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Abstract
Highly enantio- and diastereoselective methods for the synthesis of a variety of cyclopropyl alcohols
are reported. These methods represent the first one-pot approaches to syn-vinyl cyclopropyl alcohols,
syn-cis-disubstituted cyclopropyl alcohols, and anti-cyclopropyl alcohols from achiral precursors.
The methods begin with enantioselective C–C bond formations promoted by a MIB-based zinc
catalyst to generate allylic alkoxide intermediates. The intermediates are then subjected to in situ
alkoxide-directed cyclopropanation to provide cyclopropyl alcohols. In the synthesis of vinyl
cyclopropyl alcohols, hydroboration of enynes is followed by transmetalation of the resulting
dienylborane to zinc to provide dienylzinc reagents. Enantioselective addition to aldehydes generates
the requisite dienyl zinc alkoxides, which are then subjected to in situ cyclopropanation to furnish
vinyl cyclopropyl alcohols. Cyclopropanation occurs at the double bond allylic to the alkoxide. Using
this method, syn-vinylcyclopropyl alcohols are obtained in 65–85% yield, 76–93% ee, and >19:1 dr.
To prepare anti-cyclopropanols, enantioselective addition of alkylzinc reagents to conjugated enals
provides allylic zinc alkoxides. Because direct cyclopropanation provides syn-cyclopropyl alcohols,
the intermediate allylic alkoxides were treated with TMSCl/Et3N to generate intermediate silyl
ethers. In situ cyclopropanation of the allylic silyl ether resulted in cyclopropanation to form the
anti-cyclopropyl silyl ether. Workup with TBAF affords the anti-cyclopropyl alcohols in one-pot in
60–82% yield, 89–99% ee, and ≥10:1 dr. For the synthesis of cis-disubstituted cyclopropyl alcohols,
in situ generated (Z)-vinyl zinc reagents were employed in asymmetric addition to aldehydes to
generate (Z)-allylic zinc alkoxides. In situ cyclopropanation provides syn-cis-disubstituted
cyclopropyl alcohols in 42–70% yield, 88–97% ee, and >19:1 dr. These one-pot procedures enable
the synthesis of a diverse array of cyclopropyl alcohol building blocks with high enantio- and
diastereoselectivities.

1. Introduction
Cyclopropane containing compounds exhibit a broad spectrum of biological properties1-5 and
are present in over 100 therapeutic agents.5-7 They are commonly encountered in natural
products, including pheromones, steroids, terpenes, fatty acid metabolites and amino acids.4,
5 These strained structural motifs are also valuable building blocks in organic chemistry3,
8-12 that can be elaborated to provide functionalized cyclopropanes or ring-opened products.
10,13-15 The synthetic utility and medicinal properties of enantioenriched cyclopropanes have
inspired many investigations into their preparation, which generally follow one of three
approaches.5,11,16-18 Tremendous advances have recently been documented in
enantioselective organocatalytic approaches to cyclopropane synthesis,5,19-23 many of which
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proceed via Michael addition-initiated ring-closure sequences.5,19,24-26 Likewise, impressive
progress has been made in the area of metal-catalyzed cyclopropanation of olefins with
diazoesters and related precursors to afford enantio- and diastereoenriched cyclopropanes.5,
27-29 The third pillar in cyclopropane synthesis is halomethylmetal-mediated cyclopropanation
reactions (the Simmons–Smith reaction).12,17,30-32 In contrast to organocatalytic and diazo-
based approached to cyclopropanes, progress in the catalytic asymmetric Simmons–Smith
cyclopropanation of olefins33,34 and allylic alcohols11,35-41 has been limited. Catalysts for
the Simmons-Smith cyclopropanation have been beset by moderate enantioselectivities, high
catalyst loadings (typically 10–25 mol%)11,42 or mediocre substrate generality.43 While some
exceptions are emerging,43 these problems underscore the complexity of asymmetric
Simmons-Smith cyclopropanations.42

Considering the well documented difficulties in catalytic asymmetric Simmons–Smith
reactions, as well as our own experiences,41 we pondered alternative approaches for the
stereoselective synthesis of cyclopropanes. Rather than direct enantioselective
cyclopropanation, we chose to perform a tandem reaction involving an asymmetric addition
to an aldehyde as the first step. The key intermediate in our approach was envisioned to be an
enantioenriched allylic zinc alkoxide that could be subjected to a diastereoselective directed
cyclopropanation (Scheme 1). To generate enantioenriched allylic zinc alkoxides, two
complementary carbonyl additions were studied. The first involved an asymmetric addition of
alkylzinc reagents to enals followed by diastereoselective cyclopropanation to afford
cyclopropyl alcohols (Scheme 1A).44 A complementary C–C bond-formation was chosen for
the second approach, which entailed an enantioselective vinyl addition to a saturated aldehyde
followed by cyclopropanation (Scheme 1B).44

Nugent's amino alcohol (−)-MIB45,46 (4 mol %) was employed to generate the catalyst for
both additions (Scheme 1). With one exception enantioselectivities in the carbonyl addition
step exceeded 90% and the cyclopropanation proceeded with excellent diastereoselectivity
(dr's >20:1). Although diastereoselective cyclopropanations of chiral allylic alcohols had been
studied,47-49 these were the first examples of the assembly of enantio- and diastereoenriched
cyclopropyl alcohols from achiral precursors in a one-pot procedure.44 A modified protocol
based on these methods was subsequently developed for the highly enantio- and
diastereoselective iodo-, bromo-, and chlorocyclopropanations of allylic zinc alkoxides to
generate halocyclopropyl alcohols with up to four stereocenters.44,50

