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ABSTRACT: The rhodium-catalyzed [7 + 2] cycloaddition and cyclopropanation/cyclization of allenylcyclopentane-alkynes
developed by Mukai and co-workers (J. Am. Chem. Soc. 2012, 134, 19580—19583) represents a rare example of the metallacycle-
directed selective C(sp®)-C(sp®) vs C(sp*)-H activation. In this article, the mechanism of this intriguing reaction is investigated
by means of density functional theory calculations. The calculations show that the reaction is initiated by an oxidative cyclization
to form the key rhodacycle intermediate. The subsequent competing f-carbon elimination/C(sp*)-C(sp?) reductive elimination
and metal-assisted o-bond metathesis/C(sp*)-C(sp’) reductive elimination lead to the [7 + 2] cycloaddition and
cyclopropanation/cyclization, respectively. The calculations reproduce quite well the experimentally observed ligand-controlled
selectivity, showing that both electronic and steric effects of the ligand have an important impact on the selectivity. In particular,
the ligand can significantly affect energy barriers of the metal-assisted o-bond metathesis and C—C reductive elimination but
toward opposite directions, resulting in a selectivity switch between the [7 + 2] cycloaddition and cyclopropanation/cyclization

upon ligand change.

1. INTRODUCTION

Metallacycles are important intermediates in a variety of
catalytic processes, widely used both in industry and
academia."” For examples, the oligomerization of olefins,
cycloadditions, olefin metathesis, and multicomponent cou-
plings are suggested to proceed through metallacycles."”
Because of the importance of metallacycles, the study of their
properties and reactivities has attracted tremendous interest
from both experimental”” and theoretical”* chemists. Estab-
lished reactivities of metallacycles include C—C reductive
elimination, migratory insertion, transmetalation, a-hydrogen
elimination, and f-hydrogen elimination."”” However, new
kinds of reactivities are still ve,me‘,rging.;,5 increasing the
complexity of mechanistic scenarios involving these intermedi-
ates. In this sense, a deeper comprehension of these new
reactivities of metallacycles will not only give a better
understanding of the already developed transformations but
also provide important tools for the design of new processes.
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Metallacycles are commonly proposed as key intermediates
in transition-metal catalyzed cycloaddition reactions.” In this
context, Mukai and co-workers recently reported a novel Rh-
catalyzed [7 + 2] cycloaddition and cyclopropanation/
cyclization of allenylcyclopentane-alkynes (Scheme 1).° In
this reaction, a metallacycle intermediate was proposed to play
a key role, being able to selectively evolve through direct
C(sp®)-C(sp®) or C(sp®)-H activations. In particular, when
RhCI(PPh,); was used as the catalyst, the reaction undergoes
an unprecedented C(sp®)-C(sp?) activation to form the [7 + 2]
cycloaddition product 2. Although transition-metal-catalyzed
cycloaddition reactions employing cyclopropanesza_uI and
cyclobutanes’ have been developed, the analogous reaction
occurring on cyclopentanes was considered to be difficult
because of the much smaller ring strain energy of cyclopentanes
compared to that of cyclopropanes and cyclobutanes.® This
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Scheme 1. Rh-Catalyzed [7 + 2] Cycloaddition and
Cyclopropanation/Cyclization of Allenylcyclopentane-
alkynes”
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“E = C(CO,Me),, NTs, C(CH,0OH),, and etc. R = SO,Ph; and dppp
= 1,3-Bis(diphenylphosphino ) propane.’.

thus represents the first example of a reaction making use of
cyclopentane as an acyclic Cs-buliding block in a cycloaddition
process. More interestingly, when the catalyst changed to
RhCl(dppp),, the selectivity was switched, and the reaction
takes place through a C(sp®)-H activation to afford a novel
cyclopropanation/cyclization product 3.

