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ABSTRACT

Diastereoselective reductive coupling reactions of ω-vinyl tethered cyclic imides are achieved by a preexisting stereocenter at an allylic
position. Particularly noteworthy is the effective use of a 1:2 mixture of Ti(O- i-Pr)4 and n-BuLi to afford the N-acylhemiaminal products in good
yields.

The titanium-mediated cyclization ofω-vinyl tethered imides,
which was built on the Kulinkovich cyclopropanation of
esters,1 has been developed into a general method for
preparing pyrrolizidine, indolizidine, and related alkaloids.2,3

To broaden the synthetic utility of this cyclization, we
examined the regio- and stereocontrol of the titanium-
mediated coupling reactions of cyclic imides equipped with
R-substitutents on the ring: cyclization was found to take
place with complete regiocontrol away fromR-substituents,
but with little diastereoselectivity.2e We report herein dia-
stereoselective reductive coupling reactions ofω-vinyl
tethered succinimides and glutarimides containing a preexist-
ing stereocenter at an allylic position. As enantiomerically
pure starting materials are readily available, this approach
lends itself to an enantioselective synthesis of nitrogen-
containing heterocycles.

Besides developing the diastereoselective, titanium-medi-
ated cyclization of suitably substituted imides, another
objective was to improve the reaction yields: the cyclization
reactions of ω-vinyl tethered imides often proceed in
respectable, but modest yields under typical reaction condi-
tions involving slow addition of Grignard reagents.2,3 Toward
this end, we first explored the use of a 1:2 mixture of titanium
isopropoxide andn-butyllithium, which Eisch had reported
by adaptation of the well-known Negishi reagent (the Negishi
zirconocene equivalent).4,5 Application of Eisch’s protocol
to imide 1 afforded theN-acylhemiaminal2 in up to 93%
yield, when excess amounts (3 and 6 equiv, respectively) of
Ti(O-i-Pr)4 andn-BuLi were employed (Scheme 1). During
subsequent studies to reliably reproduce high (82-93%)
yields under Eisch’s conditions,5 carefully controlled reaction
conditions were identified: among several key reaction
variables, the “aging” of the Eisch reagent, “Ti(O-i-Pr)2”,
was found to exert a critical influence on reaction yields.6

Stirring the Eisch reagent at room temperature for 15 min
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proved to be suitable in several runs. When the reagent
became aged (i.e., longer than 45 min), a significant decrease
in yields was observed. This finding suggests limited stability
or possibly an inhomogeneous nature of active species
generated.7,8 Without pre-warming a 1:2 mixture of Ti(O-i-
Pr)4 andn-BuLi to room temperature prior to addition of1,
compound2 was isolated in only poor (<10%) yield from a
complex reaction mixture. In light of excellent yields
available under carefully controlled conditions, we utilized
the Eisch reagent in subsequent studies.

Imides 3a-d were first chosen to evaluate possible
utilization of A(1,3) strain in controlling the stereochemical
outcome.9a The cyclization reactions proceeded cleanly in

good yields, but the apparent lack of diastereoselectivity was
disappointing (Scheme 2). The stereochemical assignment

of 4a-d and5a-d rested on difference NOE measurements
and was confirmed by X-ray analysis of4c, 5a, and5d.9b,c

It is interesting to note that Hart achieved diastereoselective
N-acyliminium ion cyclization of a related derivative by
minimization of A(1,3) strain.10

The stereodirecting effect of an allylic substituent was next
examined with imides6a-d (Scheme 3).9,11 In all examples,

the titanium-mediated reductive cyclization reactions pro-
ceeded with good to excellent diastereoselectivity to give
7a-d as the major products. Yields (45-65%) were lower
than the cyclization of cognate3a-d (53-87%) presumably
due to the presence of the allylic substituent.12 Also isolated
were small amounts of side products9a-d, which were
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a bubbler.) After the resulting clear solution had been stirred at the same
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was stirred at room temperature for 15 min. The dark homogeneous solution
was cooled to 0°C (ice bath), and a solution of1 (77 mg, 0.5 mmol) in
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indicative of the intermediacy of (η2-butene)Ti(O-i-Pr)2.1,13

The stereochemistry of7a-d and 8a-d was tentatively
assigned on the basis of difference NOE measurements, and
the structures of7b and7d were unequivocally established

by X-ray analysis.9b,c Similarly, comparable results were
obtained with imides10a,b bearing a methyl group at the
allylic position (Scheme 4). Lower diastereoselectivity
observed for10a,b compared to6a-d suggests that the
stereochemical course of cyclization is largely controlled by
steric effects (Me vs Ph).

As noted above, the exact structure of the Eisch reagent
is unclear at the present time, and elucidation of its precise
structure must await further studies. The observation that this
reagent is ineffective in the Kulinkovich cyclopropanation
of esters,7 yet efficacious in the reductive cyclization of
ω-vinyl tethered imides also raises an intriguing question
regarding the reaction mechanism (Scheme 5). The inter-
mediateI, which is presumed to be formed under Eisch
conditions, could undergo ligand exchange with starting
imides6 and10 to set offpathwayA (III f IV f 7 or 11)
by analogy to the widely accepted mechanism for the
Kulinkovich cyclopropanation of esters.1 The requisite
formation ofIV is supported by deuterium labeling experi-
ment (i.e., hydrolysis with D2O), as well as oxidation with
molecular oxygen.2 Alternatively,pathwayB entails initial
conversion ofI to V to afford7 and11 via eitherVI or IV,
although the transformationV f VI is unprecedented. The
isolation of the byproducts9 and13 (in very small amounts)

Scheme 4

Scheme 5
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is in accord with the intermediacy ofV. Direct formation of
VI from I also might be plausible, but would not lead to
formation of9 and13. Especially when R is bulky (vs R)
H), pathwayB could compete withpathwayA. Additionally,
the prerequisite of more than a stoichiometric amount of the
Eisch reagent for high yields might be attributed to the
inefficient formation of the Eisch reagent and/or its lability;
another intriguing possibility is the involvement of a Ti(III)
speciesII, 8,14 which is expected to reduce an imide carbonyl
group to generateVII (pathwayC). The second reduction is
necessary in bothVII f VI f IV andVII f IV. Further
studies will be directed to shed light on the reaction
pathway(s), as well as synthetic applications.

In summary, the diastereoselective, low-valent titanium-
mediated cyclization reactions ofω-vinyl tethered cyclic
imides directed by a preexisting stereocenter at an allylic
position have been developed so as to broaden the utility of
this approach in the syntheses of nitrogen heterocycles. Also
noteworthy is the effective use of a 1:2 mixture of Ti(O-i-
Pr)4 andn-BuLi by adaptation of Eisch’s method to achieve
the cyclization in good yields.
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(13) In some cases very small amounts (e3%) of simple reduction
products of imides, presumably by the action of a titanium hydride, were
also observed by GC/MS.

(14) The greenish color of the Eisch reagent prior to addition of an imide
indicates the presence of a Ti(III) species.
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