The methods illustrated in Scheme 1 enable the efficient synthesis of a variety of simple
cyclopropyl alcohols with syn relationships between the hydroxyl and cyclopropane groups.
In their current form, however, these methods cannot be used to access the diastereomeric
anti-cyclopropyl alcohols. Both syn- and anti-cyclopropyl alcohols are encountered in natural
products, as exemplified by members of the oxylipin family,51,52 which includes
constanolactone A and B, solandelactones E and F, halicholactone and eicosanoid (Figure 1).
Furthermore, the asymmetric vinylation method outlined in Scheme 1B provides access to only
the (E)-allylic alkoxide intermediates and is not applicable to the synthesis of the (Z)-analogs.
Thus, cis-disubstituted cyclopropanes are not accessible using the procedures in Scheme 1B.
Finally, the utility of the method in Scheme 1B would be greatly broadened if it could be
adapted to the synthesis of vinyl cyclopropanes (VCP's). VCP's are useful synthetic
intermediates that undergo a variety of transformations.18,53-55 Their synthesis in highly
enantio- and diastereoenriched form, however, is not trivial.

Herein we introduce highly enantio- and diastereoselective methods to prepare vinyl
cyclopropyl alcohols, anti-cyclopropyl alcohols, and cyclopropyl alcohols with cis-
disubstituted cyclopropane motifs.
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2. Experimental Section
Representative procedures and characterization of the products are described herein. Full
experimental details and characterization of all compounds are provided in the Supporting
Information.

General Methods
All reactions were carried out under a nitrogen atmosphere with oven-dried glassware. The
progress of reactions was monitored by thin-layer chromatography on Whatman precoated
silica gel 60 F-254 plates and visualized by ultraviolet light or by staining with ceric ammonium
molybdate stain. All manipulations involving dialkylzinc reagents were carried out under an
inert atmosphere in a Vacuum Atmosphere drybox with an attached MO-40 Dritrain or by
using standard Schlenk or vacuum line techniques. Unless otherwise specified, all chemicals
were obtained from Aldrich, Acros, or GFS chemicals, and solvents were purchased from
Fischer Scientific. Dialkylzinc compounds, except dimethyl- and diethylzinc, which are
commercially available, were prepared by literature methods.56,57 Dichloromethane and
hexanes were dried through alumina columns. All aldehydes were distilled prior to use and
stored under N2. The 1H and 13C{1H} NMR spectra were obtained on Bruker 500 or 300 MHz
Fourier transform spectrometers at the University of Pennsylvania NMR facility. Chemical
shifts are reported in units of parts per million downfield from tetramethylsilane, and all
coupling constants are reported in hertz. The infrared spectra were obtained using a Perkin-
Elmer 1600 series spectrometer. Mass spectra were recorded on a Waters LCTOF- Xe Premier
Mass spectrometer. Silica gel (230–400 mesh, Silicycle) was used for air-flashed
chromatography. Deactivated silica gel was made by combining silica gel with 2.5 wt %
NEt3.

Cautionary Note
Dialkylzinc reagents, tert-butyllithium, and diethylborane are pyrophoric. Extreme caution
should be used in their handling and proper laboratory attire is highly recommended.

General Procedure A
(4E,6E)-2,7-Dimethylundeca-4,6-dien-3-ol (1a):

(E)-4-Methyloct-3-en-1-yne (80 mg, 0.65 mmol) and diethylborane (0.65 mL, 0.65 mmol, 1.0
M in toluene) were added to a dry flask under nitrogen and stirred at room temperature for 30
min. The reaction flask was then cooled to −78 °C and (−)-MIB (11.75 mg, 0.05 mmol, 10 mol
%) was added followed by Et2Zn (0.75 mL, 1.0 M in hexanes, 0.75 mmol). The reaction mixture
was then warmed to −10 °C and a solution of isobutyraldehyde (45 μL, 0.5 mmol in 3 mL
hexanes) was added dropwise for 20 min. The reaction was stirred at −10 °C for 10 h until
vinyl addition was complete by TLC and quenched with a saturated solution of NH4Cl (10
mL). The organic and aqueous layers were separated, and the aqueous layer was extracted with
3×15 mL dichloromethane. The combined organic layers were then washed with brine, dried
over MgSO4, and filtered. The filtrate was concentrated in vacuo and the residue was purified
by column chromatography on silica (5% ethyl acetate in hexanes) to afford the title compound
as a colorless oil in 88% yield. [α]D

20 = −5.3 (c = 0.5, CHCl3); 1H NMR (CDCl3, 300 MHz):
δ 6.44 (dd, 1H, J = 15.3, 11.0 Hz), 5.85 (d, 1H, J = 11.0 Hz), 5.59 (dd, 1H, J = 15.3, 7.5 Hz),
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3.90 (dd, 1H, J = 7.5, 6.6 Hz), 2.07 (m, 2H), 1.90 (br s, 1H), 1.77 (m, 3H), 1.72 (m, 1H), 1.37
(m, 4H), 0.96 (d, 3H, J = 6.6 Hz), 0.92 (t, 3H, J = 7.1 Hz), 0.91 (d, 3H, J = 6.6 Hz); 13C NMR
(CDCl3, 75 MHz,): δ 140.3, 132.1, 128.7, 124.2, 78.7, 40.0, 34.4, 30.4, 22.8, 18.7, 18.5, 17.0,
14.4; IR (neat): 3383 (OH), 2954, 2850, 1452, 1399, 1288, 1118, 1068, 1020, 987 cm−1;
HRMS-CI m/z 178.1720 [(M-H2O)+; calcd for C13H22: 178.1722].