The Rh-catalyzed cycloadditions of vinylcyclopropanes with
unsaturated compounds (e.g., alkynes, alkenes, and allenes)
have been extensively investigated computationally, and the
reactions were found to be initiated by a C—C cleavage of the
cyclopropane.* However, for the current reaction, Mukai and
co-workers proposed that it first goes through an oxidative
cyclization to form the rhodacycle intermediate A (Scheme 2).
This intermediate A then undergoes a C(sp*)-C(sp?) activation
via the f-carbon elimination transition state B-1, which would
generate the intermediate C. Finally, a C(sp*)-C(sp®) reductive
elimination from the intermediate C leads to the formation of
the [7 + 2] cycloaddition product 2. Alternatively, a C(sp®)-H
activation via the o-bond metathesis transition state B-2 was
suggested to account for the cyclopropanation/cyclization. The
resulting intermediate of the transition state B-2 is D, which
then would undergo a C(sp®)-H reductive elimination to get
the cyclopropanation/cyclization product 3.

Very recently, we’ reported a computational study of the
rhodium-catalyzed cyclopropanation/cyclization of allenynes
developed by Onoishi and co-workers,"” which is very relevant
to the title reaction. In that work, we have found that instead of
the proposed o-bond metathesis/C—H reductive elimination,
the cyclopropanation proceeds through metal-assisted o-bond
metathesis'' followed by a C—C reductive elimination. With
continuous interest in this field and the current poor
understanding of the detailed reaction mechanism, in particular

the origins of the ligand-controlled C(sp®)-C(sp®) versus
C(sp®)-H activation, we therefore decided to investigate the
title reaction computationally by means of density functional
theory (DFT) calculations. The present calculations indeed
show that our proposed C(sp*)-H activation pathway is much
more favorable than the originally proposed one, which
provides further corroboration with our previous findings.
More importantly, the ligand effect on the metal-assisted o-
bond metathesis/C—C reductive elimination was found to play
an important role in determining the selectivity of the reaction.

2. COMPUTATIONAL DETAILS

All of the calculations were performed with the Gaussian 09 package.'
The geometry optimizations were carried out using the B3LYP
functional® with the LANL2DZ pseudopotential* for Rh, and the 6-
31G(d,p) basis set for all other atoms. Frequencies were computed
analytically at the same level of theory to confirm whether the
structures are minima (no imaginary frequencies) or transition states
(only one imaginary frequency). Solvation effects (toluene, & =
2.3741) were taken into account by performing single—?oint
calculations with the polarizable continuum model (PCM)," and
the atomic radii used for the PCM calculations were specified using the
UFF keyword. Selected transition-state structures were confirmed to
connect the correct reactants and products by intrinsic reaction
coordinate (IRC) calculations.'® To obtain better accuracy, single-
point energies for the optimized geometries were recalculated with a
larger basis set (LANL2TZ() for Rh and 6-311+G(d,p) for all other
atoms) by using the dispersion-corrected double hybrid functional
B2PLYP-D3,"” which has been demonstrated to yield accurate kinetic
and thermodynamic properties.'® The final free energies reported in
the article (AGr,,) are the B2PLYP-D3 single-point energies corrected
by gas-phase Gibbs free energy correction (at 298.15 K) and solvation
correction.

3. RESULTS AND DISCUSSION

The model reaction chosen in the current study is shown in
Scheme 3. The experimental results showed that for the

Scheme 3. Model Reaction Investigated in the Current Study
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Figure 1. Calculated free energy profiles for the RhCl(PPhs);-catalyzed reaction; [Rh] = RhCI(PPhy,).

substrate 1a, when using the RhCI(PPh,); as catalyst, the [7 +
2] cycloaddition product 2a was obtained predominantly with a
small amount of the cyclopropanation/cyclization product 3a.
However, 3a was observed as the major product in a 16:1 ratio
(3a:2a) by changing the catalyst to RhCl(dppp),.

In this section, the results obtained for the RhCI(PPh;);-
catalyzed reaction are presented first. All possible pathways
including the potential side reactions were calculated and
compared in order to establish the detailed reaction
mechanism. Next, the results of the RhCl(dppp),-catalyzed
reaction are presented. Finally, the origins of the ligand-
controlled selectivity are discussed and rationalized on the basis
of the calculations.

