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Abstract: The asymmetric synthesis of 1,3-lactol-bridged tetrahy-
droisoquinoline 5 is developed. Subsequent cyclization of 5 under
acidic conditions leads to the formation of a tricyclic enamide 22,
which is in turn converted to a tetracyclic compound 23.

Key words: amino acid, lemonomycin, tetrahydroisoquinoline,
Mannich rection, intramolecular Pictet–Spengler reaction

The tetrahydroisoquinoline alkaloids represented by sa-
framycins, ecteinascidins, quinocarcins, tetrazomine and
lemonomycin have attracted multidisciplinary interests
because of their architectural complexity and potent bio-
activities (Figure 1).1 Lemonomycin (1)2 was isolated for
the first time from the fermentation broth of Streptomyces
(LL-AP191) in 1964, but its structure was elucidated only
in 2000 by He and co-workers at Wyeth–Ayerst.3

Lemonomycin displays interesting antibiotic activities
against methicillin-resistant S. aureus and vancomycin-
resistant Enterococcus faecium (VRE). It is also cytotoxic
against a human colon tumor cell line (HCT-116). The
broad spectra of antibiotic activities in conjunction with
its molecular complexity have made lemonomycin (1) an
attractive synthetic target. Indeed, Stoltz and co-workers
reported the first total synthesis of 1 in 2003,4 whereas
Fukuyama5 and Magnus6 reported syntheses of advanced
intermediates of 1 in 2005.

Figure 1 Structure of lemonomycin (1) and ecteinascidin 743 (2)

We have been interested in the total synthesis of this class
of natural products and have recently accomplished a total
synthesis of ecteinascidin 743 (2).7,8 Our planned syn-
thesis of lemonomycin (1) featuring a key intramolecular

Mannich reaction of 4 is shown in Scheme 1. The 1,3-lac-
tol-bridged tetrahydroisoquinoline 5, derived from the
corresponding lactone, was thought to be a suitable pre-
cursor of 4. Compound 5 could in turn be elaborated from
tetrahydroisoquinoline 6 and L-5,5¢-dimethyl-N-Cbz-4-
carboxy-glutamate (7).9 We report herein a successful
synthesis of lactol 5 and results of the subsequent cycliza-
tion studies.

Scheme 1 Retrosynthetic analysis of lemonomycin (1)

Synthesis of L-(2,4-dimethoxy-3-methyl-5-tert-butyldi-
methylsiloxy)phenylalanine tert-butyl ester (12) is de-
tailed in Scheme 2. Substituted benzyl bromide 9 was
synthesized from 2,6-dimethoxytoluene (8) following
literature procedure.10 Enantioselective alkylation of N-
(diphenylmethylene) glycine tert-butyl ester 10 by 9 in the
presence of a catalytic amount of O-(9)-allyl-N-(9¢-an-
thracenylmethyl)cinchonidium bromide (11, 0.1 equiv)
afforded, after chemoselective hydrolysis of the imine
function (THF–H2O–AcOH), the amino ester 12 in 85%
overall yield.11,12 The S-configuration of aminoester 12
was assigned, taking for granted the Corey–Lygo empiri-
cal model. To confirm this assignment, both (S)-and (R)-
O-methylmandelic acid derivatives 13 and 14 were syn-
thesized (Scheme 2). The calculated chemical shift differ-
ences (DdArCH2(13–14)) = –0.05 ppm; DdCO2t-Bu(13–14)) = 0.10
ppm) are in accord with the S-configuration of the amino
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ester 12.13 In addition, analysis of 1H NMR spectra of
compounds 13 and 14 indicated that the de of 13 and 14,
and hence the ee of their precursor 12, is higher than 90%.

The synthesis of amino lactol 5, a precursor of aminal 4,
is shown in Scheme 3. N-Protection (CbzOSu, NaHCO3)
followed by unmasking of tert-butyl ester of 12 under
mild acidic conditions (TFA, Et3SiH) afforded the acid
15, which was coupled with 2,2-dimethoxy ethanol 16
(EDCI, DMAP) to furnish ester 17 in 83% overall yield
from 12. Chemoselective hydrolysis of the acetal function
of 17 (BF3·OEt2, CH2Cl2–H2O) afforded the correspond-
ing aldehyde. Without purification, crude aldehyde was
submitted to the optimized conditions for intramolecular
Pictet–Spengler reaction (10 equiv of BF3·OEt2, 4 Å MS,
CH2Cl2) to afford, after removal of the N-Cbz function
(H2, Pd/C, EtOAc), the desired tetrahydroisoquinoline 6a
in 90% overall yield. While acetal-deprotection and cy-
clization sequence can be performed in a one-pot fashion,
we found that the overall yield is superior when the two
steps were carried out separately. The presence of the
bridged lactone unit guaranteed the required 1,3-cis stere-
ochemistry.14 The TBDMS ether 6a was converted to the
benzyl ether 6b in 87% yield following a standard depro-
tection (TBAF, THF, 0 °C) and benzylation sequence
(NaH, BnBr, DMF). Coupling of 6a with L-5,5¢-dimethyl-
N-Cbz-4-carboxy-glutamate (7, HATU,15 i-Pr2NEt, DMF,
0 °C) afforded the amide 18a in 75–85% yield. Chemose-
lective reduction of lactone 18a with diisobutylaluminium
hydride (DIBAL-H) afforded the corresponding lactol 5a
in 80% yield. Alternatively, the same reduction can be
realized with lithium diethoxyaluminium hydride
[LiAlH2(OEt)2, prepared in situ from lithium aluminium
hydride and EtOAc] in diethyl ether at –78 °C to provide
5a in 85–95% yield.16 Lactol 5b was synthesized from 6b
following the same synthetic sequence.

