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ABSTRACT

There are only a few methods for the asymmetric ring expansion of prochiral ketones. Symmetrically substituted cyclohexanones can be
converted to the corresponding ring-expanded caprolactam with excellent 1,7-diastereoselectivity (g93% ds) and yields (g86%), using a
chiral hydroxy azide-mediated Schmidt reaction.

Synthetically important ring-expansion reactions include
those that add the elements of carbon, oxygen, or nitrogen
to an existing carbocyclic unit. To date, only a few such
reactions have addressed the issues of asymmetric induction
or remote regiochemical control. Most of this work has
concentrated on biochemically mediated Baeyer-Villiger
reactions,1 although some progress has been recorded on
nonbiological ring expansions leading to lactams,2 lactones,3

and carbocycles.4 Our own interest in nitrogen-insertion
reactions has largely dealt with enabling modes of stereo-
selectivity unavailable to traditional routes such as the
Beckman or Schmidt reactions.5 This work, which resulted
in the first nonresolving method for the group-selective
conversion of ketones to chiral lactams, used a three-pot
protocol that featured the stereoselective photochemical
rearrangement of oxaziridines as first described by Lattes et
al.6 Overall, the selectivities obtained in this scheme topped
out at ca. 7:1 (88% diastereoselectivity (ds)), although
enantiomerically pure lactams could be obtained by separat-
ing the diastereomerically pure N-substituted lactams prior
to removing the chiral group on nitrogen.
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More recently, this laboratory has been exploring the
utilization of 1,2- and 1,3-hydroxy azides as nitrogen ring-
expansion reagents.7 This technique allows for the high-yield
synthesis of N-substituted lactams from ketones in a one-
pot, two-reaction protocol. The key reaction is enabled by
the initial formation of a hemiketal, dehydration to an
oxonium ion, intramolecular attack by the now-attached azido
group, and rearrangement along with the loss of nitrogen
(Scheme 1). Notably, the intermolecular reaction of simple

(non-hydroxy) azides fails under the same conditions.8 A
hydrolytic workup then releases a lactam identical to that
which would have resulted from direct reaction of the azide
portion of the molecule. This procedure is described as “in
situ tethering” because the carbon-oxygen linkage is formed
and released without additional synthetic operations.

The use of chiral hydroxy azides would permit the
extension of this chemistry to the synthesis of chiral lactams
in enantiomerically pure form. A few such examples were
noted in the original disclosure; thus, 2-phenyl-2-azidoethanol
combined with 4-tert-butylcyclohexanone to afford lactam
having ds) ca. 88%.7 Still more promising results (90%
yield, 97.5% ds) were obtained when a single example of a
chiral 1,3-azido alcohol was used with the same substrate,
but the particular reagent used ((2S,4R)-2-azido-4-hydroxy-
pentane) was expensive to prepare. We now wish to present
a 1,3-hydroxy azide that is trivially obtained from a com-
mercially available chiral starting material, gives superior
reactions over the previously published examples (with
respect to rate, yield, and selectivity), and leads to a
remarkable level of 1,7-diastereomeric control in lactam
formation.

As shown in Scheme 2, (R)-3-chloro-1-phenylpropanol
reacts with sodium azide to provide azide1 in excellent yield
andg99% ee (HPLC; Chiracel OD-H). BF3‚OEt2 was added
to a mixture of1 and 4-methylcyclohexanone in CH2Cl2 at

-82 °C, and the reaction allowed to warm to room
temperature. Hydrolysis of the resulting iminium ether with
KOH afforded a mixture of lactams3a/4ain 98% yield and
93% ds (HPLC). In contrast, the corresponding reaction of
4-methylcyclohexanone with 2-phenyl-2-azidoethanol in ca.
20:1 cyclohexanone/CH2Cl2 proceeded only in 74% ds (81%
yield) and required temperatures of about-5 °C for
satisfactory conversions (reaction not shown).9 A survey of
reactions of1 with a variety of substituted ketones shows
that excellent selectivity is preserved for substituted cyclo-
hexanones but that there is room for improvement with four-

(7) (a) Gracias, V.; Milligan, G. L.; Aube´, J. J. Am. Chem. Soc.1995,
117, 8047-8048. (b) Gracias, V.; Milligan, G. L.; Aube´, J.J. Org. Chem.
1996,61, 10-11. (c) Gracias, V.; Frank, K. E.; Milligan, G. L.; Aube´, J.
Tetrahedron1997, 53, 16241-16252. (d) For an application of this
methodology to an attempted alkaloid synthesis, see: Vidari, G.; Tripolini,
M.; Novella, P.; Allegraucci, P.; Garlaschelli, L.Tetrahedron: Asymmetry
1997,8, 2893-2903.
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(400 MHz, CDCl3) δ 0.99 (d,J ) 6.6, 3H), 1.12-1.31 (m, 3H), 1.62-
1.75 (m, 1H), 1.76-1.98 (m, 4H), 2.42-2.61 (m, 2H), 3.12 (dt,J ) 14.2,
4.4 Hz, 1H), 3.24 (dd,J ) 6.5, 15.2 Hz, 1H), 3.51 (dd,J ) 10.9, 15.2 Hz,
1H), 4.09-4.19 (m, 1H), 4.62 (m, 1H), 7.21-7.28 (m, 1H), 7.31-7.39 (m,

