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ABSTRACT: Computational studies on the dirhodium(tetracarboxylate)-catalyzed C—H functionalization with donor/accep-
tor carbenes reveal that the enantioselectivity and site-selectivity of this reaction are controlled by the ratio of conformers of
both the diazo compound and the dirhodium carbene intermediates, and two distinct steps of the reaction, namely, nitrogen
extrusion and carbene insertion in the functionalized C-H bond. In these studies, we used trichloroethyl phenyldiazoacetate
as the carbene precursor, p-isopropyltoluene as the substrate, and dirhodium-tetraacetate and a chiral dirhodium complex,
Rhz(S-p-BrTPCP)s4, as the catalysts. While the aryldiazoacetate exists in two conformers, we found that the reaction is not
under Curtin Hammett conditions because the barrier for nitrogen extrusion is less than the barrier for interconversion of
aryldiazoacetate conformers. The resulting dirhodium carbene intermediates exist as a diastereomeric mixture, the ratio of
which is governed by the ratio of the aryldiazoacetate conformers and the influence of the chiral catalyst on the nitrogen
extrusion. The diastereomeric rhodium carbene complexes can, in principle, interconvert through rotation but the barrier for
rotation is greater than the barrier for benzylic C—H functionalization. Thus, the two diastereomeric rhodium carbene com-
plexes have different influences on the site- and enantio-selectivity of the reaction. In the particular case with the Rhz(5-p-
BrTPCP)s-catalyzed reaction, the major rhodium carbene diastereomer is calculated to be the matched case, reacting in a
highly enantioselective manner, whereas the minor rhodium carbene diastereomer gives low enantioselectivity. The overall
predicted enantioselectivity of the reaction, 98.9:1.1 e. r,, is in close agreement with its observed value of 97.5:2.5 e. r..

Catalyst-controlled selective C—H functionalization is a re-
search area of intense current interest.! In the ideal system,
simply choosing the right catalyst would control which C—
H bond is functionalized and would overwhelm the natural
reaction tendency of the substrate. Considerable advances
have been made in recent years in the area of catalyst de-
sign? and enzyme evolution3 to achieve systems capable of
exquisite selectivity. One area where exceptional site selec-
tivity has been achieved is the rhodium-catalyzed C(sp3)—
H functionalization by donor/acceptor carbenes.2ef The
generated catalytic active rhodium carbene intermediates
during these reactions have the desirable properties of be-
ing sufficiently reactive to functionalize unactivated C—H
bonds but are still greatly influenced by the steric environ-
ment of the catalyst, leading to selective reactions at pri-
mary, secondary or tertiary C—H bonds.

The mechanism for the rhodium-catalyzed C—H functional-
ization with diazoacetates is well established (see Scheme
1).* The first step of these reactions is accepted to be the
nitrogen extrusion to form the carbene intermediate, which
then undergoes the C—H functionalization in a concerted
asynchronous manner. The asymmetric induction is consid-
ered to be dependent on which face of the rhodium-carbene
complex is attacked. Even though the dirhodium catalysts
have well defined structures,?5 developing a clean mecha-
nistic model to explain and predict the site selectivity and
the enantioselectivity of these reactions has been challeng-
ing,6 especially as some of the key steps have very small

activation energies.” This has motivated us to re-examine
some of the fundamental models and assumptions.

Scheme 1. Generally accepted mechanism for rhodium-
catalyzed C—H functionalization with diazoacetates
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The seminal computational studies on the C—H functional-
ization chemistry of rhodium carbenes was conducted by
Nakamura in 2002.72 That study began with an analysis of
the dirhodium tetraformate-catalyzed reaction of diazome-
thane (1) and then extended to methyl diazoacetate (2)
(Scheme 2). The nitrogen extrusion step to form the



rhodium-carbene was analyzed, followed by the C—H func-
tionalization. An important observation from this study was
the orientation of the ester orthogonal to the rhodium car-
bene plane, as shown in 3. The C—H functionalization was
considered to be a concerted asynchronous process with a
hydridic transfer character (TS-4), as illustrated for the re-
action with methyl diazoacetate with propane. The C—H
functionalization was originally calculated to have a very
low activation energy (0.2 kcal mol1),72 which illustrates the
remarkable reactivity of these metal carbene intermediates.
A more advanced calculation on the reaction with cyclopen-
tane reported an activation energy of 3.5 kcal mol-L.7> In
2009 we conducted computational studies on donor/accep-
tor carbenes and compared them with the acceptor carbene
derived from methyl diazoacetate.”> These carbenes, as il-
lustrated for 6 generated from methyl phenyldiazoacetate
(5), are generally more stable and have higher activation
barriers for C—H functionalization ranging from 17.4 kcal
mol for cyclopentane to 6.2 kcal mol! for the very reactive
cyclohexadiene. These carbenes also have a distinctive
structural feature with the acceptor group aligning orthog-
onal to the rhodium carbene plane, whereas the phenyl
group remains in the same plane as the rhodium carbene
(6). This characteristic has been confirmed by X-ray crys-
tallographic structures of rhodium carbene intermediates.?
Numerous other calculations have been reported on enan-
tioselective rhodium-catalyzed reactions with donor/ac-
ceptor rhodium carbenes®® and other carbenes,'® many of
which rely on the key concepts originally made in Naka-
mura’ seminal studies.

