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Density functional theory calculations at the B3LYP level have been performed to
investigate the mechanism of the zirconocene-catalyzed addition of the ortho C-H bond of
R-picoline to propene to produce 2-Me-6-iPr-pyridine. The computational results support the
proposed mechanism, which involves (i) 2-Me-pyridine dissociation from [Cp2Zr(2-Me-6-
pyridyl)(2-Me-pyridine)]+ followed by the insertion of propene into the Zr-C bond of the
η2-pyridyl complex Cp2Zr(η2-2-Me-6-pyridyl)+ (1) to yield the azametallacycle Cp2Zr{η2-C,N-
CH2CHMe-(2-Me-6-pyridyl)}+ (2), (ii) hydrogenolysis of 2 to produce Cp2Zr(H)(2-Me-6-iPr-
pyridine)+ (3), (iii) ligand substitution of 3 by R-picoline to release 2-Me-6-iPr-pyridine and
form Cp2Zr(H)(2-Me-pyridine)+ (4), and (iv) C-H activation of 4 to release H2 and regenerate
1. Consistent with the experimental results, the 2-Me-pyridine dissociation from [Cp2Zr(2-
Me-6-pyridyl)(2-Me-pyridine)]+ followed by the propene insertion of 1 and the hydrogenolysis
of 2 are calculated to be the rate-determining steps. The calculations provide new insights
into the role of the cocatalyst H2, the origin of the regioselectivity of the C-H activation
and insertion steps, and the preference for R-picoline/propene coupling over propene
hydrogenation.

Introduction

Transition metal-catalyzed additions of C-H bonds
to olefins (eq 1)1 provide potentially economic and
versatile approaches to the formation of C-C bonds.2
A general mechanism for late transition metal catalysts
involves C-H oxidative addition, olefin insertion, and
reductive elimination of the product (Scheme 1).3 In

contrast, for d0 early transition metal catalysts, which
cannot undergo oxidative addition, the mechanism
normally involves σ-bond metathesis processes.4

To date, few theoretical calculations on these kinds
of addition reactions have been reported.5 In this paper,
we describe computational studies of the zircono-
cene-catalyzed addition of the ortho C-H bond of
R-picoline to propene (eq 2) reported by Jordan and co-
workers.6,7 The objectives of this computational work
were to understand the general reaction mechanism, the
role of H2, and the origin of the selectivity for the
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Markovnikov C-H addition product, and to probe why
competing processes such as activation of the picoline
methyl C-H bonds and hydrogenation of propene are
disfavored.

Computational Details

Geometry optimizations were performed using density
functional theory calculations at the Becke3LYP (B3LYP)
level.8 In one of our previous studies, the energetics and
structures calculated from B3LYP calculations have been
found to give reliable results on reaction mechanisms involving
early transition metals.9 Frequency calculations at the same
level of theory have also been performed to identify all
stationary points as minima (zero imaginary frequency) or
transition states (one imaginary frequency). The effective core
potentials (ECPs) of Hay and Wadt with a double-ú valence
basis set (LanL2DZ)10 were used to describe the Zr and Si
atoms. The 6-31G basis set was used for all other atoms.11

Polarization functions were also added for Si (úd ) 0.262) and
those atoms directly involved in bond-forming and bond-
breaking processes [N (úd ) 0.864), C (úd ) 0.600), and H (úp

) 1.100)]. All calculations were performed with the Gaussian
98 software package.12

In Figure 1 and the following figures that contain potential
energy profiles, reaction free energies (kcal/mol) and reaction
energies (kcal/mol, in parentheses) calculated at the B3LYP
level are presented. The reaction free energies and reaction
energies are similar in cases where number of reactant and

product molecules is equal, e.g., one-to-one or two-to-two
transformations, but differ significantly for one-to-two or two-
to-one transformations because of the entropy contribution.
In this paper, reaction free energies are used to analyze the
reaction mechanism.

