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ABSTRACT

Subjection of N-alkenylimides to Kulinkovich cyclopropanation conditions led to different types of N,O-acetals, which were used as precursors
for tertiary N-acyliminium ion chemistry. In this way, a variety of bi- and tricyclic lactams were efficiently synthesized.

N-Acyliminium ions are highly versatile carbon electrophiles
for use in CC-bond-forming reactions, both in inter-1 and
intramolecular cases.2 They have been extensively used as
intermediates to form a large variety of structurally diverse
nitrogen heterocycles and have continued to be used, as
shown by the numerous publications that have appeared on
their application.3 The most commonly used precursors are
N-acylated N,O-acetals, stable compounds that undergo

conversion toN-acyliminium ions under the influence of
Lewis or protic acids, which then can be trapped by weak
carbon nucleophiles. These systems are usually prepared by
reduction of the corresponding carbonyl group of imides or
N-acylated lactams4a or R-oxidation of primary or secondary
amides,4b-d thus resulting in primary or secondary carbo-
cations. TertiaryN-acyliminium ions, in contrast, have
received little attention, probably due to the difficulty of
generation and the instability of the corresponding precursors.
Over the years only a limited number of examples have
appeared in the literature.5
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Recently, Cha and co-workers published a method that
might circumvent these difficulties. They extended the
Kulinkovich cyclopropanation reaction6 to imides in such a
way that N,O-acetals were generated that might serve as
precursors of tertiaryN-acyliminium ions.7 In this paper, we
describe the application of this methodology to explore the
synthetic utility of such cationic intermediates in inter- and
intramolecular reactions and extend it to the synthesis of the
skeleton of the natural product lepadiformine.

TheN,O-acetals3a-d were obtained as reported by Cha.7a

Treatment of imides1a-d8 with an excess of cyclopentyl-
magnesium chloride in the presence of 1.5 equiv of ClTi-
(OiPr)3 to generate the titanacycle2, followed by an aqueous
workup, led to theN,O-acetals3 (Scheme 1). First, the

feasibility of intermolecular CC-bond formation was inves-
tigated. The precursors were subjected to different Lewis and
protic acids in order to generate the corresponding tertiary
N-acyliminium ions in the presence of a nucleophile. Lewis
acids such as BF3‚OEt2, Me3SiOTf, and TiCl4, all of them
in combination with allyltrimethylsilane, afforded exclusively
the corresponding elimination compounds5 (Table 1). SnCl4,
on the other hand, appeared to be a more suitable Lewis
acid for this system, leading to the introduction of a cyanide
group at the tertiary position in moderate yields. Remarkably,
only in one case could an allyl substituent be introduced
(Table 1, entry 5). Alternatively, subjection of the enamides
5 to a protic acid to generate theN-acyliminium ions proved
to be only useful in combination with a very stable
nucleophile such as indole (Table 1, entry 9).

Although these reactions show that intermolecular CC-
bond formation at tertiaryN-acyliminium ion centers is
feasible, the scope so far has been somewhat limited. Inspired
by the tendency of these systems to form enamides and the
results of Cha in oxidizing the intermediate Ti species by
using oxygen,7a we reasoned that formation of the vinylogous
N-acyliminium ion precursors13 should be possible. Thus,
treatment of the titanacycle intermediate9 with molecular
oxygen previous to workup led to diols10a,b (Scheme 2).
Subsequent treatment of diol10a with a Lewis acid and
trimethylsilyl cyanide led to incorporation of the cyanide
nucleophile at the bridgehead position in a diastereoselective
manner (Scheme 2, pathway a). In analogy with the assigned
stereochemistry in bicyclic lactam7a, both substituents are
most likelycis with respect to each other. In all other cases,
the anticipated elimination reaction occurred, giving rise to
the vinylogousN,O-acetal13, which under the reaction
conditions led to the conjugatedN-acyliminiun ion 14
(Scheme 2, pathway b).

This process was followed by selective reaction of the
nucleophile at the least hinderedγ-position. Using this
pathway, a variety of functional groups were introduced in
reasonable to good yields (viz. lactams15-18) via reaction
with different nucleophiles such as allyltrimethylsilane, two
silyl enol ethers, and allenyltributyltin (Table 2).

Having obtained the alkylated bicyclic enamides15-18,
we envisioned that these compounds could also serve as
N-acyliminium ion precursors and react intramolecularly with
the internal nucleophile to give tricyclic structures. Indeed,
stirring the enamides15a and 15b in formic acid at room
temperature yieldedsafter treatment with NH3/MeOHs
compounds19aand19b in 92 and 62% yields, respectively,
as single diastereomers (Scheme 3). The relative stereo-
chemistry was proven via determination of the X-ray
structure of19b and comparison of the1H NMR data.

