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Since numerous new taxoids active against multidrug resistant (MDR) tumors have been
developed and their poor water-solubility is a very real problem in intravenous administration,
we have designed and synthesized a series of novel water-soluble taxoid prodrugs (isotaxoids).

These prodrugs, a 2'-O-isoform of taxoids, showed promising results with higher water solubility
(0.8—1.1 mg/mL) and proper kinetics for parent drug release by a simple pH-dependent chemical
mechanism via O—N intramolecular acyl migration. No additional functional auxiliaries are
released during the conversion to parent drugs, which would be an advantage in toxicology
and general pharmacology, and the cost for the evaluations of auxiliary units in these fields
could be saved in prodrug development. In addition, we demonstrate for the first time the
successful application of the O—N intramolecular acyloxy migration reaction in the prodrug
design, with the exception of the tert-butyloxycarbonyl group, and that this reaction can be

provided with no organic solvent and no side products.

Introduction

The introduction of the anticancer agents paclitaxel
(Taxol, 1)* and docetaxel (Taxotere, 2)2 has revolution-
ized the treatment of cancer and markedly improved
the survival time of patients.3~5 However, despite the
hope and promise that taxoids such as paclitaxel and
docetaxel have engendered, their lack of activity against
multidrug resistant (MDR) tumors as well as dose-
limiting toxicity corresponding to the side toxicity of
taxoids are significant drawbacks. Additionally, their
poor water solubility, based on their hydrophobic com-
mon taxane ring structure, is a very real problem in
intravenous administration. Since paclitaxel can be
dissolved with a detergent, Cremophor EL, at low
concentrations, a prolonged intravenous administration
time is required. Significant side effects associated with
hypersensitivity to Cremophor EL have also been
observed and a premedication schedule that includes a
corticosteroid and antihistamine is required.® Moreover,
it was recently reported that both Cremophor EL and
Tween 80 used in the formulation of paclitaxel and
docetaxel reduce the antitumor efficacy of these drugs
by reducing their antiangiogenic activity.” To overcome
these problems, two main strategies can be distin-
guished: the design of new paclitaxel derivatives and
the temporary modification of paclitaxel for a prodrug
form. Thus, numerous new taxoids have been designed
and synthesized with improved properties,-2 and some
of them are in clinical trials.13-1% Also, water-soluble
paclitaxel prodrugs and targeted prodrugs with reduced
systemic toxicity through the introduction of hydrophilic

1 This paper is dedicated to Prof. Iwao Ojima on the occasion of his
60th birthday.

* Corresponding author. Tel.: +81-75-595-4635. Fax: +81-75-591-
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or targeting moieties to C-2'or/and C-7 positions have
been developed,6-3! some also currently undergoing
clinical evaluation27-3! (Chart 1). It would therefore be
more attractive to connect these two strategies, namely,
the utilization of a prodrug strategy to novel taxoids.

In all standard prodrug strategies, auxiliary moieties
are employed and their release may have negative
effects in vivo.32 Hence, prodrug designs that avoid the
use of additional moieties are very promising. Since the
O-N intramolecular acyl migration reaction proceeded
under mild basic or neutral condition with no byproduct
formation,3374 we anticipate that this reaction would
be ideal. Previously, we demonstrated the utilization of
the O—N intramolecular acyl migration strategy in
paclitaxel and canadensol prodrugs, isotaxoids 4 and 6,
respectively (Figure 1).41-4% These prodrugs, 2’-O-acyl
isoforms of 1 and 8, showed (1) higher water solubility
than that of parent drugs and (2) complete and prompt
conversion to parent drugs under physiological condi-
tions (pH = 7.4), while being stable in stock solution
and in storage conditions as solid HCI salts as well as
during synthesis. Therefore, this strategy was demon-
strated to be effective.

In this present paper, based on these promising
results, we successfully expanded the O—N intramo-
lecular acyl migration strategy to a number of taxoids
that are active against MDR tumors, since they all
possess the o-hydroxy-f-amino acid moiety necessary
for migration. Herein, we also demonstrate the first
successful application of the O—N intramolecular acyl-
oxy migration reaction in a prodrug design. We designed
water-soluble prodrugs of 3’-N-carbamate taxoids and
considered the possibility of utilizing this strategy in a
docetaxel prodrug, 5. Despite problems in the applica-
tion of this strategy to 2, the O—N intramolecular

© 2005 American Chemical Society
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acyloxy migration reaction for all other prodrugs of 3'-
N-carbamate taxoids proceeded promptly and with no
side product formation under physiological conditions.
Thus, we demonstrated the successful application of the
O~—N intramolecular acyloxy migration reaction in pro-
drug design for the first time. This is also the first report
that showed that this reaction can be provided with no
organic solvent and with no side products. In addition,
both O—N acyl and acyloxy migration reactions were
pH-dependent, and the migration rate was correlated
to the structure of acyl/acyloxy groups. In contrast, no
relationship was observed between the water solubility
of the prodrug and the structure of the acyl/acyloxy
moieties. However, all prodrugs showed significantly
increased water solubility compared to the parent drug.

Chemistry

The synthesis of the prodrugs 8—13 is shown in
Scheme 1. Compound 7, which was synthesized by a
previously described method,*! was coupled with a
corresponding carboxylic acid by the EDC-DMAP
method (EDC, 1-ethyl-3-(3-dimethylaminopropylcarbo-
diimide; DMAP, 4-(dimethylamino)pyridine) or chloro-

Skwarczynski et al.

HoN

4;R=Ph, R'=Ac
5;R=0tBu, R'=H
6;R=i-Pr, R'=Ac

1 (paclitaxel); R=Ph, Rl=zAc

2 (docetaxel); R=OtBu, R'=H

3 (canadensol); R=i-Pr, R'=Ac
Figure 1. The O—N acyl/acyloxy migration reaction of taxoid
prodrugs to their corresponding parent drugs under physi-
ological conditions.

formate in pyridine/CH2Cly solution, and subsequent
deprotection of both 2,2,2-trichloroethyloxycarbonyl (Troc)
groups using Zn—AcOH and the following purification
with ion exchange by HPLC gave prodrugs 8—18 as a
HCl salt. Additionally, parent drugs were synthesized
by the deprotection of both Troc groups of 7 to afford
compound 14 (Scheme 1), then the product of this
reaction was coupled with the desired acid by the EDC—
HOBt method (HOBt, 1-hydroxybenzotriazole) in DMF
or chloroformates in CHyCly/saturated NaHCO3 solu-
tion, resulting in the formation of the parent drugs 15—
20.