Results and Discussion

Reaction Mechanisms. Jordan and co-workers6

showed that the reaction in eq 2 proceeds by the
mechanism in Scheme 2. Overall, the catalytic cycle can
be divided into four major steps. Starting with the η2-
pyrid-2-yl complex 1, the first step (I) is the insertion
of propene into the Zr-C bond to form azazirconacycle
2. Complex 2 reacts with H2 to give 3 via σ-bond
metathesis (II). A subsequent ligand substitution step
(III) yields 4 and releases the disubstituted pyridine
product. Finally, release of H2 via σ-bond metathesis
(step IV) regenerates 1 and H2 and completes the cycle.

In Scheme 2, H2 acts as a cocatalyst; that is, it is
required for the reaction to proceed, but it is not
consumed. An alternative possible mechanism that does
not involve H2 is shown in Scheme 3. In Scheme 3,
intermediate 2 reacts directly with R-picoline via a
σ-bond metathesis transition state to regenerate 1 and
release the disubstituted pyridine product.

Calculated Energy Profile for Scheme 3. The
calculated potential energy profile for Scheme 3 is
shown in Figure 1a. The insertion of propene into the
Zr-C bond in 1 occurs via propene adduct 5 and
transition state TS1. Adduct 5 is higher in free energy
than 1 and free propene due to the entropy contribution.
The activation free energy for propene insertion is 19.85
kcal/mol. The geometry of TS1 is shown in Figure 2. In
TS1 the Zr-C3 σ-bond and the C1-C2 π-bond are
partially broken, and the new σ-bonds Zr-C1 and C2-
C3 are partially formed. The reaction of 1 with propene
giving 2 is thermodynamically favorable, although the
entropy is decreased. The stability of 2 is a result of the
net energy gained from breaking the C1-C2 π-bond and
forming the C2-C3 σ-bond. In adduct 5, the coordina-
tion of olefin is from the C-side of the pyridyl ligand.
N-side coordination of the olefin is also possible but will
be disfavored by steric interactions between the propene
methyl group and the pyridyl methyl group. Addition-
ally, the N-side adduct must isomerize to the C-side
adduct to undergo olefin insertion. The N-side isomer
is calculated to be 0.94 kcal/mol higher in free energy
than the C-side isomer, and therefore, we did not
consider this species further.

There are two pathways for the direct reaction of 2
with R-picoline to yield 1 and the addition product,
which differ in the orientation of the R-picoline ligand
(see TS2 and TS3 in Figure 1a). In transition state TS2,
the R-picoline nitrogen (N1) is coordinated to Zr, while
in transition state TS3 the R-picoline nitrogen points
away from the metal center (Figure 2). Intrinsic reaction
coordinate (IRC) calculations confirmed that no inter-
mediates exist from TS3 (or TS2) to 1 and the addition
product.

Figure 2 shows the detailed structures of TS2 and
TS3. Both are four-center-four-electron σ-bond meta-
thesis transition states. The Zr-H, C1-H, and C2-H
distances indicate that the migrating H atom has strong
interactions with the metal center and C1 and C2 in
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both TS2 and TS3. In TS2, the incoming R-picoline is
strongly N-coordinated to Zr (Zr-N1 distance 2.253 Å),
and the departing disubstituted pyridine is not N-bound
(Zr-N2 distance > 4 Å). The short Zr-N1 distance
suggests that the new Zr-N bond is almost completely
formed in the transition state. In the X-ray structure
of [Cp2Zr(η2-pyridyl)PMe3]+, the Zr-N bond is 2.21 Å.13

In contrast, in TS3, the incoming R-picoline is bound
to Zr only through the ortho C-H bond, while the
departing pyridine is weakly N-bound (Zr-N2 distance
2.537 Å). TS2 is significantly more stable than TS3 due

to the stronger R-picoline coordination. However, the
activation energies via TS2 and TS3 are both very high
(41.67 and 48.86 kcal/mol, respectively, from 2), imply-
ing that neither pathway will be kinetically favorable.

Calculated Energy Profile for Scheme 2. Figure
1b shows the potential energy profile for Scheme 2, in
which H2 acts as a cocatalyst. The propene insertion of
1 to generate 2 was discussed above. The reaction of 2
with H2 proceeds via the four-center-four-electron
transition state TS4 (Figure 2) to afford 3. This step is
thermodynamically favorable, although the entropy is
decreased (∆G ) -5.39 kcal/mol). The enthalpic driving
force for this step is formation of the Zr-H bond, which

(13) Jordan, R. F.; Taylor, D. F.; Baenziger, N. C. Organometallics
1990, 9, 1546.