General Procedure B
2-Methyl-1-(2-((E)-2-methylhex-1-enyl)cyclopropyl)propan-1-ol (1b):

An oven-dried 10 mL Schlenk flask that had been thoroughly purged with N2 was charged
with (E)-4-methyloct-3-en-1-yne (80 mg, 0.65 mmol) and diethylborane (0.65 mL, 0.65 mmol,
1.0 M in toluene) and stirred at room temperature for 30 min. After the reaction flask was
cooled to −78 °C, (−)-MIB (11.75 mg, 0.05 mmol, 10 mol %) was added, followed by Et2Zn
(0.75 mL, 1.0 M in hexanes, 0.75 mmol) and resulting solution stirred at this temperature for
10 min. The reaction mixture was then warmed to −10 °C and a solution of isobutyraldehyde
(45 μL, 0.5 mmol in 3 mL hexanes) was added dropwise for 20 min. The reaction mixture was
stirred at −10 °C for 10 h until vinyl addition was complete by TLC. The solvent and byproduct
Et3B were removed in vacuo at 0 °C and 2 mL of hexanes was added. This step was done three
times to remove byproduct Et3B completely. A solution of Et2Zn (1.0 mL, 1.0 M in hexanes,
1.0 mmol) and diiodomethane (81 μL, 1.0 mmol) were added at 0 °C. The reaction was stirred
with light exclusion at room temperature for 10 h. A solution of Et2Zn (1.0 mL, 1.0 M in
hexanes, 1.0 mmol) and diiodomethane (81 μL, 1.0 mmol) were added at 0 °C and then the
reaction mixture was warmed to room temperature. The flask was covered with aluminum foil
to exclude light and stirred at room temperature for 20 h. The reaction mixture was then
quenched with saturated solution of NH4Cl (15 mL). The organic and aqueous layers were
separated and the aqueous layer was extracted with 3×20 mL dichloromethane. The combined
organic layers were then washed with brine, dried over MgSO4, and filtered. The filtrate was
concentrated in vacuo and the residue was purified by column chromatography on silica (5%
ethyl acetate in hexanes) to afford the title compound as a colorless oil in 75% yield. [α]D

20 =
−18.3 (c = 0.4, CHCl3); 1H NMR (CDCl3, 300 MHz): δ 4.56 (d, 1H, J = 9.2 Hz), 2.70 (dd, 1H,
J = 9.1, 6.2 Hz), 1.95 (m, 2H), 1.78 (m, 1H), 1.68 (s, 2H), 1.48 (br s, 1H), 1.32 (m, 5H), 1.02
(m, 1H), 0.98 (d, 3H, J = 7.0 Hz), 0.95 (d, 3H, J = 7.0 Hz), 0.88 (t, 3H, J = 7.2 Hz), 0.81 (m,
1H), 0.68 (m, 1H), 0.49 (m, 1H); 13C NMR (CDCl3, 75 MHz):δ 135.3, 126.7, 81.6, 39.6, 35.0,
30.5, 25.5, 22.7, 19.0, 18.9, 17.5, 16.7, 14.4, 11.4; IR (neat): 3400 (OH), 2875, 2778, 1054,
976, 897 cm−1; HRMS-CI m/z 193.1963 [(M-H2O)+; calcd for C14H24: 193.1962].

General Procedure C
1-(2-Phenylcyclopropyl)propan-1-ol (11):
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A 10 mL Schlenk flask was charged with (−)-MIB (2.9 mg, 0.012 mmol) and cooled to 0 °C.
A solution of Et2Zn (0.45 mL, 1.0 M in hexanes) was added, followed by dropwise addition
of trans-cinnamaldehyde (38 μL, 0.3 mmol). The reaction mixture was stirred at 0 °C for 8 h
until alkyl addition was complete by TLC. 1.5 Equiv trimethylsilane chloride (0.45 mmol) and
1.5 equiv triethyl amine (0.45 mmol) were added with 2 mL dichloromethane at 0 °C. The
reaction flask was slowly warmed to room temperature and stirred for 14 h. Next, 5 equiv of
Et2Zn (0.75 mL, 2.0 M in dichloromethane) and 5 equiv CF3CH2OH (108 μL, 1.5 mmol) were
added slowly at 0 °C. After stirring at 0 °C for 10 min, 5 equiv CH2I2 (120 μL, 1.5 mmol) was
added. The reaction mixture was stirred with light exclusion at room temperature for 24 h. It
was then quenched with 3-4 drops of water and 2 equiv TBAF (1M solution in THF) at 0 °C.
After stirring for 1 h, 5 mL of saturated NH4Cl solution was added. The organic and aqueous
layers were separated and the aqueous layer was extracted three times with 10 mL
dichloromethane. The combined organic layers were then washed with brine, dried over
MgSO4, and filtered. The filtrate was concentrated in vacuo and the residue was purified by
column chromatography on deactivated silica (10% ethyl acetate in hexanes) to afford the title
compound as a colorless oil in 75% yield. [α]D

20 = +12.6 (c = 0.50, CHCl3); 1H NMR
(CDCl3, 500 MHz): δ 7.36 (m, 2H), 7.26 (m, 1H), 7.16 (m, 2H), 3.24 (m, 1H), 1.93 (m, 1H),
1.86 (br s, 1H), 1.78 (m, 2H), 1.34 (m, 1H), 1.10 (t, 3H, J = 7.5 Hz), 1.06 (m, 2H); 13C{1H}
NMR (CDCl3, 125 MHz,): δ 142.7, 128.6, 126.1, 125.9, 77.2, 30.5, 29.5, 21.4, 13.3, 10.3; IR
(neat); 3385 (OH), 3057, 2950, 1459, 1299, 1071, 924, 720 cm−1.