The synthesis of docetaxel prodrug 5 (Scheme 2) was
carried out using a similar strategy to that described
previously for isotaxel 4.4 Commercially available
(2R,38)-phenylisoserine'HCl 21 after protection of an
amine moiety by the benzyloxycarbonyl group (Z) and
formation of the methyl ester was allowed to react with
4-methoxybenzaldehyde dimethyl acetal in the presence
of a catalytic amount of pyridinium p-toluenesulfonate
(PPTS) under kinetic control to afford 1,3-oxazolidine
derivative 22 as a diastereomeric mixture with 14% of
the minor and undesired diastereomer. The formation
of the minor, S-diastereomer of 1,3-oxazolidine, as
expected according to the literature,* was also observed
in the previously described synthesis of isotaxel 4 (data
not showed), although the desired R-diastereomer was
isolated after careful chromatographic purification.4! As
the minor diastereomer of 22 was difficult to separate
by column chromatography, 22 was used for the next
step as a mixture. Compound 22, after hydrolysis to the
coresponding carboxylic acid without further purifica-
tion (due to high lability in an acidic medium, even to
silica gel), was coupled with 10-deacetyl-7,10-dibenzyl-
oxycarbonylbaccatin I in the presence of DCC to give
the corresponding crude ester 28, which was immedi-
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Scheme 1°

8-13

14

15-20

¢ Reagents and conditions: (a) RCOOH, EDC-HC], DMAP, CHCly,
AcOH, MeOH, rt, then ion exchange H
AcOH, AcOEt, rt, 60%; (d) RCOOH, EDC-HC], HOBt, DMF, rt, for 16—
56%; 117, 56%; 18, 87%; 19, 93%; 20, 95%).

Scheme 2°
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< “OH =
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24, R=H
25, R = C(O)OC(CHg)3

sl
@ Reagents and conditions: (a) SOClg,

10-deacetyl-7,10-dibenzyloxycarbony
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compd RC(O)y
8 1-cyclohexenecarbonyl
9 trans-2-hexenoyl
10 n-hexanoyl
11 isopropyloxycarbonyt
12 n-butyloxycarbonyl
13 benzyloxycarbonyl (Z-)
compd RC(O)
15 1-cyclohexenecarbonyl
16 trans-2-hexenoyl
17 n-hexanoy!
18 isopropyloxycarbony!
19 n-butyloxycarbony!
20 benzyloxycarbonyt (Z-)

1t (for 8—10), or RCOCI, CH2Cly, pyridine, rt (for 11-18); (b) Zn,
PLC with 12 mM HC), (8, 76%; 9, 47%; 10, 62%; 11, 65%; 12, 71%; 13, 53%) over two steps; (c) Zn,

17, or RCOC], CHaCly, sat. NaHCOs, rt, for 18—20, (16, 77%; 186,

MeOH, 0 °C to 1t, overnight; (b) benzyloxycarbonyl chloride, CHoClg, sat. NaHCO3, 0 °C to rt, 3
h; (c) 4-methoxybenzaldehyde dimethyl acetal, PPTS, toluene, distillation, 40 min, 96
Ibaceatin 111, DCC, DMAP, CHCly, rt, 2 h; () PTS, MeOH, rt, 5 h, 80% over two steps; (g) Boc20,

% over three steps; (d) KOH, MeOH, rt, 2 h.; (e)

DMAP, CH,Cly:pyridine 1:1, rt, overnight, 84%; (h) Pd/C, Hs, AcOEt, 1t, 8 h, then 0.1 M HCl in methanol, 99%.

ately allowed to react with PTS to afford 24. Although
the oxazolidine ring of 28 was easily cleaved with the
major diastereomer, the minor diastereomer was stable
even with excess PTS and a long reaction time. Despite

this, the yield of 24 formation was good (80%). The Boc
group was then introduced to 24 to afford compound 25.
Finally, three Z groups were deprotected under standard
conditions, and HCl was added to afford the final
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Table 1. Water Solubility and Conversion Time of Prodrugs
; [¢]
HaNT c>‘"

)
N
R
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water solubility

prodrug parent R prodrug (mg/mL) parent drug ratio 1, (min)*
drug (mg/mL) .
4 1 @,‘\ 0.45 0.00025 ’ 1800 15.1
6" 3 } 2.26 0.22 : 10 4.3
{
8 15 O/‘H 0.8 0.021 38 . 60.0
9 16~ 1.1 0.0013 850 293
10 17 0.56 0.008 70 6.0
11 18 )\0 1.7 0.018 90 19.2
. /LL‘
12 19 A~ 0.8 0.004 200 3.8
13 20 <0.00025 >4000 <1

©/\O)‘H 1.0

@ Data from ref 41. ® Data from ref 42. ¢ ¢z is the time required for 50% release of the parent drug from prodrug at 37 °C in phosphate-

buffered saline (pH = 7.4).

prodrug 5 as a HCl salt quantitatively with a good total
yield (67% calculated from baccatin III derivative
coupling). It is noteworthy that prodrug 5 is unstable,
even under aqueous mildly acidic conditions, due to the
hydrolysis of the Boc group; even reverse-phase HPLC
purification could not be employed. However, the depro-
tection of three Z groups and hydrochloride salt forma-
tion required no purification, as described in the Ex-
perimental Section.

Results

In our previous study, we synthesized water-soluble
prodrug 441 and 642 on the basis of an O—N intramo-
lecular acyl migration reaction, which is well-known in
peptide chemistry.?® To diversify this strategy and to
understand the effect of acyl structures on the O—N acyl
migration reaction, three reported taxoids were chosen.
Taxoids 15 and 16, which have 1-cyclochexenecarbonyl
and trans-2-hexenoyl moieties, respectively, instead of

3-N-benzoyl in 1, show high activity against MDR
tumors,?48 and 17, which has a hexanoyl moiety at the
same position, is also more potent than paclitaxel.?® The
prodrugs, isotaxcids 8—10, O-acyl isoforms of parent
taxoids 15—17, were synthesized, and the water solubil-
ity and kinetic profile of the prodrugs were evaluated.
As shown in Table 1, prodrugs 8—10 showed practical
water solubility with values from 0.56 to 1.1 mg/mlL,
38—-850-fold higher than of parent drugs 15—17 (0.021—
0.0013 mg/mL). To study the kinetics of O—N intramo-
lecular acyl migration, prodrugs were dissolved in
phosphate-buffered saline (PBS, pH = 7.4) and incu-
bated at 37 °C, and the migration profile was monitored
periodically by HPLC. The migration rate was signifi-
cantly different among the three isotaxoids 8—10.
Sterically hindered prodrug 8 with the cyclohexene
moiety showed the longest migration time (t1p = 60.0
min), four times longer than that of isotaxel 4 (¢1p =
15.1 min), while prodrug 9 with the ¢rans-2-n-hexenoyl
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Figure 2. HPLC profiles of O—N intramolecular acyloxy migration in prodrug 5 in PBS (pH 7.4, 37 °C).
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Figure 3. HPLC profiles of O—N intramolecular acyloxy
migration of prodrug 12 in PBS (pH 7.4, 37 °C).

(1 5 min)

group migrated for twice as long as 4. Prodrugs 6 and
10 with simple aliphatic acyl groups, isobutanoyl and
hexanoyl, respectively, released the parent drugs fastest
(¢12 = 4.3 and 6.0 min, respectively). Importantly, in
each case, the migration reaction proceeded smoothly
with no side reactions, such as the simple hydrolysis of
the newly introduced ester bond in the prodrugs.

