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Catalytic (2 + 2)-Cycloaddition Reactions of Silyl Enol Ethers.
A Convenient and Stereoselective Method for Cyclobutane Ring
Formation
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An efficient catalytic (2 + 2)-cycloaddition reaction leading to the formation of cyclobutane rings
has been devised. The process transforms silyl enol ethers and o,5-unsaturated esters into
polysubstituted cyclobutanes with a high degree of trans-stereoselectivity. Both the rate and
stereoselectivity of the process can be controlled by the choice of the ester group and silyl
substituents. The results of stereochemical studies show that the cycloaddition step in this reaction
proceeds in a nonstereospecific manner and, thus, by a pathway involving sequential nucleophilic
additions via a short-lived zwitterionic intermediate.

Introduction

The facile and stereoselective synthesis of mono- and
polycyclic compounds from simple starting materials has
remained as one of the main goals in synthetic organic
chemistry.! Much attention has been devoted to the
construction of cyclopropane, cyclopentane, and cyclo-
hexane rings by cycloaddition and stepwise-annulation
reactions. As a result, a number of efficient and/or
stereoselective strategies have been devised. On the other
hand, only a limited number of practical methods have
been developed to form cyclobutane ring systems from
simple substrates. This represents a deficiency in the
area of synthetic organic chemistry since cyclobutanes
abound in nature as biologically active substances? and
are used as important synthetic intermediates in routes
targeted at medicinally useful substances.® Photochemi-
cal (2 + 2)-cycloaddtions of alkenes and enones* and
thermal (2 + 2)-cycloadditions of ketenes and alkenes®

* Corresponding author.
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are the usual methods used to prepare cyclobutanes, but
controlling reactivity and selectivity in these processes
often is a difficult task.

We have developed a strategy for cyclobutane ring
construction involving stepwise nucleophilic addition
reactions of silyl enol ether. It is well-known that
conjugate addition reactions of enolates (or their equiva-
lents) with o,8-unsaturated carbonyl compounds afford
1,5-dicarbonyl products. In this process, the in situ
formed J-keto-enolate is quenched by an external elec-
trophile, such as a proton (Scheme 1, path a). However,
the carbonyl group in the initially formed Michael adduct,
which originates from the enolate component, can act as
an internal electrophile in an intramolecular addition
process leading to formation of a cyclobutanol product
(Scheme 1, path b). The cyclobutanol forming reaction
can be described as a Michael-aldol-like (2 + 2)-cycload-
dition. Vinyl sulfides or selenides have been employed
in similar stepwise reactions.® In contrast, cyclobutane
formation from silyl enol ethers, which are one of the
most easily prepared ketone-equivalents, has not been
achieved except in a limited number of cases.”® A
significant problem with some of the reported reactions
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is that simple a,8-unsaturated esters have reactivity
lower than that of esters of alkynyl and allenyl carboxyl-
ates and other highly electron-deficient olefines.”

In an earlier effort, we developed a new method to
prepare polycyclic cyclobutanes starting with o,5-unsat-
urated esters having appended keto-carbonyl or silyl enol
ether moieties. This process, termed the intramolecular
Michael-aldol reaction, is mediated by stoichiometric
amounts of R3SiX-amine coreagents.® However, the reac-
tion has several limitations, including the need for excess
amounts (ca. 3 equiv) of the reagents. In addition, we
found that the conditions used for the intramolecular
reaction do not promote related intermolecular reactions
owing to the poor reactivity of both substrates. Our
continuing studies in this area have led to the develop-
ment of a new catalytic intermolecular Michael-aldol-like
(2 + 2)-cycloaddition reactions of silyl enol ethers with
o,fB-unsaturated esters. The results of this effort are
described below.

