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CONSPECTUS

C yclopropanes occur in a diverse array of natural products,
induding pheromones, steroids, terpenes, fatty acid meta-
bolites, and amino acids, and compounds that contain cyclopro-

panes exhibit interesting and important pharmacological R JO:D\
properties. These valuable synthetic intermediates can be func- R»Jqu/ka ) M ond R
tionalized, or their rings can be opened, and the synthetic utility X on — RWJ\[>\RQ

and unique biological activity of cyclopropanes have inspired
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many investigations into their preparation. One of the most R RoH A R‘J\/LRA B[ R‘J\MR‘
R - R2
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powerful methods to generate cyclopropanes is the Simmons— RH\‘VKRW

OH R3
Smith cyclopropanation. Since the original studies in the late Rj One.Pot Tandem Procedure R‘J\<i
1950s reported that IZnCH,l could transform alkenes into RI: OH < upto99%eed>20:1dr OH
cyclopropanes, researchers have introduced various modifica- R“Jq/kR‘ R*J\P\Nm

tions of the original procedure. Significantly, Furukawa demon-
strated that diethylzinc and CH,l react to generate carbenoids, and Shi described more reactive zinc carbenoids that contain
electron-withdrawing groups on zinc (XZnCHI,). Despite these advances, the development of catalytic asymmetric Simmons—
Smith reactions remains challenging. Although researchers have achieved catalytic asymmetric cyclopropanation of allylic alcohols,
these reactions have had limited success. One attractive approach to the synthesis of cyclopropanes involves tandem reactions,
where researchers carry out sequential synthetic transformations without the isolation or purification of intermediates. Such a
synthetic strategy minimizes difficulties in the handling and purification of reactive intermediates and maximizes yields and the
generation of molecular complexity.

This Account summarizes our recent effort in the one-pot enantio- and diastereoselective synthesis of cyclopropyl alcohols. In
one approach, an asymmetric alkyl addition to o,f-unsaturated aldehydes or asymmetric vinylation of aliphatic or aromatic
aldehydes generates allylic zinc alkoxide intermediates. Directed diastereoselective cyclopropanation of the resulting alkoxide
intermediates using in situ generated zinc carbenoids provides cyclopropyl or halocyclopropyl alcohols with high enantio-,
diastereo-, and chemoselectivity. Other strategies employ bimetallic reagents such as 1-alkenyl-1,1-heterobimetallics or CH,(Znl),
and provide access to di- and trisubstituted cyclopropyl alcohols. These methods enable facile access to skeletally diverse chiral
cyclopropyl alcohols in high yields and stereoselectivities without the isolation or purification of the intermediates.

1. Introduction

Cyclopropanes are encountered in diverse natural products,
including pheromones, steroids, terpenes, fatty acid meta-
bolites, and amino acids.'* They exhibit a broad array of
biological properties and are found in over 100 therapeutic
agents.'* Cydopropanes are also useful building blocks in
organic chemistry that undergo ring-opening reactions or can
be elaborated to provide functionalized cyclopropanes.' —©
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Given the utility of these strained structural motifs, many
syntheses have been reported.>~” One attractive approach
to the synthesis of cyclopropanes involves tandem reactions,
whereby sequential synthetic transformations are performed
without isolation or purification of intermediates. Such a
synthetic strategy minimizes difficulties handling and purify-
ing reactive intermediates, and maximizes generation of
molecular complexity and yields. This Account details novel
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SCHEME 1. Synthesis of the Sulfonamide/Schiff Base Ligands
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tandem approaches toward the synthesis of cyclopropyl alco-
hols and cyclopropanols with excellent control over enantio-,
diastereo-, and chemoselectivity. In our tandem sequences,
enantioenriched allylic alkoxide intermediates are generated
via catalytic asymmetric additions to aldehydes. The in situ
generated allylic alkoxides are subjected to the diastereoselec-
tive Simmons—Smith cycopropanation to provide cyclopropyl
alcohols with up to four stereogenic centers. By variation of the
organozing, aldehyde, and carbenoid, a wide variety of struc-
turally diverse cycopropanes can be accessed in good to
excellent yields using these general methods.

2. Tandem Routes to Cyclopropyl Alcohols

2.1. Catalytic Enantioselective Cyclopropanation of
Allylic Alcohols. Our initial investigations in cyclopropana-
tion chemistry in 1999 were focused on a long-standing
problem: the catalytic asymmetric cyclopropanation of
allylic alcohols. Enantioselective cyclopropanation of allylic
alcohols using stoichiometric chiral additives® ' was
known and had been used in natural product synthesis.
The development of effective catalytic asymmetric cyclopro-
panations of allylic alcohols, however, remained a challenge.
TADDOL and bis(sulfonamide)-based cyclopropanation cata-
lysts, developed by Charette'" and Kobayashi,'? respectively,
have been employed in this reaction with limited substrate
scopes. To develop enantioselective Simmons—Smith cyco-
propanations, we introduced easily prepared sulfonamide/
Schiff base ligands (Scheme 1).' Our asymmetric cycdlopropana-
tion'* employed Denmark's'® two-flask method; allylic zinc
alkoxide and the catalyst were formed in one flask, and the zinc
carbenoid was generated in the other. The solutions were then
combined. After screening our modular ligands, 1 was identified
as the most enantioselective. Moderate enantioselectivities (up
to 88%) were achieved with high catalyst loading (50 mol %)
and limited substrate scope (Table 1).'* The challenging nature
of this project inspired us to rethink our approach to the
synthesis of enantioenriched cyclopropyl alcohols.

2.2. Catalytic Asymmetric Alkyl Addition/Diastereose-
lective Cyclopropanation. Given the formidable challenge
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TABLE 1. Asymmetric Cyclopropanation of Allylic Alcohols with
Ligand 1

RANANOH 4 lgand 1 — 20O
entry product 20 mol% 1 50 mol% 1 config.
% ee (%y) % ee (%y) (major enant.)

