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A two-step procedure is described to access 3-alkoxycyclobutanones from chloroacetyl chloride utilizing
a step-wise [2+2] ketene cycloaddition followed by catalytic hydrogenation to reduce the a-chlorine in a
single reaction sequence. The resulting cyclobutanones can be readily converted into a variety of cis or
trans-1,3-disubstituted aminocyclobutanols and cyclobutanediols.
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Figure 1.
The cyclobutanone and corresponding cyclobutanol rings are
important constituents in many natural products, often possessing
novel and/or important bioactivities.1 As such, the synthesis of
these highly strained compounds has been a focus of the synthetic
community for many years. Numerous methods for the construc-
tion of the cyclobutanone framework have been developed over
the years2 including but not limited to: photolytic3 and thermo-
lytic4 [2+2] cycloaddition processes, ring contraction reactions,5

ring expansion of cyclopropanes,6 and radical processes.7

During work on a drug development project we required a rapid
and cost effective means of accessing N-Boc-protected trans-3-
aminocyclobutanol 1a ( Fig. 1). Previous work relied on a
cyclodialkylation of tosylmethyl isocyanide (TOSMIC) with epi-
chlorohydrin to assemble the cyclobutane framework. Unfortu-
nately several issues including overall length, intermediate
stability, and cost of goods made the route untenable.

A survey of the literature, taking into account overall route effi-
ciency/simplicity and material costs, led us to investigate the ther-
mal [2+2] cycloaddition with chloroketene.8 A [2+2] cycloaddition
of chloroketene and electron-rich olefins would assemble the
cyclobutanone scaffold 5 rapidly and efficiently, while also provid-
ing functional group handles for further manipulation (Scheme 1).
Our strategy was to convert the carbonyl of cyclobutanone 5a–i
into either the amine or alcohol of 1 and, therefore, the X-substitu-
ent could be either the alcohol or amine. Despite the disjointed and
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sometimes conflicting reports in the literature as to the reactivity
of ketenophiles with chloroketene, we undertook a systematic
screen to better map out their reactivity profile (Scheme 1). Entries
a–d were the most appealing substrates as either the alcohol
(entries a and b) or amine (entries c and d) functionality could
be installed directly during the cycloaddition and the reagents
were cheap, easily handled materials. Unfortunately, the lower
reactivity of the vinyl ester compounds failed to give any reaction
at all (entries a, b),9 and the vinyl amides provided only the acyclic
acylated products 4c/d (entries c and d).10 Benzyl vinyl ether (entry
e) was also an attractive substrate due to the mild conditions
needed to reveal the alcohol functionality, but it provided poor iso-
lated yields and a messy reaction profile. The reaction of chloroke-
tene with the extremely reactive dimethyl ketene acetal provided
only the product of C-acylation (entry f). Finally, despite the antic-
ipated difficulty in the cleavage of alkyl ethers, cycloadditions with
commercially available alkyl vinyl ethers (entries g–i) were studied
and the use of i-butyl or t-butyl vinyl ether (i-BVE and t-BVE,
respectively) were found to be more successful than n-butyl vinyl
ether (entry g vs h and i). The greater selectivity and higher yields
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Scheme 1. Ketenophile screen of the 2+2 cycloaddition. aTypical conditions: NMM (1.5 eq) added via syringe pump over 30 min to a solution of enol ether/enamide (1 eq) and
chloroacetyl chloride (1.05 eq) in TBME (7 vol) at 50 �c. bYield referes to the desired cyclobutanone. cReaction performed under ‘‘typical condition’’ as well as inverse addition
in which a solution of chloroacetyl chloride in TBME was added to a solution of enamide and NMM giving identical results. dReaction performed under inverse addition of
chloroacetyl chloride to a solution of enol ether and NMM. Under ‘‘typical conditions’’ acylation of the enol ether by the acid chloride was observed.
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(of 5 vs 4) observed with increased steric bulk on the vinyl ethers
may be rationalized by the greater cation stability (via an enhance-
ment in oxonium stability through hyperconjugation) in going
from a 1� to 3� alkyl ether.11 In general, the crude cycloadducts (
5g–i), formed as predominantly the trans isomer,11,12 and could
be carried on without further purification.13 However, in order
for the [2+2] strategy to remain a viable route, two challenges re-
mained: an efficient means of chlorine removal and the ability to
cleave the alkyl ether selectively.

