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ABSTRACT: The mechanism, reactivity, regio- and enantio-
selectivity of the Rh-catalyzed carboacylation of benzocyclo-
butenones are investigated using density functional theory
(DFT) calculations. The calculations indicate that the selective
activation of the relatively unreactive C1−C2 bond in
benzocyclobutenone is achieved via initial C1−C8 bond
oxidative addition, followed by rhodacycle isomerization via
decarbonylation and CO insertion. Analysis of different ligand
steric parameters, ligand steric contour maps, and the
computed activation barriers revealed the origin of the positive
correlation between ligand bite angle and reactivity. The
increase of reactivity with bulkier ligands is attributed to the
release of ligand−substrate repulsions in the P−Rh−P plane
during the rate-determining CO insertion step. The enantioselectivity in reactions with the (R)-SEGPHOS ligand is controlled
by the steric repulsion between the C8 methylene group in the substrate and the equatorial phenyl group on the chiral ligand in
the olefin migratory insertion step.

■ INTRODUCTION

Catalytic carbon−carbon bond activation and functionalization
offer great potential for the synthesis of complex product
scaffolds. A number of synthetically useful reactions featuring
C−C bond cleavage and subsequent formation of one or more
new C−C bonds have been recently developed and applied to a
wide variety of substrates.1 In particular, three- and four-
membered carbocycles2 are privileged substrates for synthesiz-
ing fused carbocycles, key motifs in various biologically
important natural products. In this regard, the Dong group
recently reported a series of transformations triggered by
insertion of a rhodium catalyst into the relatively inert C1−C2
bond in benzocyclobutenones,3 including carboacylation of
olefins (Scheme 1),4 decarbonylative spirocyclization,5 and
alkyne−benzocyclobutenone couplings.6

In contrast to the rapid experimental advances, no
mechanistic or computational studies on these reactions have
been reported.7 Notwithstanding their inertness, carbon−
carbon bonds may be cleaved via several different mechanisms
in the presence of a transition-metal catalyst, including
oxidative addition, β-carbon elimination, and retro-allylation.8

Recent computational studies on C−C bond activation
reactions focused on the cleavage of the polar C−CN bond9

and the ring opening of strained vinylcyclopropanes,10

cyclopropylidenes,11 and cyclopropenones.12−14 Computational

studies from the Morokuma and Dang groups revealed that Rh-
catalyzed ring opening of benzocyclobutenols and cyclo-
butanols takes place via deprotonation of the alcohol to form
a Rh(I) alkoxide intermediate and subsequent β-carbon
elimination (Scheme 2a).15 However, the mechanism and the
origin of the high level of regioselectivity in the Rh-catalyzed
C−C bond activation with benzocyclobutenones are still not
known. Based on the seminal organometallic studies by
Liebeskind,16 the originally proposed pathway (path b, Scheme
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Scheme 1. Rh-Catalyzed Carboacylation of Olefins
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2b) involves the oxidative addition of the rhodium catalyst into
the C1(sp2)−C2(sp2) bond to form a five-membered rhoda-
cycle intermediate B, followed by olefin migratory insertion and
reductive elimination to yield product 2. On the other hand,
oxidative addition may occur at the weaker C1(sp2)−C8(sp3)
bond3 in the substrate (path a). Although only the C1−C2
activation product 2 was observed, the C1−C8 oxidative
addition intermediate A may undergo decarbonylation and CO
insertion to isomerize to rhodacycle B prior to the subsequent
new C−C bond formation steps. Additionally, other possible
mechanisms, such as thermal electrocyclic ring-opening (path
c), cannot be ruled out.17

Here we report the first computational study on the
mechanism of the rhodium-catalyzed carboacylation of olefins
with benzocyclobutenones. The calculations indicated a
rhodacycle isomerization mechanism (path a, A → B) is
responsible for the high regioselectivity for the C1−C2 bond
activation, leaving the relatively weak C1−C8 bond intact.18

The effects of ligands on the rate-determining rhodacycle
isomerization step were analyzed using different ligand steric
parameters, including ligand bite angle,19 buried volume,20 and
steric contour map.21 In addition, the origin of enantioselec-
tivity in the asymmetric version of the reaction was investigated
computationally (Scheme 1b).