1 Ph/<1/\0H 72 (98) 88 (98) 1R2R

2 /Ny 40099 66 (96) 182R

3 Ph/q/\OH 0(90) 0 (%)

4 78 (96) 89 (98) 1R2R

BnO <L~

5 o/ V\oy 479 72 (92) 152R

6 Pr/<]/\0H 57 (92) 66 (91) 1R2R

7 pr OH 49 (90) 62 (93) 152R

to develop catalytic enantioselective Simmons—Smith cy-
clopropanations, we considered alternative strategies. We
envisioned a catalytic enantioselective carbonyl addition to
generate an allylic zinc alkoxide intermediate followed by a
diastereoselective cyclopropanation. Performing these reac-
tions in tandem would generate three C—C bonds and three
stereocenters in a one-pot procedure.

In practice, the allylic zinc alkoxides were formed via a
catalytic asymmetric alkyl addition to prochiral a,5-unsatu-
rated aldehydes in the presence of 4 mol % of Nugent's (—)-
MIB."®'” The resulting allylic alkoxide was then exposed to
zinc carbenoids (Table 2)'® prepared by the Furukawa meth-
od (ZnEt, + CH,l5)."° To optimize the reaction conversion
and diastereoselectivity, we screened various carbenoids.
The optimal reagent, CF;CH,OZnCH,|, originally introduced
by Shi?° was generated by mixing equimolar amounts of
trifluoroethanol, diethylzinc, and diiodomethane followed
by introduction of the allylic zinc alkoxide intermediate
(Table 2). After completion of the reaction, workup, and
purification, cyclopropyl alcohols were isolated with excel-
lent enantio- and diastereoselectivities. This one-pot proce-
dure was used to prepare cyclopropanes with a variety of
substitution patterns (Table 2). To broaden the substrate
scope, we also used Knochel's functionalized dialkylzinc
reagents?! in the asymmetric addition step (entries 9—11).
Very high enantioselectivities (>96%) and single diastere-
omers were observed when 5 equiv of CF3CH>O0ZnCH-I
was employed. The expected syn relationship between the
hydroxyl and cyclopropane (entry 1) was confirmed by
X-ray analysis. The reaction is believed to proceed via a
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TABLE 2. Tandem Asymmetric Alkyl Addition/Diastereoselective Cyclopropanations
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cyclopropanation.

“butterfly-type” transition state (Figure 1).° Although dia-  alkoxide, making the transition state for the anti-diastereo-
stereoselective cyclopropanations of chiral allylic alcohols ~ mer lower in energy than that of the syn.*?
had been previously reported, our work represented 2.3.1. Tandem Asymmetric Alkylation/Silyl Protection/
the most synthetically efficient synthesis of enantio-  anti-Cyclopropanation. Encouraged by the possibility of
and diastereoenriched cyclopropyl alcohols from achiral preventing zinc carbenoid coordination to the allylic oxy-
precursors. gen, we incorporated Charette's anti-cyclopropanation pro-
2.3. Tandem Asymmetric Synthesis of anti-Cyclopropyl  tocol into our one-pot approach to the synthesis of
Alcohols. The alkoxide-directed approaches described  cyclopropyl alcohols (Scheme 2). Our effort toward anti-
above are highly syn selective.® However, both syn- and  cyclopropyl alcohols began with identification of conditions
anti-cyclopropanols are found in natural products, with the  for the in situ silylation of the intermediate allylic zinc
synthesis of anti-cyclopropyl carbinols being significantly  alkoxide that would be compatible with the diastereoselec-
more challenging. In 2002 Charette and Lacasse reported  tive cyclopropanation. For this study, the zinc allylic
the synthesis of anti-cyclopropyl alcohols.? Their strategy  alkoxide intermediates, generated from the catalytic enan-
involved use of bulky silyl-protected allylic alcohols to  tioselective alkylation of cinnamaldehyde, were treated
inhibit the coordination of zinc carbenoids to the allylic ~ with various silylating reagents (TIPS-Cl, TBS-Cl, and TES-Cl).
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TABLE 3. One-Pot Tandem Asymmetric Synthesis of anti-Cyclopropyl Alcohols

. ii) 1.5 Me;3SiCl
R3S O I)ZZI"IR12 1.5 NEtg
\ E—
R4 H (-)-MIB rt R4
R2 (4 mol %)
entry product %ee(%y) dr

OSiMe;| iii) 5 CF3CH,0ZnCH,l R OH
—» R
R1

iv) TBAF, H,0 RY YR
RZ

entry product % ee(%y) dr

OH

1 ©/\L/k/ 89 (75) > 20:1

OH

2 W 96 (82) > 20:1

OH

Despite significant effort, full conversion to the silyl ether
proved difficult. Employing more reactive TIPS-OTf and TES-
OTf provided silylated products with low yields due to a
competitive elimination pathway. We hypothesized that the
zinc alkoxides were unreactive because of aggregation. To
break up zinc aggregates and increase the nucleophilicity of
the zinc alkoxides, we added 1.5 equiv of triethylamine. In
the presence of the amine, the silylation with 1.5 equiv of
TMS-Cl the silylation proceeded readily. Due to the sensitiv-
ity of the O-Tms group, isolation of TMS-protected allylic
ethers was not possible.

With the optimized in situ silylation in hand, compatible
cyclopropanation conditions were investigated. The cyclo-
propanation of the allylic TMS ether was sluggish with
excess EtZnCH,l. The more reactive CF3CH,OZnCH,l, how-
ever, resulted in full conversion to the cyclopropane within
24 h. Desilylative workup employing 2 equiv of TBAF
provided anti-cyclopropyl alcohols with high diastereoselec-
tivities (>10:1, Table 3)."® Slightly lower dr was observed in
entry 6, likely due to difficulty in generation of functionalized
zinc reagents with high purity. Overall, this method is very
efficient with four steps in one-pot (addition, silyl protection,
cyclopropanation, and deprotection), and it complements
our tandem syn-cyclopropanation.

