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Density functional theory calculations have been carried out to explore the mechanism of the H, activation by the
(PNP)Ir(CgHs) complex. Our calculations show that the reaction is most likely to go though three steps. The first step
(also the rate-determining step) involves the proton transfer from the benzylic position of the PNP ligand to the metal
center to form an Ir(lll) hydride intermediate, accompanied by the dearomatization of the PNP ligand. Second, H is
coordinated to the metal of this Ir(lll) intermediate to form a molecular hydrogen complex. Finally, the H—H bond is
heterolytically cleaved to produce the final trans-dihydride product, in which the benzylic carbon is protonated, and the
PNP ligand is rearomatized. Thus, the H, activation by the Ir(I) complex actually involves an Ir(lll) hydride complex as
a key intermediate. The Ir center and the PNP ligand cooperate in a synergistic manner in the H, activation process.
The above molecular mechanism could provide reasonable explanations for known experimental facts.

1. Introduction

A number of experimental and theoretical studies have
shown that some bond activation reactions may involve
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the cooperation of the metal center and its surrounding
ligands."”* For example, the activation of H, by
[Cp*(py)Ti=S] is promoted by a Ti=S double bond.** In
2006, Milstein et al. reported that the PNP ligand and the
metal work cooperatively via the dearomatization/aromati-
zation processes of the PNP ligand in the activation of H, by
a (PNP)Ir(C4Hs) complex.” In their experiment, one equiv
of H, reacts with (PNP)Ir(C¢Hs) at room temperature in
benzene, producing the trans-dihydride complex
(PNP)Ir(H)»(C¢Hss) exclusively (Scheme 1). When D5 is used
instead, the only product is the compound (PNP)Ir-
(H)(D)(C¢Hs) with one deuterium being at the benzylic
“arm”, other than the trans-dideuteride complex
(PNP)Ir(D)(D)(C¢Hs). It has been suggested that during
the H, activation process the reactant (PNP)Ir(C4Hs) may
first convert into a transient Ir(I11) hydride intermediate, then
this intermediate may react with H, to give the final product
(Scheme 2).*° This intermediate, with the dearomatized
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Scheme 1. Activation of H, by the Complex (PNP)Ir(C¢Hs)*
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Scheme 2. Possible Pathway for H, Activation by the Complex
(PNP)Ir(CeHs)
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pyridine ring, is assumed to be generated by the migration of
one of the benzylic hydrogens to the metal center. In fact, the
dearomatization/aromatization process of the pyridine ring
in the PNP or similar PNN ligand was proposed to be a key
step in many other reactions.”*
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Up to now, the mechanistic details of the H; activation by
(PNP)Ir(C¢Hs) have not been studied theoretically. Here, we
carry out detailed density functional theory (DFT) calcula-
tions to explore the possible reaction pathways for this H,
activation. The results from our calculations can reasonably
account for the observed experimental facts.

2. Computational Details

The calculations were carried out using the B3LYP?*3°

hybrid density functional method implemented in the
Gaussian03  program.*® The effective core potential
LANL2DZ?” was employed for Ir, and a modified LANL2DZ
basis set with the optimized 6p functions from Couty and
Hall*® and a set of f-type functions®® (Table S2) was used for Ir.
The 6-31G basis set is used for twelve methyl groups, and the
6-314++G** basis set is used for the rest of the atoms. All the
stationary points along the reaction coordinate are determined
to have singlet ground states (see Table S1 in the Supporting
Information). For each stationary point, a frequency calcula-
tion is done to check out whether it is a minimum or a transition
state and to obtain its Gibbs free energy. In addition, intrinsic
reactions coordinate (IRC)* calculations are done to verify
whether a transition state is truly connecting the reactant
and the product. The solvation free energy for each species is
calculated at the gas-phase optimized geometry, using the
polarizable-continuum model (PCM)*" with benzene as the
solvent. For each species, the free energy in the solvent is
obtained as the sum of its gas-phase free energy and the
solvation free energy.