With lactol 5 in hands, the key intramolecular Mannich re-
action for the formation of bridged bicyclic ring system
was next investigated (Scheme 4). Following literature
precedents dealing with the intramolecular amidoalkyl-
ation of malonate,17 a set of conditions varying the pro-
moters [TiCl4·Et3N, TiCl4·pyridine, TiCl4, SnCl4, AlCl3,
Yb(OTf)3, TFA, CF3SO3H], the solvents (CH2Cl2,
MeCN), and the temperature (–78 °C, 0 °C, r.t., heating)
were examined. Whereas most of these conditions led to
the degradation of the starting material, reaction of 5a
mediated by BF3·OEt2 in CH2Cl2 provided enamide 22a in
42% yield. The formation of compounds 22a could be
rationalized as follows. Conversion of lactol 5a to aminal
4a followed by dehydration under Lewis acidic conditions
would produce the acyliminium intermediate 19a. The
intramolecular nucleophilic addition of malonate onto this
electrophilic species would produce the expected product
20. However, this desired reaction did not take place most
probably for unfavorable steric interaction since the eno-
late of malonate had to attack the iminium from the same
face as that occupied by the adjacent C–C bond.18 There-
fore, an alternative iminium–enamine tautomerization
would take place to produce enamide 21a that was further
isomerized to afford the conjugated olefin 22a.19

Scheme 2 Reagents and conditions: a) 10, 11 (10%), CsOH·H2O,
CH2Cl2, –78 °C; b) THF–H2O–AcOH, (1:1:1), 85%.

Br

OMe

MeO

OTBDMS

NH2

OMe

MeO

OTBDMS

CO2t-Bu

CO2t-BuNPh

Ph

N

O

N

Br

a, b

OMe

MeO

8 9
10

1112

O

N
H

OMe

H
H

CO2t-Bu O

N
H

OMe

H

H
CO2t-Bu

14

OMe

OMeOMe

OMe

TBDMSO TBDMSO

13

Scheme 3 Reagents and conditions: a) CbzOSu, dioxane–NaHCO3

sat. H2O; b) TFA, Et3SiH, CH2Cl2; c) EDCI, DMAP, 16, CH2Cl2, 83%
for three steps; d) BF3·OEt2, H2O, CH2Cl2, 0 °C; e) BF3·OEt2, 4 Å mo-
lecular sieves, CH2Cl2, 0 °C then r.t.; f) H2, Pd/C, EtOAc, 90% for
three steps; g) TBAF, THF, 0 °C, then BnBr, K2CO3, DMF, 87%; h)
7, HATU, i-Pr2NEt, DMF, 0 °C; i) LiAlH2(OEt)2, Et2O, –78 °C, 85%.
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Compound 22b was obtained under identical conditions
from 5b in 40% yield.

Taking advantage of the ready availability of 22b, a tetra-
cyclic compound 23 is synthesized as shown in Scheme 5.
Krapcho decarbomethoxylation of 22b (LiCl in DMSO–
H2O, 160 °C) afforded monoester 24. Reduction of both
ester and amide function with lithium ethoxyaluminium
hydride [LiAlH3(OEt)] in diethyl ether at 0 °C provided
the aminal 25 in 44% yield. Simultaneous removal of N-
Cbz and O-Bn functions under hydrogenolysis conditions
(H2, Pd/C, MeOH) furnished the secondary amine, which,
upon purification (flash chromatograpy, SiO2), was air-
oxidized to provide the conjugated imine 23 in 36% yield.
The structure of 23 was fully determined by detailed spec-
troscopic studies.20 The observation of Ca–Hb correlation
in the HMBC spectrum indicated that a six-membered
rather than a five-membered aminal (oxazolidine) was
produced, while the coupling constant JHa–Hc = 2.0 Hz)
was indicative of the cis-orientation of protons Ha and Hc.
The preferred 6-exo- over 5-endo-addition of alcohol may
explain the preferred formation of observed compound
23.21

Compound 23 was inactive against three cancer cell lines
(KB, MCF7, MCF7R) tested.

In summary, we have developed an efficient synthesis of
highly functionalized 1,3-lactol-bridged tetrahydroiso-
quinoline 5 and its subsequent transformation to the tetra-
cyclic compound 23. We are pursuing the total synthesis
of lemonomycin by combining 6 with other type of suit-
ably functionalized amino acid building blocks.
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