■ COMPUTATIONAL METHODS
The B3LYP density functional and a mixed basis set of LANL2DZ for
Rh and 6-31G(d) for other atoms were used in geometry
optimizations. Single-point energies were calculated with M06 and a
mixed basis set of SDD for Rh and 6-311+G(d,p) for other atoms.
Solvation energy corrections were calculated using the SMD model. In
accordance with the experimental conditions, toluene was used as
solvent in the calculations for the reactions with dppm (1,1-
bis(diphenylphosphino)methane, Ph2PCH2PPh2), dppe (1,2-bis-
(diphenylphosphino)ethane, Ph2P(CH2)2PPh2), dppp (1,3-bis-
(diphenylphosphino)propane, Ph2P(CH2)3PPh2), and dppb (1,4-
bis(diphenylphosphino)butane, and Ph2P(CH2)4PPh2) ligands, and
dioxane was used as solvent in calculations with the (R)-SEGPHOS
ligand. Calculations using M06 for geometry optimizations were also
performed for the most favorable pathway. The results are consistent
with those using B3LYP in geometry optimizations (see details in
Supporting Information, Figure S1). All calculations were performed
with Gaussian 09.22 Ligand buried volume (VBur%) was calculated

using the SambVca program23 based on the B3LYP-optimized
geometries.

■ RESULTS AND DISCUSSION
Oxidative Addition Reaction Pathways for the C−C

Bond Cleavage. We first considered the possible mechanisms
involving oxidative addition in the carbon−carbon bond
activation step (Scheme 3). In path a, oxidative addition of

the C1(sp2)−C8(sp3) bond in benzocyclobutenone leads to a
rhodacycle intermediate A, which then undergoes decarbon-
ylation and CO insertion to the Rh−C8 bond to form
intermediate B. In path b, oxidative addition of the C1(sp2)−
C2(sp2) bond directly forms rhodacycle intermediate B.
Complex B then undergoes olefin migratory insertion and
reductive elimination to yield the tricyclic ketone product. We
performed DFT calculations on both pathways of the reaction
of benzocyclobutenone 1 (Scheme 1a, R = Me). The dppb
ligand was used in the calculations as it was found to be the
most effective ligand in experiment (Scheme 1a). The effects of
ligands on reactivity and enantioselectivity will be discussed in
details later.
The computed potential energy profiles for the possible

pathways in the oxidative addition step are shown in Figure 1.
All energies are with respect to the substrate 1 and the active
catalyst, (dppb)RhCl. The active catalyst is expected to be
generated from the dissociation of the dimeric catalyst
precursor [Rh(COD)Cl]2 followed by ligand substitution
with the bidentate phosphine, dppb. Coordination of the
rhodium to the carbonyl group in the reactant leads to an η1-
oxygen bound complex 3, which is only 1.0 kcal/mol more
stable than the separate catalyst and reactant. After a systematic
conformational search for the oxidative addition transition
states and the intermediates (see details in Figure S2), we
located the most stable oxidative addition transition states 4-TS
and 6-TS and rhodacycle intermediates 5 and 7 in the C1−C2
and C1−C8 bond cleavage pathways, respectively. The lowest
energy conformers of intermediates 5 and 7 are both square-
based pyramidal complexes with the acyl group (C1) at the
apical position and the aryl (C2) or alkyl (C8) group, the Cl,
and the dppb ligand in the equatorial plane (Figure 2). Isomers
with an equatorial acyl group are at least 13.8 and 5.5 kcal/mol

