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ABSTRACT: Density functional theory (DFT) calculations are

used to evaluate alternative reaction mechanisms when the hv o
photochemically produced (17°-C;Mes)IrPPh, oxidatively adds a ax - Ppot: equal distribution of 3 and S
C—H bond from either a benzene solvent molecule or a phenyl _éz E

group of the phosphine ligand. Experimentally, the ortho- '{}b 134 F S 139 ‘ﬁ(H
metalated complexes produced from intramolecular C-H P TSN 00 o Tmin T 20 T T2 Ig@
activation and the hydridophenyl complexes produced from s 9 s’ N P
intermolecular C—H activation form in a ratio of 53:47 % : m'"';’piﬁ'm' : 298
(Janowicz, A. H.; Bergman, R. G. J. Am. Chem. Soc. 1982, Ik Lothaee = 6
104, 352—354). Both products are predicted to be thermody- Ph/';—’ ands AP

namically stable such that the back reaction, reductive AGgq (kealmol) - i

elimination, is predicted to be exceedingly unfavorable. Thus,

the product ratio must be under kinetic control. The DFT calculations predict the initial formation of 7-bound intermediates,
7*-C¢H{X (X = H or PPh,), with the intermolecular z-intermediate 2.0 kcal/mol more stable in free energy than the
intramolecular z-intermediate. From these intermediates, the two competing reactions have slightly different free-energy
barriers. The intramolecular activation of a phenyl C—H bond to yield ortho-metalated complexes has a barrier of 13.4 kcal/
mol, and the intermolecular oxidative addition of solvent molecule C¢Hy to form (17°-CsMe,)Ir(PPh,)(Ph)H has a barrier of
15.9 kcal/mol. We propose that exchange between the z-intermediates is faster than the oxidative additions, so the dominant
early intermediate is the intermolecular 7-intermediate. Hence, from this intermediate the two reaction paths have free-energy
barriers of 15.4 (intramolecular) and 15.9 (intermolecular) kcal/mol. Thus, within the accuracy of DFT, the free-energy barriers
for the intramolecular pathway and the intermolecular pathway are very compatible with the $3:47 product ratio. However, the
calculations cannot completely exclude a higher interchange barrier, which would mean that the final product ratio must result
from the nearly equal distribution (53:47) of the two z-intermediates that then proceed toward their own products. Further
calculations on the less sterically crowded (17°-CsH;)IrPPh, predict that the intermolecular product should dominate the ratio.

B INTRODUCTION

Inspired by the prevalence of photochemical reactions in
nature, such as photosynthesis, bioluminescence, and vision,
research in photochemistry has received much attention
because of its potential in utilizing light as a source of
energy.l_6 Many transition-metal complexes are photoactive
and capable of triggering a cascade of reactions because of
long-lived excited states and appropriate energy gaps between
ground states and lowest excited states. They offer the
possibility to initiate reactions photochemically at low
temperature and provide alternative routes for synthesis.
Among photoactive transition-metal complexes, metal hydrides
have played a critical role in the carbon—hydrogen bond
activation of arenes and alkanes, hydrogen evolution cross-
coupling, and other C—H functionalization reactions.” ™’

