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ABSTRACT: The rhodium-catalyzed cyclopropanation/cyclization of

allenynes was investigated by means of DFT calculations. The results
show that the cyclopropanation via the proposed stepwise C(sp’>)—H o RN

activation (6-bond metathesis/C—H reductive elimination) was kinetically E > S
unfavorable. Instead, a concerted C(sp®)—H activation pathway, namely the ~ E RO 2
metal-assisted o-bond metathesis, in which the hydrogen was directly H

transferred to the rhodacyclopentane assisted by the Rh center followed by a metal-assisted s-bond metathesis

C—C reductive elimination, was found to explain the experimental results.

! I ! ransition-metal-catalyzed cycloaddition reactions provide Scheme 1. Rh-Catalyzed Cyclopropanation/Cyclization of

one of the most powerful protocols for the construction Allenynes 1
of carbo- and heterocycles in organic synthesis." In this context,
the rhodium-catalyzed cycloadditions of enynes, diynes, dienes, eiin :
and allenynes have attracted tremendous interest during the [Rh(IiPr)(cod)]CIO, = PN
past two decades.”™* Generally, the metallacycles generated E dichloroethane  E._A £ :
from an initial oxidative cyclization are proposed as key = B S hks ek i
intermediates in these reactions. The typical reactivity of the 1 2 3
metallacycles is that the reductive elimination could give the [m E = C(COMe) 90%
+ n] cycloaddition products.® Besides, with the additional =\
incoming unsaturated compounds, such as alkyne, alkenes, and w’N\‘(N\( B ,

. . . . cod = 1,5-cyclooctadiene

CO, the migration insertion could occur and consequently 1iPr

provide an extraordinary diversity of reactions, leading to the
formation of the [m + n + - + z] cycloaddition products.*

Recently, Oonishi, Sato, and co-workers reported a novel
rhodium-catalyzed cyclopropanation/cyclization of allenynes.’
The most interesting feature of this reaction is that instead of
undergoing the [2 + 2] cycloaddition reaction,’ it evolves reductive ~ oxidative
through an unexpected C(sp*)—H activation to give the cyclic elimination Cywieapn
product 2 exclusively (Scheme 1). Based on the experimental
results,” it was proposed that (Scheme 2), after the formation of
the rhodacycle intermediate A by an initial oxidative cyclization,
the C(sp®)—H bond of the tBu group is triggered by the
rhodacycle via a o-bond metathesis transition state B, which
would then generate the intermediate C. This intermediate C
would undergo reductive elimination leading to the final
product 2. Later on, Mukai and co-workers in a subsequent
report on the rhodium-catalyzed cycloaddition of allenylcyclo- B
pentane-alkynes further demonstrated the similar reactivity of o-bond metathesis
the rhodacycle intermediate, where they found that Cy—H
bond activation of the cyclopentane moiety could be realized by
the careful selection of the rhodium catalyst.”

Considering the significance of this reaction, especially the
novel reactivity of the rhodacycle intermediate, the reaction
mechanism therefore deserves a more detailed investigation.
Herein, we report our mechanistic study of this reaction by
employing Density Functional Theory (DFT) calculations (see Received: March 15, 2015
the Supporting Information for the computational details). The Published: April 7, 2015

Scheme 2. Proposed Reaction Mechanism
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calculations show that the suggested stepwise C(sp®)—H
activation (o-bond metathesis/C—H reductive elimination) is
however not responsible for the experimental results.
Importantly, a concerted C(sp®)—H activation pathway, namely
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Figure 1. Calculated free energy profiles for the cyclopropanation/cyclization and [2 + 2] cycloaddition.

the metal-assisted o-bond metathesis, followed by C—C
reductive elimination, was proposed on the basis of calculations.

In experiments, the catalyst precursor is Rh(IiPr)Cl with
AgClO,, from which the neutral catalyst Rh(IiPr)ClO, can be
generated. It is possible that the active catalyst involved in the
reaction is either the neutral Rh(IiPr)ClO, catalyst or the
cationic Rh(IiPr)* catalyst. Both scenarios were thus considered
and compared in our calculations, and the results show that the
energies with the neutral Rh(IiPr)ClO, catalyst are lower than
those with the cationic Rh(IiPr)* catalyst. Therefore, in the
text, we will only discuss the results in the case of
Rh(IiPr)ClO,, and the results for the case of Rh(IiPr)* are
given in the Supporting Information.