Scheme 2. Possible Mechanisms for Rh-Catalyzed C−C
Bond Activation

Scheme 3. Proposed Oxidative Addition Reaction Pathways
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less stable than 5 and 7, respectively. The oxidative addition
transition states 4-TS and 6-TS also adopt the apical-carbonyl
geometry. The barrier of the C1−C2 oxidative addition (4-TS)
is 4.0 kcal/mol higher than that of the C1−C8 oxidative
addition (6-TS), indicating the relative reactivity is dependent

upon the strengths of the C−C bond. The C1−C8 bond
cleavage transition state 6-TS is also favored sterically, as the
bulky alkoxy group (OR) is placed further away from the ligand
in 6-TS than in 4-TS. Both oxidative addition pathways are
highly exergonic and irreversible (from 7 or 5, the barriers for
subsequent forward reaction steps are lower than the reverse
barrier to regenerate 3, see below for details). Thus, the
selectivity in the initial oxidative addition step is kinetically
controlled, leading to the C1−C8 oxidative addition
intermediate 7 exclusively, although the rhodacycle intermedi-
ate 5 from the C1−C2 bond cleavage is 5.3 kcal/mol more
stable than 7.
There is an empty coordination site in the 16-electron

square-based pyramidal complexes 5 and 7 and in the oxidative
addition transition states 4-TS and 6-TS. We then investigated
whether a π coordination between the alkenyl group on the
substrate and the rhodium will facilitate the oxidative addition
step. Similar olefin-directing effects have been proposed to
promote hydroacylation,24 C−H bond activation,25 and C−C
coupling reactions.26 Here, the olefin coordination is geometri-
cally impossible in the C1−C8 oxidative addition product 7 and
the corresponding transition state 6-TS, where the OR group is
on the opposite face to the empty coordination site. In contrast,
the olefin may coordinate to the metal in the C1−C2 oxidative
addition (the blue pathway in Figure 1). The oxidative addition
transition state with olefin coordination at the equatorial site
(9-TS) was found to require a substantially higher barrier than
4-TS and 6-TS.27 The transition state with olefin coordination
at the apical site cannot be located. The unfavorable olefin
coordination is due to the ring strain to form the chelated π
complex and the steric repulsion between the olefin and the
phosphine ligand in 9-TS. Similarly, olefin coordination is also
unfavorable in the oxidative addition intermediate (10) and the
reactant complex (8). These results indicate that the C1−C2
selectivity in the carboacylation reaction is not a result of olefin
directing effects.

Alternative C−C Bond Cleavage Mechanisms. Benzo-
cyclobutenone derivatives are known to undergo electrocyclic
ring opening at elevated temperature.17 We computed the
pathways of the thermal electrocyclic ring opening of
benzocyclobutenone 1 (Figure 3). The ring opening of the

Figure 1. Energy profiles of the oxidative addition pathways. Black: the
favored C1−C8 bond oxidative addition; blue: C1−C2 bond oxidative
addition with olefin coordinated to Rh;27 green: C1−C2 bond
oxidative addition without olefin coordination.

Figure 2. Optimized structures of the oxidative addition transition
states and intermediates in the C1−C2 bond cleavage pathway (4-TS
and 5) and the C1−C8 bond cleavage pathway (6-TS and 7).

Figure 3. Energy profiles of the thermal electrocyclic ring opening
pathways. Black: ring opening of benzocyclobutenone 1; green: ring
opening of the rhodium-bound complex 3.
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rhodium-bound complex 3 was also investigated to explore
whether the ketone-Lewis acid coordination could promote the
ring opening.28 The thermal electrocyclic ring opening of
benzocyclobutenone 1 requires a high barrier of 39.0 kcal/mol
(11-TS) and is endergonic by 19.3 kcal/mol. Due to the loss of
aromaticity, the benzocyclobutenone electrocyclic ring opening
is much less favorable than the ring opening of cyclo-
butenones.29 The ring opening of the rhodium-bound complex
3 is even less favorable (green pathway in Figure 3) in terms of
activation free energies due to unfavorable entropic effects.
Thus, the electrocyclic ring opening mechanisms are ruled out.
We next investigated a stepwise C−C bond cleavage

mechanism, which involves nucleophilic addition to the ketone
to form a zwitterionic alkoxide 15 followed by ring expansion
to form the five-membered rhodacycle 5 or 7 (Scheme 4). The

zwitterionic alkoxide cannot be located in the geometry
optimization. Reaction coordinate scans suggested this pathway
requires much higher barrier than the oxidative addition
mechanism (see details in Figure S3). Overall, the above
calculations revealed an oxidative addition mechanism for the
C−C bond cleavage process, in which the two Rh−C bonds are
forming simultaneously (see Figure S4 for intrinsic reaction
coordinate calculations on the changes of Rh−C bond distances
in the oxidative addition pathway).
Isomerization of the Rhodacycle Intermediate via

