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Abstract

Intermolecular C�H insertion with rhodium carbenoid intermediates is a very promising method for C�H activation. By using
carbenoids derived from vinyl and phenyl diazoacetates, highly selective C�H insertions can be achieved. High asymmetric
induction is obtained when dirhodium tetraprolinates (24–27) are used as catalysts. Remarkably, with certain substrates, excellent
diastereocontrol is also possible. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of novel organometallic reagents for
functionalization of unactivated C�H bonds has been
extensively studied over the last 20 years [1–3]. In this
review, our progress in achieving a practical and catalytic
method for asymmetric intermolecular C�H activation
using rhodium–carbenoid intermediates will be de-
scribed (Eq. (1)). The first portion of the review will give
a brief overview of the traditional organometallic meth-
ods to achieve C�H activation. The inherent advantages
of the carbenoid method will be discussed. An argument
will be presented that the traditional rhodium–car-
benoids are not sufficiently selective to achieve practical
intermolecular C�H insertions. The second portion of
this review will describe the reactivity of rhodium–car-
benoids that contain both electron donor and acceptor
groups. These carbenoids are much more chemoselective
than the traditional carbenoids, and much better suited
for intermolecular C�H insertion. The third section of
this review will describe the chiral catalysts that we have
developed for asymmetric transformations with donor–
acceptor substituted carbenoids. Finally, the progress we

have achieved in asymmetric C�H insertions will be
described. In addition to the enantioselectivity of the
chemistry, issues of chemoselectivity and diastereoselec-
tivity will be addressed.

(1)

2. Background of C�H activation

Even though there are a number of high temperature
industrial processes for C�H activation that use metal
complexes as catalysts, the development of practical
laboratory methods for catalytic C�H activation has
been challenging [2,3]. One of the most extensively
studied strategies has been the generation of highly
reactive metal complexes, such as 1, that are capable of
undergoing oxidative addition across a C�H bond (Eq.
(2)) [4]. Even though excellent mechanistic studies have
been carried out on these types of reactions [3], the
development of a catalytic process is extremely difficult
because regeneration of the highly reactive complex to
continue the catalytic cycle is unfavorable. Recently,
Hartwig has devised a process, using rhodium catalyst 2,
to catalytically couple linear alkanes with borane 3
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through a C�H insertion process to give good yields of
linear alkylboranes 4 (Eq. (3)) [5]. Due to the high
desirability of a practical C�H activation process and
the tremendous challenges with achieving C�H activa-
tion, the reaction has been popularly described as the
‘Holy Grail’ for organometallic chemistry [2].

(2)

(3)

Even though the C�H insertion of a rhodium–car-
benoid [6] is not generally included in the reviews on
C�H activation [1–3,7], this process does lead to the
functionalization of an unactivated C�H bond. The
similar relationship between the classic C�H activation
by oxidative addition, and the C�H activation by car-
benoid C�H insertion is shown in Eqs. (4) and (5). Both
reactions involve insertion across the alkane C�H bond,
but in the first instance, the metal undergoes the inser-
tion while in the second case, it is the carbenoid.

A major advantage of carbenoid C�H activation over
traditional C�H activation is a catalytic cycle which is
extremely favorable (Fig. 1) [6]. The starting metal
complex 5 is reasonably stable and the energy for the
cycle is derived from the carbenoid precursor, typically
a diazo compound (6). Decomposition of the diazo
compound generates molecular nitrogen and the high
energy carbenoid intermediate 7, which is then able to
undergo the C�H insertion step. This will then release
the functionalized product 8, and regenerate the start-
ing catalyst 5, which allows the catalytic cycle to
continue.

(4)

(5)

Fig. 1. Metal–carbenoid C�H activation.