3. Tandem Asymmetric Vinylation of Alde-
hydes/Diastereoselective Cyclopropanation

3.1. Asymmetric (E)-Vinyl Addition/Diastereoselective
Cyclopropanation. To expand our one-pot method to
synthesize syn-cyclopropyl alcohols, we envisioned a comple-
mentary C—C bond-formation entailing an enantioselective
vinyl addition to a saturated aldehyde followed by cyclopro-
panation (Table 4). Vinylzinc reagents were generated
1536 = ACCOUNTS OF CHEMICAL RESEARCH
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95 (67) >20:1

OH

4 (j)\/ 99 (67) >20:1
OH
’ ©/\H\ 95 (80) >20:1

OH
6 W 97 (60) ~10:1

following the Oppolzer/Srebnik hydroboration/boron to zinc
transmetalation method.?>** In the presence of (—)-MIB, dean
vinylation of aldehydes furnished allylic alkoxide intermedi-
ates with high ee. Direct cyclopropanation of these intermedi-
ates, however, was plagued by low vyields and poor
diastereoseledtivities. We hypothesized that the triethylborane
byproduct formed during the transmetalation step was inter-
fering with the cycdopropanation. To circumvent this problem,
after completion of the asymmetric addition, the volatile
materials, including triethylborane, were removed under re-
duced pressure. Addition of diethylzincand CH,l (5 equiv each)
was then performed at 0 °C, leading to the cyclopropyl alcohols
as a single diastereomer in 60—84% yield with >87% ee. A
range of aliphatic aldehydes and alkynes were successfully
used.'® Aromatic aldehydes gave low yields under these con-
ditions. By doubling the concentration in the cyclopropanation
step, however, yields in the 70—80% range were observed
(entries 9 and 10).%°

3.2. Tandem Asymmetric Synthesis of syn-Vinyl Cyclo-
propyl Alcohols. The catalytic enantioselective vinylation
was extended to the synthesis of vinyl cydopropanes (VCPs).
VCPs are found in biologically active compounds and are useful
synthetic intermediates that readily undergo a variety of
transformations.® Although the chemistry of vinyl cyclopro-
panes has been well studied, enantioenriched derivatives have
rarely been employed due to difficulties in their preparation. The
first general approach to enantioenriched VCPs was developed
by Davies and co-workers with vinyldiazoacetates and dirtho-
dium prolinate-based catalysts.>”® Charette reported the highly
enantioselective cydopropanation of dienyl alcohols using a
boron tartrate-derived ligand and zinc carbenoid.? The reaction
required the stoichiometric amount of ligand and also provided
biscycopropanation byproducts. Marek reported a novel
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TABLE 4. Tandem Asymmetric Vinyl Addition/Diastereoselective Cyclopropanation

i) HBEt, iiiy RICHO o
L AU
. R1 R4
La ii) ZnEt,, iv) 5 EtZnCHyl
(-)-MIB V) Hy0
entry product %ee(%y) dr | entry product %ee(%y) dr
OH
\N\Q 99(75) >20:1 | ¢ W 96 (74)  >20:1
92 (71 '
\N\/\/ (71) > 20:1 . WC' 94 (80) >20:1
OH
7(78) >20:11 | g 93(73)  >20:1
OTr
OH
: b T : o(78) >201 | 9 /@)\N/ 95(80) >20:1
OH
W93 @) >20:1 | 10 W 95(71)  >20:1
F3C
TABLE 5. Tandem Asymmetric Dienylation/Diastereoselective Cyclopropanation
i) HBEt,
S R2 i) ZnEty, OZnEt R? iv) EtZnCHl OH R2
\\% > SN pt| —— =
R R R4 R!
RS ~78°C RS v) H,0 14
iii) (-)-MIB
(10 mol %),
R4CHO, =10 °C
entry product % ee (%y) dientry product % ee (%y) dr
OH
\K\Q\)\/\/ 93 (75) >20:1 | 5 M 80 (65) > 20:1
OH
OAQ\)\/\/ 92 (80) >20:1 | g \N\/\/OTBS 90 (71) >20:1
OH
N@ 89 (80) >20:1 O/'\q\/\/OTBS 90 (79) > 20:1
OH
O)\Q\G 90 (85) >20:1 | 8 WOTBS 76 (85) >20:1
Ph

catalyticasymmetric cycdlopropanation involving a (—)-sparteine-
catalyzed organolithium carbolithiation/elimination of a
dienol derivative (5—83% ee).3° Other existing asymmetric
approaches to VCPs required several steps. We envisioned
the adaptation of our tandem vinylation/cyclopropanation
sequence to the preparation of enantioenriched VCPs using
enynes in place of terminal alkynes.

3.2.1. Asymmetric Dienylation/Chemo- and Diastereo-
selective Cyclopropanation. The first step in advancing the
catalytic asymmetric synthesis of VCPs was to optimize

asymmetric dienyl group addition to aldehydes
(Table 5).2" Enynes possessing terminal alkynes underwent
hydroboration with diethylborane with high chemo- and
regioselectivity to form the intermediate dienylboranes.
Transmetalation with diethylzinc generated the dienylzinc
intermediates, which were then added to aldehydes in the
presence of catalyticamounts of (—)-MIB. The key proved to
be use of 10 mol % (—)-MIB with slow addition of aldehyde,
resulting in high enantioselectivities (>90% ee's) for most
substrates.
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SCHEME 3. Charette's Synthesis of lodocyclopropanes

EZnl + CHly ——= 1ZnCHI,

EthIi— Et-l

Znl
HO

BnO—\:)—R

1Zn |

1ZnO HO
R 1)1,  BnO R
/ — /
H N/ “H 2) H,0 HY “H
ZnEt |

R = Me, Et, -Pr, +Bu, Ph
dr>95": 5 (58-91% yield)

TABLE 6. Tandem Asymmetric Alkyl Addition/Diastereoselective lodocyclopropanation

, ] DaRh R® OZnR'| jj) 7nEt, CFsCH,0H  R3! OH
R H (-)-MIB, 4 mol % R4 ™ R CHl,
| —_— ) > R4 R1
R4 R3 R iify H,O R2
entry product % ee (%) dr entry product % ee (% y) dr
L on TBDPSO_ | .,
1 @/V\/ 99(66) >20:1 |5 98 (74)  >20:1
L on L on
2 )4/!\/ 95(62) >20:1 |6 )d/l\ 99 (78) > 20:1
I I
OH -~ OH
3 89(79) >201 |7 98 (70)  >20:1
(CH»)sOTBDPS
I
OH = OH
4 ©/%)\/ %6 (56) >201 1 8 M %60 > 201

