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Among the different methods that enable the formation of
a C�C bond by catalytic functionalization of an unactivated
C(sp3)�H bond,[1] insertion of a transition-metal carbenoid
constitutes a powerful approach.[2–4] Metal carbenoids are
traditionally generated by decomposition of diazo com-
pounds in the presence of transition-metal catalysts, and
dirhodium(II) complexes are arguably the most useful
catalysts.[2–4] The reactivity of rhodium carbenoids in C�H
insertions markedly depends on the resonance effect of their
substituents and, according to the classification of H. M. L.
Davies, three major classes should be distinguished: acceptor/
acceptor, acceptor, and donor/acceptor carbenoids.[2–4] The
latter rhodium carbenoids display an appropriate balance
between stability and reactivity, thereby leading to greater
reaction effectiveness and the unique possibility to achieve
challenging intermolecular C�H insertions.[4, 5]

By contrast with these well-investigated classes, little is
known on the reactivity of donor rhodium(II) carbenoids in
C(sp3)�H insertions, owing to the hazards associated with the
preparation and handling of the required unstabilized diazo
precursors.[2–4,6] Examples of intramolecular C(sp3)�H inser-
tions involving other donor metal carbenoids produced by
alternative pathways have also been reported.[7–11] The ring
opening of cyclopropenes in the presence of electrophilic
transition-metal complexes is also an attractive strategy for
the generation of alkenyl metal carbenoids.[12] These species
can be involved in several transformations[12] but curiously,
examples of C�H insertions have essentially only been
disclosed with cyclopropenecarboxylates A.[13, 14] These latter
substrates, prepared by [Rh2(OAc)4]-catalyzed cyclopropena-
tion of terminal alkynes with ethyl diazoacetate, underwent
ring opening upon heating in refluxing benzene in the
presence of the more electrophilic catalyst [Rh2(pfb)4]
(pfb = perfluorobutanoate; Scheme 1). Mixtures of products
were obtained from which the alkylidenecyclopentanes C,
resulting from 1,5-C�H insertions triggered by the rhodium
carbenoids B, were isolated in low to moderate yields (15–
53%). B�chner reactions (intermolecular reaction with C6H6

or intramolecular process when R = Ph) and polymerization
also took place concurrently.[13] Although the dirhodium
complexes B should be classified as donor carbenoids,[4,15]

they probably retain significant electrophilic character owing

to the vinylogous ester moiety, which attenuates p donation
from the olefin (Scheme 1).

Herein, we report that “purely donor” rhodium carbe-
noids F, which are generated by ring opening of
3,3-dimethylcyclopropenylcarbinols E, can trigger highly
efficient and diastereoselective intramolecular C(sp3)�H
insertions leading to a variety of functionalized carbocycles
and oxygen heterocycles G under mild conditions (Scheme 2).
The synthesis of compounds E is readily achieved by addition
of 3,3-dimethylcyclopropenyllithium, which is generated
in situ, to aldehydes D.[16,17]

The reactivity of cyclopropenylcarbinol 1, derived from
capronaldehyde, was investigated first. A rapid reaction
occurred in the presence of [Rh2(OAc)4] (0.5 mol %) under
mild conditions (CH2Cl2, 0.1m, RT, 0.5 h) leading to a 60:40
mixture of cyclopentanols 2 and 2’ in 66 % yield (Scheme 3).
Oxidation of this mixture afforded a single enone 3 (53 %),
thus confirming that 2 and 2’ were diastereomers both arising
from a ring opening/1,5-C�H insertion process. In the case of
cyclopropenylcarbinols 4a and 4b bearing remote silyloxy
groups, the rhodium-catalyzed reaction led to the five-
membered diastereomeric compounds 5a/5’a and 5b/5’b,
respectively, with higher levels of diastereoselectivity (d.r. =

83:17 and 87:13) and excellent yields (96–98%; Scheme 3).[18]

Scheme 1. Previous work: C(sp3)�H insertions involving rhodium
carbenoids generated from cyclopropenecarboxylates.

