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ABSTRACT

First syntheses of C6,7 and C7 enantiopure cocaine analogues were achieved from D-(�)-ribose via a trans-acetonide controlled endo-selective
intramolecular nitrone-alkene cycloaddition (INAC) as the key step. This synthetic scheme allows practical preparation of cocaine analogues for
bioevaluation as potential candidates for the treatment of cocaine addiction and as potential conjugates for immunotherapy.

Notorious tropane alkaloid (�)-cocaine (1)1 is a power-
ful stimulant of the central nervous system, and its neuro-
nal reinforcing properties are attributable to its inhibition
of dopamine reuptake.2 Cocaine abuse has been a pivotal
medical problem in theworld, and 1.6million current users
by age 12 are estimated in the U.S.3 Furthermore, cocaine
abuse has indirectly enhanced the spread of human im-
munodeficiency virus infection and drug-resistant tube-
rculcosis.4 Todate, an effectivemedication to treat patients
addicted to cocaine is still elusive and research effort on the
synthesis of cocaine analogues for bioevaluation must
continue. Tremendous studies have been made on C2
and C3 cocaine analogues, but C6 and C7 analogues are

relatively underexplored.5,6 This is because C2 and C3
analogues were readily derived from (�)-cocaine (1)
whereas access to C6 and C7 analogues must rely on total
synthesis. Existing C6 and C7 analogues were synthesized
as racemates by modifying the classical Willst€atter synth-
esis of cocaine.5a,b Resolution is required to produce
enantiopure analogues which hampers the development
of a pharmacotherapy. Recently, Davis et al. described
the asymmetric synthesis of cocaine C1-alkyl analogues
using essentially an asymmetric variant of the Tufariello
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synthesis of cocaine.5c Enantiospecific syntheses of C6 and
C7 cocaine analogues have not been addressed in the
literature, and herein, we report facile and efficient synth-
eses of (6S,7R)-6-chloro-7-benzyloxy-, (7S)-hydroxy-, (7S)-
chloro-, (7S)-methanesulfonyloxy-, and (7S)-iodo-cocaine
analogues from inexpensive D-(�)-ribose (2) via a trans-
acetonide controlled endo-selective intramolecular nitrone-
alkene cycloaddition (INAC) reaction7 as the key step. The
cocaine framework in these analogues was corroborated by
conversion into natural (�)-cocaine (1).8

Our retrosynthesis is based on the construction of a
seven-membered bridged carbocycle 3 via a key endo-
selective INAC reaction7 of nitrone 4, which is readily
prepared from D-(�)-ribose (2) (Scheme 1). Our previous
work7 has indicated that hept-6-enoses containing a 3,
4-trans-acetonide direct the INAC reactions to give endo
cycloadducts (cycloheptanes) exclusively. The stereochem-
istry of the ring junction is also controlled by the trans-
acetonide whereby the newly formed C�N bond is anti to
the C3 alkoxy group. Hence, nitrone 4 is expected to give
the bridged cycloheptane 3 and the methoxycarbonyl
group must be in the β-face as shown, a consequence of
the stereospecificity of the pericyclic reaction (E-alkene to
β-methoxycarbony group). The C1, C2, and C3 stereo-
centers in the cocaine analogues would therefore be estab-
lished in one synthetic operation, i.e. the INAC reaction.

The syntheses of cocaine analogues and (�)-cocaine (1)
are shown in Scheme 2. D-(�)-Ribose (2) was transformed
into alkene 5 in three steps involving aqueous indium
allylation,9 acetonation, and benzylation as reported
previously.10 Cross metathesis of 5 with methyl acrylate
catalyzed by a second generation Grubbs catalyst11 af-
forded R,β-unsaturated ester 6 in an excellent yield. The
large coupling constant (J = 15.7 Hz) of the two alkene
signals observed in the 1H NMR spectrum of 6 confirmed

its E-geometry. Regioselective acid hydrolysis of the term-
inal acetonide in 6 followed by glycol cleavage oxidation12

gave aldehyde 7, which condensated with MeNHOH to
generate nitrone 4. INAC reaction produced a mixture of
inseparable seven-membered endo-cycloadduct 3 and six-
membered exo-cycloadduct 8 in a ratio of 20:1, respectively
(1H NMR spectral analysis). It is noteworthy that an R,
β-unsaturated ester as the dipolarophile did not induce the
formation of an endo-cycloadduct anticipated from an
electronic effect,13 thereby confirming the steric control
of the endo-mode of cycloaddition is attributable to the
trans-acetonide group. This mixture of inseparable cy-
cloadducts 3 and 8 was then subjected to TFA hydrolysis
to yield a mixture of diols 9 and 10, respectively, separable
on column chromatography. The structures of 9 and 10
were confirmed by X-ray crystallography.14

With the diol 9 in hand, it was regioselectively esterified
with Tf2O and the monotriflate ester formed was then
treatedwithbasicMeOHto give epoxide 11. Raney-Nickel

