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ABSTRACT

A cationic rhodium(I) complex;[(C10H8)Rh(cod)]+ SbF6
-;catalyzes the remarkably efficient intermolecular [5 + 2] cycloaddition of

vinylcyclopropanes (VCPs) and various alkynes, providing cycloheptene cycloadducts in excellent yields in minutes at room temperature. The
efficacy and selectivity of this catalyst are also shown in a novel diversification strategy, affording a cycloadduct library in one step from nine
commercially available components.

New reactions play a uniquely important role in the evolution
of synthesis as they enable new ways to think about bond
construction, often leading to practical, step economical, and
green options for high value target preparation.1 Guided by
this view, we reported in 1995 the first examples3a of a metal-
catalyzed [5 + 2] cycloaddition involving vinylcyclopropanes
(VCPs) and π-systems, a formal homologue of the Diels-
Alder reaction that provides a facile route to seven-membered
rings.2 While we3 and others4 have since reported new
catalysts for the intramolecular process and applications in

synthesis,5 the intermolecular [5 + 2] process,6 which draws
benefit from the abundance of alkyne feedstocks and from
its convergent nature, has thus far been reported only with
[RhCl(CO)2]2. Other catalysts (vide infra) either do not work
or give low yields. This severely limits what can be done in
optimizing efficiency and selectivity with problematic sub-
strates. Moreover, the use of [RhCl(CO)2]2 in [5 + 2]
reactions often requires heating, which in turn promotes
competing cyclotrimerization of alkyne starting materials,
decomposition of the VCP, or formation of undesired
secondary isomerization products. Such transition metal-
catalyzed intermolecular cycloadditions pose particular chemo-
and regioselectivity challenges as well as entropic penalties
not encountered in intramolecular processes, as the latter
benefit from tether-derived alignment and proximity of
reactive functionalities not possible in the former. As evident
from the multitude of catalysts reported for the Diels-Alder
cycloaddition, for example, the introduction of alternative
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or improved catalysts for a given process allows for its
broader utilization in synthesis.

Recently, we described a general synthetic method for
accessing bicyclo[5.3.0]decanes in which [RhCl(CO)2]2 (or
[RhCl(cod)]2) and AgSbF6 are used to catalyze in one
synthetic operation both a [5 + 2] cycloaddition and Nazarov
cyclization.7 While in preliminary earlier work we found that
cationic rhodium complexes gave low yields in intermolecu-
lar [5 + 2] cycloadditions of VCPs and alkynes, their
encouraging performance in these serial reactions involving
enynones prompted a more in-depth examination of their
utility as catalysts for intermolecular [5 + 2] reactions. We
report herein a catalyst (1)8 and optimized conditions for
intermolecular [5 + 2] cycloadditions of VCPs with a
structurally and electronically diverse set of alkynes that
provide cycloadducts in excellent yields (>90%) and often
in only minutes at room temperature.

The reaction of VCP 2 and propargyl ether 3b served as
a starting point for screening the activities of a range
of neutral and cationic rhodium(I) catalysts, including
[(C10H8)Rh(cod)]+ SbF6

- (1), [RhCl(CO)2]2, [RhCl(cod)]2,
RhCl(CO)(PPh3)2, and RhCl(PPh3)3 (vide infra). Of these, 1

proved to be vastly superior, providing, after brief hydrolytic
workup, the cycloheptenone 4b in 94% isolated yield
(Scheme 1). The reaction was complete in less than 15 min

at 23 °C and required only 1 equiv of 2 and 1.1 equiv of 3b.
More thorough investigation of reaction conditions estab-
lished that halogenated solvents (e.g., 1,2-dichloroethane,
dichloromethane, or 2,2,2-trifluoroethanol9) gave the fastest
rates and highest yields, though the cycloaddition is also
reasonably efficient at room temperature in nonhalogenated
ethereal solvents.10

Table 1 summarizes the exceptional efficacy of this catalyst
in cycloadditions with a wide range of alkynes. With just 0.5
mol % of 1 at a substrate concentration of 0.5 M, VCP 2
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Scheme 1. [5 + 2] Cycloaddition of VCP 2 and Propargyl Ether
3b at Room Temperature, Using [(C10H8)Rh(cod)]+ SbF6