Results and Discussions

Catalytic Intramolecular (2 + 2)-Reaction. Our
initial studies focused on an exploration of catalytic
systems that promote intramolecular (2 + 2)-cycloaddi-
tions with the hope that it would provide information
about catalysts for the intermolecular process. The reac-
tion of silyl enol ether 1, possessing an a,3-enoate moiety,
in CH,CI, at 25 °C with 10 mol % BF3;-OEt; affords the
tricyclo[5.4.0.03"Jundecane 2a in 17% vyield along with
32% of the desilylated substrate 3 (Scheme 2, Table 1,
run 1). The use of Bu,BOTf or AlMe; led to increased
yields of the cyclobutane product 2a, but production of

(9) (@) Ihara, M.; Ohnishi, M.; Takano, M.; Makita, K.; Taniguchi,
N.; Fukumoto, K. J. Am. Chem. Soc. 1992, 114, 4408—4410. (b) lIhara,
M.; Taniguchi, T.; Makita, K.; Takano, M.; Ohnishi, M.; Taniguchi,
N.; Fukumoto, K.; Kabuto, C. J. Am. Chem. Soc. 1993, 115, 8107—
8115. (c) Takasu, K.; Misawa, K.; Yamada, M.; Furuta, Y.; Taniguchi,
T.; Ihara, M. Chem. Commun. 2000, 1739—1740. (d) Takasu, K.; Ueno,
M.; Thara. M. J. Org. Chem. 2001, 66, 4667—4672. (e) Takasu, K.;
Misawa. K.; Ihara, M. Tetrahedron Lett. 2001, 42, 8489—8491.
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TABLE 1. Lewis Acid Catalyzed Intramolecular
(2 + 2)-Cycloaddition of 12

yield (%)
run catalyst reaction time (h) 2a 2b 3
1 BF3-OEt; 9.5 17 0 32
2 Bu,BOTf 1.5 35 21 19
3 AICl3 8 31 11 50
4 EtAICI, 2 76 0 11
5 TiCly 0.17 61 0 20
6 Sn(0OTf), 2 28 12 47

2 Reactions were performed using 10 mol % catalyst and 1.0
equivof 1 in CH,Cl, at room temperature until the starting
material was fully consumed.
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the desilylated alcohol 2b was also observed with these
catalysts (runs 2 and 3). Broad screening of a number of
Lewis acids showed that EtAICl, and TiCl, were the
optimal catalysts, both serving to promote formation of
cycloadduct 2a in 60—76% yields (runs 4 and 5). Dias-
tereoselective formation of 2a occurred in these reactions,
as was seen in the stoichiometric reactions reported
earlier.®® Several Lewis acids, including EtAICI, Sn-
(OTf),, SnCly, TMSI, and InCl;, were found to catalyze
formation of 2a and/or 2b, but in low yields (run 6, other
data not shown). On the contrary, no cyclobutane product
is produced in reactions catalyzed by lanthanide Lewis
acids and transition metal Lewis acids; starting enol
ether 1 or desilylated ketone 2 were recovered in these
cases.®

Catalytic Intermolecular (2 + 2)-Cycloaddition.
The intermolecular version of the cycloaddition reaction
was examined next by using silyl enol ethers 4 and o,-
esters unsaturated 5 (Scheme 3). To a solution of 4 (1.0
equiv) and 5 (2.0 equiv) in CH,CI; (0.2 M) was slowly
added a solution of EtAICI, (20 mol %) in hexane, at —78
°C. After standing at —78 °C, the mixtures were subjected
to a standard workup procedure and chromatographic
separation to afford the cyclobutane products 6, which
are stable under ambient conditions. Although these
reactions are almost completed within 10 min, all were
carried out for 4 h, at which time the enol ethers are
completely consumed. It was observed that reactions
performed at higher temperatures result in increased
amounts of acrylate oligomers as byproducts.