For the rate-determining steps, we also perform DFT
calculations with several other functionals such as TPSS,*
TPSSh,* BMK,** M05,* and PBE,*® since they were shown
to provide improved reaction barriers in some cases.*’*° The
structures of the corresponding stationary points are fully
optimized with each functional, and then vibrational frequen-
cies are carried out to obtain free energy barriers in both gas
phase and the solvent.

3. Results and Discussions

In this section, the potential energy surfaces of two reaction
pathways (pathway I (Scheme 2) and II (Scheme 3)) have
been explored. Pathway I has been described earlier in the
introduction, in which the H—H bond activation occurs after
the dearomatization process of the PNP ligand. However, we
think, another reaction channel (pathway I1) should also be
considered. Along this pathway, the first step is the oxidative
addition of H, to the metal to form a cis-dihydride inter-
mediate, followed by a series of steps to produce the trans-
dihydride product. A detailed description on pathway II
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7(Benzene)

Figure 1. Optimized structures of stationary points along the pathway I. All the distances are in A.All hydrogen atoms are omitted for clarity (except those

involved in the H, activation).

Scheme 3. Pathway II for H, Activation by the Complex
(PNP)Ir(CgHs)
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(Scheme 3) will be given later in this section. For both
pathways, we have explored the potential energy profiles
for both the singlet and triplet states. Since the triplet state
surface is significantly higher than the singlet surface (see
Table S1), we only discuss the results on the singlet surface.

3.1. The Potential Energy Profile of Pathway I. The
optimized structures of all the stationary points along this
pathway (Scheme 2) are displayed in Figure 1, and the

Gibbs free energy profiles (in the gas phase and in the
solvent) are presented in Figure 2. Calculated electronic
energies, zero-point energy (ZPE) corrected energies, and
solvation free energies for all species are provided in the
Supporting Information (Table S1). Although the solva-
tion free energy has an insignificant influence on the
potential energy profile, free energies obtained in the
solvent will be used exclusively in discussing the reaction
pathways.

Along this pathway, the first step is the transfer of one
of the benzylic hydrogens to the Ir center to form a metal
hydride intermediate 2. In the reactant 1, the distance
between the Ir center and one of the benzylic hydrogens
(H1)is 3.561 A. The PNP ligand is slightly distorted from
the planar geometry, and the pyridine ring has an aro-
matic structure. The calculated Ir—N and Ir—P distances
are 2.130 and 2.316 A, respectively, being in good agree-
ment with the data from the X-ray crystal structure. >In
2, the C1—C2 distance is 1.389 A, indicating a double
bond. The geometrical parameters of the pyridine ring
show a dearomatized structure. We have successfully
located the proton transfer transition state, TSy, which
connects 1 and 2. In TS;,, the distances of C2—H1 and
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Figure 2. Gibbs free energy profiles in the solvent of the pathway I. Free energies in gas phase are presented in parentheses.

Hl-Irare 1.56501& and 1.823 A, respectively. The C1—C2
distance (1.444 A) shows a strong double bond character.
The structure of this transition state also shows that the
transfer of the benzylic hydrogen (H1) to the Ir center is
accompanied by the dearomatization process of the pyri-
dine ring. This structural change is understandable since
the dearomatization process of the pyridine ring could
help stabilize the radical center C2. Energetically, the
Ir(I1T) hydride intermediate 2 is only about 2.4 kcal/mol
above 1. The free energy barrier for this step is 35.9 kcal/
mol. To get a more accurate barrier, we perform single
point calculations with a larger basis set for the reactant 1
and the transition state TS;,. The obtained free energy
barrier is 35.1 kcal/mol in the solvent (the results are
collected in Table S2). This barrier is still relatively high
for a reaction to occur at room temperature.

In order to get a more reliable evaluation on the barrier
of this step, we have also reoptimized the structures of
species 1 and TSy, , using functionals TPSS, TPSSh, BMK,
MO5, and PBE with the same basis set (the structures of
these two species are collected in Figures S1—S4). The free
energy barriers in the solvent are calculated to be 31.9
(TPSS), 33.6 (TPSSh), 32.6 (BMK), 34.7 (M05), and 30.3
kcal/mol (PBE). Thus, all these functionals give similar
results as the hybrid B3LYP functional.