The loss of H, or CO from transition-metal complexes is
one of the most common photochemical pathways to the
activation of other ¢ bonds, especially C—H bonds. In 1972,
Green and collaborators reported that the photolysis of
Cp,W(H), (Cp = 1°-C4Hy) in solution induced the reductive
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elimination of H, and the insertion of [Cp,W] into aromatic
C—H bonds."” In the 1980s, several groups began inves-
tigations to achieve direct, one-stage intermolecular oxidative
addition to saturated hydrocarbons. Graham et al. reported the
stoichiometric oxidative addition of carbon—hydrogen bonds
of neopentane and cyclohexane to a photochemically
generated iridium complex from (77°-CsMeg)Ir(CO),."" They
presumed that the 16-electron iridium(I) intermediate (-
CsMe)Ir(CO) was produced upon irradiation, to which the
carbon—hydrogen bonds of benzene, neopentane, and cyclo-
hexane oxidatively added. At almost the same time, Bergman et
al. discovered a closely related system (1°-CsMes)Ir(PMe;)-
(H),, which went through the photodissociation of H, and the
formation of (17°-CsMes)Ir'™(H)(R)(PMe;)(R = phenyl,
neopentyl, cyclohexyl) as a result of C—H bond activation.'>"?
The wide-ranging exlperimental works on this subject were
extensively reviewed."*'® In addition, computational studies
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Scheme 1. Schematic Representation of C—H Activation by (17°-CsMe;)Ir(PPh,)(H),
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also advanced our understanding of how transition-metal
complexes catalyze C—H activation reactions. Detailed
descriptions can be found in the reviews by Hall, Eisenstein,
and co-workers.'”'® Our group has a long-standing interest in
understanding the kinetics of C—H activation in Cp’ML (Cp’
= n>-CsH; or 77>-CsMes, M = Rh, Ir) complexes. Our previous
study in collaboration with M. W. George showed that lifetime
variations in the Cp’'Rh(CO)(alkane) system were a reflection
of the subtle interplay between the rates of activation and
migration.'”* Pitts et al. later extended the study to
cycloalkanes and found that compared to linear alkanes the
migration barriers were lower and the activation barriers were
higher for larger rings, increasing the lifetime of o-complexes
and influencing the overall rate of C—H activation, showing an
unexpectedly dramatic change between cyclohexane and
cycloheptane.”’ Parallel studies on TpRh complexes have
also been reported.”**

One of the common features of classical photoinitiated C—
H activation studies is that the reactions typically proceed in
pure solvent as the reactant. The intermolecular selectivity of
C—H bonds can be determined from product ratios by using
mixtures of two hydrocarbons as solvent. Rare are cases that
involve both intramolecular and intermolecular C—H
activation, which makes the reaction in Scheme 1 particularly
interesting, where the extrusion of dihydrogen was detected
when (>-CsMes)Ir(PPh;)(H), was irradiated in benzene,
followed by the activation of both intramolecular and
intermolecular C—H bonds. The ortho-metalated complex
and the hydridophenyl complex formed in a 53:47 ratio."
Irradiation in a solvent of acetonitrile gave all ortho-metalated
products. When Cplr(PMe;)(H), was used for irradiation in
benzene, only the hydridophenyliridium complex was
obtained. Because of limitations in methodologies and
techniques available at the time, not much information was
provided about the dynamics of the reaction. Although time-
resolved experiments were found for closely related carbonyl
analogues Cp'M(CO),(M = Rh or Ir) with hydrocarbons,
comparative studies for LM(PPh;) reactants in hydrocarbons
have been neglected, in part because they lack the conveniently
measured CO ligands.”* >

In this work, the photochemical reaction of (1>-CsMe)Ir-
(PPh;)(H), in benzene (Scheme 1) is reinvestigated from a
theoretical perspective using density functional theory. This
study is aimed at understanding the experimentally observed
product ratio (ortho-metalated complexes/hydridophenyl
complexes = 53:47), where the enthalpically favored
intermolecular products are formed in a ratio nearly equal to
that of the entropically favorable intramolecular products. The
mechanisms are calculated in an attempt to understand the
competing intra- and intermolecular formation processes. The
interchange routes between the two pathways and other factors
such as solvent effects and concentration differences that could
shift activation energies and the chemical equilibrium are also
investigated.