In addition, on the basis of these promising results
in prodrugs 8-10, we considered that O—N intramo-
lecular migration could be applied to important and
clinically contributing docetaxel 2, which possesses a
tert-butyloxycarbonyl (Boc) group in place of the benzoyl
group in paclitaxel. Namely, the O~N intramolecular
acyloxy migration in docetaxel prodrug 5 was expected.
Hence, prodrug 5, which is the 2’-O-acyloxy isoform of
docetaxel 2, was designed and synthesized. This prodrug
5 showed a high water solubility of more than 6 mg/
mL. However, in the conversion profile in PBS (pH 7.4,
87 °C), undesired hydrolysis of the Boc group, resulting
in the production of compound 26, was detected, while
the desired O—N acyloxy migration from 5 to 2 was also
observed (Figure 2).

On the basis of these observations, we assumed that
this strategy should be considered for other carbonates
more stable than Boc. Therefore, for further examina-
tion of the O—N acyloxy migration strategy, three
reported taxoids, i.e., 18,5 19,5 and 20,52 with structur-
ally different acyloxy groups (isopropyloxycarbonyl,
n-butyloxycarbonyl, and benzyloxycarbonyl, respec-
tively) were chosen. Prodrugs 11—13, including newly
formed carbonate groups, were synthesized as HCl salts,
and their water solubility was determined in the range
from 0.8—1.7 mg/mL, 90—4000-fold higher than those
of the parent drugs 18—20 (Table 1). Interestingly,
complete migration was observed in all cases with no
byproduct formation in PBS (pH 7.4, 37 °C) (Figure 3),
and in contrast to compound 5, no hydrolysis was
detected. Prodrug 18 had the fastest migration in this
group (tiz < 1 min). Prodrug 11, having the bulky
isopropyloxy group, showed a slower migration ({12 =
19.2 min) than isotaxoid 12 with the n-butyloxy group
(t12 = 8.8 min). On the other hand, the release of the

26
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Figure 4. Migration of prodrug 12 at different pH values at
37 °C: pH 7.4 and 4.9 (PBS), pH 4.0 (0.035% citric acid saline),
and pH 2.0 (glycine-HC! buffered saline).

parent drug from prodrug 12 slowed at pH 4.9 to t1p =
55.5 min, and no O—N acyloxy intramolecular migration
was observed at pH 2 (Figure 4). Moreover, compound
12 was almost stable in 0.035% citric acid saline (pH
4.0) at room temperature (<2% of the parent drug was
released after 1 h of incubation), suggesting a possible
condition for injection.?% These results indicate that the
kinetics of O—N acyloxy migration are clearly pH-
dependent, and a faster migration could be obtained
under physiological conditions (pH 7.4) than under
acidic conditions. This result is comparable to that
observed previously in O—N intramolecular acyl migra-
tion,38-40

Discussion

Prodrugs are bioreversible derivatives of the drug
molecule used to overcome some barriers in the parent
drug utilities, such as solubility, permeability, oral
absorption, stability, toxicity, and targeting.®? In 2001
and 2002, 14% of all new approved chemical drugs were
prodrugs.58 This trend caused a dramatic increase in
the number of submitted prodrug patents (>2000%
increase in 2002 compared to 1993), with claims for
cancer treatment comprising 37%,% which clearly shows
the importance of this field in the development of
anticancer agents. However, auxiliary units are used
in all standard prodrug strategies, and the release of
these moieties may cause some undesired side effects.32
Therefore, the potential side effects of the auxiliary unit
should be evaluated; otherwise, safe and nontoxic
auxiliary units already accepted by the registration
authorities should be used. However, even commonly
used pivalic acid showed some toxicity connected with
changes in carnitine homeostasis,’ as well as the
phosphate group (popularly used in prodrug design),
which was reported to cause hypocalcemic effects, and
special caution should be implemented, for example, for
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patients with renal impairment.55 Also, the formalde-
hyde released upon hydrolysis of some linker can be a
toxicological concern.?? In consideration, prodrug strate-
gies that avoid any additional auxiliary moieties are
very promising,

Along these lines, we previously developed isotaxel
4, a 2"-O-acyl isoform of paclitaxel 1. This prodrug 4
showed 1800-fold higher water solubility (0.45 mg/mL)
than 1 and released parent drug 1 via an O-N in-
tramolecular acyl migration reaction with no side reac-
tion under physioclogical conditions (pH 7.4).41 In a
similar manner, we designed and synthesized the first
water-soluble prodrug of canadensol 8,%2 a promising
candidate as a new taxoid drug. In both cases, the
production of parent drugs was pH-dependent, while
prodrugs were stable in the solid form and under acidic
conditions, which suggested a possible injection condi-
tion for practical clinical use. Thus, the O~N acyl
migration reaction could be one of the leading strategies
in prodrug design, since isotaxoids 4 and 6 showed
higher water solubility and there was no byproduct
formation during parent drug formation.

On the other hand, it was demonstrated that pacli-
taxel prodrug 7-(27,3"-dihydroxypropylearbonoxy)-
paclitaxe] (protaxel),?® which had improved water solu-
bility (0.05 mg/mL) and released 1 in a similar pH-
dependent manner (pH 7.4, t12 = 10 min,) via intra-
molecular cyclization, showed lower systemic toxicity
than paclitaxel. Therefore, it can be administered in
higher doses. Protaxel is currently in clinical trials.28
In relation to those results, we also expected the water
solubility and kinetics of our prodrugs to be promising
in practice.

In this paper, prodrugs 8—10 of important taxoids,
which have different acyl groups and can be converted
to parent drugs by the O—~N intramolecular acyl migra-
tion reaction, were synthesized and evaluated. All
showed significant increases in water solubility (38—
800-fold) compared to the parent drugs. The water-
soluble prodrug 8 with the cyclohexene carbonyl group
showed the slowest migration rate ({12 = 60 min), which
is thought to result from its steric hindrance. Indeed,
the less sterically hindered prodrug 4 with the flat
benzoyl group showed faster migration (¢12 = 15.1 min),
and prodrug 10 with linear hexanoyl moiety showed
even faster migration (¢12 = 6.0 min). However, in
contrast to these results, the significantly longer migra-
tion time of prodrug 9, with the hexenoyl moiety (¢, =
29.3 min), than 10 ({12 = 6.0 min) was rather unex-
pected. The decelerating influence of the double bond
on the migration rate seems difficult to explain by the
steric or electrical effects of only this bond. Moreover,
the faster migration rate of prodrug 6 with the isopropyl
group (12 = 4.3 min) similar to 10 with the hindered
hexanoyl group is surprising. These complicated results
suggest the difficulty of precise theoretical prediction
of O—N intramolecular acyl migration kinetics among
various acyl moieties. However, the important conclu-
sions are that (1) the obtained ¢y values of a series of
synthetic taxoids prodrugs (460 min) are though to be
in not too short time for systemic distribution and not
too long for metabolism, although the optimal migration
rate should be estimated from in vivo evaluation, and
(2) no byproduct formation based on like acyl group
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hydrolysis was observed, which is a very important
factor for practical use of the prodrugs. Additionally,
these prodrugs, O-acyl isoforms of taxoids, are not
expected to be active, based on previous SAR studies
on paclitaxel derivatives.657 Namely, it is known that
both N-acyl and free 2-OH groups are required for
taxoid activity.57