Scheme 2. Schematic presentation of diazo compounds,
carbene intermediates and C-H insertion transition
states for the previously reported dirhodium
complexes catalyzed C-H insertion reactions
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We have designed a number of chiral dirhodium catalysts
for site selective and enantioselective C—H functionaliza-
tion reactions of donor/acceptor carbenes.2ef Our most re-
cent chiral catalysts are sterically constrained and have
been shown to adopt high symmetry chiral structures due
to the specific arrangement of four identical carboxylate lig-
ands around the dirhodium core.2¢5 The 1,2,2-triarylcyclo-
propanecarboxylate (TPCP) ligands have been particularly
effective and we have shown that they can adopt either C,
Cs or D, symmetric structures, which is dependent on the
substitution pattern on the C1 aryl group. 2¢5 The earliest
example of this type of catalyst is Rhz(S-p-BrTPCP)s (8),
which adopts a Cz-symmetric structure as illustrated in

Figure 1.5 One face of the rhodium is blocked and the other
has an open groove for the carbene to bind and due to the
C2 symmetry, the two orientations of the carbene in the
groove are identical (Carbene A and B).
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Figure 1. Preferred C2 symmetry conformation of catalyst (8)
and possible carbene coordination modes. The aryl ring with
bromo substituent is colored in violet, and the phenyl group on
C2 cis to carboxylate is colored in green. The carbene is colored
in yellow. Due to the symmetry, carbene A and B are the same.
The back face of the carbene is much more sterically crowded
than the front face shown here.

A feature we recognized during these studies is that even
though donor/acceptor carbenes are more stable than ac-
ceptor only carbenes, many of the reaction barriers are still
very small.6”b Consequently, factors that have not been con-
sidered in detail before, such as diazocarbonyl confor-
mation or the ester orientation, may have a considerable in-
fluence on the outcome of the reaction. In order to under-
stand the system more thoroughly, herein, we have selected
to analysis of the C-H functionalization reaction of 2,2,2-tri-
chloroethyl phenyldiazoacetate (9) and p-cymene (10) with
dirhodium tetraacetate (11) as catalyst and then extended
the findings to an analysis of the chiral dirhodium catalyst
Rh2(S-p-BrTPCP)4 (8) (Figure 1). The trichloroethyl ester of
the carbene was used because this ester group profoundly
enhances site selective and diastereoselective C—H func-
tionalization compared to the traditional methyl ester.?f
This specific reaction was selected because it is one of the
standard reactions used to evaluate the site selectivity pro-
file of new dirhodium catalysts. 1! The dirhodium tetraace-
tate catalyzed reaction gives a preference for insertion into
the tertiary C—H bond to form 12 (4:1 r.r.), whereas the
Rhz(S-p-BrTPCP)s-catalyzed reaction strongly favors the
primary C—H insertion product 13 (>20:1 r.r.). Further-
more, 13 is produced with high asymmetric induction
(97.5:2.5 er, favoring the R isomer). 11b

Scheme 3. Experimental results for p-cymene C—H
functionalization by donor/acceptor carbene and
dirhodium catalysts
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At first, we analyzed the nitrogen extrusion that leads to the
dirhodium carbene intermediate (Scheme 1). While the pre-
vious studies established the nitrogen extrusion as the ini-
tial step, they did not explore the possibility that dinitrogen
could leave from either side (i.e., alkoxy or carbonyl sides)
of the ester group (TS-14a versus TS-14b) (Figure 2). Itis
irrelevant in the case of an achiral catalyst because the two
transition states would form enantiomeric carbene inter-
mediates 15 and 16. Furthermore, the initial binding of the
diazo compound could occur on either face of the dirhodium
catalyst, which would switch which enantiomer of the car-
bene would be formed. However, this would not be the case
for chiral catalysts with a defined binding site because 15
and 16 would now be diastereomers and if the interconver-
sion between 15 and 16 was slower than the rate of the car-
bene reaction, then the mode of nitrogen extrusion could in-
fluence which rhodium carbene diastereomer contributes
more to the overall reaction.
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Figure 2. Analysis of nitrogen extrusion with an achiral catalyst.
The alkoxy group of the ester is colored blue and the carbonyl
group is colored red. In the top view, the green circle
represents the dirhodium catalyst underneath the carbon
atom. The two carbene structures, 15 and 16, are shown in a
top view.