The effects of changing the alkoxy group of the acrylate
5 on the yields of reactions with the TBS enol ether 4a
are summarized in Table 2. Methyl acrylate (5a) reacts
to afford the diastereomeric cyclobutanes trans-6a and
cis-6a in 60% and 19% yields, respectively (Table 2, run
1). The relative stereochemistry of these products was
assigned by use of chemical methods. Both trans- and
cis-6a are transformed into the corresponding diols 7 by
reduction and desilylation. As expected, trans-7 did not

(10) The following Lewis acids were tested: Mg(ClOy,),, Sc(OTf),
CUCIZ, CU(OTf)z, Zn(on)g, YC|3, Y(OTf)g, ZrC|4, Sn(on)z, La(OTf)3,
Eu(OTf)s, and Yb(OTf)s.
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TABLE 2. Catalytic Intermolecular
(2 + 2)-Cycloaddition between Silyl Enol Ether 4a and
Acrylates 52
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TABLE 3. Catalytic Intermolecular
(2 + 2)-Cycloaddition between Enol Ethers 4 and
Acrylate 5f2

product ratio product ratio
run acrylate (R?) catalyst (R!=TBS) vyield (%) trans:cis run enolate (RY) (R2 = HFIP) yield (%) trans:cis?
1 5a(Me) EtAICI, 6a 79 76:24¢ 1 4b (TMS) 69 0
2 5b ('Bu) EtAICI, 6b trace 2 4c (TES) 6h 39 89:11
3  5c(Ph) EtAICI, 6C trace 3 4d (TIPS) 6i 80 >99:<1
4  5d (PFP)d EtAICI, 6d 89 94:6f 4 4e (Me) 6j 84 92:8
5 5e (PCP)d EtAICI, 6e 75 95:5f 5 4f (Ac) 6k 0

d -7f

gb g; (HFIP) Ea:g:z g: gi %Izlf 2 Reactions were performed using 20 mol % catalyst and 2.0
g  5f EtAICI, 6f 91 goglof e_quiv c_)f 5f,and 1.0 equiv of 4 in CH,Cl, at —78 °C for 4 h. b trans/
9 5f Et,AICI of 77 81:19° cis ratio was determined by 'H NMR.

a Reactions were performed using 20 mol % catalyst and 2.0
equiv of 5, and 1.0 equiv of 4a in CH.Cl, at —78 °C for 4 h.
b Reaction was carried out using 10 mol % EtAICI,. ¢ Reaction was
carried out in toluene. 4 PFP = pentafluorophenyl, PCP = pen-
tachlorophenyl, and HFIP = 1,1,1,3,3,3-hexafluoroisopropyl. ¢ trans/
cis ratio was based on isolated yield. f trans/cis ratio was deter-
mined by 1H NMR.

SCHEME 4
?H
. OH
trans-6a ﬂ& -~ W’. Oligomeric
ii) TBAF TsOH mixture
(46% for H
2steps)  trans-T
OH g o
i) DIBAL o Me,C(OMe),,
cis-6a ———
ii) TBAF TsOH
(79% for H (68%) H
2 steps) cis-T 8

produce an acetonide upon treatment with 2,2-dimethoxy-
propane, whereas cis-6 reacted smoothly under these
conditions to form the tricyclic acetonide 8 (Scheme 4).
In contrast, reactions of acrylates 5b and 5c with 4a led
to formation of only trace quantities of the corresponding
cyclobutanes (Table 2, runs 2 and 3). Further exploration
demonstrated that incorporation of fluorine or chlorine
in the alkoxy moiety led to enhanced yields for formation
of the cyclobutane products and increased trans-selectivi-
ties. For example, Lewis acid catalyzed cyclobutane
formation starting with the perfluorophenyl (PFP), per-
chlorophenyl (PCP), and hexafluoroisopropyl (HFIP)
acrylates 5d—f were both high yielding and diastereo-
selectivity (runs 4—6).1! Interestingly, we unexpectedly
observed that the diastereoselectivity of this process is
dependent on the amount of catalyst used. For example,
10 mol % EtAICI, led to decrease in trans-selectivity,
although 6f was obtained in good yield (run 7). Further-
more, reaction of 5f with Et,AICI as catalyst provided 6f
with low stereoselectivity (run 9). Other Lewis acids
failed to catalyze the cyclobutane forming reaction under
the above conditions.*?

