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Kinetic C—H Oxidative Addition vs Thermodynamic C—X Oxidative Addition of
Chlorobenzene by a Neutral Rh(I) System. A Density Functional Theory Study’
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Density functional theory (DFT) is used to explore competitive C—H and C—Cl oxidative additions (OA) of
chlorobenzene by the neutral Rh(I) complex: (PNP)Rh! [PNP = bis(Z-2-(dimethylphosphino)vinyl)amino].
Consistent with experimental results, our calculation shows that C—Cl OA (AG* = 16.0 kcal*mol™) is
kinetically competitive with C—H OA (AG* = 16.7 kcal *mol™") and that the C—Cl OA is thermodynamically
preferred by 28.3 kcal-mol ™! over the most stable C—H OA product. Hence, the only experimentally observed

product was from C—CI OA.

Introduction

Carbon—hydrogen bond activation by transition metal com-
plexes, an extremely important process in functionlizing hy-
drocarbons, has been studied extensively by both experimental
and theoretical investigations' since the pioneering studies of
methane activation by Shilov,> Bergman,® Jones,* and Graham.’
The group 9 metals® have played a central role in the expansion
of this challenging field; their complexes, especially those of
iridium,” have been intensively investigated in C—H activation.

The ability to selectively and catalytically activate C—H bonds
has tremendous utility in organic synthesis. Because of their
strength, C—X bonds in haloarenes, commonly used organic
substrates,? are expected to be less likely to undergo oxidative
additions to transition metal species than the C—H bonds.
However, the C—X bond polarity can increase the binding
tendency of the C—X bonds over that of the C—H bonds, so a
given metal—ligand complex may prefer to activate one of these
bonds over the other. Due to steric effects, C—H bond activation
in haloarenes usually takes place at the less hindered positions,
forming predominantly in a mixture of meta- and para-activated
complexes. However, Milstein and co-workers recently de-
scribed an unprecedented ortho C—H activation preference (at
<60 °C) in chloro- and bromobenzene via oxidative addition
to the cationic [(PNP*)Ir']t [PNP* = 2,6-bis((di-tert-butylphos-
phino)methyl)pyridine] where the halogen acts as a directing
group (Iin Scheme 1).° It is now well established that this highly
electron-donating and bulky tridentate PNP ligand generates
unusual transition-metal chemistry.!® No C—X activation prod-
ucts were observed in this study. More recently, Ozerov and
co-workers reported a similar ortho activation preference for
C—H oxidative addition, but importantly, this preference was
kinetic at 70 °C, and the thermodynamic preference was for
C—X (X = Cl, Br) addition at >100 °C to (PNP)Ir(H), [PNP =
bis(2-(diisopropylphosphino)-4-methylphenyl)amino] (II in
Scheme 1).!' Ozerov and co-workers also recently reported that
an analogous rhodium fragment (PNP)Rh! reacts with haloarenes
to produce exclusively C—X (X = Cl, Br, I) OA products in
<24 h at 22 °C (III in Scheme 1)."> These three studies all
suggest that the OA reactions proceed via a 14-electron three-
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coordinated intermediate, [(PNP*)Ir']", (PNP)Ir', and (PNP)Rh/,
respectively.

Although there have been extensive theoretical studies of
C—H bond addition in group 9 metals, there has been only one
recent report in a simple Ir(PH;),(H) model compound of the
thermodynamic vs kinetic preference of C—X bonds vs C—H
bonds, respectively.'> We have been studying the kinetic and
thermodynamic behaviors of aromatic OA reactions for cationic
and neutral group 9 systems; here, we report our work on the
haloarene OA reactions of Rh' to explain the experimental
observations'? (IIT in Scheme 1) and discuss the similarities and
differences between the current neutral Rh' complex and the
cationic and neutral Ir' complexes.