B COMPUTATIONAL METHODS

All theoretical calculations were performed with Gaussian 09, revision
DO01.> Calculations from coupled cluster theory, CCSD(T), were
used to benchmark a variety of functionals: TPSS,”® M11,%° M11-L,*°
MN128X,*" and ®wB97XD.*> In these benchmark calculations,
truncated molecular models Cplr(PH,Ph) and Cplr(PH,) were
used for the intra- and the intermolecular reactions, respectively
(Scheme S1). The geometries used for CCSD(T) calculations were
optimized from the TPSS functional in combination with basis set
BS1 (aug-cc-pVQZ-pp™ for Ir with the corresponding pseudopoten-
tial and cc—pVTZ34 for C, H, and P). The electronic energies obtained
from single-point CCSD(T) calculations using BS2 (cc-pVTZ-pp for
Ir with the corresponding pseudopotential and cc-pVTZ for C, H, and
P) were corrected to the complete basis set (CBS) limit. This basis-
set extrapolation was based on a series of MP2 calculations with
systematic increases in the basis set (cc-pVTZ, cc-pVQZ, and cc-
pVSZ) (Tables S3—S8). The activation energy was calculated to be
26.30 kcal/mol for the intermolecular reaction and 16.55 kcal/mol for
the intramolecular reaction at the CBS limit (Table S1). Because the
major concern was the relative rate between the intermolecular and
intramolecular reaction, the 9.75 kcal/mol activation energy difference
was used to evaluate the performance of density functionals for this
system. Each species presented in CCSD(T) calculations was
optimized by the tested functionals mentioned above using BS2.
MI11 was selected because it produced an activation energy difference
(9.85 kcal/mol) closest to the benchmark value among the tested
functionals. Optimization and frequency calculations were performed
on full molecular models at M11/BS2. Solvent corrections to free
energies have been made through single-point calculations on gas-
phase-optimized geometries using the SMD model.>* For an
association reaction A + B — C, the computed Gibbs free energies
(G®,tm), which correspond to a 1 atm standard state, were corrected
to a 1 M solution standard state (G°j), and a standard state
correction was applied (AG®y = AG®,,,, — 1.9 kcal/mol, Section S3
in the SI). Because the intermolecular reaction has the solvent as a
reactant, the large benzene to Ir complex ratio results in drastically
different effective concentrations for intra- and intermolecular
reactions. To compare the rate of the intra- and intermolecular
reactions on the same scale, a concentration correction (—5.1 kcal/
mol, Section S3 in the SI) to the Gibbs free energy was further applied
to species in the intermolecular pathway.

B RESULTS

Intramolecular Reaction. The energy profile for the
ortho-metalation pathway of (1°-CsMe;)IrPPh; is shown in
Scheme 2. As expected, the phenyl groups in the propeller-like
PPh; ligand are not symmetric in these complexes and are
arranged in such a way as to minimize the ring—ligand
interaction and ring—ring repulsion in the pseudo-octahedral
complexes.*® Reactant dihydride complex 1 is fully optimized
(Figure S1) in order to compare energetic and geometric
changes with other species involved in the reaction. Losing a
dihydride from complex 1 followed by geometry optimization
results in a 16e” Ir(I) complex that is optimized to a stationary
point on the potential energy surface with no imaginary
frequencies, which is labeled as complex 2 (Scheme 2 and
Figure 1). The C—H bond closest to Ir in complex 2 (labeled
C,—H) is slightly longer (1.090 A) than other C—H bonds
(1.084—1.086 A) on the same phenyl ring, indicating weak o-
interaction with the metal center. This weak o-complex, 2, is
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Figure 1. Optimized geometric structures of selected species along
the intramolecular reaction pathway. Bond distances are shown in
angstroms.

unstable with TPSS or @wB97XD functionals, and their
geometry optimizations lead directly to intermediate 3.
Intermediate 3 could be obtained by all other tested
functionals and is found to be 9.6 kcal/mol more stable than
isomer 2 with the M11 functional. Hence, complex 3 is set to
zero for all energy profiles. In complex 3, two Ir=Cheny
distances were shortened to 2.14 and 2.16 A and then the
C,—C, double bond was stretched to 1.46 A (1.39 A in
complexes 1 and 2), suggesting the formation of an
intramolecular 7-complex. This distortion is accompanied by
a decrease in the Ir—P—C,—C, dihedral angle (from —30.7 in
2 to —60.5° in 3) and a decrease in the Ir—P—C, angle (from
110.1 in 2 to 64.2° in 3). The search for a transition state
between 2 and 3 produced one which is 1.5 kcal/mol above 2
in free energy with an extremely small imaginary frequency (f
= 19.06i), corresponding to the motion of decreasing the Ir—
P—C angle (Figure S2).