General Procedure D
(Z)-1-(2-(2-(tert-Butyldiphenylsilyloxy)ethyl)cyclopropyl)-2-methylpropan-1-ol (17):
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Dicyclohexylborane (88 mg, 0.5 mmol) was weighed into a Schlenk flask under nitrogen and
dry t-BuOMe (1 mL) was added. tert-Butyl-(4-chloro-but-3-ynyloxy)-diphenyl-silane (160
μL, 0.5 mmol) was then added slowly to the reaction mixture at 0 °C. After 15 min the reaction
mixture was warmed to room temperature and stirred for 45 min resulting in a clear solution.
t-BuLi (0.365 mL, 0.55 mmol, 1.5 M solution in pentane) was added dropwise at −78 °C and
the reaction mixture stirred for 60 min. The solution was warmed to room temperature and
stirred for an additional 60 min during which time a precipitate formed. Diethylzinc (0.275
mL, 0.55 mmol, 2 M solution in hexanes) was slowly added to the reaction mixture at −78 °C
and stirred for 20 min. Addition of TEEDA (14 μL, 0.066 mmol) and hexanes (4 mL) was
performed at −78 °C. The solution was warmed to 0 °C and (−)-MIB (166 μL, 0.017 mmol)
and isobutyraldehyde (30 μL, 0.332 mmol) were added. The reaction mixture was then slowly
warmed to room temperature and stirred 12–16 h. After the reaction was complete by TLC
analysis, the temperature was lowered to 0 °C and ZnEt2 (0.83 mL, 1.66 mmol, 2 M solution
in hexanes) was added. Next, CF3CH2OH (120 μL, 1.65 mmol) was added dropwise. After
stirring at 0 °C for 10 min, CH2I2 (135 μL, 1.67 mmol) was added. The reaction mixture was
stirred with light exclusion at room temperature for 24 h. It was then quenched with saturated
solution of NH4Cl. The organic and aqueous layers were separated and the aqueous layer was
extracted with dichloromethane (3×5 mL). The combined organic layers were then washed
with brine, dried over MgSO4, and filtered. The filtrate was concentrated in vacuo and the
crude product was purified by column chromatography on deactivated silica gel (5% ethyl
acetate in hexanes) to afford the title compound (92.1 mg, 70% yield) as an oil. 
(c = 0.026, CHCl3); 1H NMR (CDCl3, 500 MHz): δ 0.05 (m, 1H), 0.67 (m, 1H), 0.93 (m, 2H),
0.98 (t, J = 7.9 Hz, 6H), 1.1 (m, 9H), 1.23 (m, 1H), 1.3 (d, J = 3.6 Hz, 1H), 1.74 (m, 1H), 1.91
(m, 1H), 2.96 (m, 1H), 3.76 (m, 2H), 7.42 (m, 6H), 7.7 (m, 4H); 13C{1H} NMR (CDCl3, 125
MHz): δ 8.9, 14.8, 17.6, 19.2, 19.4, 21.1, 27.1, 32.8, 34.7, 64.5, 76.7, 127.8, 129.8, 134.2,
135.8; IR (neat): 3599, 3411, 3134, 3070, 3050, 3013, 2952, 2912, 2895, 2858, 2739, 2319,
1958, 1888, 1823, 1589, 1486, 1471, 1428, 1362, 1331, 1306, 1260, 1235, 1187, 1157, 1110
1029, 1007 cm−1; HRMS calcd for C25H36O2NaSi (M+Na)+: 419.2382, found 419.2377.

3. Results and Discussion
3.1. Synthesis of syn-Vinylcyclopropyl Alcohols

The chemistry of vinylcyclopropanes is very rich.10,58,59 VCP's are found in biologically active
compounds1,7,60-62 and natural products,2,63-65 such as carenes, sesquicarenes, sirenines,
dictyopterenes, pyrethrine and ambruticin.9,66-68 Being useful intermediates in organic
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synthesis,10,11,53,69-71 the chemistry of VCP's has been studied in detail in several laboratories,
including those of Wender,72,73 de Meijere,74 and Trost.75,76

Accessing enantioenriched vinylcyclopropanes is often challenging.20,77,78 Davies' pioneering
route involved the catalytic asymmetric cyclopropanation of alkenes with vinyldiazoacetates.
Good to excellent enantioselectivities were obtained, although trans-disubstituted alkenes
were inert to cyclopropanation under these conditions.79,80 Conversely, use of simple
diazoesters in the cyclopropanation of dienes can lead to VCP's with high enantio- and
diastereoselectivity.81 Organocatalytic routes have also been used with increasing success.19,
24 The enantioselective Simmons-Smith reactions has been employed with two dienol
substrates (Scheme 2). Barrett82 used Fujisawa's83 diethyl tartrate-based system to prepare,
with moderate enantioselectivity, a VCP (R=CH2OTBDPS) for use in the synthesis of
FR-900848. They also prepared the bis(cyclopropanes) with moderate to excellent
diastereoselectivity in the cyclopropanation of the both C=C double bonds. Charette84 reported
the highly enantioselective cyclopropanation of a dienol (R=Ph) using a boron-based tartrate
additive (Scheme 2). Both reactions required stoichiometric tartrate-derived Lewis acids.

Given the importance of VCP's and the limited variety that can be easily prepared under
catalytic conditions with high enantio- and diastereoselectivity, we turned our attention to their
synthesis. We envisioned adapting the tandem aldehyde vinylation/cyclopropanation sequence
outlined in Scheme 1B to the synthesis of VCP's,44 as shown in Scheme 3. In place of the
terminal alkyne of Scheme 1B, however, an enyne would be required.