Taxoids can be divided into two groups, 3’-N-acyl
derivatives such as paclitaxel (1) and 3-N-acyloxy
derivatives such as docetaxel (2). Therefore, our prodrug
strategy was also applied to an O—N intramolecular
“acyl-like” (acyloxy) migration to docetaxel (2). A model
prodrug of 2 was designed in which the baccatin III
moiety was replaced by a bulky cyclohexyl ester. How-
ever, a simple hydrolysis of the Boc group, besides the
desired O—N acyloxy migration for the production of the
N-acyl parent model compound, was observed under
physiclogical conditions.? On the other hand, this
strategy was recently used for the prodrug design of
HIV-1 protease inhibitors and no hydrolysis of carbon-
ate moieties (3-tetrahydrofuranyloxycarbonyl) was ob-
served.58 Considering this feature, we decided to recon-
sider this strategy for the synthesis of 3'-N-acyloxy
taxoid prodrugs, including 2, a docetaxel prodrug 5.
However, the undesired hydrolysis of the Boc group in
PBS (pH 7.4, 37 °C) was replicated in this real taxoid
prodrug (Figure 2). We suggested that replacement of
the tert-butyl group in the primary or secondary ali-
phatic groups could avoid undesired hydrolysis. Hence,
the application of new acyloxy groups in our prodrug
strategy has been demonstrated. Three isotaxoids, 11—
13, prodrugs of the reported 3'-N-carbamate taxoids 18—
20,5952 hased on the O—N acyloxy migration strategy,
were synthesized and showed practical water solubility,
ranging from 0.8 to 1.7 mg/mL, than isotaxel 4 (Table
1). The prodrugs 11 and 12 showed promising kinetic
data. Prodrug 11, having the bulky isopropyloxy group,
due to steric hindrance, clearly showed a slower migra-
tion (12 = 19.2 min) than prodrug 12 (1 = 3.8 min).
Prodrug 13 showed the fastest migration in this group
(t12 < 1 min), due to the electron-withdrawing effect of
the phenyl group. This suggests that the steric effect of
the phenyl ring on acyl migration appears only in cases
when the phenyl ring is directly comnected to the
carbonyl carbon (4, t1p = 15.1 min). As expected, no
byproduct formation, such as hydrolysis, was observed.
Interestingly, in the previously mentioned prodrugs of
HIV-1 protease inhibitors using the hydroxyethylamine
core structure,®® a byproduct of oxazolidinone was
produced during the parent drug formation (Figure 54),
The lack of oxazolidinone formation in our case was
probably due to the electron-withdrawing influence of
a neighboring ester group in the phenylisoserine moiety
(Pis), and thus the hydroxyl group of Pis is a good
leaving group, as shown in Figure 5B. Thus, herein, we
reported the first successful atom economical O—N
intramolecular acyloxy migration reaction under aque-
ous conditions without the formation of side products,
as we reported previously (hydrolysis),*? as did Glaxo-
SmithKline (oxazolidone formation).5® In addition, it
was shown that there is no major difference in kinetics
between the previously reported model compounds with
the cyclohexanol moiety instead of baccatin III and real
prodrugs.*?~#3 This suggests that the time of parent
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Figure 5. Possible products of amine group nucleophilic
attack on carbonate moiety (A) and pure O—N intramolecular
acyloxy migration reaction observed in prodrugs 11-13 (B).

drug formation does mnot necessarily depend on the
modification of the baccatin III structure, namely the
kinetics of migration observed for prodrugs 4, 6, 8—13
can be expected to replicate without significant differ-
ences among all prodrugs that have the same phenyl-
isoserine derivative moiety. Thus, for example, similar
kinetic behavior can be expected for other taxoids with
isopropyloxycarbonyl and n-butyloxycarbonyl groups,
which showed very promising anticancer activity,5!5%60
different from drugs 18 and 19 only in baccatin III
moiety. Additionally, differences in migration rates
between prodrug 10 (¢;2 = 6.0 min) and its isoster
prodrug 12 {t;2 = 3.8 min) demonstrated that O—N
acyloxy migration is kinetically similar to O—N acyl
migration. There is no major difference in #12 values
between these two compounds (Table 1).

In addition, pH-dependent kinetics observed in both
types of migration reactions suggest a design for the
injectable solution. We demonstrated previously that
isotaxel 4 was almost stable for several hours at pH
4.0, which is an acceptable value for injection in
practical clinical use.?0 The prodrug of canadensol 6 was
also stable at pH 4.0 for at least 1 h.42 In this study,
prodrug 12, which also had a very small #12 value at

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 7 2661

pH 7.4 (3.8 min), showed only slight migration (<2%)
after 1 h of incubation in 0.035% citric acid saline (pH
4.0). Naturally, prodrugs with higher #i2 values under
physiological ¢onditions can remain stable for a longer
time under these injectable pH 4.0 conditions. There-
fore, it should be possible to prepare a stable prodrug
solution just before injection. One exception is prodrug
13, which has a very small ti2 value for parent drug
release, and it would be difficult to adopt this pH 4.0
and even lower pH conditions because the precipitate
would be formed just after injection in the body without
complete distribution.

Interestingly, the water-solubility ratios of prodrugs
compared to parent drugs exist over a wide range (10—
4000-fold), but the resulting water solubility of the
prodrugs is very similar over the range of 0.45—2.3 mg/
mL. This suggests that the solubility of prodrugs is
related much more to the whole structure of isotaxoids
and the ionized amine group than to the R acyl/acyloxy
groups, in contrast to the solubility of parent drugs,
which is highly dependent on the nature of acyl/acyloxy
groups. However, in all cases, the improved water
solubility of prodrugs suggests that the utility of the
O—N acylVacyloxy intramolecular migration strategy for
water-soluble taxoid produgs can be generalized.