Next, the oxidative addition reaction of the intramolecular
phenyl C—H bond proceeded via transition state TS1. In TS1,
the H being activated was nearly coplanar with Ir—=P—C,, the

Ir—=P—C,—C, dihedral angle increased from —60.2° in 3 to
—17.1° in TS1, and the Ir—=P—C, angle increased to 92.9° in
TS1. The Ir—H distance shortened to 1.94 A, and the C—H
bond elongated to 1.14 A. The single imaginary frequency
(71.1i) of TSI corresponds to the Ir—H distance change
coupled to the phenyl ring rotation around the P—C, bond and
the P—C,—C, angle change. Such a motion enabled the
activated C and H atoms to approach Ir, cleaving the C—H
bond and forming new Ir—H and Ir—C bonds. TS1 was 3.8
kcal/mol higher in free energy than intermediate 2 and 13.4
kcal/mol higher than intermediate 3. In newly formed product
4, the Ir—H and Ir—C, bond lengths were 1.58 and 2.06 A,
respectively. Product 4 was 35.1 kcal/mol more stable than
TS1. In summary, a free-energy barrier of 13.4 kcal/mol is
predicted for the formation of ortho-metalated product 4 from
3 via the intramolecular pathway.

Intermolecular Reaction. Activating a free benzene
molecule with the Ir photoproduct requires two general
steps: association and then activation. Association of the
solvent benzene with the electron-deficient (17°-CsMes)IrPPh,
fragment yields #*-z-complex 5 (Scheme 3, Figure 2).

Scheme 3. Energy Profile for the Intermolecular Reaction of
(1°-CsMe,)IrPPh, with Benzene®
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Experimental evidence for the intermediacy of an #*-arene
complex in the activation of aromatic C—H bonds was
observed by Jones for the (17°-CsMes)Rh[PMe;](H)(C4Hs)
complex early in 1982.%” Natural bond orbital (NBO) analysis
was also performed to scrutinize this type of coordination in

Scheme 2. Energy Profile for the Intramolecular Reaction of (17°-CsMe;)IrPPh;”
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Figure 2. Optimized geometric structures of selected species along
the intermolecular reaction pathway. Bond distances are shown in
angstroms.

