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The azaindole moiety, a bioiosostere of the indole nucleus,
possesses remarkable physicochemical and pharmacological
properties and has attracted considerable interest from the
chemistry community.1 Azaindole alters the electronic prop-
erties of the π-system, making such heteroaromatic rings
less reactive than indoles toward electrophilic reagents. Con-
sequently, direct functionalization at the C3 position of an
azaindole with electrophiles is not as straightforward as for
indoles.2 Although Robison et al.3 described the synthesis
of racemic 7-azatryptophan via 3-(N-dimethyl-amino-
methyl)-7-azagramine in 1955, only a few other general syn-
thetic procedures for azatryptophans have been reported.2,4

Recently, 7-azatryptophans have been reported to have
potential asprobes ofprotein structure anddynamics, especially
for investigating protein–protein interactions,5 in which one of
the proteins involved may contain several tryptophan residues.
The fluorescence emission spectra of 7-azatryptophan are sig-
nificantly red-shifted from those of tryptophan due to the inter-
action of the 1-nitrogen of 7-azaindole with the solvent.6

The asymmetric preparation of 7-azatryptophan has been
reported only from racemic 7-azatryptophan with chemical
and chemoenzymatic methods. The first enantioselective res-
olution of (R)-7-aztryptophan was published in 1992 by Fallis
et al. via alkylation of the (1R, 4R)-camphor imine of tert-
butylglycinates.7 The diastereoisomeric excess (de) was
>98%, but the alkylation yield was very low. The other one
was chemoenzymatic resolution of the two enantiomers with
Aspergillus genus acylase, reported by Rolland-Fulcrand.8

Schöllkopf et al. demonstrated a particularly useful enantio-
selective amino acid synthetic method using L-valine as a chi-
ral agent.9 The Schöllkopf chiral auxiliary can be prepared
readily from D- or L-valine and glycine on a large scale and
is now available commercially in both enantiomeric forms.10

Cook et al. reported an excellent diastereoselective, propar-
gyl-substituted Schöllkopf chiral auxiliary.11 They also
reported the efficient asymmetric synthesis of biologically
active tryptophans12 with our palladium-mediated heteroan-
nulation.13 As part of our continuing organometallic approach
to biologically active heterocycles, such as indoles, azain-
doles, and carbazoles,14 we examined the synthesis of 7-
azatryptophan via our palladium-mediated heteroannulation
with a Schöllkopf chiral auxiliary.

Results and Discussion

Larock andour group reported an excellentmethod for the prep-
arationof indoles andazaindoles involvingpalladium-catalyzed
heteroannulation of internal alkynes using o-iodoarylamines.13

Although the synthetic method has been used to prepare opti-
cally active tryptophan derivatives, it has not been applied to
optically active 7-azatryptophan. Our previous results on het-
eroannulation with unprotected 2-amino-3-iodopyridine and
internal alkynes showed very low yields of the annulated pro-
duct.13c The synthetic limitation could be due to the lownucleo-
philicity of the nitrogen that exists in the three tautomeric forms
of 2-amino-pyridine (Scheme 1) or to the easy formation of a
palladium complex with 2-aminopyridine.
First, we examined the synthesis of the azaindole precursor,

followed by reaction with a Schöllkopf chiral auxiliary
(Scheme 2).
The heteroannulation of 2-amino-3-iodopyridine with

an internal alkyne gave low yields of the annulated products.
N-Benzylamino-3-iodopyridine, instead of 2-amino-3-iodo
pyridine,was used to improve the heteroannulationand toallow
easy deprotection of the benzyl group. The heteroannulation
reaction of N-benzyl-2-amino-3-iodopyridine (1) with 3-tri-
methylsilyl-2-propyn-1-ol (2) provided a 71% yield of product
3. The Schöllkopf chiral auxiliary (4), derived from L-valine
andglycine,was prepared readilyusing a publishedprocedure.9

Metallationof the Schöllkopf chiral auxiliary (4)withn-BuLi in
THF at –78 �C, followed by alkylation with protected methan-
sulfonoxy-2-trimethylsilyl-1-benzyl-7-azaindole, provided a
65% yield of 5 with 5:1 (trans:cis) diastereoselectivity.
Due to the low diastereoselectivity in Scheme 2,we decided

to use a direct palladium-catalyzed heteroannulation with 1
and internal alkyne-substituted Schöllkopf chiral auxiliary
(6) (Scheme 3)
The heteroannulation provided the desired annulated prod-

uct 5 in 60% yield, along with an uncyclized Sonogawasihra
coupling product. After purifying product 5 by column chro-
matography, it was converted to 7-aza-tryptophan according
to Scheme 4.
The Schöllkopf chiral auxiliarymoiety of 5was hydrolyzed

to the amino acid ethyl ester (7) with 2N HCl in THF. After
desilylation with n-Bu4NF/THF, the hydrolysis of 7-
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azatryptophan ethyl ester (5) was performed with 2N NaOH/
ethanol solution for 2 h under refluxing conditions. Then,
debenzylation under 10% Pd/C provided the optically active
7-azatryptophan (8) with 70% yield and 81% ee.

