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Carbon—hydrogen and carbon—halogen bond activations between halobenzenes and metal centers were studied
by density functional theory with the nonempirical meta-GGA Tao—Perdew—Staroverov—Scuseria functional
and an all-electron correlation-consistent polarized valence double-{ basis set. Our calculations demonstrate
that the hydrogen on the metal center and halogen in halobenzene could exchange directly through a kite-
shaped transition state. Transition states with this structure were previously predicted to have high energy
barriers (J. Am. Chem. Soc. 2005, 127, 279), and this prediction misled others in proposing a mechanism for
their recent experimental study (J. Am. Chem. Soc. 2006, 128, 3303). Furthermore, other halo—carbon activation
pathways were found in the detailed mechanism for the competitive reactions between cationic titanium hydride
complex [Cp*('BusP=N)TiH]" and chlorobenzene under different pressure of H,. These pathways include
the ortho-C—H and Ti—H bond activations for the formation and release of H, and the indirect C—Cl bond
activation via fS-halogen elimination for the movement of the C¢H, ring and the formation of a C—N bond
in the observed final product. A new stable isomer of the observed product with a similar total energy and an

unexpected bridging between the Cp* ring and the metal center by a phenyl ring is also predicted.

1. Introduction

Development of more active and selective activation catalysts
for aryl—hydrogen and aryl—halogen bonds is essential for many
transition metal catalyzed protocols.' As a highly reactive class
of compounds, organotitanium hydrides have been implicated
in a variety of catalytic processes and studied widely in recent
years.>3

In a recent study of the C¢Hs—H and C¢Hs—X (X = Cl, Br)
bond activations in halobenzenes at cationic titanium centers,
Ma et al.? reported a number of interesting halogen activation
products depending on the amount of H, present in the reaction
medium. At about 4 atm of H,, they observed the exchange of
H and X in the reaction between MH" (1, M =
Cp*('BusP=N)Ti) and C¢H;X to produce MX" (2X) and CsHy
(Scheme 1). At lower H, pressure (still >1 atm), they observed
the release of H, through ortho-C—H activation and the
formation of the B-halophenyl cation M(2-X—CgHy)* (3X).
While in the absence of H,, they observed that the most stable
isomer MX(CgH,)* (4X) apparently transformed from 3X
through the $-halogen elimination reaction by moderate heating.
To explain the hydrogen—halogen interchange reaction in this
cationic Ti system, Ma et al.? proposed a reaction pathway that
invokes nucleophilic attack on the aryl halide followed by f-halo
transfer to the metal, a pathway that avoided proposing the
concerted kite-shaped transition state (I) because Maron et al.*
in a previous theoretical study of the H/F exchange between
Cp,La and CgFg¢ could not find such a transition state and
postulated that it is energetically unfavorable. For the formation
of the final product 4X through the (-halogen elimination
reaction of 3X, Ma et al.® also proposed a transition state where
the rotation of the phenyl ring breaks the C—Cl bond and forms
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a C—N bond simultaneously. To examine two issues, (1) the
existence of this kite-shaped transition state for H/X exchange
and (2) the phenyl rotation transition state for the formation of
4X from 3X, we performed some preliminary calculations using
density functional theory (DFT), and we were surprised to find
a low-energy kite-shaped transition state for H/CI exchange
between C¢HsCl and 1. Meanwhile, all searches for the phenyl
rotation transition state for the formation of 4X from 3X failed
after many attempts. These results prompted us to reexamine
the H/F exchange in the La system, where Maron et al. predicted
that the kite-shaped transition state was high in energy, to
determine the real mechanism for the H/X exchange for both
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SCHEME 2: Predicted Reaction Pathway of the Direct
Exchange of H/F between Cp,LaH and C¢Fg4 through a
Kite-Shaped Transition State TSg ¢
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the orginal Cp,LaH/C¢Fs system and the recent
Cp*('BusP=N)TiH system (Scheme 1).

We will begin with the results for the kite-shaped transition
state in the direct H/F exchange between Cp,La and C¢Fg by
using different density functionals and basis sets. Then, the
detailed mechanisms for the reactions of the cationic Ti system
are described at the theoretical level of nonempirical meta-GGA
Tao—Perdew—Staroverov—Scuseria® (TPSS) functional and all-
electron correlation-consistent polarized valence double-&° (cc-
pVDZ) basis set.

