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C-H Bond Activation

Transition-Metal Complexes with Sterically
Demanding Ligands: Facile Thermal
Intermolecular C—H Bond Activation in a
Square-Planar Ir' Complex**
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The intermolecular activation of C—H bonds is a highly
desirable process!'®! and is part of many catalytic systems,-'!]
for example, the dehydrogenation of alkanes to alkenes.'>'4]
Detailed studies by various groups clearly established that the
C—H activation process is under kinetic rather than thermo-
dynamic control in most cases.'>"3 Thus, highly reactive
species, such as photochemically generated short-lived tran-
sients, for example, [Cp*Ir(PMe;)] (Cp* = CsMes), are often
required,* ! while thermally initiated C—H activation proc-
esses under mild conditions are less common.[2#1% Herein, we
describe a novel square-planar iridium() system 1, which
undergoes facile thermal intermolecular C—H activation in
benzene at ambient temperature [Eq.(1)]. The observed
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unusual low barrier is analyzed and traced by DFT methods
providing guidelines for the design of novel systems, which
would allow the activation of methane under mild conditions.

We have recently reported the synthesis of the iridium
complex 1 and its rhodium analogue.['l In the course of this
study, we noticed facile intermolecular C—H activation in
benzene leading quantitatively to the phenyl complex 2 and
methane [Eq. (1)]. In the analogous reaction of 1 with C¢Dg
formation of [Ds]phenyl analogue of 2 and [D,]methyl was
observed. Both 1 and 2 could be characterized unambiguously
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as square-planar complexes by their X-ray crystal structures
(Figure 1).'"? Compound 2 was also obtained by independent
synthesis from the corresponding methoxy complex!!! and
phenylmagnesium chloride in 38 % yield.

Figure 1. ORTEP plots (thermal elipsoids set at 50% probability) of
complexes 1 (top) and 2 (bottom).

Monitoring the C—H activation process shown in Equa-
tion (1) by '"H NMR spectroscopy indicated a clean conver-
sion from 1—2 without detectable traces of intermediates. In
neat [D¢]benzene under pseudo first-order conditions, a first-
order decay of the starting material 1 with a free enthalpy of
activation, AG5 ;=23 kcalmol~! was measured.

Overall, the outcome of the C—H activation reaction
resembles a o-bond metathesis process, which is the antici-
pated mechanism for d° early-transition-metal and lanthanide
row complexes.®1%1°l For d"-configured complexes with n >2
there are other mechanistic alternatives, for example, a C—H
oxidative-addition step, followed by C—H reductive elimina-
tion.[*2021] Tnvestigations of late-transition-metal systems of
which the cationic Ir'™ compounds [Cp*Ir(PMe;)Me]|* X~ are
prominent examples,['®?? indicate that the two-step pathway
is followed for these systems. However, it is extraordinary
difficult to distinguish between these two mechanistic scenar-
ios in the absence of experimental evidence for a C—H
oxidative intermediate.[>4202133] In the aforementioned Ir'™
system, support for the two-step pathway was provided by
DFT calculations prior to the recent isolation of a related IV
Si—H and C—H oxidative-addition product.?*2!

To elucidate mechanistic details of the C—H activation
system in the square-planar complex 1, we also resorted to
DFT methods. Since steric factors were deemed to play a
crucial role in the C—H activation process, DFT calculations
were performed on the full system. The efficient parallel RI-
DFT implementation?>] (BP-86 functional; basis: TZVP,
ECP-60-MWB (Ir), SVP (C,H,N)) of the Turbomole program
packagel?®l allowed the use of a pure quantum-mechanical
approach rather than the potentially less reliable quantum
mechanical/molecular modeling methods,?”?! which have
been applied by other groups for systems of related size.