Scheme 2. This study: C(sp3)�H insertions involving donor rhodium
carbenoids F generated from 3,3-dimethylcyclopropenylcarbinols E.
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Thus, the ring opening of the more electron-rich
3,3-dimethylcyclopropenylcarbinols E proceeds smoothly in
the presence of [Rh2(OAc)4] compared to cyclopropenecar-
boxylates A, which required a more electrophilic catalyst and
harsher conditions.[13] The regioselective formation of rho-
dium carbenoids F can be understood by preferential binding
of the rhodium catalyst to the less-substituted cyclopropene
carbon atom whilst a more stable tertiary cyclopropyl cation is
generated and undergoes electrocyclic ring opening.[12, 17]

Despite their low electrophilic character, the high reactivity
exhibited by these “purely donor” dirhodium carbenoids F
(lacking any electron-withdrawing group on the alkene) in
intramolecular C(sp3)�H insertions is particularly notewor-
thy. To further explore the reactivity of these donor rhodium
carbenoids, the behavior of cyclopropenylcarbinols 6a and 6b
was examined with the hope that the location of the remote
oxygen atom could bias the reaction in favor of a 1,6-C�H
insertion process. Indeed, cyclopropenylcarbinol 6 a possess-
ing a remote benzylic ether afforded the products 7a and 7’a
containing six-membered rings with moderate diastereo-
selectivity (d.r. = 83:17, 71%), whereas the more sterically
hindered TBS ether 6b led to a single detectable diastereo-
mer 7b (d.r.> 95:5) in 84% yield (Scheme 4). Notably,
oxidative cleavage of the isopropylidene group can be
achieved by ozonolysis without epimerization, as illustrated
by the formation of the a-hydroxycyclohexanone 8 from 7b
(92 %; Scheme 4).[18]

The remarkable ability of donor rhodium carbenoids
generated from 3,3-dimethylcyclopropenylcarbinols to trigger
1,6-C�H insertions with high diastereoselectivity led us to

investigate the application of this strategy to the synthesis of
tetrahydropyrans. The requisite substrates 9a–j were pre-
pared by addition of 3,3-dimethyl-cyclopropenyllithium to the
corresponding a-alkoxyacetaldehydes. Cyclopropene 9a, in
which the remote oxygen atom is substituted by an n-octyl
chain, reacted slowly under standard conditions (CH2Cl2, RT,
8 h), and the reaction required a higher catalyst loading
(1.5 mol%) to reach completion and eventually deliver the
corresponding tetrahydropyran 10a as a single detectable anti
diastereomer in moderate yield (46%; Scheme 5). Formation
of tetrahydropyran 10b could not be observed from the
corresponding cyclopropene 9 b, because 1,6-C�H insertion is
probably retarded by the adjacent electron-withdrawing
group (CO2tBu). This result is in agreement with considerable
positive charge build-up in the transition state at the carbon
atom where C�H insertion occurs, as previously noted with
the other classes of carbonyl-substituted acceptor rhodium
carbenoids.[19] By contrast, cyclopropenylcarbinol 9c reacted
smoothly, since 1,6-C�H insertion involves a benzylic posi-
tion, and the corresponding tetrahydropyran 10 c was
obtained as a single anti diastereomer in excellent yield
(98 %).[18] The reaction was also applied to a variety of
cyclopropenylcarbinols 9d–9j bearing either electron-donat-
ing alkoxy substituents or electron-withdrawing groups (F, Br,
CF3, NO2) on the aromatic ring. In all cases, the ring opening/
1,6-C�H insertion sequence provided the corresponding
6-aryl-4-isopropylidenetetrahydropyran-3-ols 10d–10 j as
single detectable diastereomers (d.r.> 95:5) in excellent
yields (77–99 %; Scheme 5).[18]

To gain further insight into the stereochemical issues of
this transformation, deuterium labeling experiments were
carried out. Cyclopropene [D]-9 c (65% D) was prepared by
treatment of 9c with lithium diisopropylamide (LDA)
(2.5 equiv, THF,�40 8C to�20 8C) and subsequent quenching
with CD3OD. Treatment with [Rh2(OAc)4] (0.5 mol %,

Scheme 3. 1,5-C�H insertions triggered by donor rhodium carbenoids
generated from 3,3-dimethylcyclopropenylcarbinols. TBS = tert-butyl-
dimethylsilyl, TIPS= triisopropylsilyl.