Computational Details

All geometry optimizations and frequency determinations
were carried out with the Gaussian 03 package of programs'*
at the B3LYP computational level.!"> Transition states were
located with the use of synchronous transit-guided quasi-Newton
method.'® The basis set used for Rh is the extended valence
double-& LANL2DZ!” basis set, in which 5s and 5p functions
were replaced by the reoptimized functions of Couty and Hall,'®
and a set of diffuse f functions (exponent = 1.350 (Rh)) was
added.” The LANL2DZdp basis sets were employed for
phosphorus and chlorine.”’ The 6-31G(d’) basis sets were applied
to all carbon, nitrogen and hydrogen atoms.?' Our computational
models have methyl groups attached to the phosphorus atoms
(i.e., P(CH3),), a compromise between the use of hydrogen
atoms and the alkyl groups actually employed in the experiment
(‘Pr).

All computed structural data are documented in the Support-
ing Information, and we show models only of the most relevant
conformations of the reactants and products and of the transition
state structure between them (Figures 1—6). Total energies E
(in atomic units), vibrational zero-point energies VZPE
(kcal-mol™!), thermal energies TE (kcal*mol !, 298.15 K), and
entropies S (cal*mol~'*K™!) are reported as part of the Sup-
porting Information (Table S1). We report and discuss AE, AE),
AH, and AG data unless noted otherwise (Table 1).

Throughout this paper, bond lengths are given in Angstroms,
bond angles in degrees, and relative reaction energies in
kcal+mol .
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Results and Discussion

As reported, the thodium fragment (PNP)Rh' reacts with
haloarenes to produce exclusively C—X (X = Cl, Br, I) OA
products in <24 h at 22 °C (Il in Scheme 1).!2 The (PNP)Rh!
fragment was produced via a C—C reductive elimination (RE)
reaction from the complex (PNP)Rh!(Ph)(Me). The kinetic study
suggests that the C—C RE follows clean first-order kinetics and
is the rate-determining step as the (PNP)Rh! fragment rapidly
undergoes C—X oxidative addition. No C—H OA products were
observed. In this present study, we explore the C—C RE of 1—-3
and both C—H and C—X OAs of 3 to 5 and 6, repsectively
(Scheme 2).

Rate-Determining C—C Reductive Elimination of 1 to 3.
1 s a five-coordinated d® complex, with a geometry closer to a
square based pyramid than a trigonal bipyramid. Two isomers
of 1 are possible depending on which group, Me or Ph, occupies
the apical site (Me apical in 1a and Ph apical in 1b, Figure 1).
1a is more stable than 1b by 3.0 kcal-mol~! (Table 1) and is
therefore taken as the reactant for the following study.

Reductive elimination (RE) from 1 proceeds initially to an
intermediate adduct between the (PNP)Rh! fragment (3) and
PhMe (2), IM1, before PhMe is lost to form 3. Although
reductive elimination leading to a carbon—carbon bond is an
important step in organometallic reactions, details of the C—C
RE reaction remain largely unexplored for group 9 metals.
Although the transition state TS1 resembles a C—C o-complex
(agostic) with a long C—C bond, the most stable adduct IM1
is a Me bound #?>—H-C o-complex (other higher energy o- and
m-complexes are also possible). The optimized geometries of
TS1 and IM1 are shown in Figure 2. The C—C RE reaction of
la to 2 and 3 is exothermic (AH = —3.6 kcal-mol™') and
exergonic (AG = —16.4 kcal-mol~!); however, the process
requires 23.3 kcal*mol™!' for the free-energy barrier. This
relatively high barrier is in agreement with the experimental

observation that the C—C RE reaction is the rate-limiting step
of the entire process.

C—H and C—Cl Oxidative Addition Products. Although
the C—Cl OA product is observed exclusively, we have
examined both C—H and C—CI OA reactions in this study so
that we could understand why C—H OA products are not
observed. Possible products from OA of chlorobenzene, 4, to

TS1

IM1

Figure 2. Optimized geometries of adduct IM1 and transition state
TS1.
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TABLE 1: Pertinent Energies, Enthalpies, and Gibbs Free Energies (kcal-mol™!)