One may wonder whether there exists an alternative
pathway (with lower energy) for the transfer of the
benzylic hydrogen to the metal. The most likely one is
that the benzylic hydrogen may first migrate to the
nitrogen of the amide group, and then this hydrogen
migrates to the Ir center. However, our calculations
demonstrate that the hypothetic intermediate with the
N—H bond is not a minimum on the potential energy
surface. So this reaction channel can be excluded.

A possible explanation for the observed high rate of this
step is that the migration of the benzylic hydrogen to the
metal center could occur by a hydrogen tunneling
process.’’ —>* In 2008, Schreiner and his co-workers

(51) Caldin, E. F. Chem. Rev. 1969, 69, 135-156.
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399, 496-499.
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Table 1. Natural Atomic Charges on Atoms Involved in the H-H Cleavage
Process

3 TS4 4
Ir 0.09 0.1 0.08
H3 0.05 —0.17 —0.25
H4 0.06 0.19 0.27
c2 —0.84 —0.88 —0.81

reported that the rearrangement of hydroxymethylene
to formaldehyde (with an activation barrier of about
30 kcal/mol) could occur at 11 K by pure hydrogen
tunneling.’>>® In the experiments, species 2 can quantita-
tively convert to 1 after 10 h at —50 °C.> This fact shows
that 1 is thermodynamically slightly more stable than 2,
which is supported by the results described above. More-
over, it was observed experimentally that the transforma-
tion of species 2a (with the deuteride ligand) into 1a (with
a D- labeled benzyl “arm”) occurred only at room tem-
perature.®® This fact suggests that at room temperature
the deuterium may also migrate from the benzylic arm to
the metal center via a tunneling process.

In the second step, H, coordinates to the Ir center of species
2 via TS;;3 to form a molecular hydrogen complex 3. In TS,
3, the H3—H4 distance is 0.745 A Ttis almost the same as that
(0.744 A) in free dihydrogen. The two Ir—H distances
are 2.804 and 3.052 A, respectlvely In 3, the molecular
hydro gen is significantly activated, since the H3—H4 distance
is 0.830 A, and the Ir—H3 (Ir—H4) distance is 1.803 A
(1.798 A) This step is endothermic by 5.5 kcal/mol and has
a free energy barrier of 13.8 kcal/mol. Since the ZPE-
corrected energy barrier of this step is only 5.5 kcal/mol,
one can see that most of the free energy barrier comes from
the loss of translation and rotation entropies from H,.

From 3, H4 could directly transfer to the benzylic posi-
tion of the PNP ligand through the transition state TS5,
generating the trans-dihydride product 4. The product 4 is
thermodynamically more stable than the reactants (1 + H,)
by 8.2 kcal/mol. In TS3,4, the C2—H4 distance is 1.567 A,
the H3—H4 distance is 0.981 A, and the Ir—H3 distance is

(55) Bucher, G. Angew. Chem., Int. Ed. 2008, 47, 6957-6958. Angew.
Chem. 2008, 120, 7064—7065.

(56) Schreiner, P. R.; Reisenauer, H. P.; Pickard, F. C., TV; Simmonett,
A. C.; Allen, W. D.; Mdtyus, E.; Csdszdr, A. G. Nature 2008, 453, 906-909.
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Figure 3. (a) Optimized structures of some stationary points along pathway I1. The distances are in A.All hydrogen atoms are omitted for clarity (except
those involved in the H; activation). (b) Gibbs free energy profile (from 1+H, to 9) in the solvent of pathway II. Free energies in gas phase are presented in

parentheses.

