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Abstract

The development of practical catalytic asymmetric methods for selective C–H activation could revolutionize the approaches
used for the construction of complex organic compounds [1]. In this review, our progress in achieving a practical and catalytic
method for asymmetric intermolecular C–H activation using rhodium carbenoid intermediates will be described (Eq. (1)) [2].
The inherent advantage of the carbenoid method over traditional C–H activation processes is the ease of achieving a catalytic
cycle. Efficient reactions using chiral catalyst loadings of 1% or less are readily achieved. In order for the carbenoid-induced
C–H activation to be useful in organic synthesis, issues of enantioselectivity, diastereoselectivity and regioselectivity need to
be controlled. We have demonstrated that rhodium carbenoids containing both electron donor and acceptor groups are ideal
reagents for selective C–H functionalization of hydrocarbons [3]. The synthetic potential of this chemistry will be illustrated
by examples in which the C–H activation is used as a surrogate for some of the classic C–C bond-forming reactions of organic
synthesis. These classic reactions will include the Michael reaction, the aldol reaction, the Mannich reaction and the Claisen
rearrangement.

(1)
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1. Background of C–H activation

The development of practical laboratory methods
for catalytic C–H activation has been a long-term goal
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of the organometallic chemical community [1]. The
most extensively studied strategy for C–H activation
has been the use of highly reactive metal complexes
that undergo oxidative addition across a C–H bond.
Several metal complexes have been developed that
are capable of such oxidative additions. The most
extensively studied system is the iridium complex 1
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(Eq. (2)), whose C–H activation chemistry has been el-
egantly explored in landmark studies by Arndtsen et al.
[1b]. The extension of this strategy into a truly practi-
cal C–H functionalization protocol has been very chal-
lenging because it is virtually impossible to achieve a
catalytic cycle. The starting complexes are very high
energy and their regeneration to complete the catalytic
cycle is highly unfavorable.

(2)

In recent years alternate methods have been explored,
to achieve C–H activations that are more synthetically
useful. A breakthrough result was recently described
by Hartwig using rhodium catalyst 2 to catalytically
couple linear alkanes with borane 3 through a C–H
insertion process to give good yields of linear alkylb-
oranes 4 (Eq. (3)) [4].

(3)

A third method for C–H activation is the insertion
of a metal-carbenoid intermediate across a C–H bond.
In general, this reaction has not been classified as a
C–H activation process [1,5,6], presumably because
the carbenoid rather than the metal is inserting across
the C–H bond. This process, however, offers a unique
opportunity for the development of practical processes
for functionalization of non-activated C–H bonds. A
major advantage of metal-carbenoid-induced C–H ac-
tivation over the more traditional approaches is that
a catalytic cycle is extremely favorable (Eq. (4)) [6].
The driving force for the cycle is derived from the
carbenoid precursor, typically a diazo compound (6).
The catalyst 5 is reasonably stable, but catalyzes the

loss of nitrogen from the diazo compound to form
the high-energy metal-carbenoid intermediate 7. The
metal-carbenoid intermediate then undergoes the C–H
activation step by inserting the carbene into the C–H
bond and releasing the functionalized product 8 and
regenerating the catalyst 5. This catalytic cycle is so
favorable that reactions with low catalyst loading can
be realistically contemplated.

(4)

Originally the catalysts used for decomposition of
diazo compounds were copper based, and the resulting
copper-carbenoid intermediates showed little tendency
towards clean C–H insertions [7]. In the 1970s, how-
ever, Teyssie and co-workers introduced dirhodium
tetracarboxylates as catalysts for diazo decomposition,
and discovered that the resulting rhodium carbenoids
have a greater tendency to undergo C–H insertion reac-
tions, compared to the copper catalysts [8]. Impressive
advances have been made in asymmetric intramolecu-
lar C–H insertions of diazo compounds [6]. In general,
five-membered rings are formed, although the forma-
tion of other ring sizes can occur in exceptional cases.
Competition studies have been used to confirm the in-
sertion preferences for 3◦ > 2◦ � 1◦ C–H bonds [6].
This selectivity is very intriguing because it is oppo-
site to that observed with the traditional organometal-
lic C–H activation [1,4]. Extensive studies on the ef-
fect of substituents have been carried out, and C–H
activation was found to be favored adjacent to electron
donating groups such as alkyl and silyl ethers, as well
as azido substituents [6]. It was also determined that
electron withdrawing groups such as esters and ace-
toxy groups disfavor C–H activation at adjacent C–H
bonds [6].

