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ABSTRACT

Densely substituted cyclopropanol and cyclopropylazole derivatives with three stereogenic carbons in the small cycle are obtained via a highly
diastereoselective formal nucleophilic substitution of bromocyclopropanes. The chiral center at C-2 in bromocyclopropane dictates the
configuration of the other two stereocenters that are successively installed via a sterically controlled addition of a nucleophile, followed by a
thermodynamically driven epimerization of the resulting enolate intermediate.

Densely functionalized, chirally rich cyclopropanes have
been the focus of rapidly growing interest, as both ad-
vanced synthons1�3 and important pharmacophores,4 as
evident from the vast number of emerging publications.
Despite impressive achievements in the development of
powerful methods for di- and trisubstituted cyclopropanes,

and use thereof in the synthesis of complex biologically
relevant targets,5 there is still a significant demand for
complementary approaches to analogs with denser sub-
stitution patterns and an expanded functional group
scope.
In our continuing efforts to develop the diastereoselec-

tive formal nucleophilic substitution reaction of halo-
cyclopropanes with heteroatom nucleophiles,6 we aimed
at expanding the scope of this reaction to include multi-
substituted substrates.We have shown previously that 1,2-
dehydrohalogenation of 1,2-di- and 1,2,2-trisubstitued
cyclopropylbromides produces achiral cyclopropenes 1

and 2, which upon in situ addition of a nucleophile fur-
nish heterosubstituted cyclopropanes (modes 1 and 2,
Scheme 1). Three alternative means of controlling the
diastereoselectivity of addition have been demonstrated:
a thermodynamically driven epimerization (mode 1), and a
steric or directing effect of the substituents in the cyclo-
propene (mode 2, Scheme 1).6 In both these modes, the
generation of cyclopropene intermediates 1 and 2 was
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accompanied by a complete loss of the inherent chiral
information and its subsequent reinstallation during the
nucleophilic attack at either the prochiral face (mode 1) or
prochiral site (mode 2). Thus, nonracemic products could
be obtained only via a diastereoselective addition of an
enantiomerically pure nucleophilic reagent.6a

Extension of this methodology beyond trisubstituted
substrates amplifies the challenge of controlling the stereo-
selectivity of addition. Indeed, bothmodes 1 and2 required
control of a single center only, since the two forming chiral
centers were linked to each other. The new mode 3
(Scheme 1) realized in this work utilizes tetrasubstituted
substrates, in which installation of two stereogenic centers
is asynchronizedand is controlledbybothmeans (Scheme2).
We envisioned that R-bromocyclopropylcarboxamides

3 easily available in optically active form7 would provide
convenient probes for this transformation, because the

chirality of the β-quaternary center in these substrates
would be preserved during the dehydrohalogenation/
addition sequence, which would allow for carrying over
the asymmetric information from the substrate to the
product. We began by testing a model reaction of bromo-
cyclopropane 3a using benzyl alcohol as a pronucleophile,
under the standard reaction conditions employed pre-
viously for the addition of alkoxides.6c This reaction
provided cyclopropyl ether 4aa as a major diastereomer
(dr=14:1), albeit in 49%yield only (Table 1, entry 1). The
stereoselectivity of the addition followed the predicted
pattern: the generated in situ cyclopropene underwent
addition of the nucleophile from the least hindered face,
while the subsequent thermodynamically driven epimeriza-
tion at the R-carbon of the amide set the third stereocenter.
The minor stereoisomer 5aa was isolated, and its realtive
configuration was established by NMR experiments.8 It
was thus confirmed that the observed diastereoselectivity

Scheme 1 Scheme 2. “Dual-Control” Strategy

Table 1. Optimization of Reaction Conditions for the
Bromocyclopropane 3aa

no. base t, �C solvent 18-c-6, % yield, %b drc

1 t-BuOK 60 THF 10 49 14:1

2 t-BuOK 80 THF 10 62 11:1

3 t-BuOK 90 THF 10 61 8:1

4 KOH 80 THF 10 37e 22:1

5 KOHd 80 THF 10 37e 19:1

6 t-BuOK 80 toluene 10 28 2:1

7 t-BuOK 80 DCM 10 � �
8 t-BuOK 80 DMA 10 59 27:1

9 t-BuOK 80 NMP 10 76 32:1

10 t-BuOK 80 CH3CN 10 35 19:1

11 t-BuOK 80 DMSO 10 71 36:1

12 t-BuOK 40 DMSO 10 80 46:1

13 t-BuOK 25 DMSO 10 20e 50:1

aOptimization reactions performed in 0.03 mmol scale. bGC yields
ofmajor diastereomer 4aa. c dr (4aa:5aa) was determinedbyquantitative
GC of crude reaction mixtures. dReaction time = 1 week. e Incomplete
conversion.
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is a result of the facial differentiation at the nucleophilic
attack step, whereas the last stereocenter is set with
perfect diastereoselectivity via a thermodynamically dri-
ven epimerization, which occurs very rapidly in the pres-
ence of t-BuOK.6c Increasing the temperature to 80 �C
(Conditions A) allowed for an improved yield of 4aa,
however, at the expense of diastereoselectivity (entry 2).A
further temperature increase caused notable deteriora-
tion of the dr with no yield improvement (entry 3).
Reaction with a weaker base KOH did not proceed to
completion, even after prolonged stirring at higher tem-
peratures, despite providing excellent diastereoselectivities.