We next explored the tandem enantioselective dienyla-
tion/chemo- and diastereoselective cyclopropanation. It is
known that alkoxide-directed cyclopropanation of allylic
double bonds is faster than reaction of remote double
bonds.?® Employing CF;CH,0ZnCH,, as outlined in pre-
vious sections, generated significant amounts of bis-
(cyclopropyl) alcohol with poor diastereoselectivity (1:1
dr), regardless of the amount of this zinc carbenoid. Other
zinc carbenoids, such as 1ZnCH-I and Zn(CH-l)>, were also
unsuccessful. Reactions of the milder EtZnCH.I (2 equiv)
resulted in low conversion, while 5 equiv led to substantial
bis(cyclopropyl) alcohol (1:1 dr). A solution to this problem
was the portionwise addition of 4 equiv of EtZnCH,l, which
generated vinyl cyclopropyl alcohols with excellent dia-
stereoselectivities (>20:1) and good vyields (65—85%,
Table 5).3' Remote double bonds, including the electron
rich trisubstituted olefins (entries 1-5), were significantly
less reactive under these conditions. For reasons that are
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not clear, the reaction was unsuccessful with aromatic
aldehydes.

4. Halocyclopropanation Reactions

4.1. Catalytic Asymmetric Alkyl Addition/Diastereose-
lective Halocyclopropanation. Given the success of the
catalytic enantio- and diastereoselective tandem generation
of cyclopropyl alcohols, we next targeted the challenging
stereoselective synthesis of halo-substituted cyclopropyl
alcohols. Halo cyclopropanation reactions with XZnCHX,
derivatives tend to result in mixtures of diastereomers about
the C—X bond>?—3* with few exceptions.>36

4.1.1. Tandem Asymmetric Alkylation/Diastereoselec-
tive lodocyclopropanation. An impressive iodocyclopro-
pane synthesis that installs the iodide after cyclopropanation
is complete is Charette's highly diastereoselective transfer of a
zinc-bearing carbenoid to (2)-allylicalcohols (Scheme 3).37 After
cyclopropanation with dizinc carbenoid (IZn),CHI, generated
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FIGURE 2. Proposed transition state for iodocyclopropanation leading to the cis (left) and trans (right) products.

from a 2:1 ratio of ZnEt, and CHI5;, quenching with iodine
provides the iodocyclopropane with high dr.

Prior to our investigation, no precedent existed regarding
the alkoxide-directed diastereoselective halocyclopropana-
tion. To develop stereoselective iodocyclopropanations via
our tandem enantioselective addition/cyclopropanation se-
quence, we explored the use of iodoform in place of diiodo-
methane (Table 6). Initially, the conversion and yield were
low, but high diastereoselectivity was observed. To improve
reaction efficiency, electron-withdrawing groups X on zinc
carbenoids, XZnCHI,, were investigated. We identified the
new reagent CF3CH,OZnCHI, with activated 4 A molecular
sieves in DCM, which resulted in the formation of the desired
iodocyclopropanes with good yields and excellent diaster-
eoselectivities (Table 6).'2 It is noteworthy that up to four
stereogenic centers are established with excellent diaster-
eoselectivity from achiral precursors in this one-pot proce-
dure. The stereochemistry of iodocyclopropanes was
assigned by a combination of proton coupling constants
and X-ray analysis. The results were very surprising. When
R = alkyl or H, the iodo was cis to the carbinol. In contrast,
when R* = Ph, the stereochemistry about the C—I bond was
opposite! To rationalize the disparate stereochemical out-
comes, we proposed that the transition state for iodocyclo-
propanation involves a weak Zn- - - ICH interaction between
the transferring iodocarbene and a zinc center, as illustrated
in the modified “butterfly-type” transition state (Figure 2A).
When the substrate possesses a phenyl group at R?, we
hypothesize that interaction of Zn(ll) with a phenyl z system
dominates, reversing the stereoselectivity (Figure 2B). Con-
sistent with the proposal, use of 4-trifluoromethyl cinnamal-
dehyde resulted in a decrease in diastereoselectivity to
5:1 (compared to 20:1 with cinnamaldehyde). Some pre-
cedence for zinc z-interactions has been reported.383°
The most relevant is the formation of the toluene com-
plex with (7*-toluene)Zn(CeFs), by Bochmann.*® Shortly
after our publication of our iodocyclopropanation, Char-
ette published an elegant enantioselective iodocyclo-
propanation.3®

TABLE 7. Tandem Catalytic Enantioselective Alkyl Addition/Diaster-
eoselective Bromo- and Chlorocyclopropanation

o

R i) ZnR1, R®  OZnR ii) ZnEtp, CFaCH,0H  R3Y op
| H —— 5 RO g1 CHX,Y, 24 h
" 3 4 mol % R4 R!
R R (-)-MIB R2 iii) H,O R2
CHBrg for Y =Br
CHCI,Br for Y = Cl
entry product %ee(%y) dr entry product % ee (% y) dr

B on
1 @/V 99 (70) >2011| 6

95(75) >20:11| 7 95(70) > 20:1

8 ©/%/Vv 9(70)  >20:1

>4/k 99(59)  >20:1
B
e CLoon
5 o7(77)  >2011 1o>4)\ 97(70) > 201
(CHZ)sOTBDPS (CH,)sOTBDPS

4.1.2. One-Pot Tandem Asymmetric Alkylation/
Bromo- and Chlorocyclopropanation. Encouraged by the
successful development of the one-pot tandem iodocyclo-
propanation, we envisioned the synthesis of other halocy-
clopropyl alcohols. We were concerned that changing the
halide would impact the diastereoselectivity, especially
if a zinc—halide interaction was responsible for the stereo-
chemical outcome (Figure 2). Because alkyl exchange be-
tween dialkylzinc reagents and alkyl iodides was known to
proceed rapidly,*' the desired precursor for bromocyclopro-
panation was CHBrl,. This reagent, howevetr, is not readily
available, so we focused on commercially available bromo-
form. To overcome the lower reactivity of bromoform re-
lative to iodoform in the exchange reaction with diethylzinc,
we employed an excess of carbenoid at higher concentra-
tions (from 1.1 to 2.5 M) with CF;CH>OH as additive. Under
these conditions, bromocyclopropyl alcohols were genet-
ated with dr's of >20:1 (Table 7).** For chlorocyclopropanation,