We also examined the effects of silyl substituents (R*)
in the enol ether 4 on the efficiency of the (2 + 2)-
cycloaddition of 5f (Table 3). The TMS enol ether 4b

(11) Maruoka and co-workers reported that nonbonding Al-F
interaction enhances the reactivity and stereoselectivity. (a) Ooi, T.;
Kagoshima, N.; Maruoka, K. 3. Am. Chem. Soc. 1997, 119, 5754—5755.
(b) Ooi, T.; Kagoshima, N.; Uraguchi, D.; Maruoka, K. Tetrahedron
Lett. 1998, 39, 7105—7108.

(12) In addition to Al catalysts, only TiCl, (20 mol %) promotes the
(2 + 2)-cycloaddition but only to give 6f in 10% yield.

decomposes under the reaction conditions to form cyclo-
hexanone (run 1), indicating that metal exchange to
transform the silyl enol ether to an aluminum enolate
might be rapid. In contrast, both the yield and the trans-
selectivity of the cycloaddition reaction are dramatically
enhanced when more sterically bulky and more stable
silyl enol ethers are employed as substrates (Table 3,
runs 2 and 3 vs Table 2, run 6). It is noteworthy that
only the trans-isomer 6i is produced in reaction of the
TIPS enol ether 4d (Table 3, run 3). Methyl enol ether
4e also undergoes the cyclobutane-forming reaction with
high stereoselectivity (run 4), although the desired reac-
tion does not occur with enol acetate 4f (run 5).

By using this new methodology, several cyclobutanes
were synthesized, starting with the silyl enol ethers
shown in Table 4.13 Cyclic enol silyl ethers 9a—c react
smoothly with HFIP acrylate (5f) to give the correspond-
ing bicylic-cyclobutanes 10a—c. The diastereoselectivity
of this process is significantly influenced by ring size
(Table 4, runs 1-3 vs Table 2, run 6). Specifically,
substrates with ring sizes greater than seven-membered
react to form only trans products. Quarternary substi-
tuted enol ether 9d is also a good substrate for the
reaction, which yields trans-product 10d or 10d" exclu-
sively (Table 4, runs 4 and 5). These products have
substituents on both the ring-juncture positions. A
fluorinated substituent enhances the chemical yield,
although the trans/cis-stereoselectivity is almost identi-
cal. As noted above (see Table 3), HFIP ester 5f has
proven to be a more suitable substrate than the corre-
sponding methyl ester. Acyclic substrate 9e reacts to give
monocyclic cyclobutane 10e in 65% yield with moderate
trans/cis-selectivity (run 6). On the other hand, the simple
enol silyl ether 9f does not react to produce cyclobutane
10f under these conditions. Decomposition of enol ether
to generate acetoaldehyde occurs instead (run 7). It is
especially noteworthy that this reaction can be applied
to the preparation of derivatives of medicinally useful
substances, such as the estrone analogue 10g (run 8). a-
or 3-Substituted enoates, possessing fluorinated alkoxy
moieties, such as in PFP crotonate (5g) and HFIP
methacrylate (5h), also participate in the (2 + 2)-
cycloaddition to give the corresponding cyclobutanes 10i
and 10h as a single isomers (runs 9 and 10). On the other
hand, methyl crotonate and methyl methacrylate are
unreactive under these conditions.

Proposed Reaction Mechanism. The cyclobutane-
forming reaction, described above, contrasts with the

(13) Stereochemistry of cyclobutane adducts were assigned on the
basis of 1D and 2D NMR experiments (see Supporting Information).
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TABLE 4. EtAICI,-Catalyzed Synthesis of Cyclobutanes2

Takasu et al.

. d %o ratio
run silyl enol ether” enoate product yield trans - cis®
1 9a (m=1) 5f(R=HFIP) 10a OTBS 74 60 : 40

oTBS CO.HFIP
2 o @/ (n=3) Sf(R=HFIP) 10b 82 100: 0
3 9 ' (n=4) 5f(R=HFIP) 1c "H 33 100: 0
oTBS .
4 9d OTBS 5a (R = Me) 10d COR' R'=Me) 79 95: 5
5 9 : /\ 5f (R = HFIP) 100" (R'=HFIP) op %: 4
Ph.__OTBS OoTBS
6 % T 5f (R = HFIP) 10e Ph'“tr" COHFIP 65 77:23
TIPSO CO,HFIP
- 5f (R = HFIP) 10f EN 0 -
TBSO CO,HFIP
8 5 (R = HFIP) 79 58:42
oTBS
CO,PFP =.CO,PFP
9 4a g | 10h 15 100: 0
oTBS
r ;
CO,HFIP TBSO
10 4a \I]/ 10i +'COHFIP 69 100: 0