Traditionally the catalysts used for decomposition of
the diazo compounds were copper based, and the re-
sulting copper–carbenoid complexes showed little ten-
dency towards clean C�H insertions [8]. In the 1970s,
however, Teyssie and co-workers introduced dirhodium
tetracarboxylates as catalysts for diazo decomposition,
and discovered that rhodium–carbenoids are effective
at C�H insertion reactions [9]. Very impressive progress
has been made in asymmetric intramolecular C�H in-
sertions of diazoacetates and diazoketones as illustrated
in Eqs (6)–(8) [10–12]. Both rhodium amide (9) and
rhodium carboxylate (10 and 11) catalysts have been
developed that result in impressive levels of asymmetric
induction [6,13]. In general, five membered rings are
formed (Eq. (6)), although the formation of other ring
sizes can occur in exceptional cases (Eqs. (7) and (8)).
Competition studies have been used to confirm the
insertion preferences for 3°\2°�1° C�H bonds [6].
This selectivity is very intriguing because it is the oppo-
site to that observed with the traditional organometallic
C�H activation [1]. Extensive studies on the effect of
substituents have been carried out, and 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 acetoxy groups
are deactivating [6].

(6)

(7)
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(8)

In contrast to the developments in intramolecular C�H
insertions, the intermolecular reaction was not consid-
ered to be of great synthetic utility [6,14]. The major
difficulty is that carbenoids derived from diazoacetates
(12) are very prone to dimerization unless an efficient
trap is present [15]. Furthermore, this class of carbenoids
is not very chemoselective [9,16]. A high yield of C�H
insertion (13) has been achieved with cyclohexane, but
only when the electron deficient dirhodium trifluoroac-
etate was used as a catalyst and very slow syringe pump
addition of the diazo compound (12) was followed (Eq.
(9)) [9b]. Poor selectivity results from the C�H insertion
reaction with various alkanes, which give a mixture of
products. Reaction with 2-methylbutane gave all four
possible products (14–17) (Eq. (10)), and even though
the ratio of products was dependent on the catalyst used,
a mixture was invariably formed [9b]. Consequently, it
appeared that for the intermolecular C�H insertion to be
a practical reaction, it would be necessary to use
rhodium–carbenoid intermediates that are less prone to
dimerization and exhibit improved chemoselectivity.

(9)

(10)

3. Carbenoid development

For many years our research group has been interested
in the chemistry of the rhodium–carbenoids derived
from vinyldiazoacetates (18) and phenyldiazoactetates
(19a) [17]. These carbenoids undergo highly diastereose-
lective cyclopropanations as illustrated in Eq. (11) [18].
Diastereoselectivity ratios of \30:1 are common with
these systems. These results are remarkable considering
that the same reaction with ethyl diazoacetate (12) results
in an E/Z ratio of 1.8:1 (Eq. (12)) [19].

(11)

(12)

Over the years we have applied this method for the
synthesis of vinylcyclopropanes to many target molecules
[18,20]. Most notable is the reaction between vinyldia-
zoacetates and dienes that lead to the stereoselective
synthesis of highly functionalized cycloheptadienes by a
tandem cyclopropanation/Cope rearrangement [20b].
During the course of these extensive cyclopropanation
studies, we discovered certain characteristics of this class
of carbenoid which indicated that it could hold promise
in selective C�H insertions. Firstly, dimerization of the
carbenoid was not a significant side reaction with these
carbenoids [21]. Thus, it was not necessary to use syringe
pump techniques for very slow addition of the diazo
compounds in order to avoid carbenoid dimerization.
Secondly, the carbenoid displayed very demanding steric
requirements. Cyclopropanations of cis double bonds are
readily achieved, while trans double bonds are unreactive
[21,22]. An illustration of this is shown in the key step
that was used for the synthesis of (9 )-tremulenolide A
[17e]. Reaction occurred cleanly at the Z-double bond to
give the cis-divinylcyclopropane intermediate 20, which
undergoes Cope rearrangement to give 21, with full
control of stereochemistry at three stereogenic centers
(Eq. (13)).