Scheme 4. 1,6-C�H insertions triggered by donor rhodium carbenoids
generated from 3,3-dimethylcyclopropenylcarbinols.

Scheme 5. Synthesis of substituted tetrahydropyrans from 3,3-di-
methylcyclopropenylcarbinols by 1,6-C�H insertions. [a] With
[Rh2(OAc)4] (1.5 mol%), CH2Cl2, RT, 8 h. [b] No conversion observed.
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CH2Cl2, RT) afforded tetrahydropyran [D]-10 c (81%), in
which 65% of the pro-(S) diastereotopic allylic proton in 10c
has been stereoselectively replaced by a deuterium atom
(Scheme 6). Conversely, under the same conditions, cyclo-
propenylcarbinol [D2]-9c, dideuterated at the benzylic posi-
tion, led to the dideuterated tetrahydropyran 11 (d.r.> 95:5,
68%), in which the pro-(R) diastereotopic allylic proton has
been exchanged to a deuterium.[18] Thus, C�H insertions
mediated by donor rhodium carbenoids derived from
3,3-dimethylcyclopropenes, involve a stereospecific process
at the carbenoid carbon atom, in agreement with a concerted
mechanism.[19, 20]

For C�H insertions mediated by dirhodium carbenoids
generated from a-diazocarbonyl compounds, computational
studies revealed that a concerted nonsynchronous process
with a significant hydride transfer component was involved
and that the more stabilized donor/acceptor carbenoids led to
relatively late transition states.[19] By analogy with these
results, in the absence of computational studies at this stage,
we have devised empirical models to rationalize the dia-
stereoselectivities observed in C�H insertions mediated by
rhodium carbenoids generated from 3,3-dimethylcyclo-
propenylcarbinols. Although in the initially generated dirho-
dium carbenoids, the C2�C3 alkene bond should be parallel
to the C1�Rh1 bond, this may no longer be the case in the
transition state, if formation of the C1�H7 bond (hydride
transfer component) is well-advanced (Scheme 7). Moreover,
the conformation around the C2�C1 and C2�C4 bonds
should result from minimization of A1,3 strain (1,3-allylic
strain).[21] If the forming C1�H7 bond is orthogonal to the
C1�Rh1 bond,[19] then the four atoms H7, C1, C2, and C4
should be almost coplanar. Thus, for 1,6-C�H insertions, two
seven-membered cyclic transition-state models TS1 and TS2

of boat and chair conformations, respectively,[22] in which the
hydroxy group lies in the axial position and the substituent at
C7 preferentially occupies an equatorial position, could be
initially considered. However, only the boat transition-state
model TS1 can account for the observed 1,4-anti relative
orientation between the hydroxy group and the Y substituent
in the resulting six-membered products (Scheme 7).[23]

By considering the transition-state model TS1, we sur-
mised that 1,6-C�H insertions should proceed at significantly
different rates for diastereomeric substrates bearing one
substituent at C5 (R or R’¼6 H), owing to the eclipsed
conformation around the C4�C5 bond and the axial orienta-
tion of the hydroxy group at C4. To verify this experimentally,
the epimeric cyclopropenylcarbinols 13 and 13� were synthe-
sized from a-alkoxyaldehyde 12 (Scheme 8). Addition of
3,3-dimethylcyclopropenyllithium led to a 73:27 mixture of
the (separable) diastereomeric alcohols 13 and 13’, as a result
of a moderate Felkin–Anh stereocontrol.[24a] As expected,
addition of the Grignard reagent (generated by transmetala-
tion with MgBr2·OEt2) reversed the diastereoselectivity in
favor of 13’ (13/13’= 14:86) owing to a chelation-controlled
nucleophilic addition.[24] Upon treatment with [Rh2(OAc)4]
(0.5 mol%) under standard conditions (CH2Cl2, RT), only
cyclopropenylcarbinol 13 underwent a smooth and highly
diastereoselective conversion to tetrahydropyran 14 (d.r.>
95:5), which was isolated in 83% yield. Ozonolysis of 14
provided the trisubstituted pyranone 15 (61%) without
epimerization.[18] By contrast, in agreement with our hypoth-
esis, the epimeric alcohol 13’ did not react even if a higher
catalyst loading or harsher conditions (reflux) were used but
underwent decomposition (Scheme 8).