The next step in the reaction is the carbene-induced C—H
insertion as illustrated in Scheme 1. The preferred TS in the
Nakamura’s study was identified to be with the substrate
approaching from the same face of the alkoxy group of the
ester (Figure 3, blue arrow, via TS-17a).72However, the pos-
sibility exists, especially in the case of chiral catalysts, that
the established attack from the alkoxy side may not always

be preferred and approach from the same side as the car-
bonyl (red arrow, via TS-17b) may occur. Indeed the subse-
quent computational analysis of donor/acceptor and other
carbene reactions,®!? the majority have as the preferred
transition state, the substrate approaching on the side of the
alkoxy group, but approach on the carbonyl side has also
been invoked in several cases.®b f g} a 10a 2cf A gystematic
analysis of the two possible orientations of attack has not
been reported. However, they may play an important role in
the overall asymmetric induction of the process when chiral
catalysts are used, because it would be possible to have ei-
ther matched or miss-matched asymmetric induction dur-
ing the carbene reaction. Therefore, we conduct a computa-
tional analysis to evaluate whether these stereochemical
features have an influence on the overall outcome of the C-
H functionalization.
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Figure 3. Analysis of the achiral catalyst Rhy(OAc)s catalyzed
carbene insertion into the C—H bond. The illustration is based on
carbene 15, which is shown aligned above the dirhodium. The
alkoxy group of the ester is colored blue and the carbonyl group
is colored red. In the top view, the green circle represents the
dirhodium catalyst underneath the carbon atom.

To investigate the above proposed analyses, we used B3LYP
density functional!?2 augmented by the dispersion correc-
tions (at the Grimme’s empirical D3-level with the Becke-
Johnson (BJ]) damping)!3 as implemented in the Gaussian09
suite.!* In these calculations, the 6-31G(d,p) and Lanl2dz ba-
sis sets were used for the main group atoms and Rh, respec-
tively. 1516 For Rh, we also used the Hay-Wadt effective core
potential.’6 Frequency analysis was conducted to character-
ize each minimum and transition. Intrinsic reaction coordi-
nate (IRC) calculations were performed for all TSs to ensure
their true nature. Bulk solvent effects were incorporated at
the conductor-like polarizable continuum model (C-PCM).17
As a solvent we chose dichloromethane, which is the opti-
mum solvent for these reactions. The calculated thermody-
namic data are reported as AH/AG at the 298.15K tempera-
ture and 1 atm pressure. However, below, we only discuss
the calculated Gibbs free energies, AG (see the Supporting
Information for more details of the computation, as well as
calculated energies and cartesian coordinates all reported
structures).

At the onset of the study, we determined the preferred con-
formation of 2,2,2-trichloroethyl phenyldiazoacetate (9).
The two conformers, 9a and 9b, and their interconversion
barrier were computed, and the results are summarized in



Scheme 4. In these conformers, both the carbonyl and diazo
groups are coplanar because they would stabilize the diazo
functionality through conjugation. In 9a the carbonyl group
of the ester is s-trans to the diazo group, and in 9b it is s-cis
to the diazo group. The calculations revealed that the diazo
compound prefers to adopt conformer 9a, which is by 1.7
kcal mol! more favorable than conformer 9b presumably to
avoid dipole repulsion. Interconversion between these two
conformers occurs by rotation of the ester group at the TS-
18 with a 13.0 kcal mol! free energy barrier.

Scheme 4. Schematic presentation of the two
conformers, 9a and 9b, of diazo compound 9, and their
interconversion transition state alongside with the
calculated relative energies (in kcal mol1)
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In the next stage, we examine how the two conformers of
the aryldiazoacetate (9a and 9b) would interact with the
catalyst. The first round of calculations was conducted with
dirhodium tetraacetate (11) as the catalyst (Scheme 5).
There are three possible modes in which the diazo conform-
ers could interact with this catalyst leading to the oxygen-
coordinated complexes (19a and 19b), nitrogen-coordi-
nated complexes (20a and 20b), and carbon-coordinated
complexes (21a and 21b). The difference between the a and
b series is the conformation of the ester. The oxygen-coor-
dinated complex 19a is the thermodynamically most stable
among the three groups of complexes and is set as the ref-
erence point for the discussion of energies of the calculated
intermediates, transition states and products of the reac-
tion. The complexes 19a, 19b, 20a, 20b, 21a, and 21b
would most likely equilibrate by means of a dissociation-as-
sociation pathway, because metal-migration by a concerted
1,3-shift is generally forbidden.!8