4H); 13C NMR (100.6 MHz, CDCl3) δ 22.6, 31.4, 35.7, 36.1, 37.2, 37.7,
45.7, 49.3, 69.8, 125.5, 127.0, 128.3, 144.1, 177.1; MS (EI)m/e262 (M+

+ 1), 244(100); HRMSm/ecalcd for C16H24NO2 (M+ + 1) 262.1807, found
(M+ + 1) 262.1798. Minor diastereomer (4a): 1H NMR (400 MHz, CDCl3)
δ 0.97 (d,J ) 6.5 Hz, 3H), 1.18-1.30 (m, 2H), 1.65-1.95 (m, 5H), 2.50-
2.56 (m, 2H), 3.01 (m, 1H), 3.32 (dd,J ) 15.1, 5.9 Hz, 1H), 3.47 (J )
15.1, 11.0 Hz, 1H), 4.10-4.25 (m, 1H), 4.53 (br d,J ) 10.4 Hz, 1H),
4.75-4.85 (m, 1H), 7.21-7.29 (m, 1H), 7.29-7.39 (m, 4H);13C NMR
(100.6 MHz, CDCl3) δ 22.6, 31.3, 35.7, 35.8, 36.3, 37.5, 44.9, 48.4, 69.6,
125.7, 127.0, 128.2, 144.1, 177.2; MS (EI)m/e262 (M+ + 1), 244; HRMS
m/ecalcd for C16H24NO2 (M+ + 1) 262.1807, found (M+ + 1) 262.1797.
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or five-membered rings (Table 1). In most cases, an
enantioselective lactam synthesis is effected by this process.
However, the conversion of (R)-3-methylcyclohexanone to
the corresponding 4-methylcaprolactam (Table, entry 5) is
a relatively rare example ofoVerall regiochemicalcontrol
as effected by anlocally enantioselectiVeprocess.6,10

The structures of the major isomers obtained from the
reactions in entries 1, 3, and 5 were proven by removal of
the nitrogen substituent by PCC oxidation,â-elimination with
NaH (ca. 62% overall yield), and comparison of specific
rotations with known lactams6 (Scheme 3). In addition, the
structure of compound3c was directly determined by X-ray
crystallographic analysis (see Supporting Information). This
precaution was required to ensure that the hydrolysis of the
iminium ether intermediate did not effect inversion at the
benzylic stereocenter. The other products resulting from
cyclohexanone-derived ketones were assigned by analogy.
From this information, we propose that the observed stereo-
chemistry results from the following sequence of events
(Scheme 3).11 (1) The temporarily tethered alkyl azide group

approaches the substituted cyclohexane ring from an equato-
rial direction (presuming that the 4-substituent is also
equatorially aligned). (2) The phenyl group of the hydroxy
azide chain also adopts a pseudoequatorial position. (3) The
reaction proceeds by Cf N migration occurring antiperipla-
nar to a pseudoaxial N2+ leaving group to afford the iminium
ether shown. Antiperiplanar migration has long been pre-
sumed to be a feature of such bond migrations12 and has
recently been experimentally supported in the Baeyer-
Villiger reaction as well.13 (4) Hydroxide ion attack at
positiona (Scheme 3) leads to the observed product3c. At
this point, events 2-4 are either on firm theoretical ground
or have been experimentally verified, whereas the equatorial
attack of the azide upon the oxonium ion (event 1 above) is
proposed on the basis of the observed stereochemical course
of the reaction. Further experiments to support this mecha-
nism are currently planned.

There are several noteworthy features of this protocol. The
enhanced selectivity related to previously reported versions
of this reaction are undoubtedly due to the greater reactivity
of this alkyl azide due to a combination of its 1,3-relationship
to the hydroxyl group and the fact that the azido group itself
is primary and not secondary. The overall course of the
reaction allows the control of two stereogenic centers having
a 1,7 relationship to one another; this is made possible by
the intermediacy of the spiro species depicted in Scheme 3.
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Table 1. Reactions of (R)-3-Azido-1-phenylpropanol (1) with
Ketones

Scheme 3
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