structurally related complexes.38 Interestingly, the lengths of
the Ir—C, bond and the lengths of the 7*-coordinated C,—C,
double bond in 5 were almost the same as those in
intramolecular 7-complex 2. As shown in Figure 2, the
coordinated benzene in complex § is parallel but displaced
from a phenyl ring on the phosphine, so it appears to be
stabilized by m—n stacking. Complex $ is enthalpically more
stable than 3 by 14.9 kcal/mol but only 2.0 kcal/mol more
stable in free energy because of the entropy loss. The next step
is the oxidative addition of a benzene C—H bond to form the
new Ir—C and Ir—H bonds. In spite of numerous searches, a
stable o-complex was not formed before the association of
benzene in forming 7-complex S or between z-complex § and
the oxidative-addition transition state, TS2 (imaginary
frequency = 113.6i). From § to TS2, the Ir—C distances
changed from 2.14 and 2.15 to 2.60 and 3.10 A, and the Ir—-H
distance shortened to 2.20 A and the C,—H length slightly
elongated to 1.10 A. The Gibbs free energy barrier from 5 to
TS2 was calculated to be 15.9 kcal/mol. The Ir—H and Ir—C,
bond lengths in intermolecular oxidative-addition product 6
(Figure 2) are similar to those in intramolecular product 4.
Compared to the intramolecular reaction’s enthalpy (AH =
—22.0 kcal/mol), the intermolecular reaction is more
exothermic (AH = —39.6 kcal/mol). In spite of the large
enthalpy difference, hydridophenyl product 6 is only 8.1 kcal/
mol lower in free energy than ortho-metalated product 4, again
a reflection of entropy and concentration differences.
Interchange. As shown in Scheme 4, ortho-metalated
product 7 could also be produced from complex $§ via a
intramolecular oxidative-addition interchange path through
transition state TS3. TS3 has an imaginary vibrational
frequency of 646 cm™!, corresponding to the movement of
the H between the phosphine phenyl carbon and the Ir, with
selected geometric features shown in Figure 3. Compared to 7-
complex intermediate §, the Ir—C distances for the benzene in
TS3 are almost the same (2.15 and 2.18 A), indicating that 7-
coordination is not affected by the C—H activation. The Ir—H
length in TS3 was much shorter (1.63 A) and the C;—H bond
was longer (1.40 A) than those in TS1 and TS2. Although the
CsMeg tilts away to reduce the increasing electron density in
the transition state, it did not bring the barrier (51.5 kcal/mol
above §) into a viable range. We hypothesized that the higher

Scheme 4. Energy Profile for the Interchange of the
Intermolecular and Intramolecular Pathways”
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Figure 3. Optimized geometric structures of selected species along
the intramolecular reaction pathway. Bond distances are shown in
angstroms.

relative free energy of transition state TS3 came from the
complex’s reluctance to accept two more electrons and become
a nearly 20e” transition state. As the formation of the new Ir—
H and Ir—C, bonds are completed, the 7>-benzene dissociates
and drifts away. The reaction path shown in Scheme 4
produces ortho-metalated product 7, in this orientation as the
optical isomer of 4 in Scheme 3.

B DISCUSSION

The reverse reaction, reductive elimination, from the intra- and
intermolecular products, 4 and 6, would need to proceed back
over TS1 and TS2 with free-energy barriers of 35.1 and 43.7
kcal/mol, respectively. Thus, from the high reverse barriers, we
conclude that the reaction is under kinetic control.

The results shown in Scheme 4 indicates that a concerted
interchange between the inter- and intramolecular pathways
from 5 to 7 is excluded because of the high barrier at TS3, and
an alternative interchange could occur between intermolecular
m-complex $ and intramolecular 7z-complex 3. Unfortunately,
our extensive search for such a concerted barrier between §
and 3 led to the dissociation of the PPh; ligand. Because such
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concerted interchanges all involve 20-electron transition states,
they will have high barriers or will result in the dissociation of
another ligand. Thus, the only possibility of an interchange
between the two pathways would be through a species such as
2. For this situation, the upper limit for the free-energy barrier
in the simple dissociation of a benzene from $ to form 2 can be
estimated as the enthalpy of dissociation, (14.9 (3—5) + 16.0
(2—3) = 30.9 kcal/mol), which is substantially higher than the
oxidative-addition barriers. Thus, in this situation the final
product distribution would be totally dependent on the initial
distribution of the s-intermediates, which must be almost
equal in order to explain the observed product distribution.