1.856 A. As shown in Table 1, the natural atomic charge on
H4 increases from 0.06ein 3t0 0.19¢in TS3/4and to 0.27e in
4. Meanwhile, the natural atomic charge on H3 gradually
decreases from 0.05¢ in 3 to —0.17e in TS3/4 and to —0.25¢
in 4. The data clearly show that the H3—H4 bond is
heterolytically cleaved. The structural parameters of the
product 4 deserve some comments. The C1—C2 distance is
now 1.507 A, and the aromatic structure is restored for the
pyridine ring. The calculated geometrical parameters of 4
also agree fairly well with the crystal structure obtained
experimentally.” The structural change of the PNP ligand
from 3 to 4 demonstrates that the cooperation of the PNP
ligand and the Ir center promotes the facile cleavage of
the H—H bond. The free energy barrier from 3 to TS34 is
19.2 kcal/mol. Since 3 is 5.5 kcal/mol above species 2 plus
H,, the transition state TS3/4is 24.7 kcal/mol with respect to
species 2 plus H,. Experimentally, species 2 reacts with H,

at low temperature (—78 °C) to generate the product 4.
Thus, the calculated barrier (24.7 kcal/mol calculated at
298.15 K and 1 atm) is somewhat higher than expected. To
re-evaluate this barrier, we have optimized the structures of
2 and TS3/4 with several functionals described above (the
results are collected in the Supporting Information). The
calculated barriers (from 2 to TS3,4) in the solvent (298.15
K and 1 atm) are 15.2 (PBE), 17.0 (TPSS), 19.6 (TPSSh),
20.9 (BMK), and 24.3 kcal/mol (MO05), respectively. One
can see that MOS5 functional gives a similar value as B3LYP,
but other functionals lead to significantly lower free energy
barriers for this step.

From 3, the transfer of H4 to the amide nitrogen could
be another possible route (Scheme 2).>” Along this route,

(57) Fryzuk, M. D.; Montgomery, C. D.; Rettig, S. J. Organometallics
1991, 10, 467-473.
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Scheme 4. Qualitative Analysis on the Products of the Reaction of D, with the Complex (PNP)Ir(C¢Hs)”
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the intermediate 5 is produced via the transition state
TS3;s, and then this proton (H4) may further migrate
through some steps to the benzylic position to yield the
final product 4. Nevertheless, the barrier from 3 to TS3;s
is calculated to be 23.2 kcal/mol, and species 5 is thermo-
dynamically less stable than 3 by 21.2 kcal/mol (Figure 2).
Hence, in comparison with the route via TS34, the route
through the intermediate 5 is energetically disfavored.
The H—H bond is most likely to be cleaved with the
cooperation of the benzylic carbon of the PNP ligand and
the Ir center.

One may wonder whether species 4 could reductively
eliminate one of the hydrides and the phenyl ring to form
benzene and species 6. This process is exothermic by 18.9
kcal/mol. In the transition state, TSy, the Ir—H3 and
C3—H3 distances are 1.655 and 1.405 A, respectively.
Since this reductive elimination step has a free energy
barrier of 39.0 kcal/mol, the final product is species 4,
rather than the thermodynamically more stable products
6 and benzene.

3.2. The Potential Energy Surface of the Pathway II.
The schematic picture of pathway II is displayed in
Scheme 3. This pathway is initiated by the oxidative
addition of dihydrogen to the Ir center to form the cis-
dihydride intermediate 8, and then one of the hydrides may
migrate to the amide nitrogen atom to form an intermedi-
ate 9. Next, one of the benzylic hydrogens may transfer
from the opposite side of the hydride ligand to the metal,
resulting in species 5. Finally, the nitrogen-bound hydro-
gen will migrate to the benzylic position (possibly via two
successive steps) to generate the product 4.

The optimized structures of some stationary points are
presented in Figure 3(a), and the corresponding free
energy profile is displayed in Figure 3(b). First, the
oxidative addition step of H, to produce the cis-dihydride
complex 8 via TSy g is endothermic by 8.1 kcal/mol, with a
barrier of 21.4 kcal/mol. In 8, two Ir—H bonds are 1.588
and 1.591 A, respectively. The Ir—N bond is lengthened
from 2.130 A in 1 to 2.160 A, and the PNP ligand is
markedly distorted. Next, the H4 transfer to the amide
nitrogen via TSgg involves a barrier as high as 54.6 kcal/
mol. In 9, the Ir—N bond (2.248 A) is quite weak, and the
formation of the N—H bond (perpendicular to the pyri-
dine ring) results in the dearomatized structure of the
pyridine ring. Due to these structural changes, 9 is a very

unstable species, being 43.3 kcal/mol above the reactants
(14+-H») and 7.4 kcal/mol higher than TS, (the highest
point on the pathway I). Hence, without further exploring
the potential energy profile of other subsequent steps
along this pathway, one can conclude that this reaction
pathway is unlikely to be involved in the H—H activation
by the reactant 1.