Decarbonylation and CO Insertion. Since the oxidative
addition of the C1−C8 bond of benzocyclobutenone 1 to form
rhodacycle 7 is much more favorable kinetically, isomerization

of 7 to 5 is necessary before olefin migratory insertion to yield
the observed C1−C2 bond activation product 2. One of the
possible pathways for such isomerization is via reversible
oxidative addition to form the thermodynamically more stable
rhodacycle intermediate 5 (7 → 6-TS → 3 → 4-TS → 5). This
process requires a barrier of 33.5 kcal/mol with respective to 7.
A more feasible isomerization pathway involves decarbon-
ylation of 730 that cleaves the C1−C2 bond followed by
insertion of the CO ligand31 into the Rh−C8 bond (Figure 4).
As there is no empty coordination site cis to the acyl group in
the square-based pyramidal complex 7, the direct decarbon-
ylation from 7 accompanies rearrangement of the equatorial
alkyl group to the apical position, which requires a high barrier
of 42.0 kcal/mol (17′-TS). A more favorable decarbonylation
pathway takes place via ligand isomerization to form a square-
based pyramidal complex 16 with a vacant binding site adjacent
to the acyl group. Although 16 is 13.9 kcal/mol less stable than
7, decarbonylation from 16 (17-TS, Figure 5) requires a much
lower barrier than the direct decarbonylation from 7. The
decarbonylation leads to a highly strained benzorhodacyclobu-
tene complex 18, which is 20.5 kcal/mol less stable than 7. In
18, the CO ligand is cis to the benzylic carbon (C8). This
geometry allows for the CO insertion into the Rh−C8 bond via
19-TS (see Figure S5 for other less favorable isomers) to form
the benzorhodacyclopentenone intermediate 20, which then
undergoes ligand isomerization to form the more stable isomer
5. The barriers for decarbonylation (17-TS) and CO insertion
(19-TS) are 24.2 and 28.1 kcal/mol with respect to 7. This
isomerization pathway requires a much lower barrier than the
reversible oxidative addition to generate 5.
We also computed two possible side-reaction pathways from

the decarbonylation intermediate 18. CO elimination from 18
forms five-coordinated intermediate 21, which is 4.1 kcal/mol
higher in energy than the CO insertion transition state 19-TS.
C−C reductive elimination from 18 to form benzocyclopro-
pene 24 also requires much higher barrier than CO insertion.

Scheme 4. A Stepwise C−C Bond Cleavage Mechanism

Figure 4. Energy profiles of the decarbonylation and CO insertion steps. Black: the preferred pathway; red: the unfavorable direct decarbonylation
from 7; blue: the side reaction to form benzocyclopropene 24; green: the side reaction of CO elimination from 18.
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Although similar CO elimination products and benzocyclopro-
pene derivatives are observed in related systems,30a,b,32 these
pathways are both less favorable than CO insertion (19-TS),
which has a barrier of only 7.6 kcal/mol with respect to 18.
Olefin Migratory Insertion and Reductive Elimination.

After the formation of 5, two olefin migratory insertion
pathways are possible. Olefin insertion at the position trans to
the acyl group (25′-TS) requires prohibitively high energy
(ΔG⧧

(5−25′‑TS) = 48.2 kcal/mol). Instead, olefin coordination cis
to the acyl group leads to π complex 10, which allows the olefin
attack to be perpendicular to the five-membered rhodacycle.
This olefin migratory insertion pathway requires a barrier of
23.3 kcal/mol (25-TS, Figure 7, see Figure S6 for other less
favorable isomers). This is much more facile than the trans
attack (25′-TS) and is faster than the preceding rhodacycle
isomerization step, which requires a barrier of 28.1 kcal/mol. It
is expected the migratory insertion of sterically hindered
internal olefin would require a much higher barrier. In addition,
olefin migratory insertion of substrate 1a with one more
methylene group on the tether to form a six-membered
dihydropyran ring also requires significantly higher barrier than
the insertion to form the five-membered dihydrofuran product
2.33 This indicates in reactions with bulky olefins and with
longer tethers that the olefin migratory insertion may become
rate-determining.7b