Scheme 5. Possible isomeric forms of the complexes of
diazo compound with Rhz(0Ac)s alongside with their
relative energies (in kcal mol?)
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The detailed analysis of the intermediates involved in the
nitrogen extrusion step is shown in Figure 4. Here, we

consider formation of the rhodium carbene from both con-
formers of the diazo compound. The reaction from the s-
trans conformer (9a) is highlighted in blue and the reaction
from the s-cis conformer (9b) is highlighted in red. The rho-
dium carbenes 23 and 25 that would be formed from the
two pathways are of the same energy because they are en-
antiomers. The two pathways to the rhodium carbenes are
not equivalent since the dinitrogen is departing from either
the carbonyl side or the alkoxy side of the ester group. The
transition states for the two pathways (TS-22a and TS-
22b) have relatively similar energy, which means that both
pathways will be operational. Importantly, the nitrogen ex-
trusion barriers of 11.4 and 10.1 kcal mol! at the transition
states TS-22a and TS-22b (calculated relative to the pre-
reaction carbon-coordinated complexes 21a and 21b) re-
spectively, are lower than the associated 9a — 9b and re-
verse 9b — 9a interconversion barrier of 13.0 and 11.3 kcal
mol?, respectively, reported above (see Scheme 4). This
finding indicates that the Curtin-Hammett principle is not
applicable for the nitrogen extrusion reaction, and the ratio
of the diazo compounds 9a and 9b would determine the
yield of the carbenes 23 and 25. The nitrogen extrusion is
strongly exothermic and would be expected to be irreversi-
ble.

The next step in the catalytic cycle would be the insertion of
the carbene into the C—H bonds. Previous calculations have
established the C—H functionalization barriers by the rho-
dium donor/acceptor carbenes has a range from 17.4 kcal
mol for an unactivated system such as cyclopentane to 6.2
kcal mol! for an activated system such as cyclohexadiene.’
In order to elucidate whether the C—H bond insertion op-
erates under Curtin-Hammett conditions,!® we have calcu-
lated the interconversion barrier for the carbene interme-
diates 23 and 25. We found that it occurs by 14.3 kcal mol!
free energy barrier at the transition state TS-24 (Scheme 6)
that associates by rotation around the carbene ester bond.
This relatively high energy barrier is presumably because
having the electron withdrawing group in the same plane as
the carbene would electronically destabilize the highly elec-
tron deficient carbene center. Thus, the Curtin-Hammett
principle is also not applicable in the Rh2(0Ac)s-catalyzed
reaction of the carbenes with activated substrates in which
the activation energy of that step is

Scheme 6. Schematic presentation of the (Ac0)sRh:-
carbene complexes and their interconversion
transition state alongside with the calculated relative
energies (in kcal mol1)
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Figure 4. Free energy profiles of the nitrogen extrusion and dirhodium carbene formation upon the reaction of Rh2(0Ac)s with diazo
conformers 9a and 9b. The scheme highlighted in blue is the reaction proceeding from the s-trans diazo compound 9a. The scheme
highlighted in red is the reaction proceeding from the s-cis diazo compound 9b. Relative energies (in kcal/mol) are presented as

AH/AG.
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Figure 5. Free energy profiles of the C-H insertion in the carbene complex of Rh2(OAc)4. The scheme highlighted in blue is the reaction
proceeding from attack at alkoxy side of the rhodium carbene 23. The scheme highlighted in red is the reaction proceeding from
attack at the carbonyl side of the rhodium carbene 23. Both approaches predict that attack will preferentially occur at the tertiary
benzylic site. Relative energies (in kcal/mol) are presented as AH/AG.

below about 14 kcal mol-L. This would include C—H func-
tionalization at activated sites,”® cyclopropanation,’> and
cyclopropenation.?d In contrast, the Rhz(0Ac)s-catalyzed
carbene insertion into unactivated C—H bonds such as al-
kanes (which may require more than 14.3 kcal mol! free en-
ergy barrier) may operate under the Curtin-Hammett con-
ditions.