‘Wu and Hall

parameter AE AE, AH AG
relative energy vs la 1b 2.35 2.10 2.06 2.95
M1 —9.54 —8.44 —8.56 —9.12
relative energy vs 6 Sa 30.69 28.16 28.08 28.28
5b 35.59 32.83 32.84 32.25
Sc 36.62 33.75 33.82 32.75
5d 36.68 33.85 33.89 32.66
Se 37.57 34.64 34.75 33.34
7a 29.54 29.10 28.93 29.25
7b 29.72 29.31 29.13 29.51
Te 33.58 33.19 32.99 33.42
IM2-a 38.33 37.45 37.58 36.14
IM2-b 38.41 37.32 37.49 35.93
IM2-¢ 37.25 36.49 36.51 35.40
IM2-d 37.15 36.34 36.41 35.11
IM2-e 37.07 36.32 36.35 35.31
M3 35.02 34.41 34.61 32.56
activation barriers la — TS1 22.60 22.69 22.19 23.28
5a — TS(5a,5b) 17.58 17.92 17.32 19.50
5b — TS(5a,5b) 12.68 13.25 12.56 15.53
5S¢ — TS(5¢,5d) 3.69 4.04 3.34 6.40
5d — TS(5¢,5d) 3.63 3.94 3.27 6.48
7a — TS2-a 19.13 16.51 16.35 16.71
S5a — TS2-a 17.99 17.45 17.19 17.68
7a — TS2-b 15.98 13.32 13.15 13.66
5b — TS2-b 9.94 9.59 9.24 10.65
7a — TS2-c 14.23 11.57 11.41 11.60
5S¢ — TS2-c 7.16 6.91 6.52 8.11
7a — TS2-d 14.28 11.56 11.45 11.42
5d — TS2-d 7.14 6.81 6.49 8.01
7b — TS2-e 14.70 11.95 11.83 11.86
Se — TS2-e 6.85 6.62 6.21 8.04
7a — TS3 16.56 15.99 15.86 16.03
6 — TS3 46.10 45.08 44.79 45.28
reaction energies la—2+3 —3.75 —3.25 —3.55 —16.43
la — IM1 —9.54 —8.44 —8.56 —9.12
IM1—2+3 5.79 5.19 5.01 —7.31
3+4—7a —17.44 —16.76 —16.55 —3.88
3+4—7b —17.26 —16.55 —16.36 —3.62
3+4—1IM2-a —12.80 —12.43 —11.67 4.44
3 +4—1IM2-b —12.82 —12.61 —11.81 4.13
3+4—1IM2-c —14.38 —13.84 —13.26 3.36
3 +4—1IM2-d —14.53 —14.06 —13.41 2.92
3+ 4—IM2-e —-3.79 —6.79 —6.68 12.18
3+4—1IM3 —11.97 —11.44 —10.87 —0.57
7a — 5a 1.14 —0.93 —0.84 —0.97
7a — 5b 6.04 3.73 391 3.01
7a — 5c 7.07 4.65 4.89 3.50
7a — 5d 7.14 4.75 4.96 3.41
7b — Se 7.85 5.34 5.62 3.82
IM2-a — 5a —7.64 —9.28 —9.50 —7.86
IM2-b — 5b —2.73 —4.49 —4.65 —3.67
IM2-¢ — 5c¢ —0.63 —2.74 —2.69 —2.66
IM2-d — 5d —0.47 —2.49 —2.52 —245
IM2-e — 5Se —6.85 —6.62 —6.21 —8.04
7a—6 —29.54 —29.10 —28.93 —29.25
IM3—6 —35.02 —34.41 —34.61 —32.56

the unsaturated 14-electron (PNP)Rh' complex 3 include 16-
electron five-coordinate Rh™ complexes from both C—H OA,
(PNP)Rh(H)(CsH4CI) (5), and C—C1 OA, (PNP)Rh(CI1)(C4Hs)
(6) (Scheme 2).

Five isomers of C—H OA product 5 are possible, Sa—5e
(Figure 3), with 5a being the lowest energy C—H OA isomer
because of an additional Ph—Cl---Rh coordination. We also
studied the rotation about the Rh—C for the rotamer pairs: 5a/
5b, and 5¢/5d. The rotation about Rh—C bond is relatively
restricted between rotamers 5a and 5b (AG* = 15.5 kcal+mol™}),
but somewhat unrestricted between rotamers 5¢ and 5d (AG*

= 6.4 kcal-mol™!). The C—CI OA product, 6, is the thermo-
dynamically most stable product, 28.3 kcal*mol™! and 33.3
kcal*mol~! lower in energy than 5a and Se, respectively (Table
1). The potential isomer of 6, which has CI occupying the apical
position, does not exist on the potential energy surface.
Optimized geometries of Sa—5e, TS(5a,5b), TS(5¢,5d), and 6
are shown in Figure 3.