Figure 1. (a) Energy profile for the catalytic cycle shown in Scheme 3. (b) Energy profile for the catalytic cycle shown in
Scheme 2. (c) Energy profile for the ligand substitution reaction of 3 f 4. The calculated reaction free energies and reaction
energies (in parentheses) are given in kcal/mol.
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is expected to be ca. 10 kcal/mol stronger than the Zr-C
bond that is cleaved.14,15

Once 3 is formed, a ligand substitution reaction
occurs, leading to the formation of 4 and the release of
the disubstituted pyridine product. 4 is more stable than
3 due to the higher steric crowding associated with the
2,6-disubstituted pyridine ligand in 3. The calculated
Zr-N bond in 4 (2.358 Å) is shorter than that in 3 (2.423
Å). Finally, H2 elimination via the four-center-four-
electron transition state TS6 regenerates 1 and com-
pletes the catalytic cycle. The H2 elimination from 4 is
enthapically unfavorable but is driven by the entropy
contribution.

The ligand substitution step (3 f 4) requires further
comment. It is expected that this step will occur through
an associative mechanism, as 3 is a 16-electron species.
Considering the possibility of the incoming ligand
attacking the metal center from different directions, we
located two transition states (TS5a and TS5b). Figure
1c shows the energy profiles for the two directions of
attack. In TS5a the incoming ligand (picoline) attacks
the metal center from the side of the outgoing ligand,
while in TS5b the incoming ligand (picoline) attacks the
metal center from the hydride side. The possibility of
the incoming ligand attacking the site between the
hydride and outgoing ligand was also considered, but a
transition state for this pathway was not found. TS5a
is calculated to be 3.5 kcal/mol lower in free energy than

TS5b. It is interesting to note that the Zr- - -N distances
in TS5b are shorter than those in TS5a (Figure 2),
while the average Zr-C(Cp) bond distance in TS5b
(2.59 Å) is longer than that in TS5a (2.57 Å). Also,
the Zr-H distance (1.796) in TS5b is only slightly
longer than that in TS5a (1.793 Å). Due to the very
weak Zr- - -N interactions, the Zr-H distances in these
two transition states are shorter than those in 4 and
4′. These geometric differences between TS5a and TS5b
reflect the balance of interligand steric repulsions and
ligand trans influences in these systems. In particular,
the trans arrangement of the hydride and 2-Me-picoline
ligands results in the short Zr-H and long Zr-N
distances in TS5a. The difference in the Zr- - -N dis-
tances between TS5a and TS5b probably does not
contribute significantly to the relative stability of these
transition states, since these bonds are very long.
However, the small differences in the Zr-C(Cp) dis-
tances between TS5a and TS5b probably are signifi-
cant, due to the strength of these bonds. Figure 1c shows
that the ligand substitution step requires an activation
free energy of 17.74 kcal/mol, lower than that of the
olefin insertion step. The entropy contribution for the
ligand substitution is very significant (see the reaction
energies given in the figure). There are other possible
transition structures when one considers different ori-
entations of the N-containing ligands. We did not
further consider these structures because they are
expected to have greater steric repulsion.

