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The B3LYP method of density functional theory is used to study the hydroboration reaction
of olefins catalyzed by Cp,Ti(HBcat'). The favorable pathway is where the active species
Cp.Ti(HBcat') initially coordinates an olefin to form a structural intermediate having a five-
membered ring with a Ti—H—B bridging unit. B—H bond cleavage then occurs to allow the
reductive elimination to form alkylboronate ester as the main product. Calculations show
that from the B—H cleavage species the f5-hydride elimination leading to the formation of
side products, vinylboronate ester, is also competitive. Ti—O coordination is found to be the
main reason for the lowering of the barrier of reductive elimination to form the main product,
alkylboronate ester. The related olefin hydrogenation process has also been studied.

Introduction

In 1996, Hartwig and co-workers discovered a new
and interesting titanocene bis(borane) o-complex, Cpa-
Ti(n?>-HBcat),.! Further studies showed that the o-com-
plex and their analogues containing substituted cate-
cholborane ligands display high catalytic activity for
hydroboration of vinylarenes and other olefins.2~> Mecha-
nistic studies (see Scheme 1)* revealed that the catalyst
first dissociates one HBcat' ligand. The fragment formed
by the dissociation coordinates alkene to give a complex
containing a Ti-y2-HBcat' unit. Reductive elimination
from the complex gives anti-Markovnikov hydroborated
(alkylboronate ester) products. In addition to the hy-
droborated products, side products such as vinylbor-
onate ester and hydrogenation species have also been
generated. The vinylboronate ester product is believed
to be generated through S-hydride elimination from the
complex.* Typical examples are given in Scheme 2.# One
can see that both the catalytic and stoichiometric
reactions shown in Scheme 2 give the hydroborated
species as the main product. The hydrogenation species
and vinylboronate ester are the side products.

In view of the interesting catalytic process, we feel it
is necessary to theoretically study in more detail the
reaction mechanism. In this paper, we report our
theoretical calculations on the proposed reaction mech-
anism. We also attempt to understand the relevant
pB-hydride elimination process and how the hydrogena-
tion species are generated in the catalytic process.
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Unlike hydroboration reactions catalyzed by late transi-
tion metal complexes such as the Wilkinson's catalyst
(Rh(PR3)3Cl), hydroboration reactions catalyzed by ti-
tanium complexes have not yet been studied theoreti-
cally. The extensive experimental®~1! and theoretical'®~14
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studies show that the Rh(l)-catalyzed hydroboration
reactions have very different reaction mechanisms when
compared to the reactions catalyzed by early transition
metals.’>~1° The studies here will provide more insights
into the understanding of the different mechanisms.

Computational Details

On the basis of the fact that the Becke3LYP (B3LYP)
method® can well describe the properties of transition metal
compounds, all the geometries have been optimized using this
method. The HBcat' and p-methoxystyrene compounds are
modeled by HB(OH), and H,C=CH, for computational sim-
plicity, respectively. The effective core potentials of Hay and
Wadt with double-£ valence basis sets?* (LanL2DZ) are used
to describe Ti, while the 6-31G basis set is used for all other
atoms. Polarization functions are added for the B atom (&(d)
= 0.388) and for those H atoms (&(p) = 1.1) directly bonded to
the transition metal. The frequency analysis has been per-
formed for all calculated structures to confirm their charac-
teristics as minima or transition states. All calculations are
performed using the Gaussion 98 software package.?

To test the accuracy of the basis set used in our calculations,
we performed single-point energy calculations for structures
1la, TSla, 2a-1, TS2a-3, and TS'2a using a much large basis
set which includes f polarization functions?® (i.e., Lanl2dz +
f) for Ti and 6-311G** for all other atoms. With the large basis
set, the relative energies of 1a, TS1a, 2a-1, TS2a-3, and TS'2a
are 0.0, 5.7, 1.1, 8.5, and 10.7, kcal/mol, respectively. In
comparison to the relative energies obtained with the small
basis set, which are shown in Figure 1, we can conclude that
the effect of basis sets is not very important in the systems
studied. Similarly, we used the five structures to test the
solvent effect by employing the Onsager model reaction field
calculations available in the Gaussian 98 package. The solvent
used in the calculations is toluene. The relative energies
including the solvent effect are 0.0, 5.4, 0.6, 7.8, and 9.8 kcal/
mol for la, TSla, 2a-1, TS2a-3, and TS'2a, respectively.
Again, the solvent effect is also very small because toluene
used in the experiments does not have a large dipole moment.
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Figure 1. Potential energy profiles of pathways A and B.
The relative reaction energies are in kcal/mol.