CL on

(ﬂ)\/ 99(65)  >20:1
Cly oH

CL on

99 (70)  >20:1| 9

By oH
3 M/ 96 (80)  >20:1
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TABLE 8. Tandem Asymmetric Vinyl Addition/Diastereoselective lodocyclopropanation

i) HBEt, ) 20(GH)
R? i) ZnEty, OZnEt ) Zn(CHlz)z, |
I (-)MIB. 4 mol % n 3 equiv ﬁb\
- > 1 4| ————>
R Z = R! R4
1
Le i) R'"CHO R? V) Hp0 1§
entry product Y%ee(%y) dr entry product % ee (% y) dr
! !
OH: OH
1 \H\D\/\/ 92 (64) >20:1 al 93(80) > 20:1
4
|
OH:
cl
2 W 94(78) >20:1 |
OH'
6 4 (52 :
oH? ©/'\D\/\/ 94 (52)  >20:1
3 M 86 (67) > 201
' |
o OH
4 W 87(70) >201 | 7 \% 99(50) > 201

SCHEME 4. Allylation of lodocyclopropyl Alcohols Using Organocuprate Chemistry

! OH THF
50u|+10n-BuLi+)<‘1)\/ 10 g NF ———>
-50 to —60° C

|
= OH
50u|+10n-BuLi+)4)\/ +10 Br

bromodichloromethane was used as the carbenoid precursor
and the resulting chlorocyclopropyl alcohols were obtained as
a single diastereomer with high enantioselectivities.**> The
stereochemistries of bromo- and chlorocyclopropyl alcohols
were the same as those for the iodocyclopropanation: cis
relationship between the halide and the carbinol when R* =
alkyl or H and trans relationship when R* = phenyl. Access to
fluorocyclopropyl alcohols remains elusive due, in part, to
challenges obtaining fluorohalomethane precursors.

4.2. Asymmetric Vinyl Addition/Diastereoselective Ha-
locyclopropanation. The iodocyclopropanation reaction
was next combined with the aldehyde vinylation. Unfortu-
nately, the iodocyclopropanation suffered from low con-
version and poor diastereoselectivity. We hypothesized
that interaction between CF3;CH>OZnCHI, and excess vi-
nylzinc reagent was problematic. We therefore conducted
the asymmetric addition step using the vinylzinc as limiting
reagent. We also examined other cyclopropanating
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* OH 75% yield

-50 to —-60°C /%/’\/

95% ee
>20:1 dr

71% yield
95% ee
>20:1dr

SCHEME 5. Two Possible Routes to cis-Disubstituted Cyclopropyl
Alcohols

R3 . 3
Q i) ZnR1, f? QR | Richo R®
A S Gl LR
H (--mIB H (-)}MIB f
ii) XZnCH,l
iiiy Hy0
RS OH
H R
H

reagents. Finally, use of 3.0 equiv of Zn(CHI5), furnished
the desired iodocyclopropyl alcohols as single diastereo-
mers with good yields (Table 8).** Surprisingly, substrates
bearing aromatic groups gave very low yields. Although
the reasons for this behavior are puzzling, we found that
increasing the zinc carbenoid from 0.24 to 0.42 M resulted
in an increase in the yields to around 50% with excellent
diastereoselectivities (entries 6—7). The stereochemistry



was assigned using a coupling constant and was consistent
with those in section 4.1.

4.3. Functionalization of lodocyclopropyl Alcohols. The
stereoselective synthesis of functionalized cyclopro-
pane derivatives often involves the generation and
elaboration of metalated cyclopropanes. To explore
functionalization of the halocyclopropyl alcohols, we
prepared organocuprates by combining LiCu(n-Bu), and
iodocyclopropyl alcohols in dry THF at —50 °C.*3** The

SCHEME 6. Enantioselective Synthesis of (Z)-Allylic Alcohols in the
Presence of TEEDA

cl i) Cy:BH H ii) +BulLi cy M H
0°%Ctort CyB._~ ~78°Ctort 38y
R ® OB
| | Cl u Cy
THF H _ cy
R H

Li@e

Me /— LiCl

H iii) EtpZn, —78 °C H iii) EtpZn, -78 °C H
toluene =z
H_~ R toluene H_ - f\ﬂ
R “OH iv) TEEDA CyzB iv) (-)-MIB R ~OH
v) (-MiB R'CHO racemic
up to 98% ee RICHO 0°Ctort
0°Ctort NO TEEDA
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addition of excess allyl or methallyl bromide at this
temperature provided the desired 1,2,3-substituted
cyclopropane derivatives in good yields as single diaster-
eomers (Scheme 4).? The stereochemistry of the iodo-
cyclopropane was maintained, as determined by analysis
of "H NMR coupling constants.

5. Further Application to a Variety of Cyclo-
propyl Alcohols

5.1. One-Pot Tandem Asymmetric Synthesis of syn-cis-
Disubstituted Cyclopropyl Alcohols. The asymmetric (E)-
vinylation method outlined in section 3.1 is not applicable
to the synthesis of (2)-disubstituted vinylzinc reagents or cis-
cyclopropanes. Two routes to cis-disubstituted cyclopropyl
alcohols are illustrated in Scheme 5. The first begins with
alkyl addition to (2)-enals followed by diastereoselective
cyclopropanation, as exemplified in Table 2, entry 5. The
second route is based on the asymmetric (2)-vinylation to
aldehydes/diastereoselective cyclopropanation. Although
the synthesis of enantiopure (2)-allylic alcohols using (2)-
vinyl organometallic reagents is challenging, the latter
method is more versatile because (2)-enals can be difficult