n*-Coordination Products, (PNP)Rh(#?-C¢H;Cl), 7. Since
n? coordination of arenes to transition metals may occur in a
step prior to oxidative addition.”> We examined three possible
isomers of the 5?>-C¢HsCl adducts with the C—C double bond
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SCHEME 2

perpendicular to the pyridine plane (Figure 4). When chlo-
robenzene binds in an %> manner, the 2,3-position (site a) is
the preferred site for #?-coordination to 3 because the double
bond character is higher between C(2) and C(3) (high population
in st and low population in 77¥) as a result of conjugation with
the sr-donor Cl. The Cl-substituted double bond (site ¢) is the
least favored site by 4.2 kcal*mol ™! due to the decreased olefinic
character at the C=C bonds adjacent to Cl. Coordination to the
3,4-position (site b) is only destabilized by 0.3 kcal *mol~! with
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Figure 3. Optimized geometries of 5a—S5e, 6, TS(5a,5b), and TS(5¢,5d).
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respect to site a. Although 7?-coordination of C¢HsCl to 3 induces
a loss in resonance energy in the aromatic ring,”® the arene is bound
by ~17 kcal*mol . These 7*-C4HsCl adducts are much less stable
than the C—Cl OA product but are similar in energy to the C—H
OA products. Hence, an equilibrium may exist between the 7>
coordination and C—H OA products. In addition to these s7-bound
arene adducts, the arene can coordinate via one or more C—X o
bonds making o-complexes. These complexes are all less stable
but are on the reaction path for the C—X OAs.

TS(5¢.5d)
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Figure 4. Optimized geometries of isomers of 7>-CsHsCI complex 7.

C—H o0-Complexes and Transition States for C—H OA.
Upon the addition of chlorobenzene 4, we assume that the key
intermediate (PNP)Rh' 3 undergoes C—H OA reactions via
Ire+«H—C o-complex (agostic) intermediates: from IM2-a to
5a, from IM2-b to 5b, from IM2-c to 5S¢, from IM2-d to 5d,
and from IM2-e to Se. Optimized geometries of o-complexes,
IM2-a—IM2-e and the corresponding transition states, TS2-
a—TS2-e are shown in Figure 5. The Ir—H and Ir—C bonds
have nearly formed in the transition states as indicated by their
short distances. Relative to 3 + 4, the formation of the
o-complexes IM2-a—IM2-e is exothermic (AH = —12.8, —8.7,
—9.7, —9.8, —9.9 kcal-mol™!) but endogonic (AG = 3.0, 2.8,
2.3, 2.2, 2.0 kcal-mol™"). However, these o-complexes are less
stable than the #7*-C¢HsCl m-complexes (i.e., 7a is 6.9
kcal*mol~! lower in energy than IM2-a). When we searched
for the C—H OA transition states for the formation of Sa—5e
starting with the #7>-C¢HsCl complexes (7a and 7b), the same
transition states, TS1-a—TS1-e, were obtained. Hence, we will
take the more stable 7a as the intermediate for the formation of
Sa—5d and 7b as the one used for the formation of 7e. The
five C—H OA reactions, are all exothermic and exergonic.
Unlike the previously explored Ir systems, in which C—H OA
reactions require relatively low activation barriers (less than 10
kcal-mol™"), the activation barriers (AG*) for the Rh system
are somewhat higher (AG* = 16.7 (a), 13.7 (b), 11.6 (¢), 11.4
(d), and 11.9 (e) kcal+mol™"). These barriers are not negligible
and will compete with the barrier of C—Cl OA reaction as we
will show.