H

a Reactions were performed using 20 mol % catalyst and 2.0 equiv of 5, and 1.0 equiv of silyl enolate in CH,Cl; at —78 °C for 4 h.

b trans/cis ratio was determined by H NMR.

Mukaiyama—Michael reaction'# in the conditions and
substrates for both processes. Two possible reaction
pathways to form the cyclobutane ring from enol silyl
ether and a,f-unsaturated ester can be envisaged. One
involves Lewis acid promoted, concerted (2 + 2)-cycload-
dition, and the other a stepwise Michael-aldol like (2 +
2)-cycloaddition reaction.

In experiments designed to gain information about the
mechanism of this process, we first attempted to detect
reaction intermediates. However, a simple mono-Michael
adduct could not be isolated from the EtAICI,-catalyzed
reaction mixture. In addition, the transient formation of
a zwitterionic intermediate could not be observed by
using IR and NMR spectroscopic analysis of the reaction
mixture even at temperatures lower than —78 °C. The
results indicate that the zwitterionic intermediate formed
by Michael addition is extremely short-lived.

Next, we examined the stereochemical course of the
Michael-aldol-like (2 + 2)-cycloaddition. Interestingly, the
stereochemistry of the cyclobutane adducts is not gov-
erned by the geometry of the unsaturated ester substrate.
Accordingly, reaction of both (E)-11 and (Z)-11 under the
above intramolecular conditions results in production of
12 as a sole diastereomer in respective 90% and 87%
yields (Scheme 5). Rapid (E)/(Z) preequilibration of the
substrates or epimerization of products might explain the
stereochemical outcome of these reactions. However,
these explanations can be ruled out on the basis of the

(14) (a) Narasaka, K.; Soai, K.; Mukaiyama, T. Chem Lett. 1974,
1223-1224. (b) Loh, T.-P.; Wei, L.-L. Tetrahedron 1998, 54, 7615—
7624. (c) Evans, D. A.; Willis, M. H.; Uehling, D. E. Org. Lett. 1999, 1,
865—868 and references therein.
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SCHEME 5
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CO,Me
=
(2)-13

following results. No transformation of (Z)-enoate 13 into
the (E)-isomer is observed by the treatment with catalytic
EtAICI, at ambient temperature. Exposure of trans-6a
with EtAICI; at room temperature does not cause epimer-
ization to form cis-6a, and epimerization of cis- to trans-
6a also does not occur under these conditions. Thus, the
results suggest that the catalytic reaction to afford
cyclobutane adducts proceeds by way of a stepwise
pathway, involving the intermediacy of a zwitterionic
species.

A plausible mechanism for the catalytic (2 + 2)-
cycloaddition reaction is depicted in Figure 1. The Mu-
kaiyama-type Michael addition of silyl enol ether to
enoate catalyzed by EtAICI, affords the corresponding
silyl ketene acetal, and then it successively to the
intramolecular silyl oxonium carbon to provide a cyclobu-
tane ring. Stereoselectivity would be determined in the
second aldol step, depending on chair- or boatlike transi-
tion state. The reason our reaction system produces
further intramolecular aldol addition after the Mu-
kaiyama—Michael reaction would be explained as follows.
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FIGURE 1. Hypothesized reaction mechanisms and postulated TS models of our system.

The presence of a bulky silyl substituent might contribute
to stabilization of the silyl oxonium cation generated by
the first Michael process, and therefore an enolate could
react with the oxonium carbon before the migration of
the silyl group.