TABLE 9. Tandem Asymmetric Synthesis of cis-Disubstituted Cyclopropyl Alcohols

i) HBCy,, 0°Ctort
¢l i) +BuLi,-78 °Ctort

vi) EtyZn, —20 °C
CF3CH,0H

E{ZnO
iii) EtpZn, ~78 °C : CHal, oH R
|| R1 H > R1
R iv) TEEDA, hexanes
V) (=)-MIB (5 mol%)
RCHO, 0 °C to rt
entry product %ee(%y) dr entry product %ee(%y) dr
OH OTBDPS OH
1 90 (65) > 19:1 5 o 88(69) >191
OH OTBDPS OH
2 95(62) >19:1 6 94 (62) >19:1
x cl
\_s
OH OTBDPS OH Ph
3 % (52) >19:1 7 97 (65) >19:1
~
\_s
OH Ph
o2 (42) >19:1

OH
4 88 (55) >19:1
cl

8 S
\_s

SCHEME 7. Asymmetric Generation of s-Hydroxy Enamines (R' = H, alkyl, Ar)

TS <\~BMi) 1M Et,BH, tol., 20 °C, 20 min [

i) 2M Et,Zn, tol., -78 °C, 20 min| EtZn j/\N

|| R1
R’ B

iii) 5 mol % (-)-MIB '

RZJ\(\N’Bn
> |

-Bn |iv) R2CHO, 0°C, 12 h

Ts R" Ts

25-85% y, 54-98% ee
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TABLE 10. Asymmetric One-Pot Tandem Synthesis of syn-Aminocyclopropyl Alcohols

T8~ y7BMi. 1M Et,BH, tol., 20 °C, 20 min | Etzno

v. 2M Et,Zn (5 equiv.), tol.
CF3CH,OH (5 equiv)  HO

ii. 2M EtyZn, tol., =78 °C, 20 min CHal; (5 equiv.), Ts
| I i 5ol % (O-MIB sz\/\N’Ts R? N”
!u. ;no o (—Z— . \ 0°C,24-48h R? llan
iv. R2CHO, 0°C, 12 h R'" Bn
entry product %ee(%y) dr  entry product %ee(%y) dr
HO HO
1 \H\D\ Ts 93(80) >2011 4 83 (78) >20:1
N Ts
) N
Bn '
HO HO o
2 NCTS 94(76) >20:1 5 >‘/'\D\ N T 93(72)  >20:1
1
Bn IBn
HO
HO T
3 )\/kb\ Ts  76(78) >201 6 NS 93(28) >20:1
N 1
| n-Bu Bn

SCHEME 8. Bimetallic Reagents by Knochel (A) and Srebnik (B)

A ; 2) CUCN,+LiCl OH % H,0
| 1) Zinc dust, ) CUCN e Li 30% H0,  OH
1) HBBrp*SMe, DMA 1Zn_ _zwq |3) RCHO, BFg*Et,0 NaOH
| > . xR > — >R R R' R
2) H,0, NaOH (pin)B (pin)B 4) H,0, H* )
R 3) pinacol (pin)B
B) B
pin) 1) ZnCl,
Pd(PPhy), (5 mol%)
CpoZrHCI  |Cp,ClZr. _— > 3/4
Il P EP 7 R | 2) Pd(PPhy), (5 mol%) A v a—— MR
A (pin)B (pin)B ' Ph

Br

to prepare with high stereopurity due to facile isomerization
to the thermodynamically favored (E)-isomer.

We recently reported a one-pot tandem generation of
enantioenriched (2)-allylic alcohols with up to 98% enan-
tioselectivity (Scheme 6).4>%° In this reaction, (2)-vinyl zinc
reagents were generated in situ and stereospecifically from
1-chloro-1-alkynes via hydroboration, addition of t-BuLi as a
hydride source,*® and transmetalation to zinc. The key to
this highly enantioselective process is the addition of TEEDA
(N,N,N',N'-tetraethylethylene diamine) to suppress the
rapid nonenantioselective LiCl-promoted background
reaction.*”*8 The generation and addition of (2)-vinyl zinc
reagents to aldehydes were then applied to the synthesis of
cis-disubstituted cyclopropyl alcohols. Thus, the enantioen-
riched (2)-allylic alkoxides were treated with 5 equiv of
CF;CH>0OZnCH-I (under conditions similar to those described
above), generating highly enantio- and diastereoenriched
dis-disubstituted cyclopropyl alcohols. A variety of 1-chloro-
1-alkynes and aldehydes (saturated, aromatic, and hetero-
aromatic) were employed and furnished the products in
good yields (Table 9).3' This one-pot tandem method
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circumvents the synthesis of thermodynamically unstable
(2)-enals and isolation of (Z)-vinylzinc species.

5.2. One-Pot Tandem Synthesis of Enantioenriched
Aminocyclopropyl Alcohols. Aminocyclopropanes have
attracted considerable interest because of their abundance
in biologically active natural products and medications.
As a consequence, many synthetic approaches to these
important compounds have been developed. However,
there are relatively few direct syntheses of aminocyclopro-
pane derivatives. Examples include cyclopropanation of
enamines and enamide derivatives or transition metal
mediated addition of diazo esters to alkenes followed
by a Curtius or Schmidt reaction.*®*° Our approach to
aminocyclopropyl carbinols involves catalytic enantioselec-
tive synthesis of g-hydroxy enamines and subsequent
cyclopropanation.

5.2.1. Asymmetric f-Aminovinylation/Diastereoselec-
tive Cyclopropanation. We found hydroboration of
ynamides®® generated -amino vinyl boranes that under-
went boron-to-zinc transmetalation followed by catalytic
enantioselective carbonyl addition to aldehydes using
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SCHEME 9. One-Pot Generation of B(pin)-Substituted Allylic Alcohols
B(pin)

I i. Cy,BH Mez”\(\R iii. RCHO
_— Y

ii. MexZn (pin)B

R

OZnMe OH
R A g |V H,0 R )\/\R
(pin)B (pin)B
R'=alkyl, aryl
70-95% y

TABLE 11. Tandem Stereoselective Synthesis of Cyclopropyl Boronate
Esters

iv. 2 M EtoZn (5 eq)

B(pin) i. Cy,BH OZnMe CF3CH,0H (5eq) OH
ii. MeoZn CHal, (5 eq)

|| I R' Z "R >R R
iii. R"CHO B(pin) v. H,O B(pin)

+ enantiomer

entry cyclopropylboronate ester  dr %y entry cyclopropylboronate ester dr %y
H OH

1 n-Bu 201 75 | 6 Q/kP\"-Bu
y BPin) F on B(pin)

2 n-Bu 201 89 |7 n-Bu 2011 86
B(pin) B(pin)

cl H H
3 n-Bu 201 58 |8 n-Bu 2011 84
pin i

C

20:1 87

2011 70 | 9 BnO g >15:11 58

wol 200 71 [0 o Me 201 86

B(pin)

! OH Blpi

5 /@j\P\CHZ
B(pin)

5 mol % (—)-MIB. The resulting $-alkoxy enamines were

single double bond isomers formed with high enantioselec-

tivities (Scheme 7).