Although we did not intend to prejudge the mechanism,
after considering the d®-configuration of 1 we preferred the
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notion of the two-step mechanism. Preliminary experimental
evidence for an Ir' intermediate was provided by the reaction
of 1 with H,, which led to a tentatively assigned, trihydride Ir™
complex and methane.””) The two-step view was partially
supported by the absence of a transition state for the o-bond
metathesis pathway in our DFT calculations. Furthermore, we
considered C—H bond activation at a three-coordinate metal
center, with C—H activation in benzene by [Ir(PiPr;),Cl] being
a well-established example.””l Related results were recently
reported for an iridium cycloalkane-dehydrogenation catalyst
bearing a terdentate cyclometalated bisphosphane donor
(PCP pincer ligand).!¥ Considering the rigid chelating ligand
in 1, the cleavage of one of the nitrogen donor arms from the
metal center was deemed to be inconsistent with the observed
low activation energy. This idea was supported by the DFT
calculations, which revealed an Ir—Ng;m,. bond-dissociation
enthalpy of 35 kcalmol ..

These results suggested that an alternative mechanistic
scenario was operative; we have therefore studied the two-
step mechanism starting from the square-planar complex 1.
For this pathway, we were able to identify the required
transition states TSy, and TSgr and the C—H oxidative Ir'!
intermediate I, (OA =oxidative addition, RE =reductive
elimination) as stationary pointsP! (Figure 2).

The calculated barrier of 22 kcalmol~! leading from 1 via
the square-pyramidal transition state TSy, to the octahedral
H;C¢-H (with benzene) oxidative-addition product I, is in
excellent agreement with the observed experimental value. It
is noteworthy that the Ir'! intermediate, I,, is energetically
“uphill” (410 kcalmol™') from 1 and benzene. This readily
explains the calculated low barrier of 12 kcalmol~! for the
reductive elimination of CH, passing over TSy to give the
energetically favored final products 2 and methane
(—4 kcalmol™). For the corresponding Rh system, 1g,, we
calculated a significantly higher barrier of 27 kcalmol-!,
which is consistent with the observed reluctance of 1g, to
undergo C—H activation in benzene even at elevated temper-
atures.

The results of the DFT calculations for C—H activation in
methane by complex 1 are also included in Figure 2. In
accordance with previous studies,>3] the barrier is higher (by
+6 kcalmol™!) than for the C—H activation process in
benzene. For the analogous less crowded, 1y, (Figure 2)
however, we derived a substantially smaller barrier of just
19 kcalmol~! for the C—H oxidative-addition step in methane
(Figure 2). Using a value of 9 kcalmol~' for the TAS* term
(AS* =+30 calmol~! K™') at RT, a free enthalpy of activation
of AG* ~28 kcalmol ' is estimated. This result suggested that
methane could be activated under relatively mild thermal
conditions in the 1y, system.

To understand the unprecedented low barriers for the C—
H oxidative-addition process in the square-planar systems 1
and 1,2 we performed an intrinsic reaction coordinate
(IRC) calculation P starting from the square-pyramidal
(Figure 2) transition state TSy, for the methane oxidative-
addition step in 1y, In the forward direction, this led to the
anticipated octahedral I product Iycys. Following the
backward reaction mode, the anticipated lengthening of the
Ir-H and Ir—C and shortening of the C-H bond was
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Figure 2. Energy diagram and proposed intermediates and transition states for the C—H activation process shown in Equation (1) based on DFT

theory.

observed. More importantly, substantial opening of the
N,rigy-Ir-Me angle from approximately 90° in the transition
state was noticeable, and significant bending was still
observed after methane was essentially fully released
(d(Ir~H—CH,) =2.5 A). This result clearly indicated bending
of the methyl group away from the chelating-ligand-metal
plane in the Ir complex as a crucial part of the C—H activation
process and prompted us to calculate a Walsh diagram for this
out-of-plane bending in complex 1 (Figure 3).