3.1.1. Synthesis of Enantioenriched Dienols—Although a variety of terminal alkynes
have been employed in the asymmetric vinylation of aldehydes based on Oppolzer's procedure,
85-90 related examples of dienylation of aldehydes have not been reported to our knowledge.
Reductive coupling reactions of enynes with aldehydes91,92 and ketones93,94 and related
reactions95-97 allow access to dienols with high enantioselectivities in some cases. In prior
work from our laboratories, the vinylation and dienylation of ketones was investigated.98-100

In this case, Oppolzer's method failed to provide the desired alcohols with high levels of
enantioselectivity and yield. We found it necessary to use Wipf's101 hydrozirconation/
transmetalation procedure to accomplish the dienylation reaction to afford enantioenriched
dienols containing tertiary alcohols.99

The first step in advancing the catalytic asymmetric synthesis of VCP's was to optimize the
yield and enantioselectivity in the dienylation of aldehydes (Table 1). In our initial
investigations, we applied the optimized conditions for the asymmetric vinylation outlined in
Scheme 1B. Thus, using the enyne 4-methyl-3-decen-1-yne, hydroboration with diethylborane
at 25 °C occurred with high chemo- and regioselectivity to form the intermediate dienylborane.
Transmetalation with diethylzinc generated the dienylzinc intermediate. In the presence of
catalyst derived from (−)-MIB, the dienylation of isobutyraldehyde was conducted at −10 °C
(Table 1, entry 1) and afforded the dienol product with good enantioselectivity (84%). The
enantioselectivity in the dienylation, however, was significantly less than observed in the
vinylations in Scheme 1B (91–99% ee).44

We suspected that the more electron rich π-system of the dienyl group resulted in greater
nucleophilicity over vinyl groups and that the increased rate of the background reaction was
eroding the enantioselectivity. To decrease the impact of the background reaction, the
temperature was lowered to −30 °C. Although the enantioselectivity increased to 88%, the
reaction time was greatly extended (entry 2). Raising the catalyst loading to 10 mol % resulted
in slightly higher enantioselectivity (89%, entry 3) and a more rapid reaction. Use of
dicyclohexyl borane in place of diethyl borane (entry 4) or dimethylzinc instead of diethylzinc
(entry 5) did not result in any improvement in enantioselectivity. Finally, use of 10 mol % MIB
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and dropwise addition of isobutyraldehyde (in a solution of hexanes) resulted in an increase in
enantioselectivity to 93% (entry 6). We proposed that the slow addition ensures that a greater
percentage of the catalyst is available to promote the aldehyde dienylation, reducing the
contribution of the uncatalyzed background reaction.

3.1.2. Substrate Scope of the Asymmetric Dienylation of Aldehydes—With the
optimized conditions for the dienylation outlined in Table 1 (entry 6), the substrate scope was
explored (Table 2). Use of 4-methyl-3-decen-1-yne with isobutyraldehyde and cyclohexane
carboxaldehyde provided the dienols in 93 and 92% ee with 88 and 90% yields, respectively
(entries 1 and 2). Using ethynylcyclohexene with isobutyraldehyde and cyclohexane
carboxaldehyde provided products with 89% ee and 85% yield and 90% ee and 80% yield,
respectively (entries 3 and 4). Pivaldehyde underwent dienylation with slightly lower ee (80%)
but high yield (85%, entry 5). Aromatic aldehydes underwent addition with 84–91% yield and
enantioselectivities between 93–94% (entries 6 and 7). The silyl protected enynol participated
in the addition to branched aldehydes with 90% enantioselectivity and ≥90% yield (entries 8
and 9) and dihydrocinnamaldehyde with 76% enantioselectivity and 79% yield (entry 10).
These dienylations were next incorporated into the tandem synthesis of VCP's.

3.1.3. Tandem Enantioselective Dienylation/Diastereoselective
Cyclopropanation: Synthesis of VCP's—With the conditions established for the
asymmetric dienylation of aldehydes, we proceeded to explore the possibility of a tandem
enantioselective dienylation/chemo- and diastereoselective cyclopropanation. As shown in
Scheme 2, alkoxide directed cyclopropanation at allylic double bonds is faster than
cyclopropanation at more remote positions.82,84 The carbenoid CF3CH2OZnCH2I was
successfully employed in our cyclopropanation reactions outlined Scheme 1A.44

Unfortunately, with our dienyl zinc alkoxides (Scheme 3), the bis(cyclopropyl) alcohol was
also generated with poor diastereoselectivity (1:1 dr) despite efforts to optimize the VCP
synthesis. Screening other zinc carbenoids, such as IZnCH2I102 and Zn(CH2I)2 was also
unsuccessful.103 To overcome these problems we examined the milder alkylzinc carbenoid,
EtZnCH2I, which was employed in Scheme 1B.104,105 Reactions with 2 equiv of this
carbenoid were thwarted by low conversions, possibly due to decomposition of the carbenoid,
while those with 5 equiv led to generation of bis(cyclopropyl) alcohol (1:1 dr). On the basis of
these results, we explored portion-wise addition of 4 equiv EtZnCH2I (see General Procedure
B and the Supporting Information). This mode of addition resulted in formation of the desired
vinyl cyclopropyl alcohols with excellent diastereoselectivity (dr>19:1). Under these reaction
conditions, the enynes and aldehyde partners employed in Table 2 were subjected to the tandem
asymmetric dienylation/diastereoselective cyclopropanation reactions (Scheme 3, Table 3). In
all cases, the optimized conditions for the cyclopropanation generated only one diastereomer
of the vinyl cyclopropyl alcohols (65–85% yield). Initially we were concerned that
cyclopropanation of the electron rich trisubstituted olefins in entries 1–5 might be competitive
with cyclopropanation of the allylic double bonds. Fortunately, this was not the case. For
reasons that are not clear, the tandem asymmetric dienylation/diastereoselective
cyclopropanation with benzaldehyde and 4-fluorobenzaldehyde did not result in formation of
the desired product. These substrates exhibited low conversions and were complicated by
formation of the bis(cyclopropane) and elimination byproducts. Similarly, problems were
encountered in Scheme 1B with aromatic aldehydes.44