Finally, C−C reductive elimination from the seven-
membered rhodacycle intermediate 26 proceeds with a
relatively low barrier of 19.7 kcal/mol (27-TS) with respect
to 5 to form the product 2 and regenerates the active catalyst
(dppb)RhCl.
In summary, the catalytic cycle of the Rh-catalyzed

carboacylation of benzocyclobutenone 1 proceeds via oxidative
addition of the C1−C8 bond, rhodacycle isomerization via
decarbonylation and CO insertion, olefin migratory insertion,
and reductive elimination (path a, Scheme 3). The computed
energy profile of the complete catalytic cycle is shown in the

black pathways in Figures 1, 4, and 6. The rate-determining
step in the overall reaction is the CO insertion (19-TS), with a

barrier of 28.1 kcal/mol with respect to the resting state 7. The
irreversible olefin migratory insertion (25-TS) is the
enantioselectivity-determining step in the asymmetric variant
of this reaction with chiral ligands, such as SEGPHOS. The
effects of ligands on reactivity and enantioselectivity are
discussed in the following sections.

Effects of Ligand on Reactivity. The reactivity of the
rhodium catalyst in the carboacylation reaction is greatly
affected by the ligand (Scheme 1a). Experimental studies with a
series of bidentate phosphine ligands indicated a positive
correlation between the bite angle of the ligands and the yield.4a

However, it was not clear why bulkier bidentate ligands
promote the carboacylation reaction. At first glance, the
experimental trend does not appear to agree with the computed
mechanism: If the rate of the reaction is determined by the
energy difference between the five-coordinated resting state
rhodacycle 7 and the more crowded six-coordinated CO
insertion transition state 19-TS, then why would bulkier ligands
lead to faster reaction?
To analyze the origins of ligand steric effects on reactivity, we

computed the activation barriers of the rate-determining CO

Figure 5. Optimized geometries of the decarbonylation transition state
(17-TS), the octahedral intermediate (18), and the CO insertion
transition state (19-TS).

Figure 6. Energy profiles of the olefin insertion and reductive
elimination steps.

Figure 7. Optimized geometries of the olefin insertion (25-TS) and
reductive elimination (27-TS) transition states.
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insertion step with four different bidentate phosphine ligands,
dppm, dppe, dppp, and dppb (Figure 8a).34 Good agreement
with the experimental reactivity trend was obtained. The
experimentally most effective dppb ligand has a barrier of more
than 3 kcal/mol lower than other ligands tested. In Figure 8a,
we dissected the overall barrier into the energy difference
between the resting state 7 and the intermediate 18 before the
CO insertion, ΔG(7-18), and the energy of the CO insertion
transition state 19-TS with respect to 18, ΔG⧧(18-19-TS).
While bulkier ligands lead to a less stable six-coordinated
intermediate 18 (ΔG(7-18) is 15.6, 16.6, 19.2, and 20.5 kcal/
mol for dppm, dppe, dppp, and dppb, respectively), they
dramatically decrease the carbonyl insertion barrier, ΔG⧧(18-
19-TS), from 17.2 kcal/mol with dppm to 7.6 kcal/mol with
dppb. The facile carbonyl insertion from intermediate 18 is
clearly the major factor that contributes to the increased
reactivity with bulkier ligand.
We next explored the correlation of the reactivity with two

widely used parameters for ligand steric properties, bite angle
(β) and buried volume (%VBur). The P−Rh−P bite angle is
taken from various computed structures and compared with the
average ligand bite angle in X-ray structures reported in the
literature (Figure 8b).19a The buried volume (Figure 8d),
defined as the percentage of volume occupied by the ligand in
the first coordination sphere of the metal,20,23 offers a different
perspective, since it takes into account the steric bulk of the
whole ligand. Here, the observed reactivity demonstrated better
correlation with ligand bite angle than with buried volume. In
particular, the computed buried volume values are similar for
dppp and dppb, in line with previous reports of other metal
complexes,20 while dppb is predicted to be much more reactive
than dppp. These results suggest the CO insertion reactivity is
more sensitive to the steric environment in the P−Rh−P plane
than to the overall steric bulk of the ligand. This is attributed to
the nature of the rate-determining transition state 19-TS, where
the CO insertion occurs in the plane of the bisphosphine
ligand. This CO insertion process accompanies a noticeable
decrease of the substrate bite angle (α, defined as the Cl−Rh−