The reaction begins with the coordination of 1 with
Rh(IiPr)ClO, through the allenic double bond and the alkyne
moiety, which was calculated to be highly exergonic, by more
than 40 kcal/mol (see the Supporting Information for details).
For this step, two possible complexations can be envisioned, i.e.
involving either the distal (INT1) or the proximal double bond
(INTO) of the allene moiety (Figure 1). The calculations show
that the INTO is more stable than INT1, by 3.2 kcal/mol
(Figure 1).

According to Scheme 2, the first step of the reaction is the
oxidative cyclization. The results show that, from INT1, the
oxidative cyclization between the distal double bond of the
allene and alkyne via TS1 requires an energy barrier of 26.8
keal/mol relative to INTO (Figure 1). On the other hand,
although INTO is 3.2 kcal/mol more stable than INT1, the free
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energy of the corresponding transition state was calculated to
be higher than that of TS1 (see the Supporting Information for
details). The oxidative cyclization was found to be a highly
exergonic process. The resulting intermediate is the rhodacy-
clopentane INT2, which was calculated to be 15.9 kcal/mol
lower in energy than INTO.

Upon the formation of INT2, the cyclopropanation process
was proposed to occur through the stepwise C(sp’)—H
activation, including o-bond metathesis and C—H reductive
elimination (Scheme 2 and Figure 1, Path a). The o-bond
metathesis was found to take place via the four-membered ring
transition state TS2a (Figure 1). The resulting intermediate
from TS2a is Rh(III)-hydride complex INT3a, which was
found to be 15.6 kcal/mol higher than INT2. From INT3a, the
C—H reductive elimination takes place easily through the
transition state TS3a, with an energy barrier of only 6.8 kcal/
mol relative to INT3a, ie. 22.4 kcal/mol relative to INT2.
Finally, the catalytic cycle is closed by the ligand exchange step
between 1 and INT4a to release the cyclopropanation/
cyclization product 2 and regenerate the intermediate INT1.
As shown in Figure 1, the energy barrier of cyclopropanation
via the stepwise C(sp®>)—H activation is determined by the o-
bond metathesis step, which was calculated to be 32.9 kcal/mol
relative to INT2.

Another possibility from INT2, namely the direct reductive
elimination, was also calculated (Figure 1, Path b), which would
give the experimentally not observed [2 + 2] cycloaddition
product 3. The corresponding transition state is TS2b, and the
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energy barrier was calculated to be 32.7 kcal/mol relative to
INT?2. The resulting intermediate is INT3b, which can give the
product 3 by a ligand exchange step with 1.

Therefore, the [2 + 2] cycloaddition and cyclopropanation/
cyclization were calculated to have almost identical energy
barriers (32.7 vs 32.9 kcal/mol), which indicates that the
reaction should give both 2 and 3 with a ratio of around 50:50,
being inconsistent with the experimental results that product 2
was formed exclusively. The alternative mechanism for the
cyclopropanation thus must be examined to account for the
experimental observations.

Indeed, during our calculations, we found that the cyclo-
propanation can be realized through a concerted C(sp*)—H
activation followed by C—C reductive elimination (Figure 1,
Path c). As shown in Figure 1, the concerted C(sp*)—H
activation pathway was found to occur via the transition state
TS2c, from which the hydrogen of the tBu group was directly
transferred to C°, and simultaneously the Rh—C® was broken
and Rh—C® was formed (Figure 2), resulting in the generation
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Figure 2. (a) Optimized structures of TS2a and TS2c, bond distances
are in A; (b) plots of the Laplacian of electron density (V?p) for the
transition states TS2a and TS2c in a plane defined by the two carbon
atoms and hydrogen.