In contrast to the intramolecular C–H insertions, the
intermolecular reaction has not enjoyed widespread
application. Indeed up until very recently, the inter-
molecular C–H insertion was not considered to be of
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Fig. 1. Carbenoid percursors and chiral catalysts.

great synthetic utility [6,9]. The major difficulty with
the intermolecular reactions is that the most widely
studied carbenoids derived from alkyl diazoacetates
are very prone to dimerization unless an efficient
trap is present [10]. Furthermore, this class of car-
benoid is not very chemoselective in intermolecular
C–H insertions [9,11]. Consequently, in order for
the intermolecular C–H insertion to become a prac-
tical reaction, it was necessary to develop carbenoid
intermediates with improved chemoselectivity.

For some time, my group has been exploring a
new class of rhodium carbenoid intermediates which
contain both donor and acceptor substituents (Fig. 1)
[12]. The presence of the donor group stabilizes the
highly electron deficient carbenoid such that their re-
actions are much more chemoselective than is typi-
cally seen with the usual carbenoids, which lack the
donor group [13]. These donor–acceptor substituted
carbenoids undergo highly diastereoselective cyclo-
propanations, and when the reactions are catalyzed by
the dirhodium tetraprolinate catalysts, Rh2(S-TBSP)4
and Rh2(S-DOSP)4 high asymmetric induction can be
achieved [14]. Second generation catalysts that show
great promise for this chemistry are the bridged pro-
linate catalyst Rh2(S-biDOSP)2 and Rh2(S-biTISP)2
[15].

The above observations led us to explore the possi-
bility that these more stabilized carbenoids would be
capable of undergoing much more selective C–H in-
sertions than had been seen with the traditional car-
benoids. An early comparison study between methyl
phenyldiazoacetate (9) and ethyl diazoacetate (11) re-
vealed that this was indeed the case (Eqs. (5) and
(6)) [16]. Under identical conditions using dirhodium
tetrapivalate as catalyst, phenyldiazoacetate 9 under-
went C–H insertion into cyclohexane to form 10 in
94% yield while only a 10% yield of 12 was obtained
from the reaction with ethyl diazoacetate (11).

(5)

(6)

Rh2(S-DOSP)4 catalyzed decomposition of methyl
phenyldiazoacetate (9) in the presence of hydro-
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Fig. 2. Rh2(S-DOSP)4 catalyzed C–H activation of various hydrocarbons by 9.

carbons revealed that highly enantioselective C–H
insertions were possible [3b]. Furthermore, a delicate
balance existed between insertion into methylene and
methene C–H bonds. The results of C–H insertions
with various substrates are summarized in Fig. 2. The
reactions with cyclohexane and cyclopentane are very
efficient resulting in C–H insertion products 13 and 14
in greater than 90% ee. The carbenoid reactions with
adamantane, 2-methylbutane and 2,2-dimethylbutane
resulted in clean insertions into the methene C–H
bonds but the yield and enantioselectivity of the
C–H insertion products 15–17 decreased as the
methene site became more crowded. The formation
of only two products 18 and 19 from the reaction
of 2-methylpentane is most informative. The sites
of attack are the methene site and the less crowded
methylene position. Thus, the C–H insertion selectiv-
ity between methylene and methene sites is controlled
by a delicate balance of steric and electronic effects.
A major difference between the carbenoid C–H inser-
tions and the more traditional C–H activations is that
insertions into a methyl C–H bond is rarely observed
with the donor–acceptor substituted carbenoids.

Much more facile C–H insertions occur at sites that
are either allylic or adjacent to a heteroatom [3b]. A
spectacular example of this effect is the reaction with
tetrahydrofuran (THF, Eq. (7)). An effective reaction
can be carried out at −50 ◦C using just two equiva-
lents of THF in hexane as solvent. Under these con-
ditions, the insertion product 20 is formed as a 2:8:1

diastereomeric mixture in 67% yield, where the major
diastereomer is produced in 97% ee.