Conclusion

We developed water-soluble prodrugs of taxoids based
on the O—N acyl migration reaction. All prodrugs
showed a significant increase in water solubility and
promising kinetic data. These prodrugs, a 2’-O-isoform
of taxoids, have no additional functional auxiliaries
released during conversion to the parent drugs. This
would be an advantage in toxicology and general
pharmacology, since the detergent for solubilization,
which has some side effects, can be omitted and the
potential side effects caused by reported auxiliaries can
be avoided. In addition, no costly toxicological and
general pharmacological evaluation of released auxiliary
units is required. Therefore, we can recommend this
strategy as a first choice for water-soluble prodrug
design for other drugs if O—N acyl intramolecular
migration is possible. Additionally, this study demon-
strates for the first time the pure O—N intramolecular
acyloxy migration reaction, which proceeds under aque-
ous conditions with no side product formation. The first
successful application of this reaction in a prodrug
strategy was demonstrated with the same promising
data as for acyl migration. Thus, our prodrug strategy
can be extended to carbamate derivatives of taxoids,
except for Boc. Moreover, our success with O—N in-
tramolecular acyloxy migration will open the door for
the application of this atom economical reaction in
water-soluble prodrug design of other drugs which have
a carbamate moiety and the neighboring hydroxy group.

Experimental Section

Chemistry. Reagents and solvents were obtained from
Wako Pure Chemical Industries Ltd. (Osaka, Japan), Nacalai
Tesque (Kyoto, Japan), and Aldrich Chemical Co. Ine. (Mil-
waukee, WI) and used without further purification. Column
chromatography was performed on Merck 107734 silica gel 60
(70-230 mesh). TLC was performed using Merck silica gel
60F 25, precoated plates. Analytical HPLC was performed using
a C18 reverse phase column (4.6 x 150 mm; YMC Pack ODS
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AM302) with a binary solvent system: a linear gradient of
CH4CN in 0.1% aqueous TFA at a flow rate of 0.9 mL min™?,
detected at 230 nm. Preparative HPLC was carried out on a
C18 reverse phase column (20 x 250 mm; YMC Pack ODS
SH343~5) with a binary solvent system: a linear gradient of
CH3CN in 12 mM aqueous HCI at a flow rate of 5.0 mL min-?,
detected at 230 nm. Solvents used for HPLC were of HPLC
grade. All other chemicals were of analytical grade or better.
TH NMR spectra were obtained using a 400 MHz Varian
UNITY INOVA 400NB spectrometer with TMS as an internal
standard at 25 °C. FAB-MS was performed on a JEOL JMS—
SX102A spectrometer equipped with the JMA-DA7000 data
system. ESI-MASS was performed on a Finnigan $SSQ-7000
spectrometer.
2'-0-(1-Cyclohexenecarbonyl)-3'-N-debenzoylpaclitax-
el Hydrochloride (8). A solution of 7 (21 mg, 0.019 mmol),
1-cyclohexenecarboxylic acid (2.9 mg, 0.023 mmol), DMAP (0.7
mg, 0.006 mmol), and EDC-HCI (4.4 mg, 0.023 mmol) in dry
CH2Clz (1 mL) was stirred under an argon atmosphere at room
temperature for § h. Then the reaction mixture was diluted
with AcOEt and successively washed with 10% citric acid three
times and water and saturated NaHCQj; twice. The organic
layer was dried over MgSO; and the solvent was removed
under reduced pressure. The resulting oil was dissolved in a
mixture (2 mL) of MeOH:AcOH (1:1), zinc dust was added in
three portions (a total of 38 mg, 0.57 mmol) within 30 min,
and the reaction mixture was stirred for an additional 15 min
at room temperature. The reaction mixture was directly
applied to preparative HPLC, which was eluted with a linear
gradient of 10—60% CH3CN in 12 mM aqueous HCl over 100
min at a flow rate of 5 mL/min. The desired fraction was
collected and lyophilized to give a white powder of 8 as an HCI
salt (12.9 mg, 14.4 umol, 76%). *H NMR (CD3;0D, 400 MHz):
J = 8.08-8.06 (m, 2 H, CH), 7.75—-7.71 (m, 1 H, CH), 7.65—
7.49 (m, 6 H, CH), 7.39-7.35 (m, 2 H, CH), 6.41 (s, 1 H, CH),
5.93 (bt, J(H,H) = 9.3 Hz, 1 H, CH), 5.60 (d, *J(H,H) = 7.1
Hz, 1 H, CH), 5.40 (d, *J(H,H) = 9.0 Hz, 1H, CH), 4.97 (bd,
SJ(HH) = 7.7 Hz, 1H, CH), 4.85 (d, 1 H, CH, partially
overlapping with signal from CD;0D), 4.30 (dd, 3J(H,H) = 6.8,
11.0 Hz, 1H, CH), 4.17, 4.14 (24, %2/(H,H) = 8.2 Hz, 2 H, CHy),
3.72(d, 3J(H,H) = 7.1 Hz, 1 H, CH), 2.48-2.41 (m, 1 H, CHy),
2.34—-2.31 (m, 4H, CHy), 2.27 (s, 3 H, CHy), 2.16 (s, 3 H, CHy),
1.92 (dd, 3J(H,H) = 9.3 Hz, 2J(H,H) = 15.4 Hz, 1 H, CHy), 1.85
(d, *J(H,H) = 1.1 Hz, 3 H, CHj), 1.82-1.68 (m, 5 H, CHy), 1.62
(s, 3 H, CHj), 1.47 (dd, *J(H,H) = 8.8 Hz, 2J(H,H) = 15.5 Hz,
1 H, CHy), 1.12 (s, 3 H, CHy), 1.10 (s, 3 H, CH;). HRMS
(FAB+): caled for Cy7HseNOy4 [M* + H] 858.3701, found
858.3705. Anal. (C»HseCINO,4-3.5H0) C, N, H: caled, 6.63;
found, 6.05.
2'-0-(trans-2-Hexenoyl)-3'-N-debenzoylpaclitaxel Hy-
drochloride (9). The above procedure with trans-2-hexenoic
acid afforded 9(47%): *H NMR (CD30D, 400 MHz): 6 = 8.08—
8.05 (m, 2 H, CH), 7.75~7.71 (m, 1 H, CH), 7.65—7.48 (m, 6
H, CH), 7.37-7.30 (m, 1 H, CH), 7.26(dt, *3J(H,H) = 7.0, 15.6
Hz, 1H, CH), 6.41 (s, 1 H, CH), 6.09 (dt, ‘J(H,H) = 1.5 Hz,
3J(H,H) = 15.6 Hz, 1 H, CH), 5.93 (bt, *J(H,H) = 8.9 Hz, 1 H,
CH), 5.59(d, 3J(H,H) = 7.3 Hz, 1 H, CH), 5.33 (4, 3J(F,H) =
9.0 Hz, 1H, CH), 4.96 (bd, 3J(H,H) = 9.5 Hz, 1H, CH), 4.80 (d,
3J(H,H) = 8.6 Hz, 1H, CH), 4.30 (dd, *J(H,H) = 6.5, 10.9 Hz,
1 H, CH),4.16, 4.13 (2d, 2J(H,H) = 8.9 Hz, 2 H, CHp), 3.72 (4,
8J(H,H) = 7.1 Hz, 1 H, CH), 2.48-2.40 (m, 1 H, CHy), 2.34—
2.28 (m, 2H, CHy), 2.26 (s, 3 H, CHjy), 2.15 (s, 3 H, CH3), 1.90
(dd, 3J(H H) = 6.0 Hz, 2J(} ,H) = 15.6 Hz, 1 H, CHy), 1.85 (d,
4J(H,H) = 1.1 Hz, 3H, CHjy), 1.82~1.74 (m, 1 H, CHy), 1.62 (s,
3 H, CHjy), 1.62—-1.53 (m, 2 H, CHy), 1.44 (dd, 3J(H,H) = 8.7
Hz, 2J(H,H) = 15.5 Hz, 1 H, CHy), 1.12 (s, 3 H, CHy), 1.09 (s,
3 H, CHjy, 1.00 (t, 3JFH) = 7.4 Hz, 3 H, CH). HRMS
(FAB+): caled for CyHgeNOyy [M* 4+ H] 846.3701, found
846.3698. Anal. (CiHseCINO14-2.5H.0) C, H, N.
2'-0-Hexanoyl-3’-N-debenzoylpaclitaxel Hydrochlo-
ride (10), The above procedure with hexanoic acid afforded
10 (62%): *H NMR (CD;0D, 400 MHz): é = 8.08~8.06 (m, 2
H, CH), 7.76—17.71 (m, 1 H, CH), 7.66~7.48 (m, 6 H, CH), 7.37—
7.33 (m, 1 H, CH), 6.41 (s, 1 H, CH), 5.93 (bt, 3J(H,H) = 8.5
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Hz, 1 H, CH), .59 (d, 3J(H,H) = 7.3 Hz, 1 H, CH), 5.31 (d,
*J(H,H) = 9.0 Hz, 1H, CH), 4.97 (dd, %J(H,H) = 2.0, 9.7 Hz,
1H, CH), 4.78 (bd, *J(H,H) = 8.4 Hz, 1H, CH), 4.30 (dd, 3J(H,H)
= 6.5, 11.1 Hz, 1 H, CH), 4.16, 4.14 (2d, 2J(H,H) = 8.4 Hz, 2
H, CHy), 3.72 (d, *J(H,H) = 7.2 Hz, 1 H, CH), 2.57 (t, 3J(H,H)
= 7.2 Hz, 1 H, CH), 2.48-2.40 (m, 1 H, CHy), 2.26 (s, 3 H,
CH,), 2.16 (s, 3 H, CHs), 1.93~1.88 (m, 1H, CHy), 1.86 (d,
“J(H,H) = 1.1 Hz, 3 H, CHs), 1.81-1.74 (m, 1 H, CHy), 1.73—
1.66 (m, 2 H, CHy), 1.62 (s, 3 H, CHy), 1.44 (dd, *3J(H,H) = 9.0
Hz, 2J(H,H) = 15.4 Hz, 1 H, CHy), 1.39-1.31 (m, 4 H, CHy),
1.12 (s, 3 H, CHy), 1.10 (s, 3 H, CHa), 0.93 (t, 3J(H,H) = 7.0
Hz, 3 H, CH). HRMS (FAB+): caled for C46HgsNOys [M* + H]
848.3857, found 848.3854. Anal. (C4sHssCINO,4°2.5H,0) C, H,
N.