Results and Discussion

Catalyzed Hydroboration of Olefins. Mechanistic
studies®* showed that the Cp,Ti(y2-HBcat') fragment is
the active species in the catalytic process. The coordina-
tion of olefin to the active species is believed to be the
first step in the hydroboration reactions. With the active
species, the olefin ligand can approach the Ti center
from two directions (see Scheme 3). Calculations show
that when the olefin ligand approaches the Ti center
from the Bcat' side (pathway A), an intermediate
structure 1la having a bridging hydride unit is obtained.
However, when the olefin ligand approaches the Ti
center from the hydrogen side (pathway B), a transition
state TS1b is found. In pathway A, the intermediate
structure 1a undergoes H—B bond cleavage to generate
the Cp,Ti(Bcat')(CH,CH3) complex 2a through the
transition state TS1a. From the 2a complex, competi-
tive processes of a reductive elimination and a -hydride
elimination proceed to form the akylboronate ester and
vinylboronate ester products, via the TS2a and TS'2a
transition states, respectively. Very different from
pathway A involving the direct formation of the inter-
mediate structure 1a, in pathway B, the olefin coordina-
tion with the active species Cp,Ti(y2-HBcat') forms the
Cp2Ti(Bcat')(CH2CH3) intermediate 2b via the TS1b
transition state. Intermediate 2b then undergoes a
reductive elimination to generate the alkylboranate
ester products via the TS2b transition state.

The calculated energy profiles based on Scheme 3 are
shown in Figure 1. Energetically, pathway A is much
more favorable. The B—H bond cleavage from the
intermediate 1a requires a barrier of 5.8 kcal/mol,
leading to the formation of 2a-1. Interestingly, the
intermediate 1la has a stability similar to that of the
B—H cleaved structure 2a-1. Examining the structural
change related to the cleavage process (see Figure 2),
we can see that the stability of 2a-1 is gained through
the strengthening of the B—C interaction together with
the release of ring strain in compensation for the loss
of the B—H interaction.

After the formation of 2a-1 through B—H bond
cleavage in the intermediate structure 1a, three possible
reaction routes are found. A direct reductive elimination
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Figure 2. Optimized structures involved in the B—H
cleavage in pathway A. The relative energies are in kcal/
mol. The bond distances and angles are in angstroms and
degrees, respectively. For clarity, the atom positions of the
two Cp ligands are not shown.

of alkylboronate from 2a-1 can occur through the
transition state TS2a-1. The barrier for the elimination
is calculated to be 12.7 kcal/mol, which is the highest
one in pathway A. Figure 3 shows the structural

TS2a-1 (13.2) \)

TS2a-1-3 (4.3)

Figure 3. Transition state structures in the reductive
elimination of 2a-1 in the formation of alkylboronate ester
and in the isomerizations of 2a-1 to 2a-2 and to 2a-3. The
relative energies are in kcal/mol. The bond distances and
angles are in angstroms and degrees, respectively. For
clarity, the atom positions of the two Cp ligands are not
shown.

changes from 2a-1 to TS2a-1. The significant change
is related to the H—Ti—C angle, which is reduced by
moving the Ti—H bond toward the Ti—C bond. Alter-
natively, 2a-1 can isomerize via the TS2a-1-2 and
TS2a-1-3 transition states (see Figure 3) through C—-C
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Figure 4. Optimized structures involved in the reductive elimination of isomers 2a-2 and 2a-3 and the 5-hydride elimination
of isomer 2a-2 in pathway A. The relative energies are in kcal/mol. The bond distances and angles are in angstroms and
degrees, respectively. For clarity, the atom positions of the two Cp ligands are not shown.

and Ti—C bond rotations, respectively, giving 2a-2 and
2a-3 (see Figure 4). The rotational barriers are all small.

