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ABSTRACT: The cleavage of inert C—C bonds is a
central challenge in modern chemistry. Multinuclear
transition metal complexes would be a desirable alternative
because of the synergetic effect of multiple metal centers.
In this work, carbon—carbon bond cleavage and rearrange-
ment of benzene by a trinuclear titanium hydride were
investigated using density functional theory. The reaction
occurs via a novel “two-state reactivity” mechanism. The
important elementary steps consist of hydride transfer,
benzene coordination, dehydrogenation, oxidative addi-
tion, hydride—proton exchange, and reductive elimination.
Most importantly, the ground-state potential energy
surface switches from nearly degenerate triplet and
antiferromagnetic singlet states to a closed-shell singlet
state in the dearomatization of benzene, which effectively
decreases the activation barrier. Furthermore, the roles of
the transition metal centers and hydrides were clarified.

he C—C bond is the basis of the organic molecular

skeleton. Selective C—C activation is of significant interest
because of its fundamental and widespread applications in the
petroleum industry, environmental protection, pharmaceuticals,
and so forth." In the past decade, several transition metal
complexes have been developed to selectively cleave C—C
bonds by utilizing relief of ring strain,® aromatization,’
cyclometalation,* f-carbon elimination,” and cocatalysts.®
Nevertheless, C—C bond cleavage in some special hydrocarbon
compounds still faces tremendous challenges, especially that of
arenes with ¢ bonds and delocalized 7 electrons between
carbon atoms. In comparison with mononuclear transition
metal complexes, multinuclear ones have recently attracted
much attention in such transformations because of the
synergetic effect of multiple metal centers.” A particularly
interesting example is the cleavage and rearrangement of the
quite inert C—C bond of benzene by a trinuclear titanium
polyhydride complex, (Cp'Ti);(u5-H)(u-H)g," to afford a 2-
methylcyclopentenyl complex,” as shown in Scheme 1. In this
reaction, the multinuclear titanium hydride could be considered
as a unique platform for the C—C bond cleavage of benzene. As
far as we know, this is the first example of selective C—C bond
activation of aromatic molecules by three cooperating metal
centers. Although an intermediate of the reaction process,
(Cp'Ti);(C4H,) (u-H),, was observed in the experiment,” the
mechanistic details of the reaction and the roles of the
transition metal centers and hydrides in (Cp'Ti);(p3-H)(u-H)g
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Scheme 1. Experimentally Reported C—C Bond Cleavage
and Rearrangement of Benzene by the Trinuclear Titanium
Heptahydride Complex (Cp'Ti);(u;-H)(u-H)g
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are still ambiguous. Such theoretical knowledge could help us
to understand and further develop inert C—C bond activation
reactions.

Here we theoretically investigated all of the reaction
processes involved in Scheme 1 using model complex 1, in
which the Cp’ group of (Cp'Ti);(u5-H)(u-H)s was simplified
to CsH,SiH;, with benzene as the substrate. Geometry
optimizations, intrinsic reaction coordinate (IRC) calculations,
and vibrational frequency calculations were performed at the
(U)B3LYP'""'"/[6-31G(d)/6-31++G(d,p)(H™)/SDD(Ti)]
level to examine the closed-shell (CS) singlet, antiferromag-
netic (AF) singlet, and triplet (T) potential energy surfaces
(PESs). Electronic energies were evaluated at the (U)M06'*
(CPCM")/[6-311++G(d,p)/SDD(Ti)] level. These calcula-
tions were carried out with the Gaussian 09 program' (see the
Supporting Information (SI) for computational details).
Throughout this paper, the discussion is based on Gibbs
energy changes relative to C4H, + antiferromagnetic singlet 1.

As shown in Scheme 1, the target reaction can be divided
into two parts to be discussed. Reaction A is the conversion of
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Figure 1. Gibbs energy profiles (AGSyg5) of reaction A in Scheme 1.

1 + C¢Hg to 3 + H,. Reaction B is the transformation of 3 to
methylcyclopentenyl complex 2.

In comparison with the C4H-free mechanism for reaction A,
the C¢Hg-coordinated pathway is considered to be more
favorable (see Figure S3). This suggests that the CgHj
coordination occurs before H, dissociation (+C¢Hg, then
—H,). In the C4H-coordinated mechanism, the H—H bond
tends to form prior to the intermolecular hydride transfer
(inter-HT) from 1 to C¢H, (see Figure S4). The CS singlet, AF
singlet, and triplet PESs are described in Figure 1, and
optimized structures for selected important stationary points
are shown in Figure 2 (see Figures S5—S7 for the whole set of
optimized structures). It should be noted that the translational
entropy correction causes AS” to lie above TS4" by 3.6 kcal/
mol in this bimolecular process. A similar trend can be seen in
the TS4*F — AS*F transformation (see Table S4). In addition,
TS6F lies below A6*F by 0.9 kcal/mol when the single-point-
energy correction is taken into account (see Table SS),
suggesting that this step is a low-barrier or even barrier-free
transformation. As can be seen in Figure 1, reaction A consists
of four fundamental processes: (i) intramolecular hydride
transfer (intra-HT) and C4H, coordination, (ii) dehydrogen-
ation, (iii) intra-HT, and (iv) inter-HT. The intra-HT after
dehydrogenation is the rate-determining step of reaction A.
The most favorable reaction pathway starts from antiferro-
magnetic singlet 1 (1*F) and then proceeds through the nearly
degenerate triplet and AF singlet PESs to release H,. The
following intra-HT proceeds in the AF singlet state. The final
inter-HT switches to the CS singlet PES to yield the stable
intermediate 3%, Spin inversion between the triplet and AF
singlet PESs can be observed and effectively decreases the
activation barrier. This spin-crossing phenomenon was termed
“two-state reactivity” as a new concept in organometallic
chemistry.">~"” The Gibbs activation energy (AG°¥) and the
Gibbs free energy change (AG®) are 20.0 and —13.3 kcal/mol,
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Figure 2. Optimized structures for selected important stationary
points in the PESs in Figure 1.