Role of H2. Comparison of the calculated energy
profiles for Scheme 3 (Figure 1a) and Scheme 2 (Figure
1b) provides further insight into the role of H2 in Scheme
2. Figure 1a shows that the activation free energies for
conversion of azazirconacycle 2 to 1 and product via TS2
and TS3 are greater than 40 kcal/mol. In contrast, in
Scheme 3 the barrier for hydrogenolysis of 2 via TS4 is
only ca. 25 kcal/mol (Figure 1b). Two factors contribute
to the difference in these barriers. First, steric interac-
tions between the Cp rings and the other ligands are
greater in TS2 and TS3 than in TS4. This is obvious
because in TS4 the very small hydride ligand replaces
a bulky pyridyl ligand. Second, and probably more
important, only one hydrogen atom is involved in the
four-center-four-electron σ-bond metathesis interaction
in TS2 and TS3, while two hydrogens are involved in
this interaction in TS4. An early study showed that the
degenerate transformation of Cp2Sc(R1)(η2-H-R2) f Cp2-
Sc(R2)(η2-H-R1) (R1 ) R2 ) CH3) has a barrier of 16.75
kcal/mol, while the transformation of Cp2Sc(CH3)(η2-H2)
f Cp2Sc(H)(η2-H-CH3) requires a barrier of only 5.98
kcal/mol.16,17 It was proposed that the greater overlap
associated with the spherical hydrogen 1s orbital com-
pared to the more directional C sp2 or sp3 orbitals in
such transition states provides enhanced stability.16,17

In the TS4 and TS6 structures, the H1-H2 distances
are short (Figure 2), supporting the view that the 1s-
1s orbital overlap contributes to the stability of the
transition structures.

(14) (a) Crabtree, R. H. The Organometallic Chemistry of the
Transition Metals, 2nd ed.; John Wiley & Sons: New York, 1994; p
67. (b) Liu, D.; Lam, K. C.; Lin, Z. Organometallics 2003, 22, 2827.

(15) (a) Labinger, J. A.; Bercaw, J. E. Organometallics 1988, 7, 926.
(b) Schock, L. E.; Marks, T. J. J. Am. Chem. Soc. 1988, 110, 7701.

(16) Ziegler, T.; Folga, E.; Berces, A. J. Am. Chem. Soc 1993, 115,
636.

(17) (a) Steigerwald, M. L.; Goddard, W. A., III. J. Am. Chem. Soc.
1984, 106, 308. (b) Rappe, A. K. Organometallics 1990, 9, 466. (c)
Rabaâ, H.; Sailard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 1984, 106,
4327. (d) Folga, E.; Ziegler, T. New J. Chem. 1991, 15, 741. (e) Folga,
E.; Ziegler, T. Can. J. Chem. 1992, 70, 333.

Scheme 2

Scheme 3
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Substrate Coordination to 1. It should be noted
that the results discussed above are related to the
productive part of the catalytic cycle, which emphasizes
the role played by the reactive species 1. Scheme 2
shows that 1 is generated from [Cp2Zr(2-Me-6-pyridyl)-
(2-Me-pyridine)]+. To study the feasibility of generating
1, the 2-Me-pyridine dissociation reaction from [Cp2Zr-
(2-Me-6-pyridyl)(2-Me-pyridine)]+ (eq 3) was investi-
gated.

The 2-Me-pyridine dissociation free energy was cal-
culated to be only 5.04 kcal/mol. The small dissociation
free energy is a result of the significant entropy contri-
bution, as the dissociation energy is 22.95 kcal/mol.
Experiments showed that [Cp2Zr(2-Me-6-pyridyl)(2-Me-
pyridine)]+ reacts with propene to give 2.6 This reaction
presumably occurs through the olefin insertion of the
propene adduct 5. Since [Cp2Zr(2-Me-6-pyridyl)(2-Me-
pyridine)]+ is an 18-electron species, its reaction with
propene to produce the propene adduct 5, from which
the olefin insertion gives 2, is reasonably assumed to
be dissociative and proceeds via 1, as shown in Scheme
2. Experimental observations showed that the reaction
of [Cp2Zr(2-Me-6-pyridyl)(2-Me-pyridine)]+ and propene
and the reaction of 2 with H2 are slow compared to the

Figure 2. B3LYP optimized structures for those species shown in Figure 1 together with selected bond distances. The
bond distances are given in Å. For clarity, the hydrogen atoms on Cp rings are omitted.

4886 Organometallics, Vol. 23, No. 21, 2004 Bi et al.
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other steps, ligand exchange and H2 elimination.6 Tak-
ing into account the 2-Me-pyridine dissociation step
together with the energy profiles shown in Figure 1b,c,
the results of our theoretical calculations agree well with
these experimental observations.