2. Computational Details

All calculations were performed using the Gaussian 03 suite
of ab initio programs.” For the La system, TPSS, B3LYP,%’
and B3PW913!° functionals with two rather large basis set
settings: BS1 (6-3114++G** basis sets for the H, C, and F
atoms,'! Stuttgart relativistic small core segmented ECP basis
set for La,'*> and 675 basis functions and 1174 primitive
Gaussians for Cp,La + CgFg) and BS2 (cc-pVDZ basis sets for
the H, C, and F atoms, Stuttgart relativistic small core segmented
ECP basis set for La,'> and 477 basis functions and 1086
primitive Gaussians for Cp,La + C¢Fs). For the calculations
on the cationic Ti system, the TPSS functional with cc-pVDZ
basis set for H, C, N, P, and Cl atoms and cc-pVTZ basis set
for Ti'* was used (750 basis functions and 1988 primitive
Gaussians for 1 + C¢HsCl). Since the calculated energy barriers
are very close to the experimental results, we believe the TPSS
functional with current all-electron basis sets is a good choice
for this molecular system.

Calculating the harmonic vibrational frequencies and noting
the number of imaginary frequencies confirmed the nature of
all intermediates (no imaginary frequency) and transition state
structures (only one imaginary frequency). The latter were also
confirmed to connect reactants and products by intrinsic reaction
coordinate calculations. The zero-point energy and entropic
contribution have been estimated within the harmonic potential
approximation. The enthalpy, H, was calculated for 7= 298.15
K. All relative enthalpies are reported in kcal/mol, based on
separated reagents, which are set equal to 0.0 kcal/mol. The
counterpoise method'* was use to correct for the basis set
superposition error (BSSE). The effect of solvent is taken into
account by performing reaction field calculations using integral
equation formalism polarizable continuum models (IEF-PCM)
for the tetrahydrofuran (THF) solvent. The molecular structure
figures displayed below are drawn by using the JIMP2 molecular
visualization and manipulation program.'®

3. Results and Discussion

3.1. H/F Exchange between Cp,LaH and CgFs The
reaction pathway of direct H/F exchange between Cp,LaH and
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Figure 1. Optimized structure of intermediate B for the direct H/F
exchange between Cp,LaH and CgFg by using the B3PW91 functional
with BS1. Bond lengths are in angstroms.

Figure 2. Optimized structure of the kite-shaped transition state TSg ¢
(606.0i cm™") for the direct H/F exchange between Cp,LaH and Cg¢Fs
by using the B3PWOI1 functional with BS1. Bond lengths are in
angstroms. The La—H—C—F dihedral angle is only 0.08°.

CgFg is displayed in Scheme 2. Cp,LaH and Cg¢Fs can attract
each other to form a weak complex, intermediate B (Figure 1),
then through a kite-shaped transition state TSg ¢ (Figure 2), H
and F can be exchanged directly to form another intermediate
C with much lower energy. Then, from C, Cp,LaF and C¢FsH
separate easily. In TSg,c, the phenyl ring is nearby coplanar
with the line connecting the two centers of the Cp rings. The
La, H, C, and F atoms form a nearby rhombic plane with a
dihedral angel of 0.08° and almost perpendicular to the phenyl
ring. Calculations with different density functionals and basis
sets indicate that Cp,LaF + C¢FsH is ~90 kcal/mol more stable
than Cp,LaH + C¢Fg, which is close to the 90.2 kcal/mol free
energy difference obtained theoretically by Maron et al.* We
were able to locate the kite-shaped transition state with all of
the functionals and basis sets. Surprisingly, the energy barriers
of this kite-shaped transition state are less than 10 kcal/mol
higher than B (Table 1) in free energy, much lower than the
38.0 kcal/mol free energy barrier of the H/F exchange via HF
formation proposed previously by Maron et al.* This low-energy
barrier confirms the existence of a kite-shaped transition state
in the reaction pathway of the H/F exchange between Cp,LaH
and CgFg. Therefore, the reaction mechanism proposed by Ma
et al.? for the H/X exchange between cationic titanium hydride
and halobenzene needs to be reevaluated.