respectively. The energy barrier can be overcome under the
experimental conditions.”

For complex 1, DFT and CASPT2/CASSCF calculations
showed that the ground state is the AF singlet state (see the SI
for CASSCF calculations), which 1s in reasonable agreement
with experimental NMR analyses.” Furthermore, the selected
important geometrical parameters of 1*F show the best
consistency with experimental measurements (see Table S1).

The exothermic process for the production of AI*F arises
from the interaction between C4Hg and 1%F, which induces a
stabilization energy that is much larger than the energy
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destabilization resulting from the entropy decrease. The triplet
and AF singlet surfaces cross in the intra-HT and CzHy
coordination (A1*F — A3") because there are similar structures
of stationary points in both PESs. These spin inversions alter
the most favorable reaction pathway through the minimum-
energy crossing points (MECPs). In the AIAF — A2AF
transformation, the u-H1-Ti3 bond is cleaved and pu-Hl
becomes a terminal H coordinated to Ti2 alone. The AG°¥ and
AG? values for this step are 12.1 and 9.1 kcal/mol, respectively.
It should be noted that the initial intra-HT in the CS singlet
PES (A1 — A2°S) involves a yus-H — terminal H rather than
a yi-H — terminal H transformation (Figure SS). The difference
is attributed to the binding energies of y-H and p3-H with the
rest of 1°° and 17, respectively (see Table S6). The calculated
results suggest that p;-H is active in the CS singlet PES,
whereas y-H is active in the triplet PES. From A2*F, y-H2
moves toward the center of the trinuclear titanium moiety
through the MECP and transition state TS2" to provide
intermediate A3" with a Ti3---C4Hg #>-coordinate bond. In this
step, u-H2 becomes p;-H2 interacting with three titanium
atoms. The AG°* and AG® values for this step are only 1.3 and
—1.2 kcal/mol, respectively.

The dehydrogenation occurs via H—H bond formation and
H, dissociation. In the former step, a y-H3 — terminal H3
transformation similar to the above elementary step occurs
through TS3 to afford A4". The AG°* and AG® values for this
step are 8.9 and 2.7 kcal/mol, respectively. Next, H,
dissociation occurs through TS4" to afford the reduced
Ti(IID)—Ti(I[)—Ti(Ill) complex AS™. In this step, the H1—
H3 group with a covalent bond dissociates from the complex to
become a free H, molecule. This step has small AG¥ and AG®
values of 1.7 and 5.3 kcal/mol, respectively.

In the second intra-HT (AS" —A7%F), spin inversion
between the triplet and AF singlet PESs effectively decreases
the activation barrier. The ground-state PES switches from the
triplet state to the AF singlet state via an MECP. First, the
C¢Hg moiety of AST approaches the trinuclear titanium
pentahydride moiety through TS5*F to afford A6*F. Simulta-
neously, u;-H2 becomes y-H2 interacting with Ti2 and Ti3.
This step has a small AG°F value of 3.4 kcal/mol. Then, further
coordination of the CgHg moiety moderately induces
deformation of the benzene ring. In this barrier-free A6*F —
A7%F step, u;-H4 moves close to the trinuclear titanium plane.

Interestingly, an electronic state transformation (EST) was
found prior to the inter-HT. As shown in Figure 1, the
transition state TS74F is shown to connect the antiferromag-
netic singlet A7*F and the closed-shell singlet A7 on the IRC
path. In this step, y3-H4 moves moderately downward below
the trinuclear titanium plane and then becomes u-H4
interacting with Til and Ti2. The spin densities for six selected
points in the forward direction of the IRC path indicate that
spin polarization gradually disappears. The closed-shell singlet
Ti(I)—Ti(II)—Ti(I) complex A7°S is finally produced. The
EST has a small AG°* value of 4.8 kcal/mol and a negative
AG® value of —8.0 kcal/mol. In addition, spin inversion
between the triplet and CS singlet PESs was also observed
through an MECP."® However, the A7 - MECP — A6
pathway is less favorable than the EST pathway. The electronic
structures and relative stabilities of A7%, A7AF, and A6%S were
confirmed by CASPT2/CASSCF calculations (see Figure S2
and Tables S7 and S8).