Conclusions

A palladium-catalyzed heteroannulation with internal alkyne-
substitutedSchöllkopf chiral auxiliaryprovided optically active
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Scheme 1. Tautomeric forms of 2-aminopyridine.
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Scheme 2. Intermolecular coupling with azaindole precursor and Schöllkopf chiral auxiliary.
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Scheme 3. Heteroannulation with internal alkyne substituted Schöllkopf chiral auxiliary.
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Scheme 4. Hydrolysis and debenzylation for 7-azatryptophan.
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7-azatryptophan. This synthetic method could be applied to
optically active 1-substituted azatryptophan because of the easy
preparationofvariouso-iodo-aminopyridinesandcommercially
available (R)-and (S)-enantiomeric Schöllkopf chiral auxiliary.

Experimental

The 1H NMR spectra were obtained on a Varian Gemini 200
(Varian. Inc. Korea) and a Jeol 400MHz spectrometers
(JEOL., Ltd. Japan). 13C NMR spectra were recorded on a
Jeol 400MHz (100MHz) spectrometer, and chemical shifts
were referenced to tetramethylsilane (TMS) as an internal
standard. Gas chromatography-mass spectrometry (GC-MS)
results were obtained using a Shimadzu QP 1000 instrument
(Shimadzu Co., Japan). LC-MS spectra were obtained on a
LCQ Deca XP ion-trap MS. Products were purified by flash
chromatography on 230–400 mesh ASTM 60 silica gel.
HPLC analysis of 7-azatryptophan enantiomers was per-
formed with an Astec Chirobiotic T column (Sigma-Aldrich,
Korea) with a UV 210 nm detector. All base and palladium
species were purchased from Sigma-Aldrich Chemical Co.
Chemicals were used directly as obtained from commercial
sources unless otherwise noted.
2-N-Benzylamino-3-iodopyridine (1)13c

2-Fluoro-3-iodopyridine was heated at 140 �C for 10 h in a
sealed tube with excess benzylamine. Extraction of the mix-
ture by Et2O, drying over MgSO4, solvent removal, and col-
umn chromatography over silica gel using hexane/ethyl
acetate (10:1) afforded 2-benzylamino-3-iodopyridine as a
yellow solid. 1H NMR (200MHz, CDCl3) δ 8.05 (dd, 1H,
J = 4.4, 1.6 Hz), 7.75 (dd, 1H, J = 7.4, 1.5 Hz), 6.25 (dd, 1H,
7.6, 1.5 Hz), 4.94 (br, 1H), 2.95 (d, 3H, J = 5.4 Hz); 13C
NMR (100MHz, CDCl3) δ 155.8, 147.3, 146.1, 139.0,
128.3, 128.0, 127.5, 126.9, 114.0, 46.0.
3-Hydroxymethyl-2-trimethylsilyl-1-benzylpyrrolo[2,3-b]

pyridine (3)13c

Palladium acetate (0.25 mmol), lithium chloride (1 mmol),
potassium acetate (2.0 mmol), 3-iodo-2-(benzylamino) pyri-
dine (1 mmol), 3-(trimethylsilyl)-2-propyn-1-ol (2.0 mmol),
andDMF (10 mL)were added to a tube and sealed. After heat-
ing for 8 h at 100 �C, the reactionmixturewas dilutedwith sat-
urated aqueous ammonium chloride and water. The organic
layer was dried over anhydrous MgSO4, filtered, and concen-
trated. The product was purified by silica gel column chroma-
tography using hexane/ethyl acetate. The compound (3) was
obtained as a yellow oil in 71% isolated yield.

