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Cyclobutanes by a Boron-Catalyzed Dual Ring-Closing Pathway
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Abstract: The organoborane-catalyzed reductive carbocycli-
zation of homoallylic alcohols has been developed by using
hydrosilanes as reducing reagents to provide a range of 1,2-
disubstituted arylcyclobutanes. The reaction proceeds in a cis-
selective manner with high efficiency under mild conditions.
Mechanistic studies, including deuterium scrambling and
Hammett studies, and DFT calculations, suggest a dual ring-
closing pathway.

F our-membered carbocycles, such as cyclobutanes and
cyclobutenes, are valuable intermediates in organic synthesis
because they can undergo a wide range of ring-opening,
-contraction, or -expansion reactions.!) These carbocycles
provide access to many scaffolds found in biologically active
molecules that are difficult to prepare by other means in drug
design.”! Conventional catalytic methods for the synthesis of
such four-membered carbocycles can be largely divided into
two types: 1) intra- or intermolecular [242] cycloadditions®*!
and 2) ring expansion of cyclopropylcarbinyl precursors by
a Wagner-Meerwein shift.>®! A powerful alternative to the
conventional approaches has been developed independently
by the groups of Ito and Buchwald, in which alkene substrates
bearing (pseudo)halides undergo reductive cyclization by
means of copper catalysis. This reaction was proposed to
involve ring closure on organocuprate intermediates formed
in situ, accompanied by the release of a (pseudo)halide salt
(Scheme 1a)."

Recently, we reported a B(CyFs);-catalyzed cascade con-
version of furans providing silicon-functionalized compounds,
in which a homoallylic intermediate was assumed to undergo
a concerted S\2'-type ring-closing process to furnish cyclo-
propanes with exclusive trans-selectivity (Scheme 1b).[!
Gagné and co-workers found that B(C¢Fs); promotes a reduc-
tive cyclization of silyl-protected unsaturated polyols to give
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(a) Copper-catalyzed reductive cyclization of alkenyl (pseudo)halides
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(c) B(CgFs)3-catalyzed reductive carbocyclization of unsaturated polyols (R=08)
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(d) This study — B(C4F5)s-catalyzed carbocyclization of alkenes to cyclobutanes with hydrosilanes
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Scheme 1. a—c) Reductive catalytic approaches towards the synthesis
of carbocycles. d) B(C4F;)s-catalyzed reductive cyclobutanation (this
work).

cyclopropanes and cyclopentanes depending on the substitu-
ents adjacent to the alkenyl moiety (Scheme 1c¢).”! Unlike in
our previous work,® Gagné suggested a stepwise pathway
involving an intramolecular attack of a neighboring alkenyl
group at the activated C—O bond of the silaoxonium ion. This
pathway takes advantage of anchimeric assistancel'” to
generate a benzylic cation with C—C bond formation. Inspired
by these results, we envisioned that homoallylic alcohols
bearing an aryl substituent at the C3 position may undergo
a carbocyclization with anchimeric assistance from an adja-
cent alkenyl group to give cyclobutanes under a B(C¢Fs)s/
silane catalytic system. Reported herein is the first boron-
catalyzed reductive cyclobutanation of homoallylic alcohols
with hydrosilanes (Scheme 1d). The present catalysis pro-
duces a range of 1,2-disubstituted (hetero)arylcyclobutanes
with remarkably high efficiency and excellent cis-selectivity.
Experimental and computational experiments strongly sup-
port a stepwise, dual ring-closing pathway.
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Initially, one representative homoallylic O-silyl ether
(Scheme 1d, R=Me; X=O0SiEt;) was chosen and the
reaction conditions were optimized (see the Supporting
Information). The substrate underwent a condensation cyc-
lization reaction when 1.5 equivalents of EtMe,SiH were used
in the presence of 2.0 mol % of B(C4Fs); in dichloromethane
to afford the corresponding 1,2-disubstituted cyclobutane
quantitatively in 0.5 h at 23°C. The stereochemistry of the
product was determined to be syn by 2D NMR experiments,
and its diastereomeric ratio (d.r.) was calculated by 'H NMR
analysis of the crude reaction mixture (d.r.>95:5).

With the optimized conditions in hand [2.0 mol%
B(C4Fs);, 1.5 equiv of EtMe,SiH, CH,Cl,, 23°C], we inves-
tigated the substrate scope in the cyclobutanation of silyl-
protected homoallylic alcohols (Table 1, top). In general, the
reaction was highly facile, completed within 0.5 h, and the
diastereoselectivity was excellent in most cases. Functional
groups such as phenoxy or thioether, which are known to be
labile under the reductive conditions,"!! were compatible (3a
and 3b, respectively). Significantly, the olefinic geometry (E
or Z) of the substrates was not a stereochemistry-determining
factor, as demonstrated in the formation of syn-cyclobutane
3c. Analogous substrates bearing biphenyl or naphthyl groups
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were also reactive and selective for this transformation (3d
and 3e, respectively). A substrate bearing an alkynyl moiety
was also smoothly cyclized leading to syn-3 f. However, an O-
silyl homoallyl ether possessing a dibenzofuranyl group
underwent the desired cyclization with decreased diastereo-
selectivity (3g). As in the case of 3¢, when a series of (Z)-O-
silyl homoallyl ethers with a 3-hexenyl skeleton (R = Et) were
subjected to the standard conditions, the corresponding 1,2-
arylethylcyclobutanes were formed with syn-stereochemistry
(3h-3k).""

Next, we were curious as to whether unprotected homo-
allylic alcohols could be viable for the reductive cyclobuta-
nation. This route was envisioned to be synthetically more
convenient because the O-silyl homoallyl ethers had to be
prepared from the parent alcohols. Pleasingly, the cyclization
of homoallylic alcohols occurred under slightly modified
conditions (Table 1, middle: 5.0 mol % B(C4Fs)s, 2 equiv of
PhSiH;).®! A series of homoallylic alcohols bearing aryl
groups were converted to the corresponding cyclobutanes
with high syn-selectivity (3a-3d and 31-30). Notably, a vinyl
substituent at the phenyl moiety remained intact although the
diastereoselectivity in this case was slightly decreased (3p).
Replacing the olefinic substituent from a methyl (R =CH,)

Table 1: Substrate scope in the ring-closing reaction of silyl-protected and parent homoallylic alcohols !
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a] B(C¢F. 2.0-5.0 mol %), substrate (0.2 mmol), EtMe,SiH or PhSiH; (1.5-2.2 equiv) in CH at 2 or 0.5 h. Yields of isolated products are
[a] B(C4Fs)3 (2.0-5.0 mol %), sub [« ), ,S hSiH; ( quiv) in CH,Cl, 3°Cfor0.5h Ids of isolated prod

presented. Diastereomeric ratio (d.r.) was determined by 'H NMR analysis of the crude reaction mixture. Si =

PhMe,SiD was used instead of EtMe,SiH.
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SiMe;, SiEt;, or SiMe,tBu. [b] 2.2 equiv of
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