3.1. Results for the RhCI(PPh;);-Catalyzed Reaction.
According to Scheme 2, the first step of the reaction is the
oxidative cyclization, which was found to initiate from the
intermediate INT1.'”° The calculations show that the
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oxidative cyclization via TSI, involving the distal double
bond of the allene and the alkyne moieties, requires an energy
barrier of 15.7 kcal/mol with respect to INT1, from which the
key rhodacyclopentane intermediate INT2 was generated. This
step was calculated to be highly exergonic, by as much as 26.9
kcal/mol. The oxidative cyclization involving the proximal
double bond of the allene moiety was also calculated, but the
free energy of the corresponding transition state was found to
be 12.6 kcal/mol higher than that of TS1 (see the Supporting
Information for details). Considering that the oxidative
cyclization is irreversible (vide infra), it thus constitutes the
first selectivity-determining step of the reaction. The calcu-
lations are therefore consistent with the experimental evidence
that only the products formed by the cyclization of the distal
double bond of the allene were observed.” Note that besides
the oxidative cyclization, in principle the reaction could also be
initiated by the C—C bond cleavage of the cyclopentane
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Figure 2. Optimized geometric structures of selected transition states and intermediates in the RhCI(PPh;);-catalyzed reaction; the CO,Me and
SO,Ph groups of 1a and PPh, groups of the ligand were omitted for clarity; distances and angles are in Angstroms and degrees, respectively.

moiety, similarly to what has been proposed in a number of elimination (TS3a) was found to be the rate-determining step
Rh(I)-catalyzed cycloadditions involving vinylcyclopropanes.” with an overall energy barrier of 23.1 kcal/mol.

However, the calculated energy barrier of this pathway is Alternatively, the intermediate INT2 can undergo a C(sp°)-
inaccessibly high (39.0 kcal/mol relative to INT1, 23.3 kcal/ H activation to afford the cyclopropanation/cyclization product
mol higher than TS1), thus ruling out this possibility (see the 3a. We first explored the proposed stepwise mechanism,
Supporting Information for details). One possible explanation namely, the o-bond metathesis/C—H reductive elimination
for this high energy barrier can be found in the difference in (Scheme2). This pathway was found to occur first via transition

state TS2c (path ¢, Figurel). However, the energy barrier was
calculated to be relatively high, 38.4 kcal/mol relative to INT2,
which is 19.4 kcal/mol higher than TS2a. However, our
previously proposed metal-assisted o-bond metathesis/C—C
reductive elimination” (path b, Figure 1) was found to be much
more favorable than the o-bond metathesis/C—H reductive
elimination. The calculated energy barrier for the metal-assisted
o-bond metathesis via transition state TS2b is 27.4 kcal/mol
relative to INT2, which is lower than that of TS2c¢ by as much
as 11.0 kcal/mol. In TS2b (Figure 2), the hydrogen of the
methyl group was directly transferred to the C' atom (H-C' =

strain energy, which is 27.5 kcal/mol for cyclopropanes but
only 6.2 kcal/mol for cyclopentanes.®

Upon the formation of INT2, several mechanistic
possibilities can be envisioned, ie., C(sp®)-C(sp*) activation
via f-carbon elimination, C(sp®)-H activation through o-bond
metathesis, and direct reductive elimination. Path a represents
the [7 + 2] cycloaddition occurring through p-carbon
elimination/C—C reductive elimination (Figure 1). It was
found that the f-carbon elimination takes place via transition
state TS2a, with an energy barrier of 19.0 kcal/mol relative to