1HNMR (200MHz, CDCl3) δ 8.30 (dd, 1H, J = 4.5 Hz, J =
1.4 Hz), 8.05 (dd, 1H, J =7.8 Hz , 1.4 Hz), 7.26-7.15 (m, 3H),
7.05 (dd, 1H, J =7.8 Hz, 1.5 Hz), 6.75 (m, 2H), 5.71 (s, 2H),
4.95 (s, 2H), 1.90 (br, 1H), 0.30 (s, 9H); 13C NMR (100
MHz, CDCl3) δ 150.1, 143.9, 138.9, 128.3, 127.9, 127.0,
126.7, 125.3, 123.2, 120.5, 115.7, 63.6, 56.3, 47.0, 1.0; MS
(m/e) 310 (M+), 309, 293, 91 (100).
(3S) -Isopropyl-2,5-diethoxypyrazine (4)9c

To a stirred solution of triethoxyloxonium tetrafluoroborate
(38.4 g, 0.2 mol) in methylene chloride (300 mL) was added

(3S)-isopropyl-2,5-diketopiperazine (11.5 g, 0.075 mol).
After 2 h, the reaction mixture became homogeneous. The
reaction was stirred at room temperature under nitrogen for
72 h. NaH2PO4�7H2O (20 g, 0.15 mol) and Na2HPO4�7H2O
(23.5 g, 0.9 mol) were dissolved in 750 mL of water, and
the buffer solution was added to the organic solution with stir-
ring. The organic phase was separated, and the aqueous phase
was re-extracted with CH2Cl2 (3 ×100 mL). The combined
organic layers were dried with MgSO4, filtered, and evapo-
rated the solvents. The residue was vacuum-distilled at 10
Torr/90 �C. The product was obtained in 78% yields. 1H
NMR (200MHz, CDCl3) δ 4.06 (m, 4H), 3.77 (m, 3H),
2.14 (m, 1H), 1.19 (m, 6H), 0.96 (d, 3H J = 6.8 Hz), 0.67 (d,
3H, J = 6.8 Hz), 0.84 (d, 3H, J = 6.8 Hz); 13C NMR (100
MHz, CDCl3) δ 164.2, 162.0, 61.1, 60.8, 46.9, 32.7, 19.1,
17.1, 14.4; MS (EI) m/e (rel. intensity) 213 (M+, 100).
(3R,6S)-3-[1-Benzyl-2-trimethylsilyl-3-azaindolyl] methyl-

3,6-dihydro-6-isopropyl-2,5-diethoxypyrazine (5)
2-(Benzylamino)-3-iodopyridine 450 mg (1.5 mmol),

LiCl 62 mg (1.5 mmol), potassium acetate 285 mg (3.0
mmol), Pd(OAc)2 16 mg (0.07 mmol, 5 mol%), (2S,5R)-
3,6-di-ethoxy-2-isopropyl-5-[3-(trimethylsilyl)-prop-2-ynyl]
-2,5-dihydropyrazine 620 mg (2.0 mmol), and DMF (10 mL)
were added to a tube and sealed. The resulting solution was
stirred for 8 h at 120 �C in an oil bath. The reaction mixture
was diluted with saturated aqueous ammonium chloride and
extracted with ethyl acetate. The ethyl acetate layer was dried
overMgSO4, filtered, and concentrated. The product was pur-
ified by silica gel column chromatography using hexane/ethyl
acetate (1:1) as eluent. The product (5) was obtained in 60%
yield as a yellow oil. 1H NMR (400MHz, CDCl3) δ 8.48
(d, 1H, J = 8.0 Hz,), 8.33 (t, 1H, J = 8.0 Hz), 7.35–7.25(m,
5H), 6.81 (d, , 1H, J = 8.0 Hz), 5.79 (s, 2H), 4.39 (m, 4H),
4.10 (m, 1H), 3.90 (m, 1H), 3.35 (m, 1H), 2.30 (m, 1H),
1.35–1.10 (m, 10H), 1.08 (t, 3H, J = 8.0 Hz), 0.30 (s, 9H);
13C NMR (100MHz, CD3OD) δ 174.0, 160.8, 151.4,
144.2, 140.7, 139.4, 130.6, 129.5, 128.0, 126.7, 126.6,
123.4, 122.9, 116.2, 62.5, 60.9, 59.5, 33.6, 33.1, 30.7, 23.7,
18.4, 17.1, 14.4, 1.6. MS-ESI (m/z) 518.3.
(2S,5R)-3,6-Diethoxy-2-isopropyl-5-[3-(trimethylsilyl)-prop-