(7)

Competition experiments between various alkanes
and THF revealed a remarkable range of reactivity
towards C–H insertion [3b]. The room temperature
reaction with THF is favored by a factor of >2000
over the reaction with cyclohexane, which in turn
is favored by a factor of 13 over the reaction with
2-methylbutane. After normalizing for the number of
sites available in each compound this would indicate
that the methylene C–H bond of cyclohexane and the
methene C–H bond of 2-methylbutane have roughly
equivalent reactivity towards the C–H insertion. In the
case of 2,2-dimethylbutane, the reactivity is consider-
ably decreased, presumably because the insertion site
is sterically crowded. On the basis of these reactivity
patterns, 2,2-dimethylbutane was developed as a suit-
able inert solvent for this chemistry, since it does not
have reactive C–H bonds and is non-polar (Fig. 3).

Kinetic deuterium isotope effects of 2–3 for cyclo-
hexane and THF demonstrate that C–H bond cleavage



H.M.L. Davies / Journal of Molecular Catalysis A: Chemical 189 (2002) 125–135 129

Fig. 3. Relative rates of C–H insertion.

Fig. 4. Predictive model for asymmetric induction with Rh2(S-DOSP)4 catalyst.

is involved in the rate determining step, but the ex-
tent of the cleavage is limited [3b]. Definitive kinetic
data have been rarely obtained for metal catalyzed de-
composition of diazo compounds, and this is also the
case for these intermolecular C–H insertions. Conse-
quently, a well-developed mechanistic interpretation
of this reaction is not available at this time. However,
an excellent predictive model of the stereochemical
outcome of this reaction has been proposed [3b] and
this is shown in Fig. 4. Due to the high symmetry of
the catalysts, they can be simply viewed as a catalyst
wall with two blocking groups, indicated by the thick-
ened lines [3b]. The reaction is viewed as a concerted
non-synchronous C–H insertion with build-up of pos-
itive charge on carbon [3b]. The actual orientation of
approach of the trapping agent is not known, but it is
considered to be quite specific. The orientation illus-
trated in Fig. 4, is predictive not only of the absolute
stereochemistry but also of the relative stereochem-
istry, as will become apparent in later sections of this
review.

Having determined that the intermolecular C–H
activations are viable on hydrocarbons, our recent
studies have focused on demonstrating that the C–H
activation can be a surrogate for some of the classic

C–C bond-forming reactions in organic synthesis.
Allylic C–H insertions of vinyl ethers would be an
intriguing proposition because the resulting product
after silyl deprotection would be a 1,5-dicarbonyl com-
pound 21 (Scheme 1). The usual C–C bond-forming
strategy for the synthesis of 1,5-dicarbonyl com-
pounds is the Michael reaction (for a general re-
view on the asymmetric Michael addition, see [17]).
Even though there have been some exciting ad-
vances in the use of chiral bases or Lewis acids to
induce asymmetry in the Michael reaction, the con-
trol of relative stereochemistry is still problematic
[17].

Scheme 1.
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Vinyl ethers are excellent substrates for cyclopropa-
nation with the traditional carbenoids such as those
derived from diazoacetates [18], but the carbenoids
derived from aryldiazoacetates are more sterically dis-
criminating [19]. This is clearly seen on comparing
the reaction of ethyl diazoacetate and methyl phenyl-
diazoacetate with trisiopropylsiloxycyclohexene (22)
(Eq. (8)) [20]. Rhodium(II) octanoate catalyzed re-
action of ethyl diazoacetate with the silyl enol ether
22 results in a strong preference for cyclopropana-
tion over C–H insertion by a ratio of 96:4 [20]. The
Rh2(S-DOSP)4 catalyzed reaction improved the ratio
to 76:24, but still cyclopropanation dominates [20]. In
contrast, the reaction with methyl phenyldiazoacetate
results in exclusive formation of the C–H insertion
products [20].

(8)

In addition to the high chemoselectivity of the C–H
insertion of 22 by 9, the reaction also occurs with
high asymmetric induction [20]. The Rh2(S-DOSP)4
catalyzed reaction results in the formation of a 70:30
mixture of the two diastereomers 23 and 24 in 90%
yield, where the major diastereomer 23 is formed in
95% ee and the minor diastereomer 24 is formed in
85% ee.

(9)

Further examples of the potential of this chemistry
are seen in the reactions of the methyl bromophenyl-
diazoacetate (25) with the silyl enol ethers 26 and 28
as substrates [20]. The reaction with 26 results in im-
proved diasterocontrol compared to the reaction with
18 and the major diastereomer 27 is formed in 89% ee
(Eq. (10)). This example demonstrates the selectivity
that is possible in this chemistry because 26 contains
three allylic sites, yet reaction occurs at only a single
site. The reaction with the benzo-fused system 28 (Eq.
(11)) is an intriguing example because the correspond-
ing Michael reaction to form 29 is not feasible be-
cause the requisite enone would be the keto tautomer
of 1-naphthol. In this case, the major diasteromer 29
of the C–H insertion product is formed in 90% ee.