3.2. H/CIl Exchange between 1 and C¢HsCl. The structures
and calculated relative enthalpies of all complexes in the
reactions between chlorobenzene and the cationic titanium
hydride complex, including the direct H/CI exchange by kite-
shaped transition state (2a — 2Cl), H, formation via ortho-
C—H activation (2a — 2b), H, release (2b — 2Cl), and indirect
C—Cl activation via f3-halogen elimination (3C1 — 4Cl), are
displayed in Scheme 3. Figure 3 displays the kite-shaped
transition state TS, for the direct exchange of H and Cl
between 1 and C¢H5Cl. In this transition state, the Ti, H, C2,
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TABLE 1: Calculated Gas-Phase Relative Energies of the Direct H/F Exchange between Cp,LaH and C¢F with a Kite-Shaped
Transition State

B3LYP/BS1 B3PWO91/BS1 TPSS/BS1 B3PWO91/BS2
AE AH AG AE AH AG AE AH AG AE AH AG
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B —5.88 —4.58 4.75 —4.46 —3.15 5.89 —5.49 —4.13 5.34 =7.71 —6.54 2.42
TSg,c 1.83 2.18 13.84 2.15 2.55 12.76 —1.12 —0.71 11.94 —0.70 —0.41 11.43
C —9380 —89.34 8177 —91.62 —89.04 7574 —9138 —87.05 7895 —97.05 —9296 —84.33
D —89.24  —87.31 —84.16 —87.71 —85.86  —83.64 —86.52 —84.61 —81.56 —87.86 —8549  —85.88

SCHEME 3: Predicted Mechanism and Relative Enthalpies (kcal/mol) in the Gas-Phase Reactions of Chlorbenzene at
the Cationic Titanium Center, Including the Direct H/Cl Exchange by Kite-Shaped Transition State (2a — 2Cl), H,
Formation by ortho-C—H Activation (2a — 2b), H, Release (2b — 2Cl), and the f-Halogen Elimination Reactions (3C1 —
4Cl)
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and Cl atoms form an approximate rhombic plane with only a relative enthalpy of TSja2c is only 20.1 kcal/mol higher than
2.2° dihedral angle, the difference between the Ti—H and C—H that of 2a; thus, this H/CI exchange can occur under relatively
bond lengths in this plane is only 0.01 A, and this plane is almost mild conditions. Attempts to find a different transition state

perpendicular to both the Ti—N bond and the phenyl plane. The similar to that reported by Maron et al. for Cp,LaH and CgFg,
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Figure 3. Optimized structure of the kite-shaped transition state TS;,
(1193.1i cm™") for the direct H/Cl exchange. Bond lengths are in
angstroms. The Ti—H—C2—Cl dihedral angle is only 2.2°.

Figure 4. Optimized structure of transition state TSz, 25 (965.4i cm™!)
for the formation of H, via the ortho-C—H activation. Bond lengths
are in angstroms.

which in this case would produce a HCI intermediate, failed.
To avoid postulating the kite-shaped transition state, Ma et al.?
suggested a radical chain reaction pathway that invokes nucle-
philic attack on the aryl halide followed by f-halo transfer to
the metal. Although some H/Cl exchange could proceed by this
route, the alternative kite-shaped transition state should provide
a more competitive route.

3.3. Formation of 3Cl through the ortho-C—H Activation.
Although the kite-shaped transition state is achievable under
mild condition, there is another reaction pathway starting from
2a through an ortho-C—H activation transition state TS, 2 to
form an unstable intermediate 2b with a dihydrogen bonding
to Ti (Figure 4). Since the bond between Ti and H, in complex
2b is very weak (3.7 kcal/mol), at lower H, pressure (>1 atm),
2b will release H, rapidly and generate the observed intermediate
3Cl. For these two transition states, the relative enthalpy of
TSza2p 18 8.5 kcal/mol lower than that of TS;, .. This difference
in enthalpic barriers explains why the direct H/CI exchange
reaction occurs only under high concentrations of H,, which
drives the kinetically favored complex 3Cl back toward 1.

J. Phys. Chem. A, Vol. 113, No. 10, 2009 2155

Figure 5. Optimized structure of the transition state TSs; (126.2i cm™")
for the formation of 4Cl from 3Cl in the 3-halogen elimination process.
Bond lengths are in angstroms.

Figure 6. Optimized structure of stable complex 34Cl from TSs; in
the -halogen elimination process. Bond lengths are in angstroms.

