in catalytic C—N and
H—N bond-formation processes, their synthesis and study
remains a highly desirable and challenging target. In this
realm, the Haber-Bosch process, for which terminal ruthe-
nium and iron nitrido units are considered active catalytic
species, is of special interest.'! These M=N structures are
formed by cleavage of dinitrogen at elevated temperatures
and undergo hydrogenation to ammonia at a later stage. The
direct observation by Cummins and Laplaza of dinitrogen
cleavage at ambient temperature in d* Group 6 compounds to
yield the corresponding d” metal complexes with metal nitrido
triple bonds M=N (M =Mo, W) was therefore a major
achievement.”! In contrast to these very stable nitrido
compounds, terminal oxido and nitrido complexes of late
transition metals are still very rare. In fact, only recently the
groups of Hill and Milstein reported on d° palladium,
platinum, and gold complexes with terminal M=O units,*!
extending an earlier study of an iridium(V) oxido system.”!

The presence of vacant metal w-acceptor orbitals has been
identified as key to the reactivity and stability of metal-ligand
multiple bonding with m-donor oxido or nitrido ligands. For
most coordination geometries only d” electron configurations
with n <6 are compatible with this requirement.® Com-
plexes with a d* electron configuration are borderline and
include the recently isolated rare examples of Group 8 metals
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(Fe and Ru) with terminal nitrido ligands."*' Examples for
d® complexes with metal-nitrogen triple bonds have been
reported for imido complexes.!>'#!

Herein, we report the synthesis, characterization, and
reactivity of a square planar iridium complex (1, Scheme 1),
which contains a terminal metal nitrido triple bond (M=N).
Complex 1 undergoes hydrogenation by molecular hydrogen
to the corresponding amido complex 3, which could have
bearing on ongoing studies toward alternative Haber-Bosch
catalysts.

A straightforward route to the iridium nitrido complex 1
entailed thermolysis of the corresponding green azido com-
plex 2 in the solid state at 40°C in vacuo (Scheme 1).
Compound 2 is obtained in excellent yield by metathesis of
the corresponding methoxido compound with trimethyl-
silylazide.l'”]

The nitrido complex 1 was obtained in essentially
quantitative yield as a violet, analytically pure sample. The
sharp signals in the 'H and “"CNMR spectra and the
observation of a resonance in the "N NMR spectrum at 6 =
1117 ppm (referenced to NHj;) for the nitrido ligand imply
that complex 1 is diamagnetic.” The v(Ir—N,;q,) Vibrational
band in the infrared spectrum as well as the Raman shift were
observed at 958 cm ™! and confirmed by "N isotopic labeling
in 1-N, which displayed a v(Ir—N,q,) band at 929 cm™!,
giving an isotopic shift in the typical range of 30 cm™'. This
Y(Ir-N,iviqo) band can be compared with v(Ir—Niq0) =
1126 cm™" for the ligand-free diatomic compound Ir=N
generated in the gas phase, which displays an Ir—N bond
length of 1.609 A,?" and with a v(Ru—N,;14,) = 1030 cm ™ for
a structurally related four-coordinate d* PNP Ru nitrido
complex.™

The proposed C,,-symmetrical geometry was confirmed
by X-ray crystal structure analysis of complex 1
(Scheme 1).?? The very short Ir—N,q, (Ir1-N4) bond of
1.646(9) A and the sum of angles around Ir of exactly 360°,
which indicates a planar geometry, are the most prominent
features of the molecular structure. The Ir—=N 4. bond (Ir1—
N1, 2.007(6) A) trans to the nitrido ligand is 0.1 A longer than
the average value for bonds of this type in related Rh and Ir
chlorido complexes, which suggests a substantial trans influ-
ence of the nitrido group. In an otherwise unchanged
geometry, this bond elongation is accompanied by a decrease
of the angle between the diimine N donors and the Ir center
to 150.6(3)° (N2-Ir1-N3). This type of deviation from perfect
square-planar geometry has previously been observed and
analyzed by our group.®?! It contributes to the enhanced
m-acceptor properties of the iridium pyridine diimine frag-
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Scheme 1. Synthesis and reactivity of the iridium nitrido complex 1 and molecular structures of 1,
3, and 4 (thermal ellipsoids are set at the 50% probability level; hydrogen atoms are omitted).

ment N;lr, thus increasing its tendency to host the strong
nitrido
ni-donor ligand.

