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Carbocyclic Amino Ketones by BredtÏs Rule-Arrested
Kulinkovich–de Meijere Reaction
Paul B. Finn, Brenden P. Derstine, and Scott McN. Sieburth*

Abstract: The TiII-mediated formation of cyclopropylamines
from alkenes and amides, the Kulinkovich–de Meijere reaction,
involves two carbon–carbon bond-forming steps. Strategic use
of a tricyclic intermediate can arrest the process if the second
step requires formation of a bridgehead double bond. Use of
this BredtÏs rule constraint results in the production of
carbocyclic amino ketones, key alkaloid building blocks.

BredtÏs rule, the observation that double bonds cannot
include bridgehead atoms, has been a cornerstone of organic
chemistry since its enumeration in 1924.[1,2] This rule is
routinely used to illustrate the concepts of orbital overlap and
to explain reactivity in polycyclic molecules, but it has rarely
been employed to steer reaction pathways outside of elimi-
nation and enolization chemistry.[3]

The extraordinary coupling of an alkene and an ester to
give cyclopropanols, mediated by low-valent titanium, has
been extensively studied since its discovery in 1989 by
Kulinkovich, and was extended to tertiary amides in 1996
by de Meijere to yield cyclopropylamines (Scheme 1).[4–6]

These powerful transformations have been pivotal in synthe-
ses of natural products and pharmaceutical agents.[7] Two
sequential carbon–carbon bond forming steps occur in this
reaction, and interception of the intermediate can allow the
reaction to take alternative pathways, including use of the
remaining carbon–titanium bond. The Cha group demon-
strated that the Kulinkovich reaction path could be inter-
rupted if an imide substrate was employed, e.g., 1 (Sche-
me 2A).[8] In this example, following the initial imide
carbonyl addition, delocalization of the amide nitrogen

electron density stabilizes intermediate 5, averting cyclo-
propane formation.

An alternative and unexplored strategy involves use of
a substrate that would create a bridged intermediate incapa-
ble of titanium alkoxide departure. We have found that the
readily prepared 6-allyl-2-piperidinone 3 will undergo trans-
annular cyclization under standard Kulinkovich conditions to
yield tricyclic 6 (Scheme 2B). Advancement of intermediate 6
to give the normal cyclopropane product would require
formation of a bridgehead double bond to nitrogen, but such
a nitrogen-assisted elimination of the titanium alkoxide would
violate BredtÏs rule. Thus confined, intermediate 6 gave, on
workup, the cis-4-amino-2-methyl cycloheptanone 4 in good
yield and as the only product. No trace of a corresponding
cyclopropylamine was detected. The ability to transform
amides to amino ketones has clear potential in synthesis.[9] We
describe here our initial investigation of this new approach to
producing these important building blocks.

Following the demonstration that ene-amide 3 would
undergo the initial carbon–carbon bond-formation of the
Kulinkovich–de Meijere reaction, despite the need for trans-
annular attack, we investigated three additional examples in
which the alkene was attached at the other positions around
the ring (Scheme 3). Each of these reactions would form
a tricyclic intermediate incorporating a five-membered carbo-
cycle through coupling of the internal alkene carbon and the
amide carbonyl. For 5- and 4-substituted piperidinones 8 and
12, two products were formed, the now expected amino
ketones 10 and 14, as well as unexpected aminocyclopropa-
nols 11 and 15. With the 3-(3-butenyl) substitution in 16,
cyclopropylamine 18 was isolated in good yield.
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Scheme 1. Kulinkovich (X =OEt) and Kulinkovich–de Meijere
(X =NMe2) reactions.[4]

Scheme 2. Interrupted Kulinkovich–de Meijere reactions. A) Cha’s
imide substrates.[8] B) This work. Reagents and conditions: a) ClTi(Oi-
Pr)3, c-C5H9MgBr, THF, rt, 44%; b) Ti(Oi-Pr)4, c-C5H9MgBr, THF, rt,
85%.
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These examples further illustrate the BredtÏs rule effect.
Substrate 16 leads to intermediate 17 that can readily
eliminate the titanium alkoxide and form an unstrained
iminium ion, leading to the normal Kulinkovich–de Meijere
product 18 in good yield and with a high degree of
stereocontrol.[10] In contrast, the bridged, polycyclic inter-
mediates 9 and 13 from 8 and 12, cannot eliminate the
alkoxide, yielding amino ketones 10 and 14 on workup. The
surprising formation of aminocyclopropanol products 11 and
15 are also consequences of BredtÏs rule. These are among the
first examples of aminocyclopropanols formed during a Kulin-
kovich–de Meijere reaction and the proportion of cyclopro-
panol products in Scheme 3 are some of the highest for the
substrates we have examined.[11] Departure of the anionic
amine group from 9 and 13 was unexpected but the
intermediate oxonium ions, leading to cyclopropanols 11
and 15, are relatively unstrained and therefore accessible. The
diminished yields for the reactions of 8 and 12 are likely
a consequence of the strain of the intermediates 9 and 13.