Regioselectivity of Olefin Insertion of 1. As noted
above, only the Markovnikov C-H addition product was
obtained from the reaction of R-picoline with propene
(eq 2). The regioselectivity is set at the propene insertion
step, which yields the Markovnikov (or “1,2-insertion”)
product. To understand the origin of the regioselectivity,
the reaction of 1 and propene leading to the 2,1-insertion
product 2′ (eq 4) was investigated. Hydrogenolysis of 2′
would ultimately yield the anti-Markovnikov C-H
addition product 2-Me-6-nPr-pyridine. The potential
energy profiles for the insertions leading to 2 and 2′ are
compared in Figure 3a.

Consistent with the experimental observations, the
formation of 2′ is disfavored relative to the formation
of 2, both kinetically and thermodynamically. The
structures of the transition states leading to 2′ (TS1′)
and 2 (TS1) are shown in Figure 4 and Figure 2,
respectively. The Zr-C1 bond in TS1′ (2.458 Å) is much

longer than that in TS1 (2.371 Å), due to steric repulsion
between a Cp ligand and the propene Me group in TS1′.
The shortest H- - -H contact in TS1′ is 2.17 Å between
one of the two Cp rings and a propene CH3 hydrogen,
while that in TS1 is 2.26 Å between one of the two Cp
rings and a propene CH2 hydrogen. These results imply
that steric factors control the regioselectivity of propene
insertion of 1.

In contrast to the 1,2 propene insertion, it was found
experimentally that vinyltrimethylsilane reacts with 1
to yield the sterically more crowded 2,1-insertion prod-
uct 7 (eq 5) rather than the less crowded 1,2-insertion
product 7′ (eq 6).18 This result is inconsistent with the
steric arguments presented above. Therefore, eqs 5 and
6 were investigated computationally.

Figure 3b shows the potential energy profiles of the
insertions leading to 7 and 7′. The formation of 7 is
kinetically and thermodynamically favored over the
formation of 7′. Clearly, electronic effects are important
in this case.

(18) (a) Guram, A. S.; Jordan, R. F. Organometallics 1990, 9, 2190.
(b) Guram, A. S.; Jordan, R. F. Organometallics 1991, 10, 3470.

Figure 3. Energy profiles for propene insertion (a) and
vinyltrimethylsilane insertion (b) into the Zr-C bond of 1.
The calculated reaction free energies and reaction energies
(in parentheses) are given in kcal/mol.

Figure 4. B3LYP optimized structures for those species
shown in Figure 3 together with selected bond distances.
The bond distances are given in Å. For clarity, the hydrogen
atoms on Cp rings are omitted.
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Figure 4 shows the structures of the species in the
potential energy profiles in Figure 3b. The Zr-C1
distance in the 2,1-insertion transition state TS7 (2.449
Å) is longer than that in the 1,2-insertion transition
state TS7′ (2.389 Å), consistent with the anticipated
increased steric crowding in TS7. However, the differ-
ence in the Zr-C1 bond distances between TS7 and
TS7′ (0.060 Å) is less than that for the propene case
(TS1′ versus TS1, 0.087 Å), despite the fact that the
SiMe3 group is much larger than a Me group. Further
examination shows that the C1-Si bond in TS7 (1.910
Å) is significantly shorter than that in TS7′ (1.951 Å),
while the remaining bond distances are very similar in
the two transition states. Clearly, the stronger C1-Si
bonding in TS7 contributes substantially to the greater
stability of TS7 versus TS7′. The short C1-Si bond in
TS7 and product 7 reflects the favorable charge alter-
nation pattern in these species (“charge alternation
effect”), due to the 1,3 placement of the electropositive
Zr and Si centers.19,20 Figure 5 shows the atomic charges
calculated for these species. The Zr-C1-Si arrange-
ment in TS7 and 7 shows a charge alternation pattern,
while the Zr-C1-C2-Si arrangement in TS7′ and 7′
does not. These results show that the regioselectivity
of vinyltrimethylsilane insertion is controlled by elec-
tronic factors.