This view is corroborated by the results of density
functional theory (DFT) calculations for the C,,-symmetrical
model complex 1-H, which bears hydrogen atoms rather than
aryl substituents at the pendant ligand nitrogen atoms. The
calculations revealed a Mayer bond order of 2.3 for the Ir—
Niiwido bOnd. Further support was gained from the partitioning
of the Mayer bond order according to symmetry contribu-
tions. Values of 0.86 for the o bond (a;) and of 0.6 and 0.84 for
the out-of-plane (b;) and in-plane (b,) 7 bonds, respectively,
clearly document Ir—N;,, multiple bonding. For the bond
ellipticity according to the atoms-in-molecule (AIM) theory, a
value of 0.05 is calculated at the Ir—N,;;4, bond-critical point.
This result is consistent with a rotationally symmetric electron
density distribution and is in the same range as the triple bond
in acetylene at the DFT level of theory.™ Furthermore, the
natural bond orbital (NBO) population analysis for 1-H
clearly revealed a triple Ir—N bond with sp hybridization of
the terminal nitrogen atom, that is, with one lone pair located
at the N ;40 donor.

Further evidence for the multiple-bond character of the
Ir—N,irieo bond was obtained from the calculated bond
enthalpy. For the Ir—N,4 bond energy in complex 1 a
value of 149 kcalmol ™' was obtained at the DFT level for the
dissociation to the *S and “A, quartet states of the nitrogen
atom and the residual metal framework N;lr, respectively.
Considering, however, that the *A, state of the N;Ir fragment
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lies 33 kcalmol™' above the S=1/2
doublet ground state (°B;), then an
estimate of 116 kcalmol " for the Ir—
Nyivico bond dissociation enthalpy
appears more appropriate. This view
is fully supported by CASSCF(10,10)
and consecutive  multireference
MCQDPT?2 calculations for 1-Me, a
methyl-substituted model of complex
1, which revealed a weighting of 84 %
for the leading configuration with an
iridium nitrido triple bond (Figure 1).
The bond order based on occupations
of bonding and antibonding natural
orbitals (Figure 1) was found to be
2.8. The preference of the doublet
state for the N;Ir fragment was also
confirmed at these levels, with energy
differences between the S=1/2 and
3/2 states of 31.9 and 44.7 kcalmol ™"
at the CASSCF(10,10) and
MCQDPT2 levels, respectively.
From the multireference calcula-
tions, a d-orbital population of 6.49
was obtained for 1-Me, suggesting a
d® electron configuration. This view is
supported by X-ray photoelectron
spectra, which afford an ionization
potential of 63.1eV for the Ir 4f;,

1.9858 1.9574

0.0981 0.1035 0.0421

Figure 1. MCQDPT2 natural orbitals with occupation values corre-
sponding to the multiple I'—N,;i4, bond for 1-Me, in which the aryl
substituents at the ligand nitrogen atoms of 1 are replaced with
methyl groups (based on the CASSCF(10,10) reference wavefunction).
Ir green, N blue, C teal, H white.

component; a value of 62.0 eV was obtained for the corre-
sponding iridium(I) chlorido complex. These results are
further consistent with Ir L;-edge X-ray absorption spectra,
which yield a 1.5 eV increase of the position of the L, edge for
the nitrido complex 1 relative to the lower (Ir) oxidation state
of the amido complex 3.

The thermal formation of the nitrido complex 1 was
monitored by differential scanning calorimetry (DSC) and
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combined differential thermal gravimetry/mass spectrometry
(DTGA/MS) measurements of the azido compound 2
(Figure 2). The moderate exothermic reaction (step 1) sets
in at 40°C and provides a value of AH = —6 kcalmol ™' for the
transformation 2—1.
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Figure 2. a) DSC and b) DTGA/MS measurements for the transforma-
tion 2—1. Black: weight loss; red: DTA signal; blue: MS peaks m/
z=28 and 14.

This value is in agreement with the results of DFT
calculations, which gave gas-phase reaction energies of —1
and —7 kcalmol™! with the BP86 and B2PLYP DFT func-
tionals. For the corresponding barrier, estimates of AE =26
and 29 kcalmol !, respectively, were derived at these levels of
theory. The observation of a mass loss of Am =3.75% with
concomitant appearance of a peak at m/z =28 in the MS trace
of the DTGA/MS experiment provided convincing support
for the envisioned N, extrusion step, for which a value of
Am =3.91% is expected. Subsequent to step 1, an additional
strong exothermic reaction (step 2) with AH = —21 kcalmol ™
takes places above T>168°C. The constant mass during
step 2 suggests an intramolecular transformation.