2'-0-Isopropyloxycarbonyl-3'-N-debenzoylpaclitaxel
Hydrochloride (11). Isopropyloxycarbonyl chloride (5 uL,
43.6 umol) was added to the stirring solution of 7 (24.0 mg,
21.8 umol) in dry CH,Cl (1 mL) and dry pyridine (1 mL), and
the mixture was stirred under an argon atmosphere at room
temperature for 30 min. The reaction mixture was diluted with
AcOEt and then washed with water, 1 N hydrochloric acid
twice, and then brine. The organic layer was dried over MgSO,
and the solvent was removed under reduced pressure. The
resulting oil was dissolved in a mixture (2 mL) of MeOH:AcOH
(1:1), zinc dust was added in three portions (a total of 42 mg,
0.65 mmol) within 30 min, and the reaction mixture was
stirred for an additional 15 min at room temperature. The
reaction mixture was directly applied to preparative HPLC,
which was eluted with a linear gradient of 30—70% CH;CN
in 12 maM aqueous HCI over 40 min at a flow rate of 5 ml/
min. The desired fraction was collected and lyophilized to give
a white powder of 11 as an HCl salt (12.8 mg, 14.1 umol, 65%).
'H NMR (CD30D, 400 MHz): 6 = 8.08~8.06 (m, 2 H, CH),
7.74-7.70 (m, 1 H, CH), 7.64~17.50 (m, 6 H, CH), 7.40—17.36
(m, 1 H, CH), 6.41 (s, 1 H, CH), 5.99—5.95 (m, 1 H, CH), 5.60
(d, *J(H,H) = 7.3 Hz, 1 H, CH), 5.34 (d, 3J(H,H) = 8.8 Hz, 1H,
CH), 4.99—4.80 (i, 3 H, CH, partially overlapping with signal
from CD30D), 4.30 (dd, *J(H,H) = 6.6, 11.0 Hz, 1 H, CH), 4.17,
4.16 (2d, J(H,H) = 8.4 Hz, 2 H, CHy), 3.72 (d, 3J(H,H) = 7.1
Hz, 1 H, CH), 2.49—2.41 (m, 1 H, CHy), 2.29 (s, 3 H, CHay),
2.16 (s, 3 H, CHs), 1.94 (dd, %J(H,H) = 9.6 Hz, 2/(H,H) = 15.3
Hz, 1 H, CHy), 1.86 (d, *J(H,H) = 1.3 Hz, 3 H, CH;), 1.82—~
1.75 (m, 1 H, CHa), 1.63 (s, 3 H, CHy), 1.53 (dd, 3J(H,H) = 8.9
Hz, %J(H,H) = 15.3 Hz, 1 H, CHz), 1.36 (d, %J(H,H) = 6.2 Hz,
3 H, CH,), 1.35 (d, *J(H,H) = 6.2 Hz, 3 H, CHj), 1.13 (s, 3 H,
CHs), 1.11 (S, 3 H, CHa). HRMS (FAB+)Z caled for C44H54NO]5
M* + H] 836.3493, found 836.3502, Anal. (CyHs:CINOy5-
4.5H:0) C, H, N.