3.4. Formation of 4Cl through the -Halogen Elimination
from 3Cl. 3Cl is still not very stable and will convert to the
final product 4Cl through indirect C—Cl activation under
moderate heating. This conversion involves a complicated series
of steps. The phenyl ring has three ways to move toward more
stable structures: (1) it can slide toward the N atom creating
transition state TSg; (Figure 5) and forming 4Cl in one step;
(2) it can slide toward the Cp* and form the stable structure
34Cl (Figure 6) through transition state TSg, (Figure 7, Cl
moves up and bonds with a C atom of Cp* while C2 leaves Cl
and bonds with Ti); and (3) C1 (the carbon atom bound to Ti
in 3Cl) remains bound to Ti and C2 (the carbon atom bonded
to Cl in 3Cl) moves up (the phenyl plane rotates along the
C1—Ti bond) and bonds with a carbon atom of Cp* through
transition state TSg; (Figure 8). This movement also forms the
stable structure 34Cl. 34Cl is a structurally unusual isomer of
the final product 4Cl with a phenyl ring bridging the Cp* ring
and metal center. Structures similar to that of 34Cl have been
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Figure 7. Optimized structure of the transition state TSs; (128.1i cm™")
for the formation of 34Cl from 3Cl in the -halogen elimination process.
Bond lengths are in angstroms.

Figure 8. Optimized structure of the transition state TSg; (91.1i cm™")
for the formation of 34Cl from 3Cl in the 3-halogen elimination process.
Bond lengths are in angstroms.

obtained in Cp*,ZrCl(C¢Hy4) complexes by Wu et al.'® However,
this structure has yet to be observed in these Ti experiments.
According to our calculations, the enthalpic barrier for 3C1 —
TSs; is 20.3 kecal/mol, very close to the observed enthalpic
barrier of 19.7 kcal/mol. The relative enthalpy of the transition
state TSgq is 2.1 and 2.4 kcal/mol lower than those of TSg, and
TSgi. Thus, the formation rate of 4Cl is much faster than the
formation rate of 34Cl. Although the enthalpic barriers (33.1
and 38.9 kcal/mol for TSs; (Figure 9) and TSg, (Figure 10))
from 34Cl to 4Cl are rather high, 34Cl is still 2.9 kcal/mol less
stable than 4Cl in enthalpy and will convert to 4Cl at a certain
rate.

3.5. Discussion on the Hypothesized Transition State TSgs.
One might expect that phenyl rotation in the allowed directions
would produce transition state TSg3, connecting 3Cl and 4Cl
directly (C1 remains bound to Ti and C2 moves down toward
the N atom). This type of transition state was hypothesized for

Yang and Hall

Figure 9. Optimized structure of the transition state TSs3 (79.8i cm™").
Bond lengths are in angstroms.

Figure 10. Optimized structure of the transition state TSg, (64.5i
cm™!). Bond lengths are in angstroms.

the B-halogen elimination process by Ma et al.> However, all
attempts to find this transition state failed because of the steric
bulk of ‘BusP and Cp*; i.e., there is not enough space to allow
the phenyl ring to make such a rotation. To verify this
conjecture, we performed similar calculations on a simplified
model [Cp(MesP=N)Ti(2-Cl—C¢H,)]™ (3CI'), in which hydro-
gens replaced all methyl groups in 3Cl. The rotary transition
stateTSgs, which connects 3CI' and 4Cl' directly, was now
found (Figure 11). Thus, the selection of a suitable molecular
model for the calculation of a complicated system is important
to the details of the reaction mechanism. Generally, oversimpli-
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Figure 11. Optimized structure of the transition state TSgs (87.5i cm™")
for the formation of 4CI' from 3Cl' in the 3-halogen elimination process.
Bond lengths are in angstroms. This type of transition state is obtained
only for the simplified molecular model where all methyl groups were
replaced by hydrogen atoms.

fied molecular structures can lead to unrealistic reaction
pathways in some situation.

4. Conclusions

In conclusion, our calculations using different density func-
tionals and basis sets demonstrate that the hydrogen on the metal
center and halogen in halobenzene may exchange directly
through the kite-shaped transition states, which previously were
thought to have high energy barriers,* a prediction which misled
others in proposing a mechanism for their recent experimental
study.? Here, other halo—carbon activation pathways were found
in the detailed mechanisms for the competitive reaction between
a cationic titanium hydride complex and chlorobenzene under
different H, pressures. The mechanism for the formation and
release of H, has potential to be applied to other studies of
hydrogen and C—H bond processes. A new stable structure,
34Cl, which is an isomer of the final product 4Cl with similar
energy, contains a interesting bridging phenyl ring between the
Cp* ring and metal center and was found in the indirect C—Cl
activation via f-halogen elimination process. 34Cl was not
observed in experiments because the energy barrier of 3C1 —
34Cl is slightly higher than that of 3Cl — 4Cl. Finally, the
effect of the oversimplification of the molecular model for
complicated molecular systems in the theoretical study was
discussed, and it was concluded that such simplifications can
alter the energy barriers of key steps and lead to a different
predicted mechanism.
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