Conclusions

We have developed a general method for facile cyclobu-
tane ring formation by catalytic (2 + 2)-cycloaddition
reactions of silyl enol ethers and a,5-unsaturated esters.
The process requires catalysis by hard Lewis acids, such
as EtAICIl,. In this process, stereochemistry can be
controlled at three of the four cyclobutane stereogenic
centers. We observed that reactions of fluorinated enoates
are more efficient and proceed with higher trans-
selectivities. Moreover, the process is sufficiently versatile
to allow its use for the concise introduction of cyclobutane
rings into structurally complex substrates.'®> The mecha-
nistic investigations carried out thus far demonstrate
that this Michael-aldol-like (2 + 2)-cycloaddition reaction
takes place by a stepwise pathway via short-lived zwit-
terionic intermediates.

Experimental Section

General Procedure for Intramolecular Reaction. To
a solution of silyl enol ether in CH,CI; (0.15 M solution) was
added Lewis acid at room temperature, and the mixture was
stirred until the substrate was completely consumed. The
resulting mixture was diluted with Et,O and then washed with
saturated aqueous NaHCOs. The aqueous layer was extracted
with Et,0, and combined organic layers were dried over Naz-
SO, and concentrated in vacuo, giving a residue that was
subjected to column chromatography on silica gel (Et.O/
hexane) to afford the cyclobutane adduct.

(15) Recently, the synthesis and biological evaluation of epothilone
cyclobutyl analogues were reported. Nicolaou, K. C.; Namoto, K.;
Ritzén, A.; Ulven, T.; Shoji, M.; Li, J.; D’Amico, G.; Liotta, D.; French,
C. T.; Wartmann, M.; Altmann. K.-H.; Giannakakou, P. J. Am. Chem.
Soc. 2001, 123, 9313—9323.

General Procedure for Intermolecular Reaction. To
a solution of a,f-unsaturated ester (2.0 equiv) and silyl enol
ether (1.0 equiv, 0.10 M solution) in CH,CI, at —78 °C was
added EtAICI; (0.9 M hexane solution, 20 mol %), and the
mixture was stirred for 4 h at —78 °C. The resulting mixture
was diluted with Et;O and then washed with saturated
aqueous NaHCOg;. The aqueous layer was extracted with Et,0,
and combined organic layers were dried over Na,SO, and
concentrated in vacuo, giving a residue that was subjected to
column chromatography on silica gel (Et,O/hexane) to afford
the cyclobutane product. trans-6a: colorless oil; *H NMR (300
MHz, CDCl3) 6 3.67 (s, 3H), 2.90 (dd, J = 10.2, 8.5 Hz, 1 H),
2.24 (m, 1H), 1.80—1.20 (m, 10H), 0.88 (s, 9H), 0.13 (s, 6H);
13C NMR (75 MHz, CDCl3) 6 172.8, 76.3, 51.0, 49.8, 40.8, 31.6,
25.5,23.4,21.3,20.5, 18.8, 17.8, —3.04; IR (neat) v 2929, 2856,
1735, 1463, 1249, 1215, 1190, 1102, 836, 774 cm~*; LRMS (EI)
m/z 283 (M*); HRMS calcd for CisH»703Si 283.1729, found
283.1730. cis-6a: colorless oil; *H NMR (300 MHz, CDCls) 6
3.67 (s, 3H), 3.02 (ddd, 3 = 7.8, 5.0, 0.8 Hz, 1 H), 2.59 (m, 1H),
2.22 (ddd, 3 =11.0,9.1, 5.0 Hz, 1H), 1.85—-1.65 (m, 3H), 1.58—
1.24 (m, 6H), 0.84 (s, 9H), 0.10 (s, 6H), 0.082 (s, 3H); 13C NMR
(75 MHz, CDCl3) 6 173.2,77.1,51.2, 48.8, 40.6, 36.8, 26.7, 25.5,
22.0,21.7,21.6,17.9, —2.7, —2.8; IR (neat) v 2933, 2856, 1738,
1463, 1434, 1359, 1250, 1198, 1155, 1085, 1070, 835, 773 cm™1;
LRMS (El) m/z 283 (M* — CHg); HRMS calcd for C15H2703Si
283.1729, found 283.1735.
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