(10)

(11)

In order to have highly diasteroselective reactions,
the substituents at the methylene site need to be con-
siderably different in size [20]. The acyclic system 30
meets this requirement, and the C–H insertion with
this substrate generates essentially a single diastere-
omer of 31 in 84% ee (Eq. (12)) [20].

(12)
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Allylic C–H activation of simple alkenes would
generate �,�-unsaturated carbonyl compounds 32.
The classic method for preparing such compounds is
the Claisen rearrangement of allyl vinyl ethers, and
this reaction is especially effective at controlling the
relative stereochemistry of the two new stereogenic
centers (for a review, see [21]). A systematic study
was undertaken to determine if the allylic C–H ac-
tivation could be a stereoselective surrogate of the
Claisen rearrangement (Scheme 2).

Allylic C–H activation of 1,4-cyclohexadiene [22]
and 1,3,5-cycloheptatriene [23] is a very effective
reaction. The C–H insertion products 33 and 34 are
produced in high yield and enantioselectivity. How-
ever, these examples generate only a single stereo-
center and do not address the issue of whether the
carbenoid-induced C–H activation would be effec-
tive as a surrogate of a diastereoselective Claisen
rearrangement.

(13)

(14)

The first report on allylic C–H activation of a
simple alkene gave a mixture of products [24]. The
Rh2(S-DOSP)4 catalyzed reaction of 9 with cyclohex-
ene gave a 1:1 diastereomeric mixture of C–H activa-
tion products as well as competing cyclopropanation.

Scheme 2.

In order to eliminate the cyclopropane formation, the
alkene needs to be more sterically crowded, while
good size differentiation between the two methylene
substituents is required to control the diastereoselec-
tivity. This was achieved by using the silyl substituted
cyclohexene 35, whose Rh2(S-DOSP)4 catalyzed re-
action with 9 generated the C–H insertion product 36
in 88% de and 97% ee [25].

(15)

This reaction has been applied to a range of cyclic
and acyclic alkenes [23] and the reaction displays
remarkable regiocontrol. For example, a very chal-
lenging substrate is 1-ethylcyclohexene (37), which
contains three allylic methylene sites (Eq. (16)). The
majority of the product is derived from C–H insertion
at the less crowded endocyclic methylene position
(38a and 38b), while only a trace of C–H insertion at
the exocyclic methylene site (39) is observed. A 3:1
mixture of diastereomers 38a and 38b are formed in
94 and 90% ee, respectively.

(16)
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Scheme 3.

With appropriate substrates, the allylic C–H activa-
tion displays considerable kinetic resolution and enan-
tiomer differentiation. An example of this is shown in
the reaction with (�)-pinene (Eq. (17)). The reaction
of (+)-(�)-pinene (40) with 25 (two equivalents) cat-
alyzed by Rh2(S-DOSP)4 is the matched reaction be-
cause this results in a very efficient transformation in
which 41a is formed in 93% yield and 96% de. The
reaction catalyzed with Rh2(R-DOSP)4 is less effec-
tive and 41a and 41b are formed in 62% combined
yield and the major diastereomer is 41b. When the
Rh2(S-DOSP)4 catalyzed reaction is carried out with
(±)-(�)-pinene (10 equivalent), a mixture of 41a and
41b is formed in 52% yield and the major diastere-
omer 41a is formed in 99% ee. The high enantiose-
lectivity is due to a combination of kinetic resolution
and enantiomer differentiation.

(17)

Carbenoid C–H insertion � to oxygen would gen-
erate protected �-hydroxy esters 42 (Scheme 3). The

classic C–C bond-forming method for the synthesis
of �-hydroxy esters is the aldol reaction. The rela-
tive stereochemistry can be predictably controlled by
using enolates of defined geometry. Wonderful chiral
auxilaries [26] and more recently, chiral catalysts (for
a general review of catalytic enantioselective aldol
reactions [27]) have been developed for asymmetric
aldol reactions. Still, many of the catalytic asymmet-
ric aldol reactions have limited substrate specificity
and do not generally occur with very low catalyst
loading. Thus, it was intriguing to explore if the C–H
insertion a to oxygen could offer advantages over the
classic aldol reaction.