2'-0-n-Butyloxycarbonyl-3"-N-debenzoylpaclitaxel Hy-
drochloride (12). The above procedure with n-butyloxycar-
bonyl chloride (6 equiv) afforded 12 (71%): *H NMR (CD;0D,
400 MHz): ¢ = 8.08~8.06 (m, 2 H, CH), 7.75—7.70 (m, 1 H,
CH), 7.64—7.49 (m, 6 H, CH), 7.39~7.36 (m, 1 H, CH), 6.42 (s,
1H, CH), 5.96 (bt, *J(H,H) = 9.5 He, 1 H, CH), 5.60 (d, 3J(H,H)
= 1.3 Hz, 1 H, CH), 5.31 (d, *%J(H,H) = 8.8 Hz, 1H, CH), 4.96
(dd, 3J(H,H) = 1.8, 9.7 Hz, 1H, CH), 4.82 (d, 1 H, CH, partially
overlapping with signal from CD;0D), 4.84-4.22 (m, 3 H, CH,
CHy), 4.17, 4.14 (2d, 2(H,H) = 8.4 Hz, 2 H, CHy), 3.73 (4,
3J(H,H) = 7.3 Hz, 1 H, CH), 2.48~2.41 (m, 1 H, CHy), 2.27 (s,
3 H, CHy), 2.18 (s, 3 H, CHa), 1.92 (dd, J(HH) = 9.4 Hz,
2J(H,H) = 15.5 Hz, 1 H, CH,), 1.87 (d, “J(H,H) = 1.1 Hz, 3 H,
CHa), 1.82~1.75 (m, 1 H, CHa), 1.75—1.67 (m, 2H, CH,), 1.63
(s, 3 H, CHy), 1.563—1.40 (m, 3 H, CH, CHa), 1.13 (s, 3 H, CHa),
1.11(s, 3 H, CHs), 0.97 (t, %J(H,H) = 7.3 Hz, 3 H, CHy). HRMS
(FAB+): caled for CysHssNOy [M* + H] 850.3650, found
850.3655. Anal. (C4sH56CINO;6-8.5H20) C, H, N.

2'-0-Benzyloxycarbonyl-3'N-debenzoylpaclitaxel Hy-
drochloride (13). The above procedure with benzyloxycar-
bonyl chloride (20 equiv) afforded 13 (53%): 'H NMR (CD;0D,
400 MHz): ¢ = 8.08-8.05 (m, 2 H, CH), 7.74-7.70 (m, 1 H,
CH), 7.63—17.59 (m, 2 H, CH), 7.57-7.34 (m, 10 H, CH), 6.41
(s, 1 H, CH), 5.94 (dt, *J(H,H) = 1.3 Hz, 3J(H,H) = 9.2 Hz, 1
H, CH), 5.60 (d, *J(H,H) = 7.3 Hz, 1 H, CH), 5.35 (d, 3J(H,H)
= 8.6 Hz, 1H, CH), 5.31, 5.27 (24, %J(H,H) = 12.0 Hz, 2 H,
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CHy), 4.97 (dd, 3J(H,H) = 1.9, 9.6 Hz, 1H, CH), 4.81 (d, %J(H,H)
= 8.8 Hz, 1 H, CH), 4.30 (dd, *3J(H,H) = 6.6, 11.0 Hz, 1 H,
CH), 4.17, 4.14 (24, 2J(HLH) = 9.0 Hz, 2 H, CHy), 3.72 (d,
3J(H,H)= 7.3 Hz, 1 H, CH), 2.50~2.42 (m, 1 H, CHy), 2.27 (s,
3 H, CHa), 2.17 (s, 3 H, CHj), 1.91 (dd, J(H,H) = 9.3 Hz,
2J(H,H) = 15.4 Hz, 1 H, CHy), 1.81 (4, “J(H,H) = 1.3 Hz, 3 H,
CHs), 1.82—1.76 (m, 1 H, CHy), 1.63 (s, 3 H, CHy), 1.49 (dd,
3J(H,H) = 9.0 Hz, 2J(H,H) = 15.4 Hz, 1 H, CHy), 1.13 (s, 3 H,
CHa), 1.10 (s, 3 H, CHj). HRMS (FAB+): caled for CseHsaNOs5
[M* + H] 884.3493, found 884.3486. Anal. (C4gHzsCINO;s5:
1.5H:0) C, H, N.

3'-N-Debenzoylpaclitaxel (14). Zinc dust was added in
three portions (a total of 0.71 g, 10.9 mmol) to the stirring
solution (9 mL) of 7 (400 mg, 0.363 mmol) in AcOEt:AcOH (8:
1) within 5 h and the reaction mixture was stirred for an
additional 3 h at room temperature. The zine dust was filtered,
and the resulting mixture was diluted with AcOEt and washed
with saturated NaHCOs three times. The organic layer was
dried over MgSO; and the solvent was removed under reduced
pressure. The resulting oil was purified by silica gel column
chromatography (MeOH:CHCl; 10:1) to yield a white powder
14 after lyophilization (164 mg, 0.219 mmel, 60%). 'H NMR
(CDCls, 400 MHz): 6 = 8.07-8.05 (m, 2 H, CH), 7.67-7.63
(m, 1 H, CH), 7.54—7.50 (m, 2H, CH), 7.38~7.36 (m, 4 H, CH),
7.28—7.21 (m, 1 H, CH), 6.27 (s, 1 H, CH), 6.14 (dt, *JH,H) =
1.3 Hz, 3J(H,H) = 8.9 Hz, 1 H, CH), 5.63 (d, 3J(H,H) = 7.1 Hz,
1 H, CH), 4.93 (dd, 3J(H,H) = 2.0, 9.5 Hz, 1H, CH), 4.40 (dd,
3J(H,H) = 6.7, 10.9 Hz, 1 H, CH), 4.31-4.26 (m, 3H, CHy, CH),
4.14(d, 3J(H,H) = 8.2 Hz, 1H, CH), 8.75 (4, 3J(H,H) = 7.0 Hz,
1H, CH), 2.57~2.49 (m, 1 H, CHy), 2.24 (s, 3 H, CHj), 2.13 (s,
3 H, CHj), 2.19~1.82 (m, 3 H, CHy), 1.87 (d, *J(H,H) = 1.3
Hz, 3H, CHs), 1.65 (s, 3 H, CHj), 1.24 (s, 3 H, CHa), 1.13(s, 3
H, CHs). HRMS (FAB+): caled for CyoHseNOys [M* + H]
750.3126, found 750.3120. Anal. (C5H4NO13-Hz0) C, H, N.

