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Abstract
A rhodium-catalyzed cyclopropanation of pyrrole derivatives with electron-rich cyclopropenes is reported for the effi-
cient access to vinyl functionalized cyclopropane fused pyrrolidine scaffolds, including 2-azabicyclo[3,1,0]hex-3-ene and  
5-azatricyclo[4.1.0.02,4]heptane. The method features good yields and high diastereoselectivity. Electronic fine-tuning of  
these N-heterocycles via N-substituents proves key to the reactivity, offering a straightforward protocol for the synthesis of  
these cyclopropane-fused pyrrolidine scaffolds, which may have important medicinal relevance for further developments.
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The 2-azabicyclo[3.1.0]hexane scaffold is one of the most 
essential N-heterocycle scaffolds that appear in many clinical 
drugs of diverse pharmacological effects (Fig. 1A) [1]. This 
bicyclic scaffold features a cyclopropane fused to a pyrrole/
indole core [2], and is isosteric with the quinoline scaffold 
[3, 4]. This characteristics influences molecular biological 
activity by reducing the lipophilicity of the parent pyrroline 
and altering the electronic properties around the nitrogen 
center with the rigidified cyclopropane, introducing extra 
exiting vectors for activity improvement. There are quite a 
few star molecules of this type, such as SUVN-911 (I) [5], a 
potent α4β2 receptor agonist that displays high safety profile 
at high dosage, NIK inhibitor (II), [6] and Saxagliptin, [7] 
a highly effective and long-acting oral dipeptidyl peptidase 
IV inhibitor. Although not surprisingly, there are numerous 
compounds with this scaffold under intensive developments, 
closely related scaffolds, such as 2-azabicyclo[3.1.0]hex-3-
ene and 5-azatricyclo[4.1.0.02,4]heptane, are much less stud-
ied due to their limited synthetic methods, although these 

scaffolds may also have broad pharmacological effects for 
the related scaffolds. As an example, our group recently 
discovered that incorporation of a further nitrogen into the 
2-azabicyclo[3.1.0]hexane scaffold also enabled the resulted 
2-diazabicyclo[3.1.0]hexanes with promising anti-prolifer-
ative activities [8].

Despite of its significance, available practical synthetic 
strategies toward construction of such scaffolds usually 
feature long steps, low overall efficiency and lack of diver-
sity. Retrosynthetic analysis of the 2-azabicyclo[3.1.0]hex-
ane scaffold typically relies on two fundamental strategies 
(Fig. 1B). The first strategy is to construct the cyclopropane 
ring on the existing pyrrole/pyrrolidine core [9–11], and 
the second one features simultaneous formulation of both 
rings in one operation [12, 13]. A notable example of the 
second strategy is the straightforward access to 2-azabicy-
clo[3.1.0]hexane via Cu-catalyzed intra-molecular reduc-
tive isocyanide-alkene (1 + 2) cycloaddition [13]. While the 
latter seems more straightforward, lacking of versatility in 
substrate preparation places limitations on its application in 
compound library construction. Cyclopropanation of indole 
and their derivatives with metal carbenoids holds promise as 
an effective strategy for constructing the benzo 2-azabicy-
clo[3.1.0]hexane skeleton. However, direct cyclopropanation 
of 2,3-non-substituted indoles with diazo compounds under 
the catalysis of various transition metals usually faces com-
petitive formal Csp2-H bond alkylation besides the desired 
cyclopropanation process. In 2019, Sen and coworkers 
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reported the first example of selective cyclopropanation of 
N-acylindole using aryl diazo esters as metal donor–acceptor 
carbenes with Mn-based catalyst, but only moderate diaste-
reoselectivities were achieved with no indication of the rela-
tive configuration of the major isomer [14]. In the following 
year, Lautens group expanded this work by exploring the 
use of cyclopropene as an alternative to diazo compounds 
for the cyclopropanation of indoles, benzofurans, and related 
compounds [11]. In the meantime, Jiang and Loh reported 
in-depth investigation into cyclopropanation of indoles, 
revealing the critical role of N-protecting group in the con-
trol of E/Z selectivity of the olefin moiety in the product [15]. 
Although the cyclopropanation reaction has progressed from 
acceptor carbenes to donor/donor carbenes, the selectivity 
issue of these studies remains un-solved, and importantly, 
studies on pyrrole and its derivatives, which is electronically 
distinct from indole, remains unexplored. Extension of the 
reaction to pyrrole derivatives expands the chemical space to 
related scaffolds such as 2-azabicyclo[3.1.0]hex-3-ene and 
5-azatricyclo[4.1.0.02,4]heptane scaffolds which are also sig-
nificant yet under-explored.