Activation of r-Picoline Methyl C-H Bonds. As
noted above, the only pyridine product observed in eq 2
and Scheme 2 is the disubstituted pyridine derived from
activation of the R-picoline ortho C-H bond in inter-
mediate 4. However, deuterium labeling experiments
showed that activation of the R-picoline methyl C-H
bonds also occurs and is reversible;6 that is, as shown
in Scheme 2, H2 elimination from 4′ occurs to give the
four-membered ring compound 8. Products derived from
propene insertion of 8 were not observed. To further
understand the selectivity observed in eq 2 and Scheme
2, the formation and reactivity of 4′ and 8 were studied
computationally.

Energy profiles for the formation and propene inser-
tion of 4 and 4′ are compared in Figure 6. The energies
of 4 and 4′ are very similar since no major steric
interactions are present. The barrier for activating a
methyl C-H bond of 4′ is only ca. 2 kcal/mol higher than
that for activating the ortho C-H bond of 4. However,
insertion of propene into 8 via TS1′′ to give 2′′ is

strongly disfavored relative to insertion of propene into
1 via TS1 to give 2. Comparing the structures of TS1′′
(Figure 7) and TS1 (Figure 2), we find that the Zr-C
and Zr-N bond distances are significantly longer in
TS1′′. The formation of a weaker C(sp3)-C(sp3) bond
in TS1′′ versus the C(sp3)-C(sp2) bond in TS1 and the
greater steric crowding in TS1′′ due to the large N-Zr-
C1 angle in the metallocene wedge compared to TS1
contribute to the higher barrier for propene insertion
into 8.

Hydrogenation of Propene. It was observed ex-
perimentally that minor amounts of propane (ca. 10 mol
% versus the disubstituted pyridine product) were
formed in eq 2.6 It is expected that hydride complexes
3 and 4 could catalyze propene hydrogenation via
propene insertion to yield Zr-propyl intermediates fol-
lowed by hydrogenolysis of the Zr-propyl bonds. Figure
8 shows the energy profiles calculated for hydrogenation
processes starting from 4, in which the propene inser-
tion occurs with 1,2 or 2,1 regioselectivity to produce
Zr-nPr or Zr-iPr intermediates. In both pathways, initial
ligand substitution yields a Zr(IV)-propene complex (9
or 9′). Subsequent propene insertion into the Zr-H bond
yields â-agostic propyl species 10 or 10′. Coordination
of H2 to 10 or 10′ followed by a σ-bond metathesis and
trapping by propene regenerates 9 or 9′ and completes
the cycle.

The energy profiles in Figure 8 show that displace-
ment of R-picoline from 4 by propene to yield 9 or 9′
and subsequent propene insertion comprise the rate-
determining step. The selectivity for propene/R-picoline
coupling over propene hydrogenation results primarily
from the fact that Cp2ZrH+ binds R-picoline much more
strongly than propene. The weak propene coordination
in 9 and 9′ results from the absence of d-π* back-
bonding in these d0 metal olefin complexes.21 The 1,2-

(19) (a) Klein, J. Tetrahedron 1983, 39, 2733. (b) Becker, J. Y.; Klein,
J. Tetrahedron 1988, 44, 2289. (c) Stolow, R. D.; Samal, P. W.; Giants,
T. W. J. Am. Chem. Soc. 1981, 103, 197. (d) Cohen, Y.; Klein, J.;
Rabinovitz, M. J. Am. Chem. Soc. 1988, 110, 4643. (e) Frenking, G.;
Gobbi, A. Chem. Phys. Lett. 1992, 197, 335.

(20) Lambert, J. B.; Zhao, Y.; Emblidge, R. W.; Salvador, L. A.; Liu,
X.; So, J.-H.; Chelius, E. C. Acc. Chem. Res. 1999, 32, 183, and
references therein.

