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ABSTRACT

Inter- and intramolecular titanium-mediated cyclopropanation reactions of vinylogous esters are reported. Comparison between the Kulinkovich
cyclopropanation of esters and vinylogous esters provides mechanistic insight regarding reaction variables such as reaction temperature,
solvents, and a Lewis acid additive.

Cyclopropanes have long spurred a spate of synthetic and
mechanistic studies due to their unique reactivity.1 In 1989,
Kulinkovich and co-workers developed an efficient cyclo-
propanation of esters by convenient generation of low-valent
titanium species.2,3 The Kulinkovich reaction has also been
applied to other carboxylic acid derivatives to provide ready
access to heteroatom-substituted cyclopropanes.4-6 These
cyclopropanation reactions build on the presumed interme-

diacy of the key dialkoxytitanacyclopropane or titanium(II)-
alkene complex that is generated in situ from a Grignard
reagent (Scheme 1).7-9 We herein report cyclopropanation
of vinylogous esters, along with comparison with that of
carboxylic esters.

Slow addition ofn-butylmagnesium bromide (excess; as
a ∼1.5 M solution in ether) to a solution of 3-methoxy-2-
cyclohexen-1-one (1) and Ti(O-i-Pr)4 (1.1 equiv) in ether at
room temperature cleanly gave cyclopropane3a as a∼2:1
diastereomeric mixture in 60-66% yield (entry 2 in Scheme
2). The reaction mixture was treated with water (or D2O),
followed by mild aqueous acid, to ensure complete hydrolysis
of the enol ether functionality (e.g.,2) to the corresponding
ketone (e.g.,3) so as to avoid complications due to partial
conversion during silica gel column chromatography.10 When
the reaction was carried out at 0°C, a mixture of3a (34%)
and4a (25%) was obtained (entry 3). The product ratio was
also dependent on solvents: a mixture of3a (15-20%) and
4a (35-40%) was isolated in THF (entry 4). When THF
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was used in generating the Grignard reagent and also as the
reaction solvent,4awas the sole product (entry 5). Exclusive
formation of 3a (77%) was observed in toluene (entry 1).

Similarly, other Grignard reagents such as ethyl, isoamyl,
2-phenethyl, and 4-triisopropylsiloxybutylmagnesium chlo-
rides or bromides afforded the corresponding cyclopropanes
3b-e in comparable yields (entries 1-7 in Scheme 3).
Again, low (∼2:1) diastereoselectivity was observed for3c-
e. With 4-triisopropylsiloxybutylmagnesium chloride in ether,
a small amount of4e(7%) was isolated, along with the major
product3e (45%) (entry 4). Additionally, the product ratio
of 3eto 4eappeared to be affected by the reaction time (entry
4 vs 5), which was suggestive of a common pathway leading
to 3eand4e. When the Grignard reagent generated in a THF

solution was added to a solution of1 and Ti(O-i-Pr)4 in ether,
a dramatic reversal in the ratio of3e to 4ewas found (entry
6) in parallel with the above-mentioned solvent effects noted
for 3a-4a. The unexpected solvent effects could be over-
ridden by addition of a Lewis acid (2 equiv) (entry 7; also
vide infra).

Coupling of1 and a terminal olefin under the typical olefin
exchange modification procedure (employing cyclopentyl or
cyclohexyl Grignard reagents)5 surprisingly failed to produce
appreciable amounts of the desired coupling products3 or
4. The reductive dimerization product of the terminal olefin
employed was isolated in low yields from a complex crude
reaction mixture. This unexpected yet striking difference in
the Kulinkovich cyclopropanation reaction of esters and
vinylogous esters might be attributed in part to a subtle
difference in their relative reactivity toward the presumed
titanacyclopropane intermediate derived from the cyclopentyl
Grignard reagent vis-a`-vis the requisite olefin exchange
process.9,11Although elucidation of mechanistic implications
must await further studies, a satisfactory solution to this
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unexpected difficulty was found in the use of a homoallylic
alcohol: on the basis of our previous hydroxycyclopropa-
nation of5a,b,12 the intermediateF is presumably involved,
where an internal hydroxy group helps to increase the rate
of olefin exchange to afford the desired cyclopropane6a,b
in 45 and 52% yields (Scheme 4).

Cyclization of7 also took place smoothly to provide8a
in 68% yield (Scheme 5).13 The intermediacy of the titana-

oxacyclopentaneG was gleaned from the deuterium labeling
experiment (i.e., formation of8b). Addition of BF3‚Et2O
(2-5 equiv) prior to aqueous workup resulted in clean
cyclopropanation to deliver10 in 75-80% yield (upon
exposure top-TsOH‚H2O to ensure complete hydrolysis of
the enol ether9). Because of the additional strain associated

with a substituted tricyclic cyclopropane, a Lewis acid was
required to induce ring closure ofG even when ether was
employed as the reaction solvent.

A plausible mechanism involves addition to the vinylogous
ester of the postulated titanacyclopropane intermediate,
generated from the Grignard reagent and Ti(O-i-Pr)4, to
afford D, as indicated in Scheme 1. Subsequent rearrange-
ment ofD to 2 likely entails a delocalized oxonium ionE,
formation of which would in turn be facilitated by an
electrophilic titanate, followed by facile ring closure. Thus,
noncoordinating solvents such as toluene are best for the
cyclopropanation. On the other hand, formation ofE would
be hindered by use of Lewis basic solvents (e.g., THF) or
low reaction temperatures (e.g., entries 2 vs 3 and 4 vs 5 in
Scheme 2). Analogous observations for the competing
production of3e and 4e in Scheme 3 can be attributed to
internal chelation by a siloxy or benzyloxymethoxy14 group
to the titanium, whereas subsequent addition of a Lewis acid
promotes cyclopropanation (entries 6 and 7).

It is informative to compareD f E f 2 with the
respective processes in the original Kulinkovich reaction of
esters, i.e.,B f C f the cyclopropanol product (Scheme
1): in contrast to the former rearrangement, the latter would
be promoted by a nucleophilic titanate involving either the
migration of an alkoxy group or the formation of an ate
complex (by addition of an external alkoxy group or excess
Grignard reagent). Therefore, no significant solvent effects
were observed for the Kulinkovich cyclopropanation of
esters.

On a final note, the isolation and characterization of4a-e
provides additional evidence that it is the less substituted
Ti-C bond of the presumed titanacyclopropane orπ-com-
plex intermediate that first adds to the carbonyl group (i.e.,
1 f D), as well as in related coupling reactions of imides5d

and ketones.15,16

In summary, we have developed inter- and intramolecular
titanium-mediated cyclopropanation reactions of vinylogous
esters.17 Synthetically useful cyclopropanes can be readily
introduced at otherwise inaccessible sites. More importantly,
the comparison study between the Kulinkovich cyclopropa-
nation of esters and vinylogous esters provides mechanistic
insight regarding these reactions: the unusual effects exerted
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by reaction temperature, solvents, and a Lewis acid additive
have been rationalized. Further mechanistic and synthetic
studies are currently in progress.
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