INT2. The pJ-carbon elimination was calculated to be 138 A, H-C® = 1.56 A), with the assistance of the strong
endergonic, and the resultant intermediate INT3a is 4.3 kcal/ interacéi on between the Rh) center and the hydrogen (Rh—H =
mol higher in energy than INT2. Subsequently, the 1.70 A). In the meantime, the Rh—C' bond is breaking and the
intermediate INT3a undergoes a C(sp*®)-C(sp?) reductive Rh—C® bond is forming (Rh—C! = 2.12 A, Rh—C® = 221 A).
‘eliminatis)n through TS3'f‘ to generate the product c9ordinated TS2b thus displays geometric features quite similar to those of
intermediate INT4a. This step has an energy barrier of 18.8 the transition state obtained in our previous study.9 The
kcal/mol relative to INT3a, i.e., 23.1 kcal/mol relative to INT2. intermediate resulting from TS2b is INT3b, which was
Finally, the [7 + 2] cycloaddition is completed by a ligand calculated to be 5.8 kcal/mol higher in energy than INT2.
exchange between the intermediate INT4a and the substrate The C(sp®)-C(sp®) reductive elimination (TS3b) from INT3b

la, which releases the product 2a and regenerates the was found to be relative facile, with an energy barrier of 14.1
intermediate INT1 for the next catalytic cycle. The overall [7 kcal/mol relative to that of INT3b, i.e., 19.9 kcal/mol relative
+ 2] cycloaddition was calculated to be highly exergonic, by as to INT2. To close the catalytic cycle, the cyclopropanation/
much as 43.3 kcal/mol, and the C(sp®)-C(sp®) reductive cyclization product 3a was released, and INT1 was regenerated
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Figure 3. Calculated free energy profiles for the RhCl(dppp),-catalyzed reaction; [Rh] = RhCl(dppp).

by a ligand exchange step between INT4b and 1a. In short, the
rate-determining step of the cyclopropanation/cyclization is the
metal-assisted o-bond metathesis (TS2b) with an energy
barrier of 27.4 kcal/mol, and the overall reaction is exergonic
by 32.1 kcal/mol.

As a final option, we also considered a possible direct C—C
reductive elimination from INT2. This process would give the
[2 + 2] cycloaddition product, which was not experimentally
observed. Indeed, the energy barrier for the direct C—-C
reductive elimination (via TS 2d) was calculated to be 41.6
kcal/mol relative to that of INT2 (path d, Figure 1), which is
18.5 and 14.2 kcal/mol higher than those of the [7 + 2]
cycloaddition and the cyclopropanation/cyclization, respec-
tively. This finding is consistent with the experimental results.’

Taken together, these results clearly show that the [7 + 2]
cycloaddition is the most favorable pathway with an energy
barrier of 23.1 kcal/mol. The calculated energy difference of 4.3
kcal/mol between the [7 + 2] cycloaddition and the
cyclopropanation/cyclization is in qualitative agreement with
the experimental results that the reaction predominantly
generated 2a with a small amount of 3a.° The source of the
selectivity lies in the unfavorable metal-assisted o-bond
metathesis step in the cyclopropanation/cyclization compared
to that of the [7 + 2] cycloaddition. In the next section, the
ligand effect on these elementary steps is presented.

3.2. Results for the RhCl(dppp),-Catalyzed Reaction.
As mentioned in the Introduction, the selectivity of the reaction
was switched from the [7 + 2] cycloaddition to the
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cyclopropanation/cyclization by changing the catalyst from
RhCI(PPh,); to RhCl(dppp),. In order to elucidate the origins
of this ligand-controlled selectivity, the RhCl(dppp),-catalyzed
reaction was investigated. The calculated results are shown in
Figure 3, and the optimized geometric structures of selected
transition states and intermediates are collected in Figure 4. It
turns out that the reaction follows the same general mechanistic
pathways as established above for the RhCI(PPh;);-catalyzed
reaction. However, there are considerable differences in the free
energy profiles for the two reactions (Figure 1 vs 3), leading to
significant alteration of the reaction selectivity upon ligand
change.