C angle in 7 and the C−Rh−C angle in 18 and 19-TS) from
85−90° to about 55° (Figure 8c).
Monitoring the changes in ligand bite angle and buried

volume from 7 and 18 to 19-TS allowed us to investigate the
degree of distortion of the ligands and the amount of strain
release during the reaction. The computed bite angles in 19-TS
are always the closest to the literature values, while the bite
angles in 18 are smaller than in the corresponding transition
states (Figure 8b). Similarly, the computed buried volumes in
18 are also significantly smaller than those in 19-TS (Figure
8d). The smaller bite angle and buried volume in 18 indicate
greater ligand distortion due to crowdedness around the metal
center. The changes in bite angles and buried volumes are the
greatest for dppb, suggesting greater amount of strain release
during the CO insertion with the bulky ligand. In addition, the
change of substrate bite angle α from 7 to 19-TS with dppb is
the smallest among all four ligands, indicating smaller amount
of substrate distortion required in the CO insertion transition
state.
To better illustrate the steric repulsions at different regions of

the ligand and to monitor the change of ligand steric
environment during the CO insertion, we plotted 2D steric
contour maps of the van der Waals surface of the ligands.21 The
previously reported procedures to generate the steric contour
maps were used and are illustrated in Scheme 5. The ligand

Figure 8. (a) Ligands effects on activation barrier. The overall barrier is dissected to the energy difference between 7 and 18 (ΔG(7-18), shown in
green bars) and between 18 and 19-TS (ΔG⧧(18-19-TS), shown in blue bars). (b) Ligand bite angles (β) reported in the literature19a (average bite
angles in X-ray structures) and the computed bite angles in complexes 7, 18, and 19-TS. (c) Substrate bite angles (α) in complexes 7, 18, and 19-TS.
(d) Computed buried volume (%VBur) of the bidentate phosphine ligands in complexes 7, 18, and 19-TS.

Scheme 5. Procedures to Generate the Ligand Steric
Contoursa

a(A) Optimized geometry of a transition state; (B) van der Waals
surface of the ligand; and (C) color-coded 2D steric contour map.
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geometries are taken from the optimized structures of the
intermediate 7 and transition state 19-TS (Scheme 5A). The
contours are generated from the van der Waals surface (Scheme
5B) of the ligand along the axis of the Rh atom and the
midpoint between the two P atoms. The color on the contour
map indicates the distance to the substrate; red indicates
“blocked” areas where the atoms on the ligand are closest to the
substrate, while blue indicates areas that are away from the
substrate. The computed steric contours can provide more
precise illustrations of the steric hindrance at different regions
of the ligand than qualitative models such as the widely used
quadrant diagrams for analysis of ligand−substrate interac-
tions.35

The ligand steric contours of the resting state 7 and the rate-
determining CO insertion transition state 19-TS are shown in
Figure 9. The majority of the steric bulk of the ligand (red and
yellow areas) is attributed to the Ph groups located close to the
P−Rh−P plane. As a result, steric clashing with the Cl atom
and the CH2 group attached to the Rh are expected in the
resting state 7. The contour maps revealed the distinct steric
environment of the different ligands. The Ph groups on the
dppb ligand are placed much closer to the substrate, while
minimal substrate−ligand interactions are expected with the
dppm and dppe ligands. In the CO insertion transition state 19-
TS, the ligand−substrate steric interaction is diminished as the
substrate bite angle (α) decreases by more than 30°. The
release of steric strain leads to the increase of the P−Rh−P
angle (see discussion above), and the Ph groups are thus seen
being closer to the substrate in 19-TS (i.e., more red and yellow
areas than in 7). The greatest ligand conformational change
from 7 to 19-TS is observed with dppb, in line with the greater
change of ligand bite angle with this ligand.
Origin of Enantioselectivity. When chiral ligands such as