In his seminal review of BredtÏs rule, Fawcett defined the
term S as the sum of the bridging atoms of a bicyclic system,
x + y + z (Figure 1).[3] Using that analysis, he determined that
when the sum of the bridging atoms totalled less than nine,
providing that none of the bridges had a length of zero,
a bridgehead alkene would be too strained to form. For
bicyclic 19, the iminium ion potentially derived from inter-
mediate 13, the ring system is too small to accommodate the
double bond. In contrast, for iminium ion 20 derived from 17,

bridge y has a length of zero and the iminium ion is therefore
easily formed and leads to product 18.

To test the limits of this approach to interception of the
Kulinkovich–de Meijere intermediate we have probed alter-
native S values in homologues of 3 and 12 (Table 1 and
Table 2). For the w-allyl lactams, varying the lactam ring size
from five to nine, 21 a to 21e, changes the S value for the
intermediate 22 from five to nine (Table 1). With the

exception of the nine-membered lactam substrate 21 e, the
yields are uniformly good. For lactam ring sizes between five
and seven-membered, 21a–c with S = 5–7, only 23 and 24 are
produced, with the amino ketone 23 making up 66–100% of
the product mixture, without formation of cyclopropylamine
25. When the S value of 22 reaches 8 however, BredtÏs rule
can be violated and there is an abrupt changeover, with 21d
and 21e giving only aminocyclopropanes 25d and 25e as
products.

With an allyl group beta to the carbonyl, 26, cyclization
between the alkene and the amide carbonyl also forms a five-
membered ring (27, Table 2). This cyclization leads to a cyclo-
pentanone product 28 with a side chain carrying a secondary
amine. In the example of intermediate 27 a with S = 6, BredtÏs
rule prevents formation of a cyclopropylamine; only amino
ketone 28a and cyclopropanol 29 a are observed, with the
former comprising 50% of the mixture. With 26c and 26 d,
S = 8 and 9 respectively, the S value is compatible with
a bridgehead double bond and iminium ion formation and
cyclopropylamines 30 c and 30d were the only products
formed. For the intermediate case of 26b where S = 7, the
product mixture is difficult to purify and appears to be largely
cyclopropanol 29b. This may be a consequence of a strained
transition structure in these transannular reactions.

Two additional examples with S = 7 intermediates are
shown in Scheme 4. These BredtÏs rule-arrested transforma-
tions utilize the smaller lactams with longer alkenyl chains.
For piperidinone 31 carrying a 4-(1-butene) beta to the
carbonyl, cyclization was expected to lead to an azabicyclo-
[3.3.1]nonane framework. The result was formation of cyclo-
hexanone 33 and cyclopropanol 34, favouring the former.
Similarly, a pentenyl chain attached adjacent to the nitrogen

Scheme 3. Reaction of alkenes at other positions around the piperidi-
none. Reagents and conditions: a) Ti(Oi-Pr)4, c-C5H9MgBr, THF, rt,
(33% for 10, 40% for 14 +15, 73 % for 18).

Figure 1. S = x + y + z.

Table 1: Kulinkovich–de Meijere reaction with w-allyl lactams.

n S[b] Yield [%][c] Ratio 23:24:25[d]

a 0 5 65 5:1:0
b 1 6 85 1:0:0
c 2 7 60 2:1:0

d 3 8 73 0:0:1
e 4 9 34 0:0:1

[a] Reagents and conditions: Ti(Oi-Pr)4, c-C5H9MgBr, THF, rt. [b] Total
number of bridging atoms in 22.[3] [c] Isolated yields. [d] 21b, 23 b = 3, 4.
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of a 2-pyrrolidinone was expected to form an azobicyclo-
[4.2.1]nonane intermediate. This transformation yields only
the cyclooctanone 37, albeit in modest yield.

Complex structures are also compatible with these
reaction conditions and may benefit from the additional
structural rigidity (Scheme 5). Tetracyclic substrate 38,[12]

under standard conditions, yields the pentacyclic product 39
in near quantitative yield. In this case the product is stable as
the aminal, a structure confirmed by X-ray crystallography.
Treatment of this aminal with 2,5-dinitrobenzoyl chloride
gave the corresponding ketoamide 40 in quantitative yield,
also confirmed by an X-ray structure analysis (see Supporting
Information).

These amino ketone products can be elaborated using the
Mannich reaction. Microwave heating of aminocyclohexa-
none 23 a with paraformaldehyde resulted in a high yield of
Mannich products 41 and 42 (Scheme 6), despite the inher-
ently poor orbital overlap of a 5-endo-trig cyclization.[13,14]

Homologous ketone 23b under identical conditions yields
bicyclics 43 and 44, favouring quaternary 43.

The intermediate formed during the two-step Kulinko-
vich–de Meijere cyclopropanation can be prevented from
consummating the second step if the substrate leads to

a bicyclic structure incapable of the requisite elimination. This
BredtÏs rule constraint allows the reaction to convert alkene-
substituted lactams into amino-substituted carbocyclic
ketones under mild conditions and in some cases with
a high degree of stereocontrol. The examples here have
even greater potential in the form of the second and unused
carbon–titanium bond.
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Scheme 4. Changes in side chain length. Reagents and conditions:
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