The small energy required for out-of-plane bending of the
methyl group in complex 1 is noteworthy, approximately
12 kcalmol~! for a ="70°. For the unsubstituted model com-
pound [{2,6-[C(CH,;)=NH],pyridine}IrMe] (1,,04a) We noticed
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Figure 3. Walsh diagram for out-of-plane bending of [{x*-MeP(CH,CH,P-
Me,),}IrMe] (@), complex 1 (¥), Tmoder (#), Tha (m), and [{2,6-[C(CF3)=NH];-

pyridine}irMe] (A).
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an even more shallow potential for the bending process, with
the Walsh diagrams of 1,,aq and 1y, being essentially
superimposable (Figure 3). Since identical kinetic and ther-
modynamic data for the methane C—H oxidative activation
process were also derived for 1,,,4e and 1y, we anticipate that
the lower barriers in the N-phenyl substituted complex 1y,
(compared to 1) can be attributed to the more shallow
potential of the bending process, which is a consequence of
the reduced steric crowding. This situation is in contrast to the
Walsh diagram obtained for this process in the tridentate
phosphorus donor complex, [{x*-MePCH,CH,PMe,),}IrMe].
For the latter, a significantly steeper potential for the bending
process is observed and therefore a substantially larger
contribution to the activation energy is anticipated. Before
the origin of the difference between the N and P ligands will
be addressed, the electronic structure of the bent species will
be discussed.

As previously analyzed in EHT and DFT studies, an out-
of-plane bending distortion of one ligand in a d3-configured
square-planar ML, complex leads to a C,,-symmetrical ML,
species which is isolobal to the methylene carbene unit,
CH,.?**] The [Fe(CO),] singlet state is a prominent repre-
sentative of this type of compound. In the bent complex 1, this
is also nicely reflected in the frontier orbitals (a =90°) which
have the required m(HOMO) and o(LUMO) symmetry
(Figure 4). Small C—H activation barriers would therefore
be expected for this type of species. It should be noted that for
angles a < 90°, a residual two-orbital four-electron repulsive
term between a filled metal dorbital and the occupied
0 CH orbital raises the barrier.*l This term vanishes when a
bending angle of 90° is attained, as observed in the transition
state TSp, of complex 1.
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Figure 4. Frontier orbitals of complex 1.

Out-of-plane bending potentials in d3-configured square-
planar ML, complexes have been discussed in the context of
oxidative addition of H,.**3”) The major contribution to this
unfavorable process arises from a two-orbital-four-electron
repulsive interaction between the occupied metal-based d,,
orbital and the methyl o orbitals upon bending, which is
nonbonding in the undistorted square-planar ML, complex.
As shown in Figure 5 this repulsive interaction is significantly
lowered by mixing of a diimine, pyridine-ligand-based m-
acceptor orbital in the iridium methyl complex 1.

Figure 5. Lowering of the repulsive interaction between the metal d,,
and the methyl o orbitals by mixing of a m-acceptor orbital in complex
1.

The major stabilizing contribution stems from back
donation into the -C=Ngji,. unit. It has to be emphasized
that this interaction is nonbonding if the ligands are located in
the nodal plane of the d,, orbital. As can be readily seen from
the Ngimine-I-Ngimine angle of 157° in the X-ray crystal
structure of 1, the diimine Ng,,, atoms are significantly
“bent back” from the Ir-Me unit. This arrangement is a
consequence of the ligand constraints, that is, the “too-short”
C—-N bonds, which enable strong back donation. Further
evidence for this view was provided by the Walsh diagram of
the CF; substituted diimine model compound, [{2,6-[C(CF;)=
NH],pyridine}IrMe] (Figure 3) bearing a stronger mt-acceptor
ligand. This situatiuon leads to a preference for the bent over
the square-planar structure with a calculated minimum at o =
154°. Finally, this rationale also serves to explain the larger
barrier for the bending process in the aforementioned
triphosphorus donor complex. Inspection of the DFT opti-
mized structure revealed that the o* phosphorus m-acceptor
orbitals are located in close proximity to the d,, nodal plane
and thus, significantly less stabilization through back donation
can be achieved.

We have presented a novel thermal C—H activation
system and have traced the low activation energies by DFT
methods, sterically less crowded complexes are predicted to
display even lower C—H activation barriers.
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