(13)
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Table 1
Relative rate versus 1-hexene

4. Chiral catalysis

A chiral catalyst system that is especially well suited
for the phenyldiazoacetates and the vinyldiazoacetates
is the dirhodium tetraprolinate system [25,26]. The opti-
mum catalysts are Rh2(S-TBSP)4 (24) and Rh2(S-
DOSP)4 (25), which are soluble in hydrocarbon
solvents. This is important because with the prolinate
catalysts, the highest ee is obtained in non-polar sol-
vents [21,26]. Rh2(S-DOSP)4 is soluble in pentane, even
at −78°C, and under these conditions cyclopropana-
tion can be achieved in 98% ee (Eq. (15)) [21]. Since our
original studies, several other types of catalysts includ-
ing copper and rhodium amide based catalysts have
been evaluated in intermolecular cyclopropanations
with donor–acceptor diazo’s, but none have out per-
formed the prolinates [27]. Recently, the bridged proli-
nates, 26 [28] and 27 [29] (Rh2(S-biDOSP)2) have been
prepared, and these catalysts do not require the use of
hydrocarbon solvents for high asymmetric induction.
Rh2(S-biDOSP)2, in particular, can outperform Rh2(S-
DOSP)4 in certain cases [21,29].

(15)

The synthesis of these catalysts involves the prepara-
tion of the appropriate ligand, followed by a high
temperature ligand exchange with rhodium(II) acetate
over approximately 7 days (Eq. (16)) [30]. An alterna-
tive method is also available for the synthesis of the
non-bridged ligands, which go on the rhodium much

The chemoselectivity differences between the car-
benoids containing both electron donor and acceptor
substituents, and the traditional carbenoids derived from
diazoacetate have been quantified in competition studies
(Table 1) [23]. For the diazoacetate (12) system, only a
threefold rate difference exists between the reaction with
hexene and styrene, where the electronic influence of
substituents on the styrene is virtually non-existent. These
results are consistent for a highly reactive carbenoid that
reacts with alkenes through a very early transition state.
In contrast, the carbenoids derived from 18 and 19a show
a 50-fold difference in reactivity between styrene and
hexene, and the substituted styrenes display selective
reactivity leading to a Hammett plot with a r of −1.0
(s+ scale). This is consistent with a reaction that involves
a non-synchronous cyclopropantion with build up of
positive charge at the benzylic carbon in the transition
state.

In order to evaluate the effect of carbenoid structure
on the efficiency of intermolecular C�H insertions, a series
of reactions were carried out with different carbenoids
under identical reaction conditions [24]. The rhodium
pivalate catalyzed reaction of ethyl diazoacetate (12)
added over 5 min and cyclohexane results in only a 10%
yield of the C�H insertion product 22a (Eq. (14)). Carbene
dimers were the predominant products. In contrast, the
parallel reaction with phenyldiazoacetate 19a generated
the C�H insertion product 22b in 94% yield. Similarly the
reaction with vinyldiazoacetate 23 generated the C�H
insertion product 22c in 67% yield.

(14)
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more easily. Refluxing the S-DOSP ligand in water
with Na2(Rh2(CO3)4) [30] gives the Rh2(S-DOSP)4 cata-
lyst in 92–97% yield in only 7 h (Eq. (17)) [21]. Once
formed, these catalysts are extremely stable and can be
stored for long periods of time on the benchtop without
adversely affecting their reactivity.

(16)

(17)

5. Intermolecular C�H activation by aryldiazoacetates

Rh2(S-DOSP)4 catalyzed decomposition of phenyldi-
azoacetate (19a) in refluxing cyclohexane generated the
C�H insertion product 28a in 87% ee [31]. By carrying
out the reaction at 10°C, the enantioselectivity can be
improved to 95% ee [32]. The reaction is applicable to a
range of aryldiazoacetates (19a– j) as illustrated in
Table 2. In most instances, the reaction proceeds with
\90% ee.

Good regiocontrol is possible in reactions with cer-
tain alkanes. Reaction of 19a with 2-methylbutane re-
sults in the formation of C�H insertion product 29 in
60% yield and 68% ee (Eq. (18)) [32]. This was the only

C�H insertion product that is observed, which is in
marked contrast to the reaction of 2-methylbutane with
ethyl diazoacetate (12) in which all four 14–17 possible
products are formed (Eq. (10)) [9b]. A highly regioselec-
tive reaction was also obtained in the reaction with
adamantane, from which product 30 was obtained in
90% ee (Eq. (19)) [32].