In order to illustrate the controlling elements in a specific
example, we have conducted a detailed analysis of the dir-
hodium tetraacetate-catalyzed reaction with p-cymene
(10), which has site selectivity and enantioselectivity issues
that need to be considered (Figure 5). For the sake of sim-
plicity in our discussion, the rhodium carbene intermedi-
ates 23 and 25 were set as the reference points in the C—H
insertion step. The free energy reaction profiles of the reac-
tions illustrated in Figure 5 are based on the rhodium car-
bene 23. The corresponding energy profile based on the
rhodium carbene 25 would have the same energies

providing the enantiomeric series of intermediates and
products (see Supporting Information). The free energy dif-
ference between the transition states TS-26a (i.e., alkoxy
side attack) and TS-26b (i.e., carbonyl side attack) would
determine the facial selectivity of carbene 23. Calculations
established that the free energy barriers for the primary C—
H insertion at TS-26a and TS-26b are 9.1 or 9.8 kcal mol-},
respectively (which is smaller than the 23 <> 25 intercon-
version barrier of 14.3 kcal molt). Thus, for primary C—H
insertion in p-cymene, carbene 23 slightly prefers re face at-
tack (the energy difference between the face-selectivity
controlling transition states TS-26a and TS-26b is only 0.7
kcal mol?). In the meantime, carbene intermediate 25
would prefer the si face attack (see the Supporting Infor-
mation) to the same extent as carbene 23, leading to a race-
mate. As seen in Figure 5, the tertiary benzylic C—H bond
functionalization transition states TS-27a and TS-27b have
almost the same free energies. The regioselectivity of the



reaction is determined by the free energy difference of tran-
sition states TS-26 and TS-27 for the primary and tertiary
benzylic C—H bond, respectively. The results indicate that
the tertiary C—H insertion would be preferred over the pri-
mary C—H insertion when Rhz(0Ac)4 used as the catalyst.

The overall view of the above presented study of the dirho-
dium tetraacetate-catalyzed primary C—H insertion is sum-
marized in Figure 6. Since the s-trans (9a) and s-cis (9b)
conformers of the diazo compound are not under equilib-
rium at the reaction condition (the calculated energy differ-
ence between them is 1.7 kcal mol, and they are separated
by 13.0 kcal mol! free energy barrier), the composition of
the aryldiazoacetate is as 94% of 9a and 6% of 9b. As the
catalyst is achiral, the enantiomeric pathways via TS-22a
and TS-22c related to 9a each contributed 47% of the for-
mation of carbene 23 and 25, and TS-22b and TS-22d re-
lated to 9b, each contributed 3% to the formation of car-
bene 23 and 25. Therefore, the ratio of carbene 23 and 25
would be 1:1, and 47% of each carbene is formed via dini-
trogen departing from the alkoxy side, and 3% of each car-
bene is formed via dinitrogen departing from the carbonyl
side. Carbene 23 is re-face selective to give 38% of (R)-13
and 12% of (5)-13, while the enantiomeric carbene 25 is si-
face selective and gives 38% of (S)-13 and 12% of (R)-13.
It needs to be emphasized that in the case of an achiral cat-
alyst, the carbene would be equally able to bind to the other
face of the dirhodium, leading to the opposite enantiomeric
result.

The next stage of the study was to apply the concepts illus-
trated in Figure 6 to a chiral catalyst. Here, the benzylic C-
H functionalization with the chiral catalyst Rha(S-p-
BrTPCP)4 (8) was used as the test reaction. As described in
Figure 1, Rhz(S-p-BrTPCP)4 is a C2 symmetric catalyst with
a defined preferred binding site for the diazo compound on
one face of the dirhodium complex. Even though there is a
defined binding site for Rhz(S-p-BrTPCP)s, there will still be
four possible nitrogen extrusion pathways leading to two
diastereomeric rhodium carbene intermediates. For each
carbene, the substrate can attack the carbene on the side of
the alkoxy or the carbonyl group. The selectivity will be gov-
erned by the ratio of the two carbenes formed and how the
two carbenes undergo the subsequent C—H functionaliza-
tion. The concept of enantioselectivity being controlled by
the combined effects of two discrete intermediates has been
elegantly discussed by Blackmond?° for the complex system
where intermediates could equilibrate with each other and
the staring materials. However, the system described herein
is in some respect considerably simplified because: (a) both
the nitrogen extrusion and C—H functionalization steps are
considered irreversible, and (b) neither the starting mate-
rial nor the intermediates equilibrate under the reaction
conditions.
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Figure 6. Summary of the proposed selectivity model for
dirhodium catalyzed C—H insertion into activated C—H bonds.

