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Synthetic studies of two components of tubulysins, tubulin polymerization inhibitors are described. The
highly stereoselective synthesis of tubuvaline methyl ester (2) was accomplished by 1,3-dipolar cycload-
dition of nitrone D-6 and acrylic acid derivatives 7 as a key step. The synthesis of tubuphenylalanine (3)
was conducted by an aldol reaction of a boron enolate of (S)-4-isopropyl-3-propionyl-2-oxazolidinone
(13) with aldehyde 14, readily prepared from phenylalanine, followed by Barton deoxygenation under
radical conditions.

� 2009 Elsevier Ltd. All rights reserved.
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Tubulysins (1a–d), which are tetrapeptide derivatives, were
first isolated from the myxobacterial strains Archangium gephyra
and Angiococous disciformis, and they possess potent cell growth
inhibitory activity exceeding that of both vinblastine and dolasta-
tin10 (Fig. 1).1 Tubulysins inhibit tubulin polymerization2 and also
possess antiangiogenic properties.3 Since tubulysins are expected
to become excellent lead compounds for the development of new
anticancer agents that would inhibit tubulin polymerization, they
have attracted considerable attention as synthetic target mole-
cules. To date, the total syntheses of tubulysin D (1a), N14-deac-
etoxytubulysin H (1b), U (1c), V (1d), and synthetic approaches
have been reported.4–7 The chemical degradation of tubulysin D
(1a), the most active compound among tubulysins, and a compar-
ison of the resulting amino acids with the corresponding natural
and unnatural amino acids revealed that 1a is composed of four
amino acid fragments, N-methyl-D-pipecolic acid (D-Mep), L-isoleu-
cine (L-Ile), tubuvaline (Tuv), and tubuphenylalanine (Tup)
(Fig. 1).1,8 Among these four amino acids, the stereoselective syn-
theses of two unusual amino acids, Tuv and Tup, would be essen-
tial for an effective synthesis of tubulysins. We report herein an
efficient method for the stereoselective synthesis of Tuv featuring
the 1,3-dipolar cycloaddition of a nitrone, as well as a method for
stereoselective synthesis of Tup using an aldol reaction followed
by the Barton deoxygenation.

Our synthetic plan for the synthesis of tubuvaline methyl ester
(Tuv-Me, 2) and Tup (3) is depicted in Scheme 1. The 1,3-amino
ll rights reserved.

ra).
alcohol structure in 2 can be made available by the reductive cleav-
age of the N–O bond of isoxazolidine I, and a thiazole ring can be
constructed by the cyclization of the cysteine moiety of I. Com-
pound I can be synthesized by the regio- and stereoselective 1,3-
dipolar cycloaddition of the appropriate nitrone III and acrylic acid
derivative IV, leading to II, followed by the removal of the chiral
auxiliary and condensation with the cysteine derivative. The ster-
eoselective synthesis of Tup (3) can be carried out by utilizing
the Evans aldol reaction9 of aldehyde VI, readily prepared from
phenylalanine, followed by the Barton deoxygenation of V under
radical conditions.10
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In the synthesis of Tuv-Me (2), the mild and selective removal of
each chiral auxiliary (R* or X*) in cycloadduct II is essential. It was
also expected that double asymmetric induction would improve
Table 1
1,3-Dipolar cycloaddition of the chiral nitrone D-6 or L-6 with 7

R
S

N
O

O O
7

D-6: R* = D-gulosyl
L-6: R* = L-gulosyl

8
8

N+
O-R*

Run 6 Solvents Temp (�C)

1 D-6 Toluene 110
2 D-6 EtOH 78
3 D-6 Toluene 40
4 D-6 EtOH 40
5 D-6 THF 40
6 D-6 CH3CN 40
7 D-6 Neat 40
8 D-6 CH2Cl2 40
9 L-6 CH2Cl2 40

a Diastereomer ratios of 8 to 9 were determined by the 1H NMR spectra of the mixtu
b This sample 90 contained three isomers detected by HPLC.
the stereoselectivity of the 1,3-dipolar cycloaddition.11 Taking this
into account, we chose a gulose-derived auxiliary as R* for nitrone
III (see nitrone D-6 in Scheme 2)12,13 and Oppolzer’s camphor sul-
tam as the X* of acrylate IV (see N-acryloyl sultam 7 in Table 1).

Our synthesis commenced with the preparation of nitrone D-6
from 2,3:5,6-O-diisopropylidene-D-gulofuranose (D-4)12,13 (Scheme
2). Treatment of D-4 with hydroxylamine hydrochloride in the
presence of sodium hydrogen carbonate gave oxime D-5 as a 1:1
mixture of E and Z isomers, which, without separation, was reacted
with isobutylaldehyde to afford nitrone D-6 in 83% yield from D-4.
In a similar manner, nitrone L-6 was prepared from 2,3:5,6-O-diiso-
propylidene-L-gulofuranose (L-4) in 90% yield (2 steps).