(18)

(19)

The reaction of phenyldiazoacetate (19a) with 2-
methylhexane illustrates the delicate balance that exists
for the regiochemistry in these reactions (Eq. (20)). Two
C�H insertion products were obtained arising from
attack at the methine (31) and one of the methylene
(32) positions [32]. Thus it appears that reactions are
equally likely to occur at methine and unencumbered
methylene positions. However, C�H insertion does not
occur at a methyl or hindered methylene position.
Presumably, electronic factors favor C�H insertion into
a tertiary site but the steric demand of the carbenoid
complex also influences the chemoselectivity of these
reactions.

(20)

Even more favorable C�H insertions are possible if
the site is further activated by other functionally. Very
favorable C�H insertions occur at allylic positions as
shown in Eqs. (21) and (22). These reactions can be
carried out at −50°C and this leads to the formation
of 33 and 34 in greater than 90% ee [33]. Carrying out
these reactions at low temperature generally enhances
the enantioselectivity. Subsequent studies by Muller
have shown that the formation of 33 at room tempera-
ture resulted in only 71% ee [34].

Table 2
C�H insertion into cyclohexane with various aryl substituted diazos

Ar Yield (%) ee (%)

C6H5a 80 95
b p-CF3C6H4 78 94
c 64p-BrC6H4 95
d m-BrC6H4 62 95
e o-BrC6H4 72 90

p-ClC6H4f 76 94
m-ClC6H4g 47 94

h o-ClC6H4 81 90
p-MeC6H4 63 93i
p-(MeO)C6H4 23 88j
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(21)

(22)

(24)

The diastereoselectivity in this reaction is very deli-
cately balanced, as can be seen in the reaction with
N-BOC pyrolidine (38). C�H inserted products 39 are
formed with high diastereoselectivity (92–94%) and
enanatioselectivity (93–94%). Furthermore, they are the
opposite diastereomer to that formed with N-BOC
piperidine (36) [35] (Eq. (25)).

(25)

As N-BOC pyrolidine (38) contains two sites that are
activated for C�H insertion, a double insertion is possi-
ble if 38 is used as the limiting reagent. The bis-inserted
products (40), are formed in 88–97% ee with full con-
trol of stereochemistry at four stereogenic centers (Eq.
(26)) [35]. Compounds such as 40 represent a very
interesting class of C2-symmetric amines that would be
extremely difficult to prepare by any other means.

(26)

Selective C�H insertion is also possible at sites adja-
cent to oxygen functionally. In initial studies with te-

Muller also described the decomposition of phenyldi-
azoacetate (19a) by various catalysts in the presence of
cyclohexene [34]. With Rh2(S-DOSP)4 as the catalyst, a
majority of C�H insertion product (35a) versus cyclo-
propanation (35b) (80:20 ratio) was obtained. The C�H
insertion product 35a was obtained as an inseparable
mixture of diastereomers (52:48). Hydrogenation of the
mixture gives a cyclohexyl derivative in 75% ee. Run-
ning the reaction with Rh2(S-MEPY)4 as the catalyst
gave an improved ratio of C�H insertion product (35a)
to cyclopropanation (35b) (93:7 ratio), however the ee
of the product decreased to only 45% (Eq. (23)).

(23)

A very active position for C�H insertions is adjacent
to nitrogen functionality. The reaction with N-BOC
piperidine (36) results in a direct synthesis of
methylphenidate 37a (marketed racemically as Ri-
talin™), as illustrated in Eq. (24) [35]. The best catalyst
we found for this reaction is Rh2(S-biDOSP)2 (27)
which results in the formation of 37a in 86% ee. Win-
kler has explored a similar reaction using Rh2(R-
MEPY)4 as the catalyst, and reported the formation of
37a in 45% yield and 69% ee [36].
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trahydrofuran, a mixture of diastereomers was formed
and the enantioselectivity for the major diastereomer
(41) was only 60% ee (Eq. (27)) [37]. Presumably,
tetrahydrofuran would behave as a polar solvent in
these reactions, while non-polar solvents are required
for the catalyst to perform with high enantioselectivity.
Thus, the reaction was optimized by carrying out the
reaction at −50°C using two equivalents of THF in
hexane as a solvent. Even in the presence of a vast
excess of hexane, efficient C�H insertion occurs to form
41 in 97% ee [32].