Even though the diastereoselectivities of the C–H
insertions are substrate dependent, certain silyl
ethers results in very efficient C–H insertions with
very high diastereoselectivity [28a,28b]. Trans al-
lyl silyl ethers are exceptional substrates, which
lead to C–H insertion products in 96–98% de and
70–85% ee [28a]. An illustrative example is shown
in Eq. (18) [28a]. Tetraalkoxysilanes are even bet-
ter substrates because in this case the C–H insertion
products 43 are formed in >94% de and 92–95%
ee (Eq. (19)) [28b]. These reactions are highly di-
astereoselective because there is good size differenti-
ation between the two substituents on the methylene
group.

(18)

(19)
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Scheme 4.

A fourth example of the synthetic potential of C–H
insertion is as a surrogate for the Mannich reaction
(Scheme 4) [29]. This could be achieved by a selective
C–H insertion � to nitrogen leading to the formation of
�-amino acid derivatives (44). Considerable advances
have been made in developing catalytic asymmetric
Mannich reactions, but achieving this and also con-
trolling the relative stereochemistry has met with only
limited success to date [29].

The reaction of methyl phenyldiazoacetate with
N-BOC-piperidine (45) is a good illustration of the
potential of this chemistry because it leads to the
direct synthesis of threo-methylphenidate (46) [30].
The most efficient rhodium carboxylate catalyst for
carrying out this tranformation is Rh2(S-biDOSP)2,
which results in the formation of a 71:29 mixture
of the readily separable threo and erythro diastere-
omers. The threo diastereomer is produced in 52%
isolated yield and 86% ee (Eq. (20)). This approach is
considerably shorter than other reported asymmetric
syntheses of threo-methylphenidate using traditional
reaction sequences [31].

(20)

In contrast to the reaction with N-BOC-piperidine,
the reaction with N-BOC-pyrrolidine (47) is highly
stereoselective [30]. Rh2(S-DOSP)4 catalyzed reaction
of various aryl diazoacetates with N-BOC-pyrrolidine
at −50 ◦C generates the C–H insertion prod-
ucts 48 in greater than 90% ee and 90% de
(Eq. (21)).

(21)

The 2-substituted pyrrolidines are very interesting
substrates for C–H activation because they can dis-
play very impressive levels of kinetic resolution and
enantiomer differentiation [32]. An example, which
convincingly demonstrates the potential of such chem-
istry, is the reaction of the (±)-silylated alcohol 49,
which results in a single diastereomer of the C–H in-
sertion product 50 in 85% yield and 98% ee. The
stereoselectivity of this substrate is so well controlled
that one enantiomer of 49 results in a very clean C–H
insertion while the second enantiomer of 49 is essen-
tially unreactive.

(22)

The reaction with N-BOC-pyrrolidine may be taken
a step further by inducing a double C–H insertion
sequence. This results in the formation of elabo-
rate C-2 symmetric bases as single diastereomers
with control of stereochemistry at four stereogenic
centers. The enantioselectivities of the products are
higher than what is obtained for the single C–H
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insertion products, presumably because kinetic res-
olution is occurring in the second C–H insertion
step.

(23)

In summary, C–H activation by means of a rhodium
carbenoid-induced C–H insertion offers numerous op-
portunities in organic synthesis. The reactions are very
practical transformations that can be carried out us-
ing conventional glassware and equipment. The chem-
istry is highly chemoselective, which is critical for
a broadly useful C–H activation protocol. There is
a delicate balance between C–H activation at sec-
ondary versus tertiary C–H sites which is goverened
by electronic and steric factors. Allylic positions and
sites � to oxygen and nitrogen are strongly favored
for C–H activation. The most striking feature of the
C–H activation is that it is tolerant to many functional
groups, including cis and trans alkenes, aromatic rings,
ethers, acetates, and N-BOC functionality. The chem-
istry is routinely highly enantioselective, with most
reactions occurring in >90% ee. Furthermore, if ap-
propriate substrates are used, highly diastereoselective
reactions are also feasible. The success of this chem-
istry rests on the use of carbenoid systems that con-
tain both donor and acceptor substituents. The future
challenge for this chemistry will be to broaden the
range of carbenoid systems that display this critical
requirement.
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