3.3. Possible Explanations of Experimental Facts.
From the comparison of two potential energy profiles
obtained for pathway I and pathway I, it is clear that the
reaction is most likely to proceed via pathway 1. In the
following part, we will show that this mechanism can give
reasonable explanations for the experimental facts. First,
the reaction of H, with 1 at room temperature leads to
only the trans-dihydride product 4. As shown in Figures 2
and 3(b), the formation of the trans-dihydride product 4 is
thermodynamically favorable in the solvent, with the free
energy change of —8.2 kcal/mol. In contrast, the cis-
dihydride complex 8 is 16.3 kcal/mol above the trans-
dihydride product 4 in the solvent. By comparing the
barriers of several steps along pathway I, one can see that
the proton transfer from the benzylic position to the Ir
center to form the Ir(Ill) intermediate 2 is the rate-
determining step with a barrier of 35.9 kcal/mol (or
30—35 kcal/mol from calculations with several other
functionals). This proton transfer step with a relatively
high barrier may occur via a hydrogen tunneling process.
The formation of the molecular hydrogen complex 3 and
the H, activation step from 3 to 4 are relatively facile, with
barriers of 13.8 and 19.2 kcal/mol, respectively. Thus, the
calculated free energy profile is in reasonable agreement
with the experimental conditions, and the experimental
fact that only the trans-dihydride product 4 is observed.
Furthermore, the calculated free energy profile of path-
way I can also account for another experimental fact that
the reaction of D, with 1 only yields the product,
(PNP)Ir(H)(D)(CHs) (4a, Scheme 4), with one deuter-
ium being incorporated into the benzylic “arm” (rather
than the trans-dideuteride complex, (PNP)Ir(D)(D)-
(C¢Hs)). Although the free energy change for the reac-
tion of 4a with D, to form the trans-dideuteride complex
(4b) and H, is —0.6 kcal/mol, the free energy barrier for
the formation of the molecular hydrogen intermediate
3b from 4a is quite high (35.3 kcal/mol). Thus, species
4b is difficult to be formed at room temperature. If
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the reactant 1 reacts with D, at elevated temperatures,
it may be possible to observe the trans-dideuteride
complex 4b.

4. Conclusions

We have performed detailed density function theory calcu-
lations to investigate the molecular mechanism of the activa-
tion of H, by the (PNP)Ir(C¢Hs) complex. The potential
energy profiles of two possible pathways have been explored.
The solvent effect is considered using the PCM model with
benzene as the solvent. Our calculations show that the
reaction is most likely to go though the following route: first,
one of the benzylic hydrogens in the PNP ligand transfers to
the Ir center to form an Ir(IIT) hydride intermediate with the
dearomatized PNP ligand; second, H, is coordinated to the
metal of this Ir(Ill) intermediate to form an molecular
hydrogen complex; finally, with the assistance of the benzylic
carbon of the PNP ligand, the activated H—H bond is
heterolytically cleaved to produce the final trans-dihydride
product, in which the PNP ligand is rearomatized. The
first proton transfer step is rate-limiting with a barrier of
35.9 kcal/mol in the solvent (or 30—35 kcal/mol from
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calculations with several other functionals). This proton
transfer step may occur via a hydrogen tunneling process.
Thus, the H, activation by the Ir(I) reactant is not a typical
oxidative addition reaction. In fact, H, is activated by a key
Ir(IIT) hydride intermediate. In summary, both the Ir center
and the PNP ligand play active roles in the H, activation by
the (PNP)Ir(C¢Hs) complex. The above molecular mechan-
ism could provide reasonable explanations for available
experimental facts. The results from this study may be also
useful for understanding the ligand—metal cooperation in
other transition-metal complexes with “pincer” ligands.
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