Interestingly, this type of tricyclic core is present in several
natural products such as lepadiformine (25) and the cylin-
dricines, recently isolated marine alkaloids which display
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Scheme 1

Table 1. Intermolecular Reactions with Tertiary
N-Acyliminium Ions

entry N,O-acetal nucleophilea product
cis/trans

ratioc

yield
(%)d

1 3a allylSiMe3 5a 55
2 3a Me3SiCN 7a 1:0 54
3 3b allylSiMe3 5b 39
4 3b Me3SiCN 7b 5:1 44
5 3c allylSiMe3 6c 1:1 58
6 3c Me3SiCN 7c 8:1 49
7 3d allylSiMe3 5d 78
8 3d Me3SiCN 7d 11:1 64
9 3a indoleb 8a 1:1 51

a Reaction conditions: SnCl4 (1.5 equiv), nucleophile (10 equiv), CH2Cl2,
17 h. b Reaction conditions: CF3CO2H (1.1 equiv), nucleophile (10 equiv),
CH2Cl2, 60 h.c This stereochemistry was tentatively assigned after reduction
of cyanide7a to the corresponding aminomethylene compound and analysis
of 1H NMR NOE data of this product.d Isolated yields after chromatog-
raphy.

1332 Org. Lett., Vol. 1, No. 9, 1999



interesting pharmacological activities.9 We anticipated that
by using this route we might have an efficient entry into the

lepadiformine skeleton (Scheme 4). The sequence com-
menced with imide21, obtained by Mitsunobu alkylation
of succinimide with alcohol20. This substrate was subjected
to the Kulinkovich conditions to afford theN,O-acetal22,
which upon treatment with SnCl4 and allyltrimethylsilane
yielded enamide23 in 36% overall yield from imide21.

Finally, cyclization to the tricyclic compound24 was
achieved through stirring in formic acid at room temperature

followed by cleavage of the formate ester. In this process,
all four new stereocenters were formedwith complete
diastereoselectiVity, thus giving rise to the lepadiformine
framework. Experiments to form the tricyclic structure in

(9) (a) Biard, J. F.; Guyot, S.; Roussakis, C.; Verbist, J. F.; Vercauteren,
J.; Weber, J. F.; Boukef, K.Tetrahedron Lett.1994,35, 2691. (b) Werner,
K. M.; de los Santos, J. M.; Weinreb, S. M.J. Org. Chem.1999,64, 686.
(c) Pearson, W. H.; Ren, Y.J. Org. Chem.1999,64, 688. (d) Werner, K.
M.; de los Santos, J. M.; Weinreb, S. M.; Shang, M.J. Org. Chem. 1999,
64, 4865.

Scheme 2

Scheme 3

Scheme 4a

a Reagents and conditions: (a) PPh3, DEAD, THF, 78%; (b)
ClTi(OiPr)3, c-C5H9MgCl; then O2, 41%; (c) SnCl4, allylSiMe3,
CH2Cl2, -78 °C to room temperature, 17 h, 88% (d) HCO2H, room
temperature, 24 h; (e) NH3, MeOH, room temperature, 70% over
2 steps.

Table 2. Intermolecular Reactions with Tertiary and
ConjugatedN-Acyliminium Ions
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one step from22 by using formic acid and allyltrimethyl-
silane were not very successful: although the cyclized
product24 was found in the reaction mixture, the yield was
significantly lower than in the two-step sequence, probably
due to the instability of the diol22 in formic acid.

The stereochemistry of compound24 was assigned by
comparison with1H NMR spectra of19aand literature data10

for similar lactams. The axialR-proton with respect to the
nitrogen (19a, δ 2.52 ppm) was missing in the1H NMR
spectrum of24, whereas the equatorialR-proton was clearly
present (19a,δ 4.02 ppm, dd,J ) 13.4, 4.8 Hz;24, δ 4.16,
q, J ) 7.1 Hz). Thus, the lepadiformine skeleton was formed
in high overall yield in only five steps from succinimide.
Further elaboration of this route to the synthesis of the natural
product is currently under investigation.

In summary, we have demonstrated in a general sense the
utilitity of tertiary N-acyliminium ions as intermediates in
both inter- and intramolecular CC-bond-forming reactions.

Furthermore, we have shown that this methodology holds a
promising potential for natural product synthesis.
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