3.2. Approaches Toward the Synthesis of anti-Cyclopropyl Alcohols
The ability of the alkoxy functionality in chiral allylic alkoxides to direct106 the
cyclopropanation of neighboring double bonds with control of the incipient stereochemistry
has been investigated and applied in synthesis.5 With acyclic (E)- and (Z)-allylic alcohols, the
directed Simmons-Smith reaction is highly syn selective. Although the excellent directing
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ability of allylic alkoxides greatly facilitates synthesis of the syn cyclopropyl alcohols, efficient
syntheses of the anti diastereomers remain challenging.107,108

An early approach to anti-cyclopropyl alcohols by Lautens involved reduction of the
corresponding cyclopropyl ketones, which gave high anti-selectivity with trisubstituted and
(Z)-disubstituted cyclopropyl ketones.109-111 Charette and coworkers found that
enantioenriched allylic alcohols underwent cyclopropanation to generate the anti-cyclopropyl
alcohols in the presence of stoichiometric enantioenriched tartrate-derived dioxaborolanes.
112 A different strategy was developed by Charette and Lacasse that involved protection of
allylic alcohols with bulky silyl groups followed by cyclopropanation (Table 4).107 The silyl
group is believed to inhibit coordination of the zinc carbenoid to the allylic oxygen.
Cyclopropanation is proposed to occur through a transition state that minimizes interaction
between the silyl ether and carbenoid, affording the anti-stereoisomer, rather than through a
directed pathway. Although this discovery represents a significant advance, the preparation of
anti-cyclopropyl alcohols remains inefficient, involving the 1) synthesis of the allylic alcohol,
2) silyl ether formation, 3) cyclopropanation, and 4) deprotection, not to mention purifications
after each step.

3.2.1. Development of a One-pot Synthesis of anti-Cyclopropyl Alcohols—Our
approach to anti-cyclopropyl alcohols blends our one-pot synthesis of syn-cyclopropyl
alcohols (Scheme 1A) with Charette's synthesis of anti-cyclopropyl alcohols via silylated
allylic alcohols.107

The key to success was development of an in situ silylation of the intermediate allylic zinc
alkoxide that was compatible with the diastereoselective cyclopropanation. For this study,
cinnamaldehyde and diethylzinc were employed with various silylating reagents (Table 5). On
the basis of Charette's success with bulky silyl groups,107 we initiated our studies with TBDPS-
Cl (tert-butyl diphenylsilyl chloride). Surprisingly, reaction of the zinc allylic alkoxide with 2
equiv TBDPS-Cl was very slow and only trace silylated products were observed (entry 1). We
hypothesized that the reactivity of the zinc alkoxide product might be attenuated by formation
of aggregates. To disrupt aggregation, we added 1.5 equiv triethylamine. In the presence of
amine, conversion improved, but remained low (entry 2). Similar results were observed with
TIPS-Cl (triisopropylsilyl chloride, entry 3). The smaller TBS-Cl (tert-butyl dimethylsilyl
chloride) and TES-Cl (triethylsilyl chloride) exhibited greater reactivity toward the allylic zinc
alkoxide, but full conversion to the silyl ether was not observed with 2 equiv of the silylating
agent (entries 4 and 5). More reactive TIPS-OTf and TES-OTf resulted in complete
consumption of the alkoxide. The reactions were not clean, however, due to formation of
elimination byproducts and the silyl ethers were isolated in 50 and 35% yield, respectively
(entries 6 and 7). Increasing the equivalents of TBS-Cl to 5 resulted in complete silylation.
Unfortunately, the excess TBS-Cl caused difficulties in the subsequent cyclopropanation step.
Finally we employed 1.5 equiv of TMS-Cl (trimethylsilyl chloride) with 1.5 equiv
triethylamine (entry 9). Isolation of the silylated product did not accurately reflect the
conversion, because TMS silyl ethers are very sensitive to cleavage of the Si-O bond.
Nonetheless, we found that the silyl protection was complete by TLC in 18 h.

The optimized asymmetric addition/silylation was then combined with the diastereoselective
cyclopropanation as illustrated in Scheme 4. The cyclopropanation employing excess
EtZnCH2I was sluggish. Use of Shi's more reactive CF3CH2OZnCH2I (5 equiv),113 however,
generated the anti-cyclopropyl alcohols with high diastereoselectivity and yield in 24 h. The
cyclopropanated silyl ether intermediates were desilylated by addition of 2 equiv of TBAF
upon workup. Following Scheme 4, ethyl addition to cinnamaldehyde, α-methyl
cinnamaldehyde, 3-methyl-2-butenal, and cyclohexene carboxaldehyde resulted in anti-
cyclopropyl alcohol formation with high enantioselectivities (89–99%), good yields (67–82%)
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and excellent dr (>19:1, Table 6, entries 1–4). Methyl addition to α-methyl cinnamaldehyde
followed by silylation, cyclopropanation and deprotection furnished the anti-cyclopropyl
alcohol 15 in 80% yield with 95% ee and >19:1 dr (entry 5). The slightly lower dr of 16 (10:1)
in entry 6 is likely a result of difficulties in generating the organozinc compound.114,115 The
results in Table 6 demonstrate that anti-cyclopropyl alcohols can be prepared with high
selectivities and good yields in an efficient one-pot procedure. The yields in Table 6 are only
slightly lower than those reported by Charette in Table 4 for the diastereoselective
cyclopropanation of racemic silyl ethers. To date, we have been unsuccessful employing the
asymmetric vinylation of aldehydes44,50 (Scheme 1B) in tandem with the anti-
cyclopropanation procedure. The enal alkylation/anti-cyclopropanation method of Scheme 4
is complementary to our syn-cyclopropanation chemistry shown in Scheme 1. In the next
section we explore a method to couple generation of (Z)-allylic alkoxides with
diastereoselective cyclopropanation.