- (1)

Table 1. Intermolecular [5 + 2] Cycloadditions Catalyzed by
Complex 1

a 1,2-Dichloroethane:2,2,2-trifluoroethanol (90:10, v:v). b Isolated yield.
c 0.2 mol % of catalyst 1. d 60 °C, 0.4 M, DCE:TFE (80:20).
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engages in fast, room temperature [5 + 2] cycloadditions with
sterically and electronically diverse internal and terminal
alkynes. The majority of these reactions were complete in 15
min or less, with isolated yields of cycloheptenones 4 greater
than 90% in all cases. Only 1 equiv of 2 and 1.1 equiv of alkyne
were used. The ability to conduct these reactions at room
temperature allows one to avoid heating procedures and the loss
of starting materials or products to thermal decomposition
pathways. In these experiments, neither significant alkyne
cyclotrimerization, VCP decomposition, nor cycloadduct isomer-
izations were observed. Ether, silane, sulfonamide, ester, ketone,
and aryl functionalities were all well-tolerated, as was an
unfunctionalized internal alkyne (entry 10). Only 2-butynamide
(3g) required a higher temperature and longer time to reach
full conversion but still gave the [5 + 2] product in excellent
(92%) isolated yield (entry 8). The slower rate for this reaction
is presumably a consequence of lower effective catalyst
concentration due to reversible coordination of rhodium to the
amide functionality.

Reducing the catalyst loading to 0.2 mol % had no impact
on the high isolated yields and led to only moderate increases
in reaction time in some cases (Table 1, entry 2; Table 2, entries

3 and 5). Catalyst loadings of 0.1 mol % or less on small
laboratory scales resulted in incomplete conversion of starting
material; however, at higher concentration and temperature (1.0
M, 60 °C), cycloadduct 4e could be isolated in 54% yield (TON
) 540 at 0.1 mol % catalyst loading, Table 2, entry 4).

While a room temperature process would generally be
preferred, lower temperature cycloadditions can also be effected
with 1. For example, the cycloaddition of VCP 2 and 3-butyn-
2-one (3e) catalyzed by 1 was found to proceed at 0 °C and
even at -23 °C to give 4e in nearly quantitative yields (Table
2, entries 1 and 2). Moreover, in another example of reduced
catalyst loading (0.2 mol %), the cycloaddition of 2 with methyl
2-butynoate (3h) can be performed at 1.0 M concentration with

only a modest decrease in isolated yield (86%, entry 6). A gram-
scale [5+ 2] reaction of VCP 2 and 3h also proceeded smoothly
(entry 7).

1-Siloxy- or 1-alkoxy-VCPs (such as commercially avail-
able compound 2)11 are known to be more reactive than
unsubstituted or 1-alkyl-VCPs in rhodium(I)-catalyzed in-
termolecular [5 + 2] cycloadditions;12 the latter typically
require higher temperature, catalyst loading, or dilution and
often provide lower yields. In contrast, with only 0.5 mol %
of 1, 1-alkyl-VCP 5 reacted with 1,4-dimethoxy-2-butyne
(3j) at room temperature to provide cycloadduct 6 in nearly
quantitative yield (Scheme 2). Full conversion of starting

materials could be achieved in 14 h by increasing the catalyst
loading to 2 mol %, providing an excellent (92%) isolated
yield of cycloheptadiene 6.

Complex 1 is easily prepared from [RhCl(cod)]2 by treatment
with silver salt, filtration, and subsequent introduction of the
naphthalene ligand.3c Complex 1 is also air- and moisture-stable
and retains its significant activity even after long-term storage
(>6 months), adding to its attractiveness as a robust precatalyst
for intermolecular [5+ 2] cycloadditions. Importantly, however,
an active catalytic species can also be formed in situ by
treatment of [RhCl(cod)]2 with AgSbF6 prior to addition of VCP
and alkyne, thereby providing an equally efficient and opera-
tionally convenient [5 + 2] reaction procedure. Reaction of 2
with 3b using this alternative protocol afforded a 93% isolated
yield of 4b in less than 15 min at room temperature (2 mol %
of [Rh], Table 3, entry 2). The active catalyst formed from either

