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Abstract—The first synthesis of optically active 7-methoxy-DD-tryptophan as well as other ring-A substituted tryptophans is
described.
� 2004 Elsevier Ltd. All rights reserved.
Indoleamine 2,3-dioxygenase (IDO) is a monomeric
cytosolic enzyme that is distributed in many human tis-
sues including the lens, brain, lung, kidney, spleen, and
in macrophages.1 It is a heme-containing enzyme that
uses superoxide or oxygen to cleave the 2,3-double bond
of the pyrrole ring of LL-tryptophan to yield N-formyl-
kynurenine. This is the first and rate-determining step
of the kynurenine pathway (KP), which is the major
metabolic path for the breakdown of tryptophan
(catabolism).2–4 N-Formylkynurenine is then readily
hydrolyzed to kynurenine, and subsequently converted
to a range of metabolites including quinolinic acid.
Many diseases including HIV- and AIDS-associated
dementia and wasting as well as acute/chronic immuno-
logical and inflammatory diseases have been found to be
associated with the elevation of IDO activity5 and qui-
nolinic acid. More recently, investigations by Kerr
et al. have shown6 that quinolinic acid (QA) production
was inhibited in a concentration dependant manner by
6-chloro-DD-tryptophan in HIV-1 infected macrophages.
In addition, Mellor et al. have demonstrated that Na-
methyl-DD-tryptophan may have clinical potential for
protection of the mammalian fetus from maternal T-cell
attack and this mechanism might have wider implica-
tions for the control of T-cell responses.7–10 This IDO
inhibitor, first prepared in this laboratory,11,12 has been
employed to study the �pregnancy paradox� by Mellor
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et al.7–10 and suggests IDO/tryptophan catabolism plays
an important role in this process. For these reasons,
synthesis of optically active tryptophan derivatives is
necessary in the search for more potent inhibitors of
IDO.11–13 Syntheses of some tryptophan analogs have
been previously reported.14–17 We wish to report the
preparation of 6-chloro-LL-tryptophan 28, 5,6-dichloro-
LL-tryptophan 29, 5-nitro-DD-tryptophan 36, 6-nitro-DD-
tryptophan 37, and 6-aza-DD-tryptophan 45 as well as
the first synthesis of 7-methoxy-DD-tryptophan 41 via
the Schöllkopf chiral auxiliary.

The approach to the synthesis of these tryptophans
began with the preparation of the propargyl substituted
bislactim ethyl ether on 400g scale. Schöllkopf had ear-
lier discovered a method to prepare a variety of amino
acids based on the metallation and subsequent alkyl-
ation of bislactim ethers (Schöllkopf chiral auxiliary).18

The popular Schöllkopf chiral auxiliary, bislactim ether
4 derived from DD-valine and glycine, was readily availa-
ble (Scheme 1) on large scale.17 The TES protected
propargyl alcohol 5 required for preparation of the
alkylating agent can be obtained in 90% yield in one step
by treating triethylsilyl acetylene 7 with n-BuLi, fol-
lowed by the addition of paraformaldehyde19 instead
of the previous three step route17 from propargyl alco-
hol. Activation of the hydroxyl group by the diphenyl
chlorophosphate moiety was realized in greater than
90% yield. The diphenyl phosphate that resulted was
then stirred with the anion of the Schöllkopf chiral aux-
iliary 4 (derived from DD-valine) at �78 �C to provide the
alkyne 6a in 90% yield with 100% diastereoselectivity.
The DD-isomer 6b would originate from LL-valine in the
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same fashion, as that illustrated in Scheme 1, to provide
alkyne 6b also in 90% yield.

Commercially available 2-nitro-4-chloroaniline 8 was
diazotized under standard conditions,20 followed by
treatment of the diazonium ion that resulted with KI
to give iodo derivative 9 in 94% yield. Reduction of
the nitro group was effected with acetic acid and iron
powder in refluxing ethanol to furnish the desired ortho
iodoaniline 10 in 90% yield.

With both the TES-substituted alkyne 6a and the iodo-
aniline 10 in hand, the Larock heteroannulation was
carried out in the presence of 5% Pd(OAc)2 to afford
the desired indole 23 in 68% yield (Scheme 3), accompa-
nied by 10% of the 2,3-regioisomer. This byproduct may
have originated from a Heck-type coupling process.
Treatment of the indole derivative 23 with 6N aqueous
HCl in THF effected both hydrolysis of the Schöllkopf
chiral auxiliary and removal of the indole-2-silyl group
to provide the optically active 6-chloro-LL-tryptophan
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ethyl ester 26. Hydrolysis of the ester 26 at 50 �C with
1N aq NaOH in ethanol provided 6-chloro-LL-trypto-
phan 28 in 72% yield.