2-ynyl]-2,5-dihydropyrazine (6)12f

To a solution of (2S)-3,6 diethoxy-2-isopropyl-2,5-di-
hydropyrazole (0.83 g, 3.9 mmol) in dry THF (25 mL) under
nitrogen was added n-BuLi (2.5M, 1.72 mL, 4.3 mmol) drop-
wise at −78 �C. The resulting solution was stirred at −78 �C for
30min. The solution of diphenyl-3-(trimethyl-silyl) prop-2-
ynyl phosphate (1.4 g, 3.9 mmol) in dry THF (20mL) was
added slowly to the lithiated chiral auxiliary solution, which
was precooled at −78 �C. The reaction mixture was stirred
for 6 h at−78 �Candquenchedwith ethanol. The resulting solu-
tionwas removedwithTHFunder reduced pressure, and60mL
of ethyl ether was added. The ethyl ether was separated, and the
aqueous layer was extracted with ethyl ether (2 × 30mL). The
combined ethyl ether was dried withMgSO4. After removal of
the solvent under reduced pressure, the residue was purified by
chromatography with hexane/ethyl acetate (20:1). The desired
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product was obtained in 80% yield as an oil. 1H NMR (200
MHz, CDCl3) δ 4.05 (m, 5H), 3.87 (t, 1H, J = 3.4 Hz), 2.63
(m, 2H), 2.20 (m, 1H), 1.19 (m, 6H), 0.95 (d, 3H, J = 6.9
Hz), 0.61 (d, 3H, J = 6.8 Hz), 0.10 (s, 9H); 13C NMR (100
MHz, CDCl3) δ 164.3, 161.2, 103.6. 86.6, 61.0, 60.8, 60.7,
54,6 31.6, 26.6, 19.2, 16.7, 14.8, 14.4, 0.4; MS (EI) m/e (rel.
intensity) 322 (M+, 13), 294(8), 279 (13) 211 (74), 169 (100).
1-Benzyl-2-trimethylsilyl-azatryptophan ethyl ester (7)
(3R,6S)-3-[1-Benzyl-2-trimethylsilyl-3-azaindolyl]

methyl-2,6-dihydro-6-isopropyl-2,5-diethoxypyrazine (251
mg, 0.5 mmol) was dissolved in THF (20mL). The optically
active solutionwas cooled at−78 �Candslowly added to a solu-
tion of aqueous 2N HCl (aq. 12N HCl: ethanol = 1: 5). The
mixturewas allowed towarm to0 �Cand stirred for 2 h.Twenty
milliliters of ice water was added to the solution, and pH of the
reaction mixture was adjusted to 8 with aqueous concentrated
NH4OH solution at 0 �C. The mixture was then extracted with
EtOAc (3 × 20mL). The combined organic layers were dried
overMgSO4, and the solvent was removed under reduced pres-
sure. The product was purified by flash chromatography with
hexane/EtOAc (1:1) giving 90% yield. Yellow oil. 1H NMR
(400MHz, CDCl3) δ 8.30 (d, 1H, J = 8.0 Hz), 8.00 (dd, 1H,
J = 8.0 Hz,), 7.35-7.25(m, 3H), 7.05 (d, 1H, J = 8.0 Hz), 6.75
(d, 1H, J = 8.0 Hz), 5.79 (s, 2H), 4.13 (m, 2H), 3.75(m, 1H),
3.34 (m, 1H), 3.13 (m, 1H), 2.30 (brs, 2H), 1.15 (m, 3H),
0.30 (s, 9H); 13C NMR (100MHz, CDCl3) δ 173.5, 148.9,
142.7, 142.5, 137.5, 136.2, 127.1, 127.0, 125.9, 125.8, 125.4,
125.3, 124.0, 123.9, 119.3, 118.2, 114.0, 59.5, 55.1, 45.8,
30.3, 12.3, 0.11. MS-ESI (m/z) 396.5 (M + 1).
(R)-7-azatryptophan (8)8

1-Benzyl-2-trimethylsilyl-azatryptophan ethyl ester (181mg,
0.5 mmol)wasdissolved2mLof1Nn-Bu4NCl/THFandstirred
1 h at room temperature. The 2N aqueous NaOH (1.0mL)/eth-
anol (1.5 mL)was added to resulting solution, whichwas heated
to 50 �C for 2 h. The progress of reaction was checked by TLC
with disappeared and new material was on the base. The pH of
resultingmixturewas adjusted to 8with the addition ofNH4OH.
Most of the ethanol was removed under reduced pressure. The
desilylated product was debenzylated with 10% Pd/C with 10
mL of ethanol solution under 4 atm for 8 h at room temperature.
After removal of Pd with a silica filter, the solution was cooled
and recrystallized from ethanol/water. 7-Azatryptophan was
obtained with 70% yield (ee = 81%, Chiral HPLC with water/
ethanol = 70:30). Mp = 261–263 �C. 1H NMR (D2O) δ 8.70
(dd, 1H, J = 8.0 Hz, J = 1.0 Hz), 8.50 (dd, 1H, J = 6.0 Hz,1.0
Hz), 7.57 (s,1H), 7.66 (dd, 1H J = 7.6 Hz, 6.2 Hz), 4.30 (t, 1H,
J = 6.2 Hz), 3.60 (d, 2H, J = 6.2 Hz). MS-ESI (m/z) 205.2 (M+).
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