Also in this case, the reaction is initiated by an oxidative
cyclization (via TS4) to form the rhodacyclopentane
intermediate INT6. This step was found to be very facile,
with an energy barrier of only 9.1 kcal/mol relative to that of
INTS. This barrier is 6.6 kcal/mol lower in energy than the
corresponding one found in the RhCI(PPh;);-catalyzed
reaction (TS1), which can be rationalized by recognizing that
a more electron-rich ligand, such as dppp, can significantly
stabilize an oxidative cyclization transition state.™

As a bifurcation point of the reaction, the intermediate INT6
can undergo either a f-carbon elimination/C(sp®)-C(sp*)
reductive elimination leading to [7 + 2] cycloaddition (path
a, Figure 3) or a metal-assisted o-bond metathesis/C(sp?)-
C(sp”) reductive elimination, affording the cyclopropanation/
cyclization product (path b, Figure 3).”** However, in contrast
to the RhCI(PPh,);-catalyzed reaction, in which the metal-

DOI: 10.1021/acs.joc.5b01148
J. Org. Chem. 2015, 80, 7564—7571


http://dx.doi.org/10.1021/acs.joc.5b01148

The Journal of Organic Chemistry

Rh-C'=2.06 Rh-C*=2.16 Rh-C' =2.00
Rh-C2=237 Rh-C®=2.19 Rh-C%=2.13
c%c*=2.10 c2-ct=147

TS5a
Rh-C®=2.16
Rh-C” = 2.45
Ccé.c’=2.24

TS6a TS6b
Rh-C'=2.13 H-C'=1.39 Rh-C'=2.02 Rh-C5=255 Rh-C®=2.32 Rh-C'=225
Rh-C8= 2.26 H-C8=1.50 Rh-C"=2.33 Rh-C6=292 Rh-C8=2.36 Rh-C?=2.26
Rh-H=1.72 C'"H-C8=157.5 c'-c’=1.88 C5-c8=1.89

Figure 4. Optimized geometric structures of selected transition states and intermediates in the RhCl(dppp),-catalyzed reaction.

assisted o-bond metathesis step is much higher than the j-
carbon elimination, and constitutes the rate-determining step
for the cyclopropanation/cyclization (Figure 1), for the
RhCl(dppp),-catalyzed reaction the metal-assisted o-bond
metathesis step (via TSSb) was calculated to be 0.4 kcal/mol
lower than that of the f-carbon elimination (via TSSa). Also,
more importantly, the C(sp*)-C(sp®) reductive elimination (via
TS6b) becomes the rate-determining step. As a consequence,
the selectivity of the RhCl(dppp),-catalyzed reaction is
determined by the competition between the C—C reductive
elimination in both pathways (TS6a vs TS6b, Figure 3). The
2.5 kcal/mol energy difference between TS6a and TS6b implies
that the corresponding ratio of 3a:2a is approximately 26:1,” in
good agreement with the experimental—observed ratio of 16:1.°
Our results thus clearly reproduce the shift in reaction
selectivity from the favorable formation of the [7 + 2]
cycloaddition product 2a in the RhCI(PPh,); case to the
preferential formation of the cyclopropanation/cyclization
product 3a in the RhCl(dppp),-catalyzed reaction.

3.3. Origins of the Ligand-Controlled Selectivity. The
origins of the ligand-controlled selectivity are rather compli-
cated, and both electronic and steric effects were found to play
important roles in determining the selectivity. For the metal-
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assisted o-bond metathesis step, it was found that the energy
barrier is 27.4 kcal/mol for the RhCI(PPh;); case (TS2b),
while 23.7 kcal/mol for the RhCl(dppp), (TS5b). Given that
more steric repulsion is present in TS2b than in TSSb, the
difference in the electronic properties between PPh; and dppp
ligands therefore determines the reactivity of this step. Previous
studies have shown that the C—H activation via o-bond
metathesis is most likely involving a degree of heterolytic
character, which thus can be viewed as a proton transfer.
Moreover, the transition state can be stabilized with more
electron-rich metal center.”* In this sense, the Rh center with
the more electron-rich dppp ligand in the current case therefore
can significantly stabilize the metal-assisted o-bond metathesis.
The NBO analysis shows that the transferring hydrogen has a
significant amount of positive charge in both TS2b (+0.294¢)
and TSSb (+0.314¢). Moreover, the Rh center in TSSb displays
a much more negative charge than that in TS2b (—0.493e vs
—0.129¢). These results indeed corroborate well with the
previous arguments.