Similar to 2a-1, isomer 2a-2 can also undergo a direct
reductive elimination of alkylboronate. The calculations
again show a high reaction barrier of 12.3 kcal/mol (see
Figure 1). The relevant structural changes from 2a-2
to TS2a-2 are also similar to those shown in the
reductive elimination process of 2a-1. Apart from the
direct reductive elimination, isomer 2a-2 is also likely
to undergo a f-hydride elimination, which gives the
vinylboronate product, because one of the g-hydrogens
in this structure is close to the metal center. The barrier
for this elimination is calculated to be 9.6 kcal/mol,
which is found to be the second most favorable reaction
channel in pathway A. This low-energy and competitive
p-hydride elimination process explains the formation of
the vinylboronate side products in the hydroboration
reaction observed experimentally.*

Quite different from the other two isomers, isomer
2a-3 introduces the additional Ti—O coordination (see
Figure 4). The Ti—O coordination is possible because of
the unsaturated 16-electron Ti metal center. However,
the additional coordination apparently does not increase

the stability of the complex. This is probably due to the
more crowded coordination environment for the small-
size Ti center as well as the strain of the five-membered
ring. Indeed, the Ti—C bond (2.239 A) is significantly
lengthened due to the ring strain in comparison to those
in the other two isomers (2.155—2.156 A). Interestingly,
Ti—O bond coordination makes the reductive elimina-
tion of alkylboronate ester from isomer 2a-3 most
favorable. Reductive elimination is preferred over -hy-
dride elimination by 2.2 kcal/mol in the electronic
energy (see Figure 1). When the entropy contribution
is considered, the reductive elimination is still preferred
but by a mere 0.3 kcal/mol in free energy (5.0 versus
5.3 kcal/mol). Here, one may question that the 0.3 kcal/
mol difference is too small to distinguish the reaction
preference when the entropy contribution is included.
Careful examination of the entropy contribution to 2a-2
and 2a-3 revealed that 2a-2 is relatively lowered by 4.7
kcal/mol while 2a-3 is lowered only by 3.0 kcal/mol when
the free energies are considered. In other words, the step
from 2a-3 to TS2a-3 (the reductive elimination) is an
easier one in comparison to the step from 2a-2 to TS'2a
(the B-hydride elimination). In view of the fact that
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Figure 5. Potential energy profile and the optimized structures involved in the hydrogenation of olefins. The relative
energies are in kcal/mol. The bond distances and angles are in angstroms and degrees, respectively. For clarity, the atom

positions of the two Cp ligands are not shown.

TS2a-3 is still relatively lower than TS'2a in their
relative free energies and the smaller barrier from 2a-3
to TS2a-3, we can conclude that the reductive elimina-
tion is more favorable even when the entropy contribu-
tion is included. Clearly, the Ti—O coordination signifi-
cantly reduced the barrier of the reductive elimination
step. This explains the alkylboronate ester as the main
product formed in the catalyzed hydroboration reactions.
It should be noted here that a similar Rh—0 coordina-
tion was also found in the Rh-catalyzed hydroboration
reactions.

Very different from the favorable pathway A, pathway
B directly forming the 2b complex via the transition
state TS1b is very unfavorable. These results suggest
that the olefin substrates prefer to approach the metal
center through the Bcat' side, allowing the C—B bond
formation. The preference of approaching the metal
center from the Bcat' side explains the regioselectivity
observed experimentally in which anti-Markovnikov
products were produced.* The steric repulsion interac-
tions force the arenyl groups of vinylarene substrates
away from the Bcat' group (see Scheme 1).

Catalyzed Hydrogenation of Olefins. The discus-
sions in the preceding section show that the -hydride
elimination from isomer 2a-2 is the second most favor-
able reaction in comparison to the reductive elimination
from 2a-3, which gives the main product, alkylboronate
ester. Through the g-hydride elimination, a dihydrogen
complex containing the vinylboronate ester [Cp,Ti(5?-
H,)(H.C=CHBcat')] is generated. From this dihydrogen
complex, a ligand exchange reaction between the vinyl-
boronate ester and olefin substrates can occur easily,
leading to the formation of the side product, vinylbor-
onate ester, as well as the olefin—dihydrogen complex
1c. The claim of the easiness of the olefin exchange is
supported by the small olefin dissociation energy cal-
culated for [Cp,Ti(n?-H2)(H.C=CHB(OH),)]. The calcu-
lated dissociation energy is 13.6 kcal/mol. With the
entropy contribution, the dissociation free energy (3.4
kcal/mol) is much smaller. The small olefin dissociation
energy can be explained as follows. In H,C=CHB(OH),,
the stabilization of the z-bonding orbital by the “empty”
p orbital of the boryl substituent weakens the coordina-

tion ability of the olefin bond. In addition, the formation
of the stable Cp,TiH; dihydride after the olefin dissocia-
tion may also promote the dissociation process. The
olefin exchange reaction is expected to have an even
smaller barrier because the dissociation energy is the
upper limit for the exchange reaction. Therefore, the
formation of 1c makes the hydrogenation of olefin
substrates possible. The hydrogenation process proceeds
with the olefin insertion into the Ti—H bond followed
by reductive elimination (see Figure 5). Energetic
calculations show that the process is very favorable. The
reaction barriers associated with the process are in the
range 3.0—12.0 kcal/mol. These results are consistent
with the experimental observation in which the olefin
substrates are also hydrogenated.*