The last stage of reaction A proceeds along the CS singlet
PES via inter-HT to the C¢Hg moiety (A7 — 3°). u-HS of
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A7 is anchored toward Cl of the CqHg moiety through
TS7S to yield A8SS. The AG* and AG® values for this step
are 3.3 and —4.7 kcal/mol, respectively. In this step, the
conjugation of benzene is partially broken by the CI1
hydrogenation. The reduction of 7 bonds to ¢ bonds must
favor the following C—C bond cleavage involved in reaction B.
Subsequently, the isomerization of A8 to the stable 3“°
spontaneously occurs through the appropriate rotation of the
[C¢H,]™ moiety with a AG® value of —7.6 kcal/mol.

For reaction B in Scheme 1, the singlet PES is much more
favorable than the triplet one with similar structures, and an
EST similar to that in reaction A was observed here. The most
favorable PES is described in Figure 3 (see Figures S8 and S10
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Figure 3. Singlet Gibbs energy profile (AGsyg;s) of reaction B in
Scheme 1.

for the triplet and CS singlet PESs, respectively). Optimized
structures for selected important stationary points are shown in
Figure 4 (see Figure S9 for the whole set of optimized

Figure 4. Optimized structures for selected important stationary
points in the PES of Figure 3.

structures). The conversion from 35 to 2 consists of three
fundamental steps: (i) oxidative addition (3“® — B2®S), (ii)
hydride—proton exchange (B2® — B8®), and (iii) reductive
elimination (B8®S — 2%5). The oxidative addition of the
C1(sp*)—C6(sp*) bond to the Ti2(II) center can be under-
stood by the charge transfer (CT) from the Ti2 3d, orbital to
the low-lying empty 6¥ _cs antibonding orbital.'” This CT
stabilizes transition state TS8“® and promotes the C1—C6
bond cleavage and dual Ti2—C bond formations. The
population changes of the trinuclear titanium moiety are
consistent with the CT discussed above (see Figure S12). This
step affords the high-energy Ti(II)—Ti(IV)—Ti(IV) intermedi-
ate B1°S, with a AG°* value of 21.8 kcal/mol. Subsequently,
the stable intermediate B2“® is spontaneously obtained from
B1°S with a small AG°¥ value of 2.4 kcal/mol.
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The rate-determing hydride—proton exchange occurs via an
inter-HT (B2°® — B3®®), intramolecular isomerizations (B35
— B7%), and a proton transfer (B7S — B8®). In the inter-
HT, u-H8 of the trinuclear titanium moiety migrates to C1 of
the [CqH,]*~ moiety through TS10%5, with a moderate AG¥
value of 18.2 kcal/mol. In this step, the C1—H8 bond is formed
to obtain the methyl group of the [C¢H;]*™ moiety, and y;-H6
becomes y-H6. Prior to the proton transfer, B3 sponta-
neously isomerizes to B7° via consecutive rearrangement of
hydrides and Ti—C bonds. Furthermore, two ESTs (B3“S —
B4*F and BS* — B6“%) are involved in this multistep
isomerization. This process has AG°* and AG® values of 4.8
and —2.7 kcal/mol, respectively. Then a barrier-free proton
transfer occurs through TS15% to afford B8®S. In this step,
proton H9 connected to C2 of the [C¢Hg]*™ moiety migrates
to the trinuclear titanium moiety and then becomes p-H9
interacting with Ti2 and Ti3. Besides the above stepwise
hydride—proton exchange process, a one-step intramolecular
proton transfer pathway (B15 — B8®®) was also evaluated and
was found to have a very large AG°* value of 65.3 kcal/mol
relative to 3 (Figure S13). By comparison, the stepwise
hydride—proton exchange pathway is obviously favorable with a
moderate AG°¥ value of 24.6 kcal/ mol, in line with the
experimental observation (23.2 kcal/mol).”

The last process of reaction B is the reductive elimination, in
which the formation of the C2—C6 bond occurs through
TS16S to afford B9, followed by an isomerization to give the
Ti(I1)—Ti(IV)=Ti(IV) complex 2% with a [MeCH,]*"
moiety.” The AG°¥ for this step is 6.5 kcal/mol.

The “two-state reactivity” mechanism fits with the reaction
monitoring by 'H NMR spectroscopy, which showed that 3
was first formed and then disappeared to yield 25.° The
experiments reported that temperature affected the reaction
progress. Reaction A could be achieved at 10 °C, whereas the
subsequent reaction B took place at a higher temperature (40
°C). This is because AG°¥ for reaction B is larger than that of
reaction A.

In conclusion, the mechanistic details of the C—C bond
cleavage and rearrangement of benzene by a trinuclear titanium
hydride have been theoretically disclosed here. A novel “two-
state reactivity” mechanism has been proposed. The spin
inversion and electronic state transformation participate in this
reaction and thus effectively decrease the activation barrier.
Furthermore, the synergetic effect between trinuclear titanium
centers and hydrides has been rationalized: the hydride
transfers are responsible for reducing partial 7 bonds to ¢
bonds of benzene (reaction A), whereas the trinuclear titanium
moiety plays a key role in the C—C ¢ bond activation and
reformation (reaction B).
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