However, the f-carbon elimination and C—C reductive
elimination were found to be more sensitive to steric effect. The
calculations show that the energy barriers for p-carbon
elimination and C—C reductive elimination were increased by

DOI: 10.1021/acs.joc.5b01148
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about 5—6 kcal/mol when changing the ligand from PPh; to
dppp (Figures 1 and 3). Comparison of the geometric
structures further supports that the steric repulsion between
the catalyst and the substrate moieties plays an important role
in these steps. Taking TS2a and TSS5a as examples, the bond
distances of Rh—C® and Rh—C” in TS2a are 2.07 and 2.32 A,
respectively, while they are 2.16 and 2.45 A, respectively, in
TSSa (Figures 2 and 4). Besides the steric effect, it should also
be mentioned that the C—C reductive elimination should be
more favored with the PPh; ligand than with the more electron-
rich dppp ligand.

Finally, in the current study the C(sp*)-C(sp®) reductive
elimination was found to take place inherently more easily than
the C(sp®)-C(sp®) reductive elimination, with an energy
difference of ca. 3 kcal/mol, regardless of the ligand employed
in the reaction. The reason for this is that in the C(sp*)-C(sp?)
reductive elimination, the rhodium center is coordinated by the
external C'—C? double bond, while in the C(sp®)-C(sp?)
reductive elimination the metal is coordinated by the internal
C’—C® double bond. The latter coordination is less favorable
due to the higher steric repulsion.

Therefore, the electronic and steric effects of the ligand
combined together enable a selectivity switch upon the ligand
change. Moreover, the ligand effect on the metal-assisted o-
bond metathesis and C—C reductive elimination was found to
point toward the opposite directions. In other words, the Rh
catalyst with the dppp ligand can easily promote the metal-
assisted o-bond metathesis step due to the electronic effect but
does not favor the C—C reductive elimination because of both
the effects. As a result, the selectivity is determined by the C—C
reductive elimination, leading to the cyclopropanation/
cyclization. The Rh catalyst with the PPh; ligand shows an
unfavorable metal-assisted o-bond metathesis but with relatively
easy C—C reductive elimination. This results in the selectivity
being determined by the competition between the C(sp®)-
C(sp®) reductive elimination and the metal-assisted o-bond
metathesis, with the formation of the [7 + 2] cycloaddition
product.

4. CONCLUSIONS

In the current study, the rhodium-catalyzed [7 + 2]
cycloaddition and cyclopropanation/cyclization of allenylcyclo-
pentane-alkynes was investigated by means of DFT calcu-
lations. The calculations indicate that the reaction is initiated by
an oxidative cyclization to form a rhodacyclopentane
intermediate. The subsequent f-carbon elimination and a
C(sp®)-C(sp®) reductive elimination led to the [7 + 2]
cycloaddition product, while a metal-assisted o-bond metathesis
and a C(sp®)-C(sp®) reductive elimination led to the
cyclopropanation/cyclization product.

The calculations reproduce quite well the experimentally
observed ligand-controlled selectivity. Both electronic and steric
effects of the ligand were found to play important roles in
determining the selectivity. For the RhCI(PPh,);-catalyzed
reaction, it was shown that the selectivity originates from the
unfavorable metal-assisted o-bond metathesis compared to that
of the C(sp®)-C(sp?) reductive elimination of the [7 + 2]
cycloaddition. For the RhCl(dppp),-catalyzed reaction, it turns
out that the Rh center with the more electron-rich dppp ligand
can significantly enhance the metal-assisted o-bond metathesis
but does not favor the C—C reductive elimination due to
electronic and steric effects. This leads to the selectivity being
determined by the competing C—C reductive elimination,

resulting in a selectivity change from the [7 + 2] cycloaddition
to the cyclopropanation/cyclization. Therefore, the ligand has a
significant impact on both the metal-assisted o-bond metathesis
and C—C reductive elimination but toward opposite directions,
which combined together enables a selectivity switch upon the
ligand change.

The present calculations provide thus a number of new
insights into the metallacycle-directed C—C and C-—H
activations, which should have important implications for the
design of new catalytic systems.
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