However, our calculation shows that a subtle geometry
displacement of species 2 leads to 3, which might indicate that
the interchange barrier between S5 and 3 is substantially
overestimated above. If the free-energy barrier between § and 3
is estimated at its lower limit, it would involve just the
enthalpic difference (3—$ = 14.9 kcal/mol). In the reverse
direction from 3 to S, the lower limit would be the free-energy
barrier between 3 and 2 plus the attachment barrier for a
benzene molecule to enter the iridium’s coordination sphere
(9.6 (3—2) + ~3.3) = 12.9 kcal/mol. These two estimates
produce a consistent barrier with both directions. Although the
value of 3.3 was chosen to produce consistent barriers for both
directions, such a value is also consistent with the measured
lifetime for the coordination of species following photo-
chemical ligand ejection.”** With this barrier, which is smaller
than either of the C—H activation free-energy barriers,
intermolecular z-intermediate 5 would predominate initially
in the reaction mixture after the photolysis because of its lower
free energy. Then, it would cost 15.9 kcal/mol for § to reach
TS2 (2.0 + 13.9 on the intermolecular pathway), and it would
cost 15.4 kcal/mol for § to reach TSI via 3 (2.0 + 13.4 on the
intramolecular pathway). Therefore, these calculated barriers
are highly consistent with the experimental findings that the
intra- and intermolecular products, 4 and 6, are present in a
ratio of 53:47.

To compare electronic vs steric effects, we calculated the
energetics of the Cp-substituted analogues, (1>-CsH;)IrPPh,
(Scheme SS in SI). Despite the fact the Cp is a poorer donor
compared to 7°-CsMe;, the barriers for both the intra- and
intermolecular activation steps are lower (Scheme S5). For
(°-CsHg)IrPPh,, the intra- and intermolecular free-energy
barriers with respect to their intermediates are 12.8 and 13.6
kcal/mol, respectively, and for (17°-C;Me;)IrPPh, they are 13.4
and 15.9 kcal/mol. Interestingly, for the (17°-CsH;)IrPPh,
system the intermolecular intermediate, #7*-7z-complex §"’, is
4.8 kcal/mol more stable than the corresponding intra-
molecular intermediate, 3'/, whereas for the (7>-CsMes)IrPPh,
system, S is only 2.0 kcal/mol more stable than 3. Applying the
pre-equilibrium argument described above raises the barrier for
the intramolecular path by 4.8 kcal/mol, which raises the
intramolecular free-energy barrier to 17.6 kcal/mol, much
higher than the intermolecular free-energy barrier of 13.6 kcal/
mol (Scheme SS). Thus, for these C—H activations the steric
effect of Cp outweighs its electronic effect, especially in the
intermolecular reaction that has a lower activation energy and a
more stable intermediate, which raises the effective activation
barrier for the intramolecular reaction. Experimentally, the
predicted ratio would be much closer to 1:99. From the
alternative perspective, the bulky 7°-CsMes slows down the
intermolecular C—H activation substantially more than the
intramolecular one.

B CONCLUSIONS

The geometries, electronic structures, and energetics of the Ir
complexes in the photochemical reaction of (17°-CsMes)Ir-
(PPh;)(H), in benzene were studied by DFT calculations. The
DFT electronic energy barriers for the oxidative addition of a
C—H bond from PPh; and that of benzene were calibrated
against CCSD(T) calculations, which resulted in our choice of
M11 for this study. Extensive analysis of the results provide
two alternate explanations for the experimental ratio (53:47) of
the two products (intra-/intermolecular). If the two pathways
rapidly interchange before oxidative addition, then the free-
energy barrier for the intermolecular reaction that generate the
hydridophenyl complex is 15.9 kcal/mol, while that for the
intramolecular reaction that generates the ortho-metalated
product is 15.4 kcal/mol. The intramolecular barrier is 0.5
kcal/mol lower than the intermolecular barrier, indicating that
the ortho-metalated complexes should be slightly more
favored. This conclusion successfully justifies the product
ratio reported in the experiment. However, we cannot exclude
the possibility that the interchange barrier between the intra-
and intermolecular z-intermediates is higher than the
oxidative-addition barriers. In this case, the observed product
distribution must result from nearly equal initial distributions
of the sz-intermediates after the photolysis. Finally, the
calculations on less sterically crowded (77°-CsHg)IrPPh, predict
that similar experiments on this system would produce
significantly different ratios if the pre-equilibrium argument is
correct.
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