The different behavior of the epimers 13 and 13’ suggested
that in C�H insertions it may be possible to differentiate C�H
bonds belonging to two diastereotopic methylene groups. An
interesting illustration is the rhodium-catalyzed reaction of
cyclopropenylcarbinol 16 ; of the four possible diastereomers
this reaction selectively afforded 17 (72%), which is one of
the two diastereomers (17 and 17’) that possess a 1,4-anti
relative orientation between the hydroxy and the silyloxy
groups (Scheme 9).[18]

Differentiation between two diastereotopic methylene
units was also exploited to devise a straightforward access to
bicyclic compounds, by using 3,3-dimethylcyclopropenyl-

Scheme 6. Deuterium labeling experiments.

Scheme 7. Empirical transition-state models for 1,6-C�H insertions
(ligands on rhodium are omitted for the sake of clarity).

Scheme 8. Different behavior of epimeric cyclopropenylcarbinols 13
and 13’. PMB= p-methoxybenzyl, PMP= p-methoxyphenyl.
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carbinols derived from cyclic aldehydes. Cyclopropenylcarbi-
nol 18 was converted to a single bicyclo[3.3.0]octan-2-ol 19
(75 %), the relative configuration of which was assigned after
conversion to the known bicylic ketone 20 [Eq. (1),
Scheme 10].[25] However, in the case of cyclopropenylcarbinol
21, a 65:35 mixture of the separable epimeric trans- and cis-
hydrindanols 22 and 22’,[18] respectively, was obtained (80%)
[Eq. (2), Scheme 10]. The diastereomeric ratio, which closely
parallels the known relative stabilities of trans- and cis-
hydrindanes,[26] may be a consequence of the late (product-
like) transition state involved in C�H insertions with donor
rhodium carbenoids.

As cis-hydrindanes are known to be more stable than the
trans isomers when a methyl substituent is present at the ring
junction,[26] the rhodium-catalyzed reaction of cyclopropenyl-
carbinol 23 was investigated. Rewardingly, hydrindanol 24
having a cis ring junction was obtained as a single diastereo-
mer in good yield (77 %) [Eq. (3), Scheme 10]. The same high
diastereoselectivity was observed in the rhodium-catalyzed
reaction of cyclopropenylcarbinol 25 possesing a cyclic ketal,
which afforded the bicyclic compound 26 (79 %, d.r.> 95:5).
Acetylation of the alcohol and ozonolysis delivered the highly
substituted bicyclic ketone 27 (79 %), possessing a quaternary
center at the b-position of the carbonyl group (ring junction)
[Eq. (4), Scheme 10].[18]

In conclusion, donor rhodium carbenoids, generated by
ring opening of 3,3-dimethylcyclopropenylcarbinols in the
presence of [Rh2(OAc)4], display a high reactivity in intra-
molecular C�H insertions. The substrates are readily pre-
pared by addition of 3,3-dimethylcyclopropenyllithium to
aldehydes, the C�H insertions proceed under mild conditions
and tolerate the presence of the free hydroxy group. High
levels of diastereoselectivity can be observed for a wide range
of substrates. Since subsequent ozonolysis of the isopropyl-
idene group in the resulting cyclic compounds can be
achieved, this study illustrates that 3,3-dimethylcyclo-
propenes can also behave as surrogates for a-diazoketones
in C�H insertions. We are currenty exploring the reactivity of
such donor rhodium carbenoids in intermolecular and enan-
tioselective C�H insertions.
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