Our long interest in cyclopropene chemistry [16–22], 
especially the transition-metal catalyzed carbenoid chem-
istry involving cyclopropene as precursors [21, 22] moti-
vated to address the above limitations in cyclopropanation 
of pyrrole to synthesize the 2-azabicyclo[3.1.0]hex-3-ene 

and 5-azatricyclo[4.1.0.02,4]heptane scaffolds. Transition 
metal catalyzed cyclopropanation reactions with cyclopro-
pene as precursor are mainly limited to alkenes [23], while 
limited studies have been disclosed to electron-rich alkenes 
or arenes. Bearing this in mind, we first evaluated the reac-
tivity of some representative N-protective groups on the 
pyrrole, aiming to obtain optimal Z/E selectivity and dias-
tereoselectivity by reducing the reactivity of pyrrole while 
improving the selectivity. As formation of bis-cyclopropane 
structures at both ends of the pyrrole ring complicates the 
stereoselectivity of the resulting spiro compounds, making 
it challenging to control, we elected to start with pyrrole 
derivatives with one side being blocked to achieve better ste-
reoselectivity. After some screening, we found the cyclohex-
anone fused pyrrole derivative, 1-(3,5-bis(trifluoromethyl)
phenyl)−1,5,6,7-tetrahydro-4H-indol-4-one (2a), to be a 
good candidate, which reacted with cyclopropene 1a with 
Rh2(OAc)4 as the catalyst in benzene as solvent to yield 
the E-configured product 3aa in 91% yield (Table 1, entry 
1). We attempted to reduce the amount of cyclopropene, 
the yield decreased because the substrate 2a could not be 
fully converted (entries 2 and 3). Subsequently, we inves-
tigated the reaction of 3-phenyl-3-methylcyclopropene 1a 
with a series of N-protected pyrroles 2. We initially used 
methyl group or N-benzyl group, no obvious product was 
observed (entries 4 & 5). We then gradually increased the 

Fig. 1   Research background (A, 
B) and this work (C).
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electron-withdrawing ability of the N-protecting group. 
When tert-butoxycarbonyl was used as a substituent, the 
yield was 45% (entry 6). Replacing this with a benzoyl group 
significantly increased the yield to 84% (entry 7). However, 
when a strong electron-donating group is present at the posi-
tion opposite to the benzoyl group, the yield decreases to 
74% (entry 8). The substrate protected by the bulky 2,4,6‑tri-
isopropylbenzenesulfonyl (TPS) group affords only trace 
amounts of product (entry 9).The evaluation of solvent effect 
was also performed, and the reactions in toluene, DCM, 
PhCl, THF, and MeCN led to dramatically lower yields or 
trace products (entries  10 ~ 13). It is noted that under all 
conditions examined, high dr and E/Z values of > 25/1 was 
observed. Finally, N−3,5-ditrifluoromethylbenzoyl group 
was used as the N-protecting and modulating group as it 
provided the best 91% yield.

We set out to examine the scope of the reaction with 
respect to the cyclopropene (Fig. 2). First, variation of the 
substituents on the aryl rings as R1 was attempted. Gratify-
ingly, both strong electron-withdrawing (4-CF3) and strong 
electron-donating (4-OMe) groups were well tolerated to 
afford the corresponding cyclopropanation products in excel-
lent yields (3b and 3c). When an i-Bu group is located at 
the para-position of the benzene ring, the reaction can pro-
ceed efficiently (3d). Halogen atoms, such as (Cl, Br), on the 