Identification of the product formed in step 2 is currently
underway, and a tuck-in (i.e. ligand C—H activated) structure
is the anticipated product. The DSC measurements revealed
that both steps 1 and 2 are irreversible for complex 2.[') For
the isolated nitrido complex 1, thermolysis (monitored by
DSC) yielded a single irreversible exothermic step, with the
same set-in temperature and exothermicity as step2 of
complex 2 (AH = —21kcalmol ™, T=168°C). These results
support the view that steps 1 and 2 have significantly different
energy barriers, which explains the clean formation of the
nitrido complex 1 by solid-state vacuum thermolysis of the
azido compound 2 at 40°C.

To explore the reactivity of the iridium nitrido moiety, we
investigated reactions of 1 with H, and the oxygen transfer
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reagent trimethyl amine N-oxide, which resulted in the
corresponding products 3 and 4, respectively (Scheme 1).
Prior DFT calculations at the BP86/DFT level predicted
substantial exothermicity for these transformations: —60 kcal
mol ™! for 1—3 and —66 kcalmol ' for 1—4. Whereas the
formation of the nitrosyl complex 4 was essentially instanta-
neous at room temperature,[27] the reaction of 1 with H, to
yield the amido complex 3 required several hours at 40°C at
an H, pressure of 500 mbar. Both 3 and 4 were isolated in
nearly quantitative yields and were unambiguously identified
by the results of single crystal X-ray diffraction experiments
(Scheme 1). The linear bonding mode observed for the
nitrosyl ligand in 4 is supported by the observation of a
»(NO) IR absorption band at 1759 cm™' and the chemical
shift in the "N NMR spectrum at 6 =569 ppm. In the crystal
structure of amido complex 3, we observed an extension of
the terminal Ir-N bond (Ir1-N4) to 1.926(13) A from
1.646(9) A in the nitrido complex.

For the conversion of 1 to 3, the origin of the amido
Ir-NH, protons in 3 was unambiguously confirmed by
reaction of 1 with D,. The exclusive formation the iridium
amido Ir-ND, isotopologue (within the detection limits of
"H NMR spectroscopy) clearly established the intermolecular
reaction of 1 with D, (or H,). The results of DFT calculations
for the reaction pathway indicate direct attack of H, at the
terminal nitrido unit without prior coordination of H, at the Ir
center. The calculated activation barrier of 21 kcalmol ! is
consistent with the observed reaction time. The low-lying
lowest unoccupied molecular orbital (LUMO) centered on
the terminal nitrido group is essential for the reaction of 1
with the amine N-oxide and with H,. This reactivity is best
viewed through the f, Fukui function for the nucleophilic
attack of 1-H, which shows the most electrophilic region of a
compound. For 1-H, this region is located in the square plane
at the nitrogen atom (Figure 3).*

Aryl

Figure 3. Fukui f, function for the model complex 1-H (left; Ir brown,
N blue, C teal, H white) and transition-state geometry for H, activation
in complex 1 with selected distances [A] (right).

The DFT-calculated value of 258 kcalmol ' for the proton
affinity of complex 1 at the Ir-N moiety surpasses the
experimental value of 188 kcalmol ™' for acetonitrile signifi-
cantly and is even higher than the proton affinity of
trimethylamine (228 kcalmol ™). This result implies substan-
tial basic character of the iridium nitrido unit, which has yet to
be verified experimentally.

Angew. Chem. Int. Ed. 2009, 48, 4734—4738


http://www.angewandte.org

For the protonated nitrido complex 1-H*, on the other
hand, a lower barrier of only 8 kcalmol ™' (21 kcalmol ' in the
absence of protons) is predicted for the activation of H,. This
result was confirmed by preliminary experimental studies in
the presence of a catalytic amount of acid, which revealed a
tenfold increase in rate compared to the uncatalyzed reac-
tion.[

We have presented the synthesis of a novel iridium nitrido
complex and reported its unprecedented hydrogenation to
the amido complex, which was traced by a combination of
quantum chemical methods, physical measurements, and
additional reactivity studies. Further investigations including
the chemistry of the related rhodium congener and experi-
ments related to the mechanism of the hydrogenation step
will be reported in due course.
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