Scheme 1. Retrosynthesis of Cocaine Analogues

Scheme 2. Syntheses of Cocaine Analogues 13, 14, 15, and (�)-
Cocaine (1)
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mediated hydrogenolysis of 11 yielded azetidine-diol 12.
The N�O bond of 11 was first cleaved to give the corre-
sponding amine, which opened the epoxy ring at C6 to
afford bicyclo[4.1.1] diol 12.15 The formation of a bicyclo-
[4.1.1] skeleton instead of the tropane structure (by attack-
ing C5) might be rationalized by Baldwin’s rule,16 in which
the 4-Exo-Tet cyclization (leading to a bicyclo[4.1.1]
skeleton) is more favored than the 5-Endo-Tet cyclization
(leading to a tropane skeleton). This azetidine-diol 12 was
then transformed into (6S,7R)-6-chloro-7-benzyloxy co-
caine (13) by a one-pot reaction of benzoylation and
mesylation in excellent overall yield. The C3-OH of 12
was first benzoylated, and the remaining free C5-OH in 16
was thenmesylated (Scheme 3). As the aza-bridge is anti to
the C5-OMs group, neighboring-group participation
would assist the mesylate ion in 17 to dissociate easily,
giving ammonium ion 18.17 Then the nucleophilic chloride
ion attacked the C6R position of 18 to furnish (6S)-
chloride 13. The release of ring strain from the bicyclo-
[4.1.1] skeleton to the tropane ring is probably the driving
force for the attack at C6 instead of C5.

The presence of a chlorine atom in 13was confirmed by
mass spectrometry. The tropane skeleton in 13 was as-
signed by 1H�1H connectivities from the 2DCOSYNMR
spectrum and the strongNOE correlation betweenH6 and
H7 supported the S-stereochemistry of the chloride at C6.

Thus, (6S,7R)-6-chloro-7-benzyloxy cocaine was obtained
for the first time in 12 steps with 26% overall yield from
D-(�)-ribose (2). Hydrogenolysis of 13 in the presence of
Raney-Nickel provided the first synthesis of another co-
caine analogue, (7S)-hydroxy cocaine (14) (13 steps, 19%
from 2). This alcohol 14 is the 7-epimer of the known (7R)-
hydroxy cocaine.5b,18 The 1H NMR spectrum of (7R)-
hydroxy cocaine (obtained from Prof. K. D. Janda) was
found to be very similar to that of 14, except for their H7
splitting pattern (dd in (7R)-hydroxy-cocaine and ddd in
our 14), which is in good agreement with the observations
on its structurally related compounds in the literature.5a

The third (�)-cocaine analogue, (7S)-chloro-cocaine (15)
(14 steps, 17% from 2), was synthesizedby reacting 14with
MsCl at 70 �C ina sealed tube. Themesylate 19 formedwas
displaced readily by a chloride ion at an elevated tempera-
ture to give 15 (Scheme 4). The presence of a chlorine atom
in 15was again confirmedbymass spectrometry. From the
1HNMRspectrumof 15, theS-stereochemistry of Cl7was
assigned by comparing its coupling constant (J1,7=6.4Hz)
with that in structurally related compounds.5a,b The reten-
tion of configuration upon the displacement reaction of
(7S)-mesylate 19 by a chloride ion might be rationalized
by the proposed mechanism shown in Scheme 4. The
neighboring-group participation of the aza-bridge encour-
aged the dissociation of the mesylate in 19 to form ammo-
nium ion 20 and the chloride ion then attacked from the
C7R-face of 20, furnishing (7S)-chloro-cocaine (15).

The cocaine framework in these analogues was corro-
borated by the transformation of chloride 15 into natural
(�)-cocaine (1) via Raney-Nickel mediated hydrogenoly-
sis. The physical and spectral data of synthetic (�)-cocaine
(1) were in full accordance with those reported in the
literature.8a Thus natural (�)-cocaine (1) was also synthe-
sized in 15 steps from D-(�)-ribose (2) with 13% overall
yield. The overall yield of this synthetic scheme was found
to be higher than the recently reported (þ)-cocaine synth-
esis (9% overall yield from methyl 4-nitrobutanoate) by
Davis et al.5c,19 The lower cost of our starting material

Scheme 3. Proposed Mechanism from 12 to 13

Scheme 4. Proposed Mechanism from 14 to 15
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ensures that our avenue is more economical and our

synthetic route has great potential for synthesis of other

(�)-cocaine analogues.

For example, when alcohol 14 was mesylated at room

temperature, (7S)-methanesulfonyloxy cocaine (19) in-

stead of chloride 15was isolated (Scheme 5). Thismesylate

19 readily undergoes displacement reactions with nucleo-

philes. When 19 reacted with the iodide anion, (7S)-iodo-

cocaine (21) was formed. The retention of configuration of

the iodide in 21 was also rationalized by neighboring-

group participation as described previously. This iodide

21 is believed to be reactive toward radical reactions hence
forming even more (�)-cocaine analogues.
To conclude, we have provided a facile, practical, and

highyielding access to five (�)-cocaine analogues, (6S,7R)-
6-chloro-7-benzyloxy-, (7S)-hydroxy-, (7S)-chloro-, (7S)-
methanesulfonyloxy-, and (7S)-iodo-cocaine, in 12�15
steps with 14�26% overall yields from inexpensive D-ri-
bose. Halo-analogues 13, 15, and 21 are also valuable
synthetic intermediates which can be elaborated via ionic
or radical reactions into a wide variety of cocaine analo-
gues. Research in this direction is in progress.
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Scheme 5. Synthesis of (�)-Cocaine Analogues 19 and 21
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