Removal of the C2-chlorine of cylcobutanone 5g–i became our
first of the challenges. Dechlorination of 2-chlorocyclobutanones
possessing a C3-leaving group with Zn�/AcOH has been reported,
however, mediocre yields are typically obtained.14 The poor yields
most likely arise from the competing Boord reaction,15 resulting in
formation of the volatile and unstable cyclobutenone 11. Addition-
ally, the use of stoichiometric Zn� made this process less desirable
on scale. In our hands, treatment of 5h with Zn�/AcOH provided
Scheme 2. Catalytic hydrogenolysis a
only a �50% yield of desired cyclobutanone 7h with large amounts
of i-butanol observed by GC (Scheme 2). Instead, attention was
turned to catalytic hydrogenolysis of 5h.16 A preliminary solvent
and base screen was performed and the optimal conditions
(EtOAc/H2O (2:1, 20 vol), 3 equiv pyridine, 10 wt % Pd/C at 40 psi
H2) provided an 80% yield of cyclobutanone 7h on 30 g scale
(Scheme 2). Pyridine and its derivatives provided the best yields
and conversion rates, while inorganic bases, triethylamine, and
other basic 3� alkyl amines provided inferior results. Other solvents
gave poor to moderate conversions. The need for water in the mix-
ture is unclear at this point.

With conditions for effecting the removal of the chlorine in
hand, we focused next on the alkyl ether cleavage. A variety of clas-
sical ether cleavage conditions17 were examined, but a complete
lack of regioselectivity (cyclobutane C–O bond vs i-butyl C–O bond
cleavage) plagued both compounds 5h and 7h. The desired i-butyl
ether C–O cleavage was eventually realized by treating N,N-
nd acid promoted ether cleavage.



Scheme 3. Synthesis of cyclobutylamine 9 from t-BVE.

Figure 2. Functional group elaboration of cyclobutanone 7i.
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dibenzylamine 8h, formed by reductive amination of 7h with
dibenzylamine, with strongly Lewis acidic reagents to give amino
cyclobutanol 9 with no decrease in the cis/trans ratio (Scheme 2).

Despite the success utilizing i-BVE, the cleaner and higher yield-
ing reaction profile for the cycloaddition of t-BVE (Scheme 1) and the
more easily cleaved t-butyl group led us to pursue its use instead.
Although the original patent literature8b claimed a need for slow
addition of NMM at 50 �C over 2 h, followed by a 4 h hold, in situ
monitoring with ReactIR showed that the [2+2] cycloaddition be-
tween 2i and 3 was reagent addition controlled and upon complete
addition of the NMM the reaction was complete.18 Ultimately, it was
found that the addition time of base could be shortened to 0.5 h
without detriment to yield. Additionally, the patent claimed8b that
the amine base must have a pKa = 6–8 (NMM has a pKa = 7.4), but a
base screen was undertaken that ultimately showed i-Pr2NEt
(pKa = 10.5) gave 5i in yields as good if not better than NMM (typi-
cally 90–93% crude yield with 95% purity) (Scheme 3).19 Preliminary
scoping studies using Design of Experiment also found that elevated
temperatures are not required for high yields. In fact, the reaction
could be run at 0 �C with no decrease in yield.20 Following the cyclo-
addition, 5i was subjected to the hydrogenation conditions devel-
oped for cyclobutanone 5h and provided the des-chloro 7i in 80–
85% overall yield from t-BVE (Scheme 3). Conversion of 7i into the
N,N-dibenzylcyclobutylamine 8i via reductive amination followed
by treatment with 6 N aq HCl efficiently led to the isolation of the
3-N,N-dibenzylaminocyclobutanol 9 in excellent yields (Scheme 3).

At this point, a four-step sequence in which all of the route
could be telescoped and/or utilize crude material had been devel-
oped to deliver a suitably protected cis-3-aminocyclobutanol in
high yields. The intermediates could be readily transformed into
the desired trans-1a through inversion with KOAc/DMF/130 �C,
debenzylation, and Boc protection. In addition, cyclobutanone 7i
serves as an excellent starting point for elaboration into a variety
of 1,3-disubstituted cyclobutanol structures which find use
throughout natural product synthesis and pharmaceutical devel-
opment (Fig. 2).

In summary, 3-t-butoxycyclobutanone 7i can be obtained in
high yields and purity from t-butyl vinyl ether and chloroacetyl
chloride in a one-pot, two step sequence which is amenable to fur-
ther manipulation to access the trans-1a isomer as well. The cyclo-
butanone core with all the necessary heteratoms present for
further elaboration into cis/trans-3-aminocyclobutanols as well as
a variety of other 1,3-disubstituted cyclobutanes is readily avail-
able on gram to kilogram scale from inexpensive starting materials.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2011.06.027.
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