We started our investigations focusing on the nitrogen ex-
trusion step and optimized the four (28a-d) possible pre-
reaction oxygen-coordinated and (29a-d) carbon-coordi-
nated complexes (total of eight complexes, see Figure 7).
The oxygen coordinated complexes 28a-d are found to be
more stable than the carbon coordinated complexes 29a-d.
The free energy of three of the oxygen bound complexes are
within 1 kcal mol?! of each other, leading to little reaction
pathways preference, but the oxygen-coordinated com-
plexes are not the on the pathway to the nitrogen extrusion
and generation of the rhodium-carbenes. In contrast, a
much greater preference was observed among the carbon-
coordinated complexes 29a-d, which are on the pathway to
the nitrogen extrusion and generation of the rhodium-car-
benes. The calculated structures 29a and 29b are the com-
plexes with the s-trans aryldiazoacetate 9a, and 29c and
29d are the complexes with the s-cis aryldiazoacetate 9b.
Nitrogen extrusion from 29a and 29¢ would generate the
same diastereomer of the rhodium carbene, whereas 29b
and 29c¢ would generate the other diastereomer of the rho-
dium carbene. As seen in Figure 7, the carbon bound com-
plex 29a is by over 5 kcal mol! more stable than any of the
other complexes 29b-d. An examination of the model 29a
shows effective m-stacking between the aryl group of the
carbene and two aryl groups of the ligands, an interaction
absent in the other three structures 29b-d.



Complexes with 9a

AAH/AAG= 0.0/0.0 AAH/AAG= 6.3/7.5

Complexes with 9b

AAH/AAG=2.0/1.8

AAH/IAAG= 4.4/6.0

Figure 7. Schematic representation of the carbon-coordinated
dirhodium-diazo complexes of the chiral catalyst Rh2(S-p-
BrTPCP)4 (8), alongside with their calculated relative energies
(in kcal mol-1). In the calculated structures, the ligands are
shown in wireframe style, and the aryl ring with bromo
substituent was colored in violet, and the phenyl group on C2
cis to carboxylate is colored green, and the diazo compound is
in a ball and stick style, the carbonyl is colored red, and alkoxy
group is colored blue.

Next, we computed the energy differences between the ni-
trogen extrusion TS structures (TS-30a-d) (Figure 8). In
TS-30a and TS-30b, the nitrogen is departing from the
alkoxy side of the ester group, while in the TS-30c and TS-
30d, the nitrogen is departing from the carbonyl side of the
ester group. As the rhodium complex is chiral, these TSs
would be diastereomeric and their energies would be dif-
ferent. TS-30a and TS-30b are lowest in energy: thus, the
nitrogen departing from the alkoxy side of the ester group
is preferred. After the nitrogen departure, the carbene
would be formed with the same orientation of ester group
present in the TS structures. Therefore, TS-30a and TS-30b
would generate one diastereomer of the rhodium carbene,
and TS-30c and TS-30d would generate the other diastere-
omer.

TS-30b

L(\I;ﬁV \ Nzé

AAH¥AAG*= 0.8/1.7

AAH*/AAG*- 3.5/3.9

Figure 8. Illustration of detailed transition state (TS) structures
for nitrogen extrusion in the chiral catalyst Rh2(S-p-BrTPCP)4
(8) catalyzed diazo compounds, alongside with their calculated
relative energies (in kcal mol-1).

Carbenes (31a and 31b) connected to these low-energy tran-
sition states are diastereomers, due to the chirality of the cat-
alyst, and energy difference between them is 2.4 kcal mol™!
(31a is lowest one, see Figure 9). However, they are not in
equilibrium, because the barrier for the subsequent C-H
functionalization step is lower than the carbene interconver-
sion barrier (See Supporting Information for details).

31a 31b

AAH/AAG= 0.0/0.0 AAH/IAAG= 2.9/2.4

Figure 9. Illustration of detailed carbene structures in the chiral
catalyst Rhz(S-p-BrTPCP)4 (8) catalyzed diazo compounds,
alongside with their calculated relative energies (in kcal mol-1).

The free energy profile for the key intermediates involved
in the nitrogen extrusion with the chiral catalyst Rhz(S-p-
BrTPCP)4 (8) are summarized in Figure 10. Once again, the
reaction of both diazo conformers 9a and 9b are considered
to be operating under non Curtin_Hammett conditions. A
distinctive feature of the carbon-coordinated complexes 29
of Rhz2(S-p-BrTPCP)4 (8) and aryldiazoacetate 9 is their high
stability, relative to the dissociation limit of (8) + (9), com-
pared to the corresponding intermediates of the reaction of
9 with dirhodium tetraacetate. As seen in Figure 10, the
complexes 29a and 29b, driven from 9a, are 19.2 and 12.5
kcal mol stable relative to the dissociation limit of (8) +
(9a). Similarly, the complexes 29c and 29d, driven from 9b,
are 16.7 and 17.3 kcal mol! stable relative to the dissocia-
tion limit of (8) + (9b). The larger stability of these rho-
dium-diazo complexes could be attributed to stronger di-
azo-ligand interaction, among other factors. Moreover,
these complexation energies are even larger than the asso-
ciated nitrogen extrusion barriers of 15.8, 9.6, 13.9, and