3.3. Generation of cis-Disubstituted Cyclopropyl Alcohols
Two approaches to cis-disubstituted cyclopropyl alcohols can be envisioned as illustrated in
Scheme 5. They begin with asymmetric alkyl addition to (Z)-enals or asymmetric (Z)-
vinylation to saturated aldehydes. The resulting (Z)-allylic alkoxide would then be subjected
to diastereoselective syn-cyclopropanation. Both routes have challenges. (Z)-Enals can be
difficult to prepare with high diastereopurity and they isomerize readily to the
thermodynamically favored (E)-isomer. It is also difficult to prepare diastereopure (Z)-vinyl
organometallic reagents. The latter method, however, is more versatile, because there are many
more commercially available aldehydes compared to (Z)-enals.

As outlined in Scheme 1B, using Oppolzer's procedure85 we generated (E)-vinylzinc reagents
as intermediates in the synthesis of trans-disubstituted cyclopropyl alcohols. This procedure,
however, does not permit generation of diastereomeric cis-disubstituted cyclopropyl alcohols,
which would be formed from (Z)-disubstituted vinylzinc reagents. To circumvent this
deficiency, we recently developed a method to generate enantioenriched (Z)-allylic alcohols
starting from 1-chloro-1-alkynes (Scheme 6).116 Initial hydroboration of 1-chloro-1-alkynes
with dicyclohexylborane generated 1-chloro-1-alkenylboranes with excellent regioselectivity.
It is known that nucleophiles react with 1-halo-1-alkenylboron derivatives, first adding to the
open coordination site on boron followed by migration of the nucleophile117,118 or a boron
alkyl to the vinylic position with inversion at the vinylic center.118-124 We used t-BuLi, which
had been demonstrated to act as a hydride source in this process by Molander,118 in the
formation of (Z)-vinylboranes. Vinylboranes are not very reactive toward carbonyl additions,
however. On the basis of the work of Srebnik125 and Oppolzer85 we knew that (Z)-vinyl boranes
would undergo boron to zinc transmetalation with dialkylzincs to generate more reactive (Z)-
vinylzinc reagents. The increased nucleophilicity of vinylzinc reagents over their vinylborane
counterparts enabled additions to aldehydes to proceed smoothly to generate (Z)-allylic
alcohols.126 Using this method, a variety of racemic (Z)-allylic alcohols were prepared in high
yields. Unfortunately, attempts toward enantioselective versions in the presence of (−)-MIB
furnished only racemic products due to the rapid LiCl promoted background reaction. To
suppress this background reaction, we inhibited the LiCl byproducts with tetraethylethylene
diamine (TEEDA),124,127,128 which chelates to the lithium center and likely forms
catalytically inactive 4-coordinate oligomeric [TEEDA•LiCl]n complexes with bridging
chlorides.129,130 In the presence of the diamine inhibitor, enantioselectivities as high as 98%
were recorded (Scheme 6, bottom left).116

To prepare enantio- and diastereoenriched cis-disubstituted cyclopropyl alcohols, the (Z)
vinylation outlined in Scheme 6 was incorporated into the tandem (Z)-vinylation/
cyclopropanation sequence in Scheme 7. Thus, hydroboration of the chloroalkyne and addition
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of tert-butyllithium generated the (Z)-vinyl borane. Transmetalation with diethylzinc was
followed by addition of the diamine inhibitor (TEEDA), (−)-MIB, and the aldehyde. The
resulting allylic alkoxide was then subjected to diastereoselective cyclopropanation with 5
equiv CF3CH2OZnCH2I under conditions similar to those used in Scheme 1B. After the usual
workup, the desired syn-cis-disubstituted cyclopropyl alcohols were isolated in 42–70% yield
with dr's >19:1 (Table 7). As shown in entries 1–3 of Table 7, chloroalkynes bearing TBDPS
ethers underwent additions to saturated, aromatic and heteroaromatic aldehydes with
enantioselectivities ≥90% and yields for the tandem reaction ranging from 52–65%. Likewise,
1-chloro substituted chloroalkynes were also good substrates, furnishing the cyclopropyl
alcohols in 55–70% yield with 88–94% ee (entries 4–6). 1-Chloro phenyl acetylene and
benzaldehyde were excellent substrates, affording the cis cyclopropyl alcohol in good yield
and enantio- and diastereoselectivity (65% yield, 97% ee, dr>19:1). 2-
Thiophenecarboxaldehyde proved more difficult and the tandem reaction exhibited low yield,
but useful ee (92%) and dr (>19:1).

To confirm the relative stereochemistry of the cyclopropyl alcohols, 23 (Table 7, entry 7) was
derivatized with (−)-camphanic acid chloride, the resulting ester crystallized by slow
evaporation from a solution of hexanes and dichloromethane, and the structure determined by
X-ray crystallography. Both the syn relationship between the hydroxyl and cyclopropane and
cis geometry of the cyclopropane were found (Figure 2).

By using our method for the enantioselective (Z)-vinylation of aldehydes116 in tandem with
the in situ cyclopropanation reaction, a variety of cis-disubstituted cyclopropyl alcohols (17–
24) can be prepared in a one-pot procedure in respectable yields. This method circumvents the
synthesis of thermodynamically unstable (Z)-enals and the isolation of (Z)-vinylzinc species.
It is complementary to those cyclopropyl alcohol syntheses in Schemes 1, 3, and 4.