Poor conversions achieved with KOH were attributed
to the fact that dehydrohalogenation of 3 requires
higher effective basicity of the medium as compared to
β-bromocyclopropylcarboxamides, in which deprotona-
tion occurs at the more acidic R-carbon. Other alkaline
bases such as lithium, sodium, magnesium hydroxides,
and tert-butoxides gave no reaction. Solvent screening
revealed that polar, aprotic solvents, such as DMSO and
NMP, were superior media for this transformation
(entries 11 and 14). Accordingly, DMSO was chosen as
the medium due to being a safer alternative.9 A quick
temperature optimization in DMSO showed that the
best yield and dr’s are achieved at 40 �C (entry 15,
Conditions B).

Table 2. Synthesis of Tetrasubstituted Cyclopropanes via the “Dual-Control” Strategya,b

aReactions performed in 0.2 mmol scale; isolated yields are listed. Values of dr are measured by GC or NMR analysis of crude reaction mixtures.
bConditions A: bromocyclopropane 3 (0.2 mmol), pronucleophile (0.6 mmol), t-BuOK (1.2 mmol), THF (10 mL), 18-crown-6 (0.02 mmol), stirred at
80 �C for 12 h. Conditions B: bromocyclopropane 3 (0.2 mmol), pronucleophile (0.6 mmol), t-BuOK (1.2 mmol), DMSO (5 mL), 18-crown-6
(0.02mmol), stirred at 40 �C for 12 h. cReactionwas run on a 0.45mmol scale. dAfter stirring at 40 �C for 12 h, the reactionmixture was heated to 80 �C
and stirred for an additional 30 min until complete conversion.

(8) See Supporting Information for details.
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Having optimized the reaction conditions, wemoved on
to examine the scope of this reaction. Screening a series of
alcohols against a few bromocyclopropylcarboxamides 3
revealed that the sterics of the nucleophiles had a signifi-
cant effect on their reactivity. Thus, all primary alcohols,
including those bearing functional groups, reacted unevent-
fully under conditions A and B (entries 1�11, Table 2).
Conditions B consistently allowed for higher diastereo-
selectivities, although in a few cases provided lower yields
due to partial loss of product upon extraction fromDMSO
(entries 1�8, Table 2). The reaction with a secondary
alcohol proceeded much more sluggishly in DMSO and
led to substantial decomposition; however, a reasonable
yield of 4acwas obtained under alternative conditionsA in
THF (entries 12�13). Attempts to add tertiary alcohols
met with no success (entries 14�15). The sensitivity of the
reaction to sterics can be further seen by comparing the
reactivity of bromocyclopropanes 3a and 3e, possessing a
methyl and an ethyl group, respectively, at the β-quaternary
center (entries 2 and 22). In spite of providing the same
isolated yield as 3a, homologue 3e reacted very sluggishly
at 40 �C and required higher temperature to achieve full
conversion, which led to a lower, although still respectable,
diastereoselectivity.
A brief survey of substituents on the carboxamide group

showed that tertiary and bulky secondary amides are
compatible with both conditions A and B, while sterically
less hindered secondary amides, suchas 3b, react inDMSO
with notable decomposition (entries 16�17).Wewere also
pleased to find that azoles underwent facile addition to
provide substituted hetarylcyclopropanes 4ai and 4aj

(entires 19�20, Table 2). The 2r-1c-3t-configuration of
the obtained tetrasubstituted cyclopropanes was unambi-
gously confirmed by NOE experiments and single crystal
X-ray crystallography (Figure 1).8

To showcase the efficient transfer of the chiral informa-
tion from the starting material to the product, homochiral
bromocyclopropane 3d* derived from (1R,2S)-1-bromo-
2-methyl-2-(p-tolyl)cyclopropane-1-carboxylic acid7 was
cleanly converted into benzyl cyclopropyl ether 4da* in
excellent isolated yield and diastereoselectivity (Scheme 3).
In conclusion, a “dual-control” strategywas successfully

employed for a highly diastereoselective addition of nu-
cleophilic species to in situ generated cyclopropenes. This

reaction afforded tetrasubstituted donor�acceptor cyclo-
propanes with all three asymmetric carbons in the strained
ring. The chiral integrity of the starting material is trans-
lated to the product via a sequential installation of two
stereogenic centers efficiently controlled by steric and
thermodynamic effects.
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Scheme 3. Addition of Benzyl Alcohol to Homochiral
Bromocyclopropane 3d*

Figure 1. ORTEP drawing of homochiral cyclopropane 4da*
showing 50% probability amplitude displacement ellipsoids.
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