The asymmetric aminovinylation of aldehydes was then
adapted to the asymmetric synthesis of syn-aminocyclopro-
pyl alcohols. Very few examples of cyclopropanation of
enamines have been reported®'>? and it was not clear
how the enamine nitrogen would impact the double bond
reactivity. Nonetheless, we performed the asymmetric
aminovinylation addition to aldehydes and subjected the
resulting alkoxide intermediates to cyclopropanation using
Shi's carbenoid, CF3CH,0ZnCH,l. Although the cyclopropa-
nation proceeded in low vyield, the desired cyclopropyl
amines were formed as single diastereomers (Table 10).
Optimization to increase yields focused on removal of by-
products formed during transmetalation from boron to zinc.
The best results were obtained with addition of hexanes to
the -amino alkoxide reaction mixture followed by re-
moval of volatile materials under reduced pressure.
To ensure removal of all the boron-containing bypro-
ducts, this procedure was repeated three times. The result-
ing enantioenriched S-amino alkoxides (76—94% ee)

TABLE 12. Stereoselective Synthesis of Trisubstituted o-Hydroxycy-
clopropyl Alcohols

OH NaBOg-H,0 OH
RN > (3 equiv) RJ\P\RZ
B(pin) THF/HL0 (1:1) OH
2-6 h, rt
a-hydroxy 0 a-hydroxy
entry cyclopropyl carbinol %Yy entry cyclopropyl carbinol %y
OH OH

1 nBu 89 5 n-Bu 86

OH OH

OH Cl

2 93
\KKP\H-BU 6
OH

OH
88
n-Bu

3

OH

OH OH
3 9 | 7 75
n-Bu (CH)Cl
OH OH
FsC

OH OH

n-Bu 90 8 n-Bu 80

g
3

F

underwent cyclopropanation with excellent diastereo-
selectivities (>20:1) in 72—82% yield (Table 10).>3 Although
terminal ynamides were good substrates, internal ynamides
were not (maximum 28% yield). Additionally, conditions for
the cyclopropanation of s-alkoxy enamines generated from
aromatic aldehydes or aryl-substituted ynamides remain
undeveloped.

6. Stereoselective Syntheses of Cyclopropyl-
boronate Esters and Cyclopropanols Using
Bimetallic Reagents

6.1. Tandem Stereoselective Syntheses of Cyclopropyl
Boronate Esters from in Situ Generated 1-Alkenyl-1,1-
heterometallics. Bimetallic reagents are potentially useful
in synthesis, especially if each M—C bond can be selectively
functionalized.>*>> The application of alkenylbimetallic
reagents in stereoselective transformation, however, is
often hampered by difficulties controlling double bond
geometry,>® multistep preparations, or limited functional
group tolerance.>” Pioneering work by Knochel and co-
workers employed boron and zinc or copper 1,1-bimetallic
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SCHEME 10. Synthesis of «ds- and
Cyclobutanones

trans-2,3-Disubstituted

p-TsOH-H,0
10 mol %) OH BF;-OFt, 0
R R . _ ...
THF, t, 12 h
CHCI3 12h OH Ri -

cis:trans >17:1
94-99% yield
7 examples

cis:trans 1:5 to >1:20
77-90% yield
7 examples

reagents to synthesize a-hydroxy ketones, although loss of
double bond geometry during the formation of the bime-
tallic reagents has limited their full synthetic potential
(Scheme 8A).>° Srebnik and co-workers circumvented the
loss of double bond geometry by generation of bor-
on-zirconium bimetallics via hydrozirconation of B(pin)
alkynes with Schwartz's reagent (Cp,ZrHCI, Scheme 8B).>®
From the practical point of view, Schwartz's reagent is
prohibitively expensive for large-scale applications. To ex-
ploit the potential of 1-alkenyl-1,1-heterobimetallic re-
agents, practical and straightforward methods for their
generation were necessary. We investigated the stereose-
lective formation of 1-alkenyl-1,1-heterobimetallic reagents
based on boron and zinc (Scheme 9). Beginning with readily
available air-stable 1-alkynyl-1-boronate esters, hydrobora-
tion with dicyclohexylborane generates 1-alkenyl-1,1-di-
boro species. Neither B—C bond is very nucleophilic;
however, we knew that the Cy,B—C bonds underwent
transmetalation at —78 °C. In contrast, the (pin)B—C trans-
metalates significantly above room temperature due to
resonance donation from the pin oxygens to boron. In situ
transmetalation of the Cy,B—C with dialkylzinc reagents
furnished 1-alkenyl-1,1-heterobimetallic intermediates,
which were treated with aldehydes to generate B(pin)-
substituted allylic alcohols in 70-95% yield (Scheme 9).>°
The straightforward one-pot generation of B(pin)-substituted
allylic alkoxides facilitated development of tandem reactions
with these intermediates.

The synthesis of B(pin)-substituted cyclopropanes began
with regioselective hydroboration of B(pin) alkynes, chemo-
selective transmetalation, and addition to aldehydes. As
outlined previously, the volatile materials were removed
to circumvent problems caused by the borane byproduct.
The resulting B(pin)-substituted allylic alkoxide was treated
with a toluene solution of 5 equiv of CF3CH,0ZnCH,I to afford
the syn-cyclopropyl boronate esters. Cyclopropyl boronate
esters were generated with a series of aromatic and aliphatic
aldehydes in good yields (58—-89%) and excellent diastereos-
electivities (>15:1, Table 11).*® The asymmetric addition of
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SCHEME 11. Matsubara's Generation of Cyclopropanes
1) CHz(an)g

o o
Me
~Me 259, 2h 0
MsO “H 2) allyl bromide Mé “H
NC ; NC

CuCN-2LiCl
(>98% ee) -3010250°C, 3 h 53% (>98% ee)

l T allyl bromide

oznl o [Cu

utH CuCN-2LiCl

NG Me NG Me H

T CuCN-2LiCl

/

lo) Znl

NC

MK-5172

FIGURE 3. Merck's HCV protease inhibitor with potent activity against
resistance mutations in vitro.

the 1-alkenyl-1,1-heterobimetallicreagents to aldehydes has
proven very challenging and is under investigation.