para-position of the aromatic ring of cyclopropanes were 
also tolerated and provided the corresponding compounds in 
good yields and excellent E/Z ratios (3e, 3f). Naphthyl group 
is also tolerated (3g). The reaction is sensitive to the position 
of the substituents on the aromatic ring: while the corre-
sponding meta-methyl (3h) and meta-Cl (3i) analogues was 
obtained in a comparable yield, the ortho- analogues were 
obtained in significantly decreased yields and decreased 
E/Z values (3j and 3k). Cyclopropenes bearing other alkyl 
groups beyond methyl as the R2 are also tolerated and pro-
vided the corresponding products in excellent yields and 
high E/Z ratios (3 l − 3n, 72 ~ 96%). 3,3-Dialkyl substitution 
is also nicely tolerated, although a low E/Z ratio (52:48) 
was observed for the case where the two alkyl groups are of 
similar steric hindrance (3o).

Subsequently, the reaction between N-protected indole 
derivatives and cyclopropene was performed. After prob-
ing of the effect of the protecting groups, 4-methoxyben-
zoyl was eventually determined to be the most suitable one 
(see Table S1 for details). Under the optimized conditions, 
the reaction between N-PMB indole and cyclopropene 1a 
reached 63% conversion after 24 h, and the corresponding 
product 3p was obtained in 85% yield (brsm) with 40:60 
E/Z ratio. This comparison highlights the distinct elec-
tronic requirement of indole and pyrrole in the reaction. An 

Table 1   Optimization of the reaction conditionsa
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of > 25/1 was observed in all cases
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ester group substituent at the 2-position of the indole ring 
inhibited the reactivity (Scheme S1). Finally, when pyrrole 
derivatives are subjected to the optimized conditions, the 
reactions produced the biscyclopropanated polycyclic com-
pounds 4a ~ 4d in moderate to good yields and high diaste-
reoselectivities (Fig. 2).

A plausible mechanism is proposed to account for the for-
mation of the products (Fig. 3A). The reaction initiates with 
the ring opening of cyclopropene 1a catalyzed by Rh2(OAc)4, 
leading to the formation of a vinyl rhodium carbene complex 
A. This complex then undergoes nucleophilic attack by the 
pyrrole derivative 2a, resulting in the formation of a zwit-
terionic complex B. Since controlling the stereoselectivity 
during carbene formation is challenging, we hypothesize 
that the high E/Z stereoselectivity is primarily governed by 
the equilibrium between the rhodium propyl complex B and 
complex C. Finally, following rhodium migration and C‒C 
bond rotation, the thermodynamically favored E-isomer 3aa 
was produced, completing the reaction. It is noted that for 
cyclopropene with 3-aryl being ortho-substituted phenyl 
group (3j and 3k), the A1,3-strain in the carbenoid interme-
diate (Fig. 3B) and the subsequently formed adduct interme-
diate C may hinder effective cyclization to generate the final 
product, leading to compromised yields. The Z/E selectivity, 

which is generated in the cyclization step, may also be signifi-
cantly reduced, as the sterically demanding ortho-substituted 
aryl may cause C‒C bond rotation of the allylic Rh moiety 
(via C’) to avoid clashing with the N-aroyl before cycliza-
tion, resulting in increased Z-form formation. As an alkenyl 
carbenoid species is always generated starting from cyclopro-
pene, a comparative reaction involving ethyl diazoacetate was 
performed but led to no product formation, making it difficult 
to estimate if the alkenyl moiety is responsible for the high 
diastereoselectivity. Despite of this observation, the use of 
cyclopropene generates an extra alkene moiety in the product 
that could be further functionalized if required, increasing the 
potential utility of the protocol.

In summary, we developed a protocol for straightfor-
ward access to 2-azabicyclo[3.1.0]hex-3-ene and 5-azatri-
cyclo[4.1.0.02,4]heptane scaffolds by Rh(II)-catalyzed ste-
reoselective cyclopropanation of pyrrole derivatives with 
cyclopropene by electronic tuning with N-aroyl moiety. The 
electronic tuning turned out to be key for the improved reac-
tivity, while the diaselectivities are generally not affected by 
different N-protecting groups. The reaction is characterized 
by simple operation, mild conditions, low catalyst loading, 
and high yield and stereoselectivities. The good compatibility 
of variation on both the cyclopropene and pyrrole substrates 
enables quick library construction and downstream biological 
and reactivity studies. Further expanding the application of 
the reaction is currently underway.
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