12.3 kcal mol-! at the transition states TS-30a, TS-30b, TS-
30c, and TS-30d, calculated relative to the corresponding
carbon-coordinated complexes 29a, 29b, 29c¢, and 29d, re-
spectively. Thus, for Rhz(S-p-BrTPCP)4 (8), (a) the carbon-
coordinated diazo complexes 29a-d are not under equilib-
rium during the reaction, and (b) the nitrogen extrusion bar-
riers calculated relative to these intermediates are smaller
than the energy required for formation of free catalyst and
free aryldiazoacetate from these intermediates.
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Figure 10. Free energy profiles of the C—H insertion in the
carbon-coordinated diazo complexes of the chiral catalyst
Rh2(S-p-BrTPCP)+ (8). The scheme highlighted in blue is the
reaction proceeding from the s-trans diazo compound 9a. The
scheme highlighted in red is the reaction proceeding from the
s-cis diazo compound 9b. Relative energies (in kcal/mol) are
presented as AH/AG.

The formation of carbene, 31a and 31b, via four TS-30a-d
structures are summarized in Figure 11. The two conform-
ers of diazo compounds are not interconverting under the
reaction conditions, and neither are the dirhodium-diazo
complexes. The composition ratio of the complexes 29a-d
determines the ratio of the generated carbene. Based on the
above presented relative energies, (a) conformer 9ais 94%
of the total diazo compound composition, and (b) the asso-
ciated carbon bound complex 29a is by over 5 kcal mol*!
more stable than any of the other dirhodium-diazo com-
plexes 29b-d. Thus, the nitrogen extrusion by catalyst (8)
from the major dirhodium-diazo conformer 29a via TS-30a
to give carbene 31a is expected to be highly, with >99%, se-
lective. But this is not the only pathway that carbene 31a
can be generated, because an additional amount could be
generated from the minor diazo conformer, 9b, via the com-
plex 29c and TS-30c. The face selectivity here is likely to be
limited and if the activation energy runs parallel to the ther-
modynamic stability of the carbon-bound diazo compounds
(the energy difference between the complexes 29c and 29d,
generated from the minor diazo conformer 9b, is calculated
to be 0.6 kcal mol1, complex 29d being as lowest in energy)

one would predict that an 1.5% and 4.5% of carbenes 31a
and 31b, respectively, would be generated from the minor
diazo conformer, 9b. Thus, the reaction of Rhz(S-p-
BrTPCP)4 (8) to form the diastereomeric rhodium carbenes
is highly selective with the major diazo conformer 9a to
form carbene 31a, but the reaction with the minor con-
former 9b is far less selective, preferentially generating car-
bene 31b. Also, the interconversion barrier for 31a to 31b
was calculated to be 16.5 kcal mol, which is higher than the
following C—H insertion barriers with an activated sub-
strate (See Supporting Information for details)
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Figure 11. [llustration of the possible pathways to form carbene
31aand 31b.

Next, we investigate the C-H functionalization of p-cymene
by the previously generated dirhodium-carbenes 31a and
31b. Here, we examined the transition states of the primary
C-H functionalization reaction, because based on existing
experiments!!® he primary C-H insertion product is
strongly preferred using the chiral catalyst Rhz(S-p-
BrTPCP)4 (8). The facial selectivity for both carbenes were
investigated by calculation of the TS with the substrate ap-
proaching from both side of the ester group. As seen in Fig-
ure 12, both carbene 31a and 31b prefer re-face attack, (TS-
32a and TS-32c, respectively), which is consistent with the
experimental observation. 1'» However, carbene 31a is cal-
culated to be highly enantioselective (>99.9:0.1 e.r., the cal-
culated energy difference between the TS-32a and TS-32b
is 5.0 kcal mol1), whereas carbene 31b is calculated to be
relatively unselective (3:1 e.r., the calculated AAG* [(TS-
32c) - (TS-32d)] is 0.7 kcal mol1). As mentioned above (see
Figure 11), the composition of 31a and 31b is 95.5% and
4.5%, respectively. Therefore, 95.5% carbene 31a would
give (R)-isomer as 95.5% of product 13, and with an addi-
tional 3.4% of (R)-isomer of product 13 may came from
31b. The (S)-isomer of product 13 is generated in 1.1%
from carbene 31b by means of TS-32d. The overall pre-
dicted enantiomeric ratio is 98.9:1.1 (98% ee), which is in
excellent agreement with the experimental ratio of 97.5:2.5