6.3. Stereoselective Syntheses of Trisubstituted Cyclo-
propane Diols. Substituted cyclopropanols are valuable build-
ing blocks in synthetic transformations, including ring cleavage/
expansion reactions. An interesting approach to trisubstituted
cydopropanols was developed by Kulinkovich and co-workers,
but it suffers from low diastereoselectivities.® We turned our
attention to cyclopropyl boronate esters for the stereoselective
preparation of cyclopropanols (Table 12). Several reagents were
examined to oxidize the B—C bond of cyclopropyl boronate
esters; NaOH/H,O, gave poor yields of cyclopropanols along
with ring-dleaved carbonyl compounds. Sodium perborate in a
1:1 THF/H,O provided the desired cydopropane diols as single
diastereomers in excellent yields. As shown in Table 12, a
variety of aliphatic and aromatic cyclopropyl boronate esters
were smoothly oxidized to the corresponding a-hydroxy cyclo-
propyl carbinols.®! As anticipated, the oxygen insertion into the
B—C bond proceeded with the retention of stereochemistry.
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SCHEME 12. Proposed Mechanism of Equilibration of cis- and trans-Cyclopropoxides

(0]

oc |Rs
|2n/\2n|+R\(U\HT4>HF’OC -

Cl

VJVJ

TABLE 13. Diastereoselective Synthesis of trans-Cyclopropanol Using
CHx(Znl),

(e]
R OH
R _THR0c _ R
iz znl * W)J\H ™
Cl
entry product dr %y |entry product dar %y
L N N OH 18:1 88 7 TIPSO OH 424 71
v v
2 /\/""V/OH 1187 | 8 1gppso O 111 89
3 \/”"V/OH 131 65 9 07~ OH 131 86
4 i OH 121 73 | 10 ~ OH .
Ph V o v/ 19:1 61
5 O oH 16:1 64
V’ 1 .. OH 111 66
TIPSN ) v
6 Tso PO 1011 83

It is noteworthy that the diols in Table 12 are excellent
precursors for the synthesis of both the cis- and trans-2,3-
disubstituted cyclobutanones with high diastereoselec-
tivity (Scheme 10).°!

6.4. Diastereoselective Syntheses of trans-2-Substi-
tuted Cyclopropanols. Our interest in bimetallic reagents
inspired us to consider other types of dianion synthons for
the synthesis of cyclopropanes. Bimetallic CH,(Znl), has
been employed in tandem C—C bonds forming reactions
to generate cyclopropanols. Matsubara and co-workers
reported the reaction of CH,(Znl), with o-diketones and a-
ketoimines to form cis-cyclopropan-1,2-diols and cis-2-ami-
nocyclopropanols, respectively.®* They also examined reac-
tions of CH,(Znl), with enantioenriched o-sulfonyloxy
ketones to generate cyclopropoxides (Scheme 11). It is
known that cyclopropoxides are in equilibrium with
homoenolates,®® as shown on the bottom of Scheme 11.
In Matsubara's case, the cis- and trans-cyclopropoxides are
similar in energy and the cyclopropanols formed on workup
were isolated with low dr. The addition of CuCN-2LiCl
followed by allyl bromide allowed trapping of the homo-
enolate. Interestingly, the ee of sulfonyloxy ketones was
conserved in the final product.

We were interested in the synthesis of trans-cyclopropa-
nols, such as the one found in Merck's MK5172, a promising

£OZnl

R (o]
_/_// R... OZnl| H,0 R,,. OH

1Zn

new hepatitis C candidate (Figure 3). On the basis of the
reversible formation of homoenolates from cyclopropyl
alkoxide derivatives, we devised a simple and highly
diastereoselective route to trans-cyclopropanols using CH,-
(Znl), and o-haloaldehydes. The key to successful optimiza-
tion of the diastereoselectivity was to conduct the reaction at
0 °C, where equilibration between the cis- and trans-cyclo-
propoxides and homoenolates led to high diastereoselec-
tivity (Scheme 12). In contrast, lower temperatures resulted
in low diastereoselectivity that reflected the diastereoselec-
tivity of the carbonyl addition step. The o-bromo- and a-
chloroaldehyde analogues gave comparable results with
CH»(Znl), under the same conditions. Excellent diastereo-
selectivities were observed in a variety of a-chloroaldehydes
(Table 13).%4

In our proposed mechanism, carbonyl addition occurs
with low diastereoselectivity and, therefore, the Sn> displa-
cement of the halide provides a mixture of cis- and trans-
cyclopropoxides. Ring-opening generates transient homo-
enolates and allows the equilibration of diastereomers,
which favors the trans geometry to minimize steric interac-
tion (Scheme 12). In support of this proposal, when a mixture
of cis- and trans-cyclopropanols (cis/trans = 3:1) was treated
with CH,(Znl) at 0 °C, equilibration occurred to provide, after
workup, cyclopropanol with a cis/trans ratio of 1:16 (69%
cyclopropanol recovery). Also of significance, use of enan-
tioenriched o-chloroaldehyde resulted in generation of
trans-cyclopropanols without loss of ee.®*

7. Outlook

Due to the importance of cyclopropanes in naturally occur-
ring and synthetic compounds with biological activity,
the synthesis of cyclopropanes has attracted significant
attention. In this Account we summarize methods that we
developed to prepare a variety of cycopropyl-containing
compounds. In most cases, the cyclopropyl alcohols outlined
can be prepared from achiral starting materials in efficient, one-
pot procedures with high enantio- and diastereoselectivity.

We thank the NSF (CHE-0848467 and -1152488) for support of
this work. We are grateful to the students who have participated
in these studies both experimentally and intellectually.
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