Table 2. Temperature, Catalyst Loading, and Concentration
Effects on the [5 + 2] Cycloaddition of Vinylcyclopropane 2

entry alkyne
cat. loading

(mol %)
concn
(M)

t
(°C) time

yieldb

(%) TONc

1d 3e 0.5 0.5 0 60 min 97 194
2d 3e 0.5 0.5 -23 7 h 96 192
3 3e 0.2 0.5 23 15 min 97 485
4e 3e 0.1 1.0 60 48 h 54 540
5f 3h 0.2 0.5 23 75 min 97 485
6f 3h 0.2 1.0 23 75 min 86 430
7g 3h 0.2 0.5 23 120 min 85 425

a Solvent for 3e: DCE:TFE (90:10); solvent for 3h: DCE. b Isolated
yield. c Turnover number. d Catalyst solution was cooled to the indicated
temperature prior to addition of VCP 2 and alkyne 3e. e Unreacted VCP 2
was recovered. f 1.0 mmol scale. g 10.0 mmol scale (1.42 g of 2).

Scheme 2. Room Temperature Cycloadditions of VCP 5

Table 3. Comparison of Rhodium(I) Catalysts for the
Intermolecular [5 + 2] Cycloaddition of VCPs and Alkynes

entry Rh(I) catalyst additivea time yieldb (%)

1 [RhCl(cod)]2 none 24 hc 29
2 [RhCl(cod)]2 AgSbF6 <15 min 93
3 [RhCl(cod)]2 AgBF4 <15 min 85
4 [RhCl(cod)]2 AgOTf <15 min 79
5 [RhCl(CO)2]2 none 24 hc 45
6 [RhCl(CO)2]2 AgSbF6 24 hc 61
7 RhCl(CO)(PPh3)2 AgSbF6 24 hc 39
8 RhCl(PPh3)3 AgSbF6 24 hc 5
a 1:1 ratio of Ag+ to Cl-. b Isolated yield. c VCP 2 was recovered.
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protocol significantly outperformed at room temperature all
other common neutral or cationic rhodium(I) catalysts inves-
tigated (Table 3). When forming the active catalyst by using
silver salts with somewhat more coordinating counterions, no
difference in reaction rates and only subtle differences in product
yields were observed (Table 3, entries 3 and 4).13

The remarkable activity and mode selectivity of
[(C10H8)Rh(cod)]+ SbF6

- (1) can also be harnessed for the
rapid generation of [5 + 2] cycloadduct libraries.14 In an
initial demonstration of this diversification concept, VCP 2
was treated with a mixture of eight commercially available
alkynes at room temperature in the presence of 1 mol % of
1 (Figure 1). Within 15 min, all VCP 2 had been consumed.
GC analysis of the unpurified reaction mixture after brief
hydrolytic workup confirmed the corresponding eight cy-
cloheptenones to be the overwhelmingly major products
formed in ca. 70% to >95% yield each (Figure 1, see the SI
for details).

In summary, the cationic rhodium(I) complex
[(C10H8)Rh(cod)]+ SbF6

- (1) is a convenient and highly
effective catalyst for the intermolecular [5 + 2] cycloaddition
of 1-alkoxy- or 1-alkyl-VCPs and a wide range of terminal
and internal alkynes, many of which are commercially
available feedstocks. At low catalyst loadings (0.2-0.5 mol
% of [Rh]) and practical reaction concentrations (0.5-1.0
M), highly efficient (>90% isolated yields) [5 + 2] reactions
were achieved, in most cases within minutes at room
temperature. Successful application of 1 to low-temperature
and gram-scale cycloadditions and to small molecule library
generation was also demonstrated. If desired, the active
catalyst for these transformations can be generated in situ
from a commercially available rhodium(I) precatalyst. In-
vestigations of the remarkable reactivity of complex 1 in
[5 + 2] and related cycloadditions are ongoing.
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Figure 1. Synthesis and GC analysis of a cycloheptenone library
generated with catalyst 1 (portion of chromatogram of unpurified
cycloadducts). Conditions: [(C10H8)Rh(cod)]+ SbF6

- (1 mol % with
respect to VCP 2), DCE:TFE (90:10, 0.2 M), rt, then 1% HCl/
EtOH.
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