Figure 5. Mulliken atomic charges calculated for those
species shown in Figure 3.
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insertion pathway (TS9) is slightly favored over the 2,1-
insertion pathway (TS9′) because placement of the
propene methyl group in the center rather than the side
of metallocene wedge reduces steric interactions with
the two Cp rings.22

Conclusions

The mechanism of the Zr-catalyzed addition of the
ortho C-H bond of R-picoline to propene has been
investigated by DFT calculations. The computational
results support the proposed mechanism, which involves
(i) 2-Me-pyridine dissociation from [Cp2Zr(2-Me-6-py-
ridyl)(2-Me-pyridine)]+ followed by the insertion of
propene into the Zr-C bond of the η2-pyrid-2-yl complex
1 to yield azametallacycle 2, (ii) σ-bond metathesis by
H2 to produce metal hydride intermediate 3, (iii) ligand
substitution of the disubstituted pyridine ligand of 3 by
R-picoline, and (iv) a second σ-bond metathesis to release

H2 and regenerate 1. Consistent with the experimental
results, the 2-Me-pyridine dissociation from [Cp2Zr(2-
Me-6-pyridyl)(2-Me-pyridine)]+ and subsequent propene
insertion of 1, and the hydrogenolysis of 2, are the rate-
determining steps.

The calculations confirm that H2 plays a crucial role
in this catalytic process. In the absence of H2, a direct
R-bond metathesis reaction of 2 and R-picoline might
proceed to produce 1 and the disubstituted pyridine
product. However, the barrier for this process is inac-
cessibly high. Introduction of H2 splits the inaccessible
σ-bond metathesis step involving 2 and R-picoline into
two accessible σ-bond metathesis steps, one being the
hydrogenolysis of 2 by H2 and the other being the
release of H2 via C-H activation of 4. The involvement
of H2 makes these four-center transition states ener-
getically accessible because the spherical character of
the H 1s orbital increases the orbital overlap and the
small size of H alleviates steric crowding.

The Zr-catalyzed addition of the R-picoline ortho C-H
bond to propene yields the Markovnikov product. The
regioselectivity is set at the propene insertion step,
which occurs with 1,2 regioselectivity. Our calculations
indicate that steric repulsion between a Cp ring and the
propene methyl group inhibits the 2,1-insertion path-
way. In contrast, vinyltrimethylsilane inserts into 1
with 2,1 regioselectivity due to electronic effects.

The calculations show that the preference for addition
of the R-picoline ortho C-H bond rather than a methyl
C-H bond to propene results from the much lower
barrier for propene insertion into the η2-pyridyl species
1 than the four-membered ring compound 8. Propene

(21) (a) Stoebenau, E. J., III; Jordan, R. F. J. Am. Chem. Soc. 2003,
125, 3222. (b) Carpentier, J.-F.; Maryin, V. P.; Luci, J.; Jordan, R. F.
J. Am. Chem. Soc. 2001, 123, 898. (c) Carpentier, J.-F.; Wu, Z.; Lee,
C. W.; Strömberg, S.; Christopher, J. N.; Jordan, R. F. J. Am. Chem.
Soc. 2000, 122, 7750.

(22) (a) Lantero, D. R.; Ward, D. L.; Smith, M. R., III. J. Am. Chem.
Soc. 1997, 119, 9699. (b) Lantero, D. R.; Miller, S. L.; Cho, J.-Y.; Ward,
D. L.; Smith, M. R., III. Organometallics 1999, 18, 235.

Figure 6. Energy profiles for H2 elimination from 4 and
4′ followed by propene insertion. The free and reaction
energies of 4 are taken from Figure 1b for comparison. The
calculated reaction free energies and reaction energies (in
parentheses) are given in kcal/mol.

Figure 7. B3LYP optimized structures of 4′, TS8, 8, TS1′′,
and 2′′ together with selected bond distances. The bond
distances are given in Å. For clarity, the hydrogen atoms
on Cp rings are omitted.
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insertion into 1 is favored because this reaction forms
a C(sp3)-C(sp2) bond, while reaction with 8 generates
a C(sp3)-C(sp3) bond, and because steric crowding in
the insertion transition state from 1 is much less than
that from 8. The preference for R-picoline/propene
coupling over propene hydrogenation results from the
much stronger binding of R-picoline versus propene to
the Cp2ZrH+ intermediate.
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Figure 8. Energy profiles for the hydrogenation of propene. The calculated reaction free energies and reaction energies
(in parentheses) are given in kcal/mol.
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