Next, we attempted the crucial cycloaddition of nitrone D-6
with (2R)-N-(acryloyl)bornane-10,2-sultams (7)14 (Table 1). The
exposure of nitrone D-6 to 7 in refluxing toluene led to cycloaddi-
tion, to give (3R,5R)-isoxazolidine 815 as the major product (76%)
along with other isomers 9 (24%, mixture of isomers)16 (run 1).
Cycloadduct 8 was readily separated from the other isomers by
column chromatography. The stereochemistry of 8 was precisely
determined by X-ray crystallography (Fig. 2), which revealed that
8 had the correct stereochemistry for the synthesis of Tuv-Me
(2).17 Use of a protic polar solvent (EtOH) slightly improved stere-
oselectivity (run 2). At a rather low temperature (40 �C), this cyclo-
addition proceeded to exhibit higher selectivity (runs 3 and 4).
Among reactions in several solvents (runs 5–8), the reaction in
refluxing CH2Cl2 gave the best results, and cycloadduct 8 (85%)
was obtained (run 8). On the other hand, the reaction of L-6 derived
from L-4 with 7 in refluxing CH2Cl2 yielded a mixture of four iso-
mers of cycloadduct. The yield of cycloadduct 8015 which exhibited
the correct stereochemistry for 2 (Fig. 2)17 was diminished to 19%
yield.18 These results clearly demonstrated that the combination of
nitrone D-6 and alkene 7 represented a matched pair, and that of
L-6 and 7 was a mismatched pair.

As cycloadduct 8 showed the correct stereochemistry, an elab-
oration of adduct 8 was carried out to obtain Tuv-Me (2) (Scheme
3). Treatment of 8 with lithium hydroxide at room temperature fol-
lowed by treatment with perchloric acid subsequently gave [(3R)-
3-isopropylisoxazoline-5-yl]carboxylic acid, the nitrogen of which
was protected by an Fmoc group to afford acid 10 in 86% yield from
8. Next, 10 was condensed with L-S-tritylcysteine methyl ester19

under usual conditions, yielding the fully protected cysteine-con-
taining dipeptide 11. When dipeptide 11 was exposed to bis(tri-
phenyl)oxodiphosphonium trifluoromethanesulfonate,20 which
N

COX*
O

* + N

COX*
O

R*

: R* = D-gulosyl
': R* = L-gulosyl

9: R* = D-gulosyl
9 ': R* = L-gulosyl

Time (h) Yield (%) Diastereomer ratioa 8 or 80:9 or 90

1 Quant 76:24
6 Quant 78:22
24 Quant 83:17
48 Quant 81:19
24 Quant 80:20
48 Quant 79:21
48 Quant 82:18
48 Quant 85:15
48 83 23:77b
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had been prepared from triphenylphosphinoxide and triflic anhy-
dride, cyclodehydration proceeded smoothly to the construction
of a thiazoline moiety, which was oxidized by activated manganese
dioxide to provide thiazole 12 in 75% yield (2 steps). Finally, reduc-
tive cleavage of the N–O bond of 12 by heating the sample with
molybdenum hexacarbonyl in acetonitrile-water (10:1),21 and the
subsequent removal of the Fmoc group by treatment with diethyl-
amine afforded Tuv-Me (2)15 in 91% yield (2 steps).

The synthesis of Tup (3) was initiated by the stereoselective al-
dol reaction of aldehyde 14 with the (Z)-boron enolate of (S)-4-iso-
propyl-3-propionyl-2-oxazolidinone (13), yielding adduct 15 in
77% yield (Scheme 4).9,22,23 Removal of the secondary hydroxyl
group of 15 was then carried out according to the Barton–McCom-
bie procedure.10 Thus, exposure of 15 to 1,10-thiocarbonyldiimi-
dazole (TCDI) followed by treatment with Bu3SnH in the
presence of a catalytic amount of 2,20-azobis(2-methylpropionitri-
le) (AIBN) gave the deoxygenated product 16 in 86% yield (2 steps).
Finally, removal of the chiral auxiliary with lithium peroxide in
THF–H2O and the subsequent deprotection of the Boc group suc-
cessfully produced Tup�hydrochloride (3�HCl).23

In summary, we explored a novel synthetic route to yield
tubuvaline methyl ester (2) and tubuphenylalanine hydrochloride
(3�HCl). These two synthetic approaches are now available for pro-
ducing tubulysin analogues required for the investigation of struc-
ture–activity relationships. The syntheses of natural tubulysins and
novel tubulysins analogues that cannot be derived from natural re-
sources are under investigation.
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