C—Cl o-Complexes and Transition States for C—Cl OA.
The 14-electron (PNP)Rh' fragment undergoes C—Cl OA to 6
via o-complex IM3 and TS3. (Scheme 2) The optimized
geometries of IM3 and TS3 are shown in Figure 6. The
formation of IM3 is exothermic (—12.0 kcal*mol ') and slightly
exergonic (—0.6 kcal*mol™!). Again, since the #*CgsHsCl
complexes are also the potential intermediates prior to this OA
reaction and 7a is more stable than the IM3 by 3.3 kcal-mol !,
there is possibility that 6a is also derived from 7a, i.e., the less
stable IM3 may not play an important role Hence, we also
searched for the C—Cl OA transition states for the formation
of 6 starting with the 7*-C4HsCl complex 7a. Not surprisingly,
the same transition state, TS3, was obtained. Hence, 7a is taken
as the energetically important intermediate for the formation
of 6. The activation barrier (AG¥) of C—Cl OA is 16.0
kcal*mol~!, which is very close to the C—H OA activation
barriers. Together with the fact that C—H OA products (Sa—5e)
are substantially less stable than and C—Cl OA product (6),
only C—Cl OA product was observed by the experiment.'?

The energetic data of entire set of reactions of (PN-
P)Rh!(Ph)(Me) (1) with chlorobenzene (4) are summarized by
a AG potential energy diagram in Figure 7. All energy are
relative to the starting materials. The entire reaction is exergonic
by 49.6 kcal-mol~'. The first C—C RE has a 23.3 kcal-mol !

‘Wu and Hall

IM2-a

Figure 5. Optimized geometries of IM2-a—IM2-e and TS2-a—TS2-e.
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Figure 6. Optimized geometries of IM3 and TS3.

activation (free-energy) barrier, which is higher than those for
the following OA reactions; this result is in agreement with the
kinetic study, which showed that C—C RE of (PNP)Rh(Ph)(Me)
is the rate-determining step. The activation free-energy barrier
for the C—Cl OA reaction, 7a to TS3, is only 16.0 kcal*mol ™!,
which is lower than the barrier for the C—H OA to the most
stable C—H OA products, 7a to TS2-a (AG* = 16.7 kcal mol ')
but slightly higher than the barrier for the C—H OA to the less
stable C—H OA product from 7a to TS2-b (AG* = 13.6
kcal-mol™"). Although the barriers for C—H OA are comparable
to that for C—Cl1 OA, the C—Cl OA product (6) is thermody-
namically much more stable than any of the C—H OA products

TS1+4

-13.4 IM2-a + 2
-13.6 IM2-b
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(5a—S5e). Furthermore, the C—H OA products are energetically
unstable; 5a is only 1 kcal*mol™' lower energy than the
intermediate 7a and all other isomers (5a—S5e) are even less
stable than 7a. Hence, C—H OA products, if any are formed,
are too short-lived to be detected by these experiments. Being
both thermodynamically favored and kinetically comparable,
C—CI OA ultimately leads to the only observable final product,
which is consistent with the experimental observation that the
C—Cl OA product was observed exclusively.

Conclusions

A major motivation of this research is to compare the reaction
coordinates for C—H oxidative addition (OA) versus C—X OA
of haloarenes to late transition metals to address issues of kinetic
and thermodynamic selectivity. To this end, OA reactions of
chlorobenzene by the netural Rh! complex (PNP)Rh' (7) [PNP
= bis(Z-2 (dimethylphosphino)vinyl)amino] are investigated
with density functional theory (DFT). Our calculations show
that the PNP-based Rh! system exhibits different activities for
aromatic C—H and C—Cl activation when compared to its PNP-
based Ir' analogs,?* which possess controllable selectivities for
kinetically preferred aromatic C—H OA and thermodynamically
preferred C—Cl OA. For PNP-based Rh! system, since C—Cl
OA activation is kinetically competitive and thermodynamically

36 TS(5a,5b) + 2
TS2-a+2

-49.6
6+2

Figure 7. Energy (AG) diagram for oxidative additions of (PNP)Rh' with chlorobenzene. The energy numbers are relative to the starting materials.
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favorable, only the C—CI OA product was observed even at
room temperature.”> The C—H OA products are much long-
lived for the Ir (5d metal) than for the Rh (4d metal) complexes.
For the Ir system, C—Cl OA occurs only at temperatures higher
than 100 °C. Therefore, C—H OA in haloarenes is likely to be
more successful with Ir than Rh, while C—CI OA in haloarenes
is likely to be more successful with Rh than Ir. We expect that
a similar scenarios for 4d versus 5d metals may appear in other
transition metal systems that are capable of OA reactions upon
the addition of haloarenes.
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