4. Summary and Outlook
Thousands of cyclopropane containing natural products and their derivatives have been
described in the literature.2-4,9,14,65 Their interesting biological properties and rigid
structures131 have made cyclopropanes a platform for development of new therapeutic agents.
Nature's cyclopropanes are often enantioenriched and exhibit diverse substitution patterns and
stereochemistries. Their efficient syntheses, therefore, require different approaches.

The cyclopropyl alcohols described herein all contain three stereogenic centers and possess
distinct substitution patterns and stereochemical relationships. Their enantio- and
diastereoselective syntheses have been designed to provide only the desired stereoisomer. The
methods we have introduced for their syntheses are based on initial enantioselective C–C bond
formations catalyzed by a (−)-MIB-based zinc catalyst. In the case of vinyl cyclopropyl
alcohols, hydroboration of an enyne affords a dienyl borane. Boron to zinc transmetalation is
followed by asymmetric aldehyde additions to form dienyl zinc alkoxides. Addition of
EtZnCH2I results in an alkoxide-directed cyclopropanation of the allylic C=C double bond to
afford vinyl cyclopropyl alcohols with high enantio- and diastereoselectivity. The zinc alkoxy
group not only controls the chemoselectivity, it directs the cyclopropanation to afford the
syn stereochemical relationship between the carbinol and cyclopropane.

To prepare the anti-diastereomers, the strong directing ability of the allylic alkoxide must be
overridden. Based on work by Charette,107 we incorporated a silylation step into the tandem
reaction to force cyclopropanation to occur on the opposite double bond face. Key to this
procedure was addition of Et3N to facilitate silyl ether formation. Thus, asymmetric addition
of an organozinc reagent to an enal was followed by silylation of the allylic zinc alkoxide to
generate an allylic silyl ether. Cyclopropanation of the allylic silyl ether with
CF3CH2OZnCH2I followed by TBAF workup provided the anti-cyclopropyl alcohols with
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excellent ee and dr. Selective formation of the syn- or anti-cyclopropyl alcohols is now readily
achieved in one-pot.44 Previous methods to prepare these compounds required several synthetic
steps and purifications.

We have previously employed Oppolzer's85 alkyne hydroboration/transmetalation to zinc and
asymmetric addition to aldehydes to prepare cyclopropyl alcohols containing trans-
disubstituted cyclopropanes (Scheme 1B).44 To access the cis-isomer, our asymmetric (Z)-
vinylation of aldehydes116 was followed by cyclopropanation with CF3CH2OZnCH2I to
provide the desired diastereomer with high enantio- and diastereoselectivities and moderate
yields. The three methods introduced herein facilitate the synthesis of cyclopropyl alcohols
with different stereochemical relationships. These compounds were not previously accessible
in a synthetically efficient fashion. Given the rapid increase in molecular complexity with
defined stereochemical outcomes, we anticipate that these methods will be useful in
enantioselective synthesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Tandem Approaches to Enantio- and Diastereoenriched Cyclopropyl Alcohols
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Figure 1.
Structures of members of the oxylipin natural products, which contains both syn and anti
cyclopropyl alcohol motifs

Kim et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2011 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
Asymmetric Cyclopropanation of Dienols by Charette and Barrett.
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Scheme 3.
Synthesis of VCP's.
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Scheme 4.
Tandem Sequence to Afford anti-Cyclopropyl Alcohols with High Enantio- and
Diastereoselectivity (Table 6).
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Scheme 5.
Two Routes to cis-Disubstituted Cyclopropyl Alcohols.
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Scheme 6.
Enantioselective Generation of (Z)-Allylic Alcohols in the Presence of TEEDA inhibitor.
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Scheme 7.
One-pot Synthesis of cis-Disubstituted Cyclopropyl Alcohols.
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Figure 2.
X-ray structure of the camphanic ester of compound 23.
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Table 2

Substrate Scope for the Asymmetric Addition of Dienyl Groups to Aldehydes

entry product yielda (%) eeb (%)

1 1a 88 93

2 2a 90 92

3 3a 85 89

4 4a 80 90

5 5a 85 80

6 6a 91 93

7 7a 84 94

8 8a 90 90
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entry product yielda (%) eeb (%)

9 9a 93 90

10 10a 79 76

a
Isolated yield.

b
Determined by HPLC (see Supporting Information).
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Table 3

Scope of the One-pot Asymmetric Dienylation/Diastereoselective Cyclopropanation (Scheme 3).

entry product dra % ee
(% y)

1 1b >19:1 93 (75)

2 2b >19:1 92 (80)

3 3b >19:1 89 (80)

4 4b >19:1 90 (85)

5 5b >19:1 80 (65)

6 8b >19:1 90 (71)

7 9b >19:1 90 (79)

8 10b >19:1 76 (85)

a
Determined by 1H NMR of the crude product.
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Table 5

Optimization of the Asymmetric Addition/Silylation Procedure.

entry silyl reagent equiv comment

1 TBDPS-Cl 2.0 very low conversiona

2 TBDPS-Cl 2.0 low conversion

3 TIPS-Cl 2.0 low conversion

4 TBS-Cl 2.0 incomplete

5 TES-Cl 2.0 incomplete

6 TIPS-OTf 2.0 50% yield

7 TES-OTf 2.0 35% yield

8 TBS-Cl 5.0 75% yield

9 TMS-Cl 1.5 completeb

a
No NEt3 added.

b
Isolation and purification resulted in partial loss of the TMS group.
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