Comments on the Transition State Structures
of the Studied Reductive Elimination Steps. TS2a-1
in Figure 3, TS2a-2 in Figure 4, and TS2c in Figure 5
are the transition state structures of the studied reduc-
tive elimination steps discussed in the sections above.
One may notice that these transition state structures
involve a significant decrease in the H—Ti—C angle by
moving the Ti—H bond toward the Ti—C bond and have
unsymmetrical arrangements between the hydride and
alkyl ligands. One normally expects that the large
decrease of the H—Ti—C angles occurs by simulta-
neously moving the Ti—H and Ti—C bonds toward each
other instead of moving the Ti—H bond only. To
understand the structural feature of these transition
state structures that involve the large angle changes,
we consider complex Cp,TiR; and its reductive elimina-
tion products CP,Ti and R—R. Examining their molec-
ular orbital structures (see Figure 6), we can see that a
symmetric path in the reductive elimination of R—R
from Cp,TiR; is symmetry-forbidden for such a 16-e
species because the two Ti—R ¢ bonds transform as a’'
+ a", while the d orbital accommodating the two d
electrons of Cp,Ti has the a’ irreducible representation
and the R—R ¢ bond is also a' if we imagine a mirror
plane bisecting the R—Ti—R angle. Because of the
symmetry-forbidden nature for such a 16-e Cp,TiR;
complex, it is not too surprising that the studied
reductive elimination reaction steps involve asymmetric
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szTi< Cp,Ti +
R

Figure 6. Schematic illustration of the molecular orbitals
involved in the reductive elimination of R—R from Cp,TiR..
The irreducible representations are based on the assump-
tion of a mirror plane bisecting the R—Ti—R angle.

bending in their reaction paths. Calculations show that
for a considered complex the transition state structure
is the one where the Ti—H bond approximately overlaps
with the plane formed by the metal center and the
centers of the two Cp rings. In these transition state
structures, the Ti—C bonds are moderately weakened.
The motion of Ti—H toward Ti—C instead of Ti—C
toward Ti—H may be related to the fact that hydrogen
is more labile than alkyl.

Summary

In this paper, the reaction mechanism of the Ti-
catalyzed hydroboration of olefins has been theoretically
investigated. Our calculations support the proposed
mechanism* that the favorable reaction pathway in-
volves olefin insertion into the Ti—B bond, giving a
structural intermediate l1a, followed by B—H bond
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cleavage from the intermediate to form the alkyl-
hydride complex 2a and then reductive elimination of
2a. The reductive elimination step is found to be rate-
determining. The competitive g-hydride elimination that
gives the vinylboronate ester side product is based on
an isomer of the alkyl-hydride complex 2a formed
through the B—H bond cleavage. The hydrogenated side
product is obtained through the formation of the olefin-
dihydrogen complex 1c, which results from the g-hy-
dride elimination. Through our calculations, we also
found that the Ti—O coordination plays a crucial role
in reducing the reaction barrier of the rate-determining
step. Here, the oxygen atom is from the Bcat' group.
Without the coordination, the calculations predict that
the g-hydride elimination, which gives vinylboronate
corresponding to the borylation of C—H at the terminal
olefin carbon, would become the most favorable process.
This important prediction can be tested if 9-borabicyclo-
[3.3.1]nonane (9-BBN), which does not contain O-donor
atoms, is used instead of HBcat'.

In comparison to late transition metal-catalyzed hy-
droborations, the Ti-catalyzed process shows that the
strong tendency to form the five-membered ring struc-
tural intermediate through the C—B interaction leads
to the exclusive formation of anti-Markovnikov products.
For late transition metal-catalyzed processes, oxidative
addition of the HB bond to a metal center gives the
hydroboryl active species, which allow more modes for
olefin coordination.*?~1* More olefin coordination modes
complicate the product formation because the insertion
of olefins to both the metal boryl and metal-hydride
bonds is possible.”~10
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