of the intermediate INT3c. INT3c then undergoes the C—C
reductive elimination (via TS3c) to afford the intermediate
INT4a, followed by a subsequent ligand exchange with 1 to
produce the final product 2. The rate-determining step of this
process was found to be the C(sp®)—H activation (TS2c), with
an energy barrier of 28.5 kcal/mol relative to INT2.
Compared to the cyclopropanation process via the proposed
stepwise C(sp®>)—H activation, this alternative pathway was
found to be more favorable by 4.4 kcal/mol (28.5 kcal/mol of
Path ¢ vs. 32.9 kcal/mol of Path a). More importantly, the
energy barrier was found to be 4.2 kcal/mol lower than that of
[2 + 2] cycloaddition (28.5 kcal/mol of Path c vs 32.7 kcal/mol
of Path b), which corresponds to a calculated 2:3 ratio of about
518:1 (65 °C), which is in excellent agreement with the
experimental outcomes that product 2 was formed exclusively.®

1996

To the best of our knowledge, the C(sp®)—H activation of
metallacycles through type TS2c¢ has not been previously
reported, which therefore deserves particular attention. In TS2¢
(Figure 2), the bond distance of Rh—H is 1.66 A, indicating
that Rh—H is almost fully formed. Moreover, the breaking C*—
H and the forming C°*—H bonds were found to be 1.40 and
1.59 A, respectively. Meanwhile, the breaking Rh—C® and the
forming Rh—C® bonds were found to be only longer by less
than 10%, compared to those in INT2 and INT3c. These
geometric features indicate that TS2c is a four-center metal-
assisted o-bond metathesis transition state.” The reason TS2c is
lower in energy than TS2a may be due to the steric repulsion in
TS2a. In TS2a, the forming C'—CCis as long as 2.29 A due to
the steric repulsion between the C' and C® groups, and bond
distances of C°~H, Rh—H, and Rh—C? are 1.58, 1.53, and 2.21
A, repectively. TS2a therefore is more likely a three-center
oxidatively added transition state.”'" The Rh center in TS2a
thus could be described to have Rh(V) character."! The
Laplacian plots of electron density for the transition states
TS2a and TS2c (Figre 2) further support that there are
significant electron density concentrations between H and C°
and C°® in TS2¢, while in TS2a, no electron density
concentrations can be found between C! and C¢, and moreover,
the very weak electron density concentrations between C° and
H indicate that the C*~H bond is almost broken.

Oonishi et al. conducted a kinetic isotope competition
experiment using an equimolar mixture of allenyne 1 and [D,]-
1 (the tBu group of 1 is deuterium-labeled) at room
temperature, and the kinetic isotope effect (KIE) was calculated
to be about 3.9,° from which C(sp>)—H activation was
proposed to be the rate-determining step. To test the validity
of our proposed mechanism, the KIE of the rate-determining
step (INT2—TS2c) was calculated, by evaluating the zero-point
energies with those of the deuterium-labeled INT2 and TS2c.
The calculated zero-point energy difference is 0.73 kecal/mol,
which corresponds to a calculated KIE of 3.4 at room
temperature, which is in good agreement with the experimental
KIE of 3.9.

In the current study, we have presented a mechanistic
investigation of the rhodium-catalyzed cyclopropanation/
cyclization of allenynes by means of DFT calculations. The
results show that the reaction is initiated by an oxidative
cyclization, resulting in the formation of the rhodacyclopentane,
from which it was found that the proposed stepwise C(sp*)—H
activation through o-bond metathesis/C—H reductive elimi-
nation is however kinetically unfavorable. An alternative
concerted C(sp’)—H activation mechanism, namely metal-
assisted o-bond metathesis, was proposed on the basis of the
calculations, in which the hydrogen of the tBu group was
directly transferred to the rhodacyclopentane assisted by the Rh
center. The catalytic cycle is finally closed by a C—C reductive
elimination, leading to the final cyclopropanation/cyclization
product. The metal-assisted o-bond metathesis step constitutes
the rate-determining step of the overall reaction.

The present calculations provide important insights into the
reactivity of the rhodacycle intermediate, which should have
important implications for the design of new catalytic systems.
Studies on the related reaction’ are currently ongoing in our
laboratory.
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