(95% ee). To summarize, the enantioselectivity of the pri-
mary C-H bond functionalization by the donor/acceptor
carbene and the chiral catalyst Rhz2(S-p-BrTPCP)4 (8) is de-
termined by several sequential factors: (a) the ratio of the
diazo compound conformers, (b) the ratio of the dirhodium
carbene intermediates, and (c) the facial selectivity of each
carbene intermediate. Thus, it is instructive that enhance-
ment of enantioselectivity of the C-H functionalization could
be achieved by improving the distribution ratio of both diazo
compound and dirhodium carbene intermediate rather than
Jjust focusing on the likely carbene face selectivity.
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Ts-32a TS-32b
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TS-32¢ Ts-32d

AAH¥/AAGY= 0.0/0.0 AAH¥IAAGH= 1.410.7

Figure 12. Illustration of detailed TS structures for primary
benzylic C—H insertion step in the dirhodium-carbene
complexes of the chiral catalyst Rhz(S-p-BrTPCP)s (8),
alongside with their calculated relative energies (in kcal mol-1).
The green circle represents the dirhodium catalyst underneath
the carbon atom. The alkoxy group of the ester is colored blue
and the carbonyl group is colored red. The transferring
hydrogen atom of the primary C—H bond is highlighted by an
orange circle, and the hydrogen atom at the tertiary C—H bond
is highlighted by a purple circle. In the calculated structures,
the ligands are shown in wireframe style, and the aryl ring with
bromo substituent was colored in violet, and the phenyl group
on C2 cis to carboxylate is colored green, and the carbene and
substrate are in a ball and stick style, the transferring hydrogen
atom is colored orange, and the tertiary benzylic hydrogen is
colored purple.

As mentioned above and shown previously,!1t Rha(S-p-
BrTPCP)s, strongly prefers formation of the primary C—H
functionalization product. Here, we computationally inves-
tigated the regioselectivity of this reaction by comparing the
free energy of TSs for the insertion of primary (TS-32a) and
tertiary (TS-33a) benzylic C—H bonds (Figure 13). We
found that transition state TS-32a is lower by 5.0 kcal mol-

1 than the transition state TS-33a. This is in close agree-
ment with the observed site selectivity, in which none of the
tertiary C-H functionalization product was observed.l1b
Rh2(S-p-BrTPCP)4 is a sterically demanding catalyst and the
change of site selectivity is considered to be due to steric
factors overwhelming the electronic preference of the car-
bene C—H functionalization.

cel?
0_0 0__0

TS-32a TS-33a

AAH¥/AAG*= 0.0/0.0 AAHHAAG*= 4.2/5.0

Figure 13. Comparison of TS structures of primary and tertiary
benzylic C—H insertion in the dirhodium-carbene complexes
of the chiral catalyst Rhz(S-p-BrTPCP)4 (8), alongside with their
calculated relative energies (in kcal mol-1). The green circle
represents the dirhodium catalyst underneath the carbon
atom. The alkoxy group of the ester was colored in blue and the
carbonyl group was colored in red. The transferring hydrogen
atom of the primary C—H bond was highlighted by orange
circle, and the hydrogen atom at tertiary C—H bond was
highlighted by purple circle. In the calculated structures, the
ligands are shown in wireframe style, and the aryl ring with
bromo substituent was colored in violet, and the phenyl group
on C2 cis to carboxylate was colored in green, and the carbene
and substrate were in ball and stick style, and the transferring
hydrogen atom was colored in orange for the primary C—H
bond, and colored in purple for the tertiary C—H bond.

In conclusion, the model presented herein indicates that the
control of selectivity in dirhodium(tetracarboxylate)-cata-
lyzed C-H bond functionalization by donor/acceptor diazo
compounds is more complicated than previously suggested.
It dependents on the ratio of conformers of the starting di-
azo compound and nature of two discrete steps, namely, the
nitrogen extrusion and the carbene insertion steps. In most
reactions, such as functionalization of activated C-H bonds
(as well as the cyclopropanation, cyclopropenation, and
ylide formation) the barriers the carbene insertion are suf-
ficiently low that the reactions do not operate under Curtin
Hammett conditions. We have shown that in the exten-
sively utilized C-H bond functionalization by the donor/ac-
ceptor carbene and chiral catalyst Rhz(S-p-BrTPCP)4 (8),
the enhancement of enantioselectivity of the C-H function-
alization could be achieved by improving the distribution
ratio of both diazo compound and dirhodium carbene inter-
mediate rather than just focusing on the likely carbene face
selectivity.
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