(R)-DTBM-SEGPHOS or (R)-SEGPHOS were employed, the
Rh-catalyzed carboacylation leads to high level of enantiose-
lectivity (Scheme 1b).4b The absolute configuration of the
product was confirmed by X-ray crystallography. Here we
calculated the enantioselectivity-determining olefin migratory
insertion transition states using the computationally less
demanding (R)-SEGPHOS ligand. In experiment, (R)-
SEGPHOS yielded similarly high level of enantioselectivity
(97% ee versus 98% ee with (R)-DTBM-DEGPHOS), albeit
with lower yield.
The geometries and activation energies of the two transition

states leading to the enantiomeric products are shown in Figure
10. The lower energy transition state 29-TS leads to the major
(R)-product observed in experiment, while 30-TS leads to the
(S)-product. The computed activation energy difference of 5.4
kcal/mol correlates well with the observed high level of
enantioselectivity. The (R)-SEGPHOS ligand adopts the axial−
equatorial conformation,36 placing the two equatorial phenyl
groups closer to the substrate. The origin of enantioselectivity
arises from the steric repulsions between the SEGPHOS ligand
and the C8 methylene group (highlighted in green) in the
substrate. In both 29-TS and 30-TS, the methylene group (C8)
is tilted toward the catalyst during the formation of the fused
ring. This methylene group is placed in the empty quadrant of
the Rh[(R)-SEGPHOS] complex in 29-TS, while placed in a
quadrant occupied by the highlighted equatorial phenyl group
in 30-TS. The steric repulsions between the methylene group
and the ligand in 30-TS are evidenced by the conformational
change of the ligand from the resting state (28). The
highlighted equatorial phenyl group on the ligand remains

the same conformation in 28 and 29-TS, while the same phenyl
group undergoes significant conformational change in 30-TS
compared to 28 due to the repulsions with the substrate
(Figure 10). This conformation leads to steric clash between
the C8 methylene on the substrate and one of the backbone
aryl groups on the ligand. The difference of steric interactions
in the transition states can be noted from the shorter ligand−
substrate distance in 30-TS than in 29-TS (2.09 and 2.23 Å,
respectively).

■ CONCLUSIONS
The mechanism, reactivity, regio-, and enantioselectivities in
Rh-catalyzed carboacylation of benzocyclobutenones were
investigated using DFT calculations. The benzocyclobutenone

Figure 9. Steric contour maps of ligands dppm, dppe, dppp, and dppb
in the catalyst resting state 7 and the rate-determining CO insertion
transition state 19-TS. The rhodium atom (purple), the Cl (green),
CO (gray and red), and alkyl (gray) groups attached to the rhodium
are shown to illustrate the substrate−ligand steric interactions.
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cleavage occurs via oxidative addition of the relatively weak
C1−C8 bond3 to form a benzorhodacyclopentenone inter-
mediate. The regioisomeric pathway for the C1−C2 bond
oxidative addition requires a higher barrier. Although the C1−
C8 bond oxidative addition is irreversible, subsequent
decarbonylation and CO insertion lead to the isomerization
of the rhodacycle to form the more stable C1−C2 bond
activation intermediate. After olefin migratory insertion and
reductive elimination, the tricyclic ketone product is formed.
CO insertion, a key step in the rhodacycle isomerization to

the C1−C2 bond activation intermediate, is rate-determining.
This step is promoted by ligands with large bite angles, such as
dppb. Analysis of ligand bite angle, buried volume, and ligand
steric contour maps of a series of bisphophine ligands revealed
that the increase of reactivity of bulky ligand is attributed to the
release of ligand−substrate repulsions in the P−Rh−P plane
during the CO insertion step. Thus, the reactivity correlates
better with the ligand bite angle than with the overall steric bulk
of the ligand. The intramolecular olefin migratory insertion
occurs after the rhodacycle isomerization and is irreversible.
Thus, this step determines the enantioselectivity in reactions
with chiral ligands. Computed transition-state structures with
the (R)-SEGPHOS ligand indicated the observed enantiose-
lectivity is attributed to the steric repulsion between the C8
methylene group in the substrate and the equatorial phenyl
group of the chiral ligand.
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