For the synthesis of 5-nitro-DD-tryptophan 36 and 5,6-di-
chloro-LL-tryptophan 29, respectively, the required 2-
iodo-4-nitroaniline 12 and 2-iodo-4,5-dichloroaniline
16 were synthesized via standard conditions from com-
mercially available 4-nitroaniline 11 and 4,5-dichloroani-
line 15, respectively (Scheme 2). These conditions were
similar to those employed to provide 5-nitro-substituted
indole 36. The triethylsilyl group was later removed by
treatment with tetrabutylammonium fluoride. Acid-
mediated hydrolysis of the desilylated intermediate 32,
followed by saponification of the ester moiety, provided
5-nitro-DD-tryptophan 36 and 5,6-dichloro-LL-tryptophan
29 (Scheme 3) in good yield.

In the same manner employed to provide 5-nitro-DD-try-
ptophan 36, 6-nitro-DD-tryptophan 37 was synthesized in
good yield. The chemistry required for the synthesis of
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the enantiomers (5-nitro-LL-tryptophan and of 5,6-di-
chloro-DD-tryptophan) have been previously reported.17

The 7-methoxy-DD-tryptophan ethyl ester21 41 was pre-
pared (Scheme 3) via the Larock heteroannulation22

process from 2-iodo-6-methoxy-aniline23 38 and the
propargyl-substituted Schöllkopf chiral auxiliary 6b17

in the presence of Pd(OAc)2, K2CO3, LiCl in DMF at
100 �C (75% yield). This material was accompanied by
5% of a byproduct, which could be removed by chroma-
tography. The annulation could be carried out both on
small scale (100mg) and large scale (100g) in compar-
able yields. Hydrolysis of the Schöllkopf chiral auxiliary
accompanied by concomitant loss of the indole-2-silyl
group with 2N aqueous HCl in THF provided optically
active 7-methoxy-DD-tryptophan ethyl ester 40 in a single
step in 92% yield. Finally, the ethyl ester 40 was hydro-
lyzed to the carboxylic acid 41 with 1N aq NaOH in eth-
anol, as illustrated in Scheme 3.

For the preparation of 6-aza-LL-tryptophan, the 3-amino-
4-iodopyridine 22 (see Scheme 1) was prepared from
commercially available 2-amino-pyridine 17. This amine
was stirred with pivaloyl chloride in methylene chloride/
triethylamine to give pivaloylpyridine 19 in 80% yield.25

This aminopyridine, protected as a pivaloylamide 19,
was then subjected to ortho-directed lithiation by addi-
tion of an excess of butyllithium/TMEDA to give the
lithio derivative 20 (Et2O, �10 �C),26 which was then
stirred with iodine at �75 �C to furnish the correspond-
ing o-iodo-(pivaloylamino) pyridine 21. This amide 21
was hydrolyzed in aqueous sulfuric acid (24%) to give
3-amino-4-iodopyridine 22 in 85% yield.24,27 The 6-
aza-LL-tryptophan ethyl ester 44 was prepared via the
Larock heteroannulation process from 3-amino-4-iodo-
pyridine 22 and the propargyl substituted Schöllkopf
chiral auxiliary 6b in the presence of Pd(OAc)2,
Na2CO3, LiCl in DMF at 100 �C (42% isolated yield).
Again, a small amount (15%) of the 2,3-regioisomer
was obtained. Removal of the TES group from the in-
dole 2-position was achieved by reaction with TBAF
in THF to furnish indole 43 in 91% yield. Hydrolysis
of the Schöllkopf chiral auxiliary with 2N aqueous
HCl in THF provided optically active 6-aza-DD-trypto-
phan ethyl ester 44 in 76% yield. Finally, the ethyl ester
44 was hydrolyzed to the corresponding carboxylic acid
45 with 1 N aq NaOH in ethanol in 50% yield (see
Scheme 4).

In summary, the efficient stereoselective synthesis of
optically active 6-chloro-LL-tryptophan, 5-nitro-DD-trypto-
phan, 6-nitro-DD-tryptophan, 5,6-dichloro-LL-tryptophan,
6-aza-DD-tryptophan as well as the first synthesis of opti-
cally active 7-methoxy-DD-tryptophan with potential
activity at IDO has been completed.28 These syntheses
render these tryptophans (DD- or LL-isomers) available in
optically active form for the study of biological proc-
esses (IDO, TDO, etc.).
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