(27)

A remarkable example of the C�H insertion adjacent
to oxygen functionality is the reaction with allyl silyl
ethers (42). These reactions occur with exceptionally
high diastereoselectivity, leading to products (43) that
are equivalent to syn-aldol products in 96–98% de and
74–90% ee (Eq. (28)) [38].

(28)

Competition studies were performed to explore the
relative rates of reaction with phenyldiazoacetate 19a
decomposed by Rh2(S-DOSP)4 (Fig. 2) [32]. With the
rate of C�H insertion into cyclohexane normalized to 1,
insertion into tertiary C�H bonds, although electroni-
cally favored, occurred at a slower relative rate due to
steric congestion near the insertion site. On the other
hand, C�H insertion adjacent to oxygen and nitrogen
functionality occurred at a much faster rate, indicating
that these are favored sites and explaining the high
chemoselectivity observed in these reactions. C�H inser-
tion into the doubly-allylic position of 1,4-cyclohexadi-
ene occurs at about the same rate as cyclopropanation
of styrene and Si�H bond insertion, which are known
to be highly favorable reactions.

Fig. 2. Relative rates of reaction.

Fig. 3. Predictive model for asymmetric induction.

Asymmetric induction in these C�H insertion reac-
tions is generated through the use of the chiral Rh2(S-
DOSP)4 catalyst. We have proposed recently that
intermolecular C�H insertion occurs in a concerted, but
non-synchronous manner, with buildup of positive
charge at the carbon of the C�H bond [32]. A model
illustrating the proposed approach and mechanism of
this asymmetric induction is shown in Fig. 3. Approach
is thought to occur over the ester from the front with
the C�H bond approaching side on in the same plane as
the large group which is pointing up in the least steri-
cally demanding position. The medium group faces
away from the catalyst while the small group (H) faces
into the catalyst, and gives a product with the stereo-
chemistry shown.

6. Intermolecular C�H activation by vinyldiazoacetates

A complete study on the asymmetric reactions of
vinyldiazoacetates with alkanes has not been carried
out. The one example reported so far indicates that
vinyldiazoacetates are also capable of undergoing effec-
tive asymmetric C�H insertions into alkanes. The reac-
tion of vinyldiazoacetate 18 with cyclohexane resulted
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in formation of the C�H insertion product 44 in 50%
yield and 83% ee (Eq. (29)) [31].

(29)

A major difference between vinyldiazoacetates and
phenyldiazoacates is seen in C�H insertion reactions at
allylic positions. Reaction of the vinyldiazoacetate 18
with 1,3-cyclohexadiene results in the formation of the
1,4-cyclohexadiene 45 (Eq. (30)) [33a]. The product
appears to be that from a C�H insertion followed by a
Cope rearrangement. The reaction, however, is more
complex because the C�H insertion product is actually
more stable than the product (45) and therefore cannot
be an intermediate in the formation of 45. A similar
product is obtained in the reaction of 18 with cyclohep-
tatriene leading to the formation of 46 in 99% ee (Eq.
(31)) [33b]. At this stage, the mechanistic details of this
reaction are not fully understood but it is probably an
interrupted C�H insertion, in which C�H insertion begins
but before the process is complete, Cope rearrangement
occurs to give the observed product.

(30)

(31)

The combined C�H insertion/Cope rearrangement has
been used in a formal asymmetric synthesis of (+ )-ser-
traline (Zoloft™) (Eq. (32)). Reaction of 47 with 1,3-cy-
clohexadiene generates 48 in 60% yield and 99% ee [33a].

Aromatization of the cyclohexadiene in 48 with DDQ
followed by hydrogenation, hydrolysis, and Friedel–
Crafts acylation generated the tetralone 49 [39], which
has been previously converted to (+ )-sertraline.

7. Future outlook

The future outlook for this chemistry will depend on
the generality of the process. Further studies are needed
to define the scope of this chemistry and expand the range
of systems that can lead to highly stereoselective pro-
cesses. Mechanistic studies in this area of chemistry need
to become more sophisticated such that the basic under-
standing of the reaction is improved. Finally, the utility
of this chemistry needs to be demonstrated by its
application to challenging synthetic targets.
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