8'-N-(1-Cyclohexenylcarbonyl)-3’-N-debenzoylpacli-
taxel (15). A solution of 14 (10.4 mg, 0.014 mmol), 1-cyclo-
hexenecarboxylic acid (2.1 mg, 0.017 mmol), HOBt (2.5 mg,
0.017 mmol), and EDC-HCI (8.2 mg, 0.017 mmol) in DMF (1
mL) was stirred at room temperature for 3 h, Then DMF was
removed under reduced pressure and the reaction mixture was
dissolved with AcOEt. After washing with 10% citric acid three
times and water and saturated NaHCOj; twice, the organic
layer was dried over MgS0; and the solvent was removed
under reduced pressure. The crude product was applied to
preparative HPLC, which was eluted with a linear gradient
of 40%—80% CH3CN in 12 mM aqueous HCI over 80 min at a
flow rate of 5 mL/min. The desired fraction was collected and
lyophilized to give a white powder of 15 (9.2 mg, 10.7 umol,
77%). *H NMR (CDCls, 400 MHz): ¢ = 8.13-8.10 {m, 2 H,
CH), 7.64—17.60 (m, 1 H, CH), 7.53—7.49 (m, 2H, CH), 7.41-
7.38 (m, 4 H, CH), 7.37-7.81 (m, 1 H, CH), 6.65—6.63 (m, 1H,
CH), 6.47 (d, 3J(H,H) = 8.8 Hz, 1 H, NH) 6.27 (s, 1 H, CH),
6.20 (bt, SJ(H,H) = 8.2 Hz, 1 H, CH), 5.67 (4, J(H,H) = 7.0
Hz, 1H, CH), 5.61 (dd, *%J(H,H) = 2.8, 8.8 Hz, 1H, CH), 4.95—
4.93 (m, 1H, CH), 4.71 (d4, 3J(H,H) = 2.8, 5.4 Hz, 1 H, CH),
4.43-4.37 (m, 1 H, CH), 4.30, 4.19 (2d, 2(H,H) = 8.3 Hz, 2 H,
CHy), 8.78 (d, 3J(H,H) = 7.0 Hz, 1 H, CH), 8.57 (d, 3J(H,H) =
5.5 Hz, 1 H, OH) 2.59-2.51 (m, 1 H, CHy), 2.47 (d, W(H,H) =
4.0 Hz, 1 H, OH), 2.35 (s, 3 H, CHy), 2.29 (dd, 3J(HH) = 5.2
Hz, 2J(H,H) = 8.9 Hz, 1 H, CHy), 2.25 (s, 3 H, CHa), 2.22—
2.11 (m, 4H, CHy), 1.91-1.85 (m, 1 H, CHy), 1.85 (s, 1H, OH),
1.79 (d, 4J(H,H) = 1.1 Hz, 3 H, CHs), 1.68 (s, 3 H, CHy), 1.66—
1.63 (m, 5 H, CH,, partially overlapping with signal from Hz0),
1.26 (s, 3 H, CHa), 1.15 (s, 3 H, CHa). HRMS (FAB+): caled
for Cy7HseNO3s [M* + H] 858.3701, found 858.3696.

3'-N-(irans-2-Hexenoyl)-3"-N-debenzoylpaclitaxel (16).
The above procedure with trans-2-hexenoic acid afforded 16
(56%). YH NMR (CDCl;, 400 MHz): 6 = 8.14-8.12 (m, 2 H,
CH), 7.64—17.60 (m, 1 H, CH), 7.565-7.31 (m, 7 H, CH), 6.79
(dat, 3J(H,H) = 7.0, 15.4 Hz, 1H, CH), 6.27 (s, 1 H, CH), 6.25—
6.17 (m, 2 H, CH, NH), 5.79 (bd, 3%/(H,H) = 15.6 Hz, 1 H, CH),
5.67 (d, 3J(H,H) = 7.0 Hz, 1H, CH), 5.62 (dd, 3J(H,H) = 2.6,
8.6 Hz, 14, CH), 4.94 (dd, 3J(HH) = 2.0, 7.3 Hz, 1 B, CH),
471 (bs, 1 H, CH), 4.43-4.38 (m, 1H, CH), 4.30, 4.19 (24,
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2J(H,H) = 8.8 Hz, 2 H, CH»), 3.79 (d, J(H,H) = 7.0 Hz, 1 H,
CH), 3.58 (d, 3J(H,H) = 5.3 Hz, 1 H, OH) 2.59~2.51 (m, 1 H,
CHoy), 2.46 (bs, 1 H, OH), 2.37 (s, 3 H, CHy), 2.33—2.27 (m, 1
H, CHy), 2.25 (s, 3 H, CHa), 2.13-2.08 (m, 2H, CHy), 1.91-
1.84 (m, 1H, CHyp), 1.81 (4, “J(H,H) = 1.1 He, 3 H, CH3), 1.68
(s, 3 H, CHs), 1.64-1.59 (m, 1 H, CHp, partially overlapping
with signal from H,0), 1.44-1.35 (m, 2H, CHy), 1.26 (s, 3 H,
CHa), 1.15 (s, 3 H, CHa), 0.87 (t, %J(H,H) = 7.3 Hz, 3 H, CHy).
HRMS (FAB+): caled for CyeHssNOyy [M* + H] 846.3701,
found 846.3707.

8'-N-(Hexanoyl)-3"-N-debenzoylpaclitaxel (17). The above
procedure with hexanoic acid afforded 17 (56%). *H NMR
(CDCl3, 400 MHz): é = 8.12—8.10 (m, 2 H, CH), 7.64—7.60
(m, 1H, CH), 7.53-7.32 (m, 7 H, CH), 6.28 (s, 1 H, CH), 6.23—
6.20 (m, 2 H, CH, NH), 5.68 (d, 3J(H,H) = 7.1 Hz, 1 H, CH),
5.58 (dd, 3J(H H) = 2.3, 8.9 Hz, 1H, CH), 4.94 (dd, *J(H ,H) =
1.8, 9.5 Hz, 1 H, CH), 4.68 (bs, 1 H, CH), 4.40 (dd, J(HH) =
6.4, 11.0 Hz, 1 H, CH), 4.30, 4.19 (2d, 2J(H,H) = 8.3 Hz, 2 H,
CHy), 3.79 (d, 3J(H,H) = 7.0 Hz, 1 H, CH), 3.47 (bs, 1 H, OH)
2.58~2.50 (m, 1 H, CHy), 2.47 (bs, 1 H, OH), 2.34 (s, 3 H, CHa),
2.32-2.25 (m, 1 H, CHy), 2.25 (s, 3 H, CHj), 2.19 (¢, 3J(HH) =
7.6 Hz, 2H, CHy), 1.93—1.84 (m, 1 H, CHy), 1.82 (d, ‘J(H H) =
1.13 Hz, 3 H, CH,), 1.68 (s, 3 H, CHy), 1.65—1.53 (m, 3 H, CH,
CHy), 1.28—1.22 (m, 4H, CHa), 1.27(s, 3 H, CH3), 1.15(s, 3 H,
CHa), 0.83 (t, 3J(H,H) = 7.0 Hz, 3 H, CH3). HRMS (FAB+):
caled for CyeHgsNOs4 [M* + H) 848.3857, found 848.3864.

3'-N-Debenzoyl-3"-N-isopropyloxycarbonylpaclitaxel
(18). 3-N-Debenzoylpaclitaxel 14 (10.0 mg, 13.3 umol) was
dissolved in CH.Clz (0.5 mL) and a saturated solution of
NaHCO; (0.5 mlL) was added. Then isopropyloxycarbonyl
chloride (1.7 uL, 17 umol) was added with vigorous stirring.
After 1 h, the next portion of isopropyloxycarbonyl chloride
(1.7 uL, 17 umol) was added, and after an hour, the reaction
mixture was diluted with EtOAc and washed with water. The
organic layer was dried over MgSO, and the solvent was
removed under reduced pressure. The crude product was
applied to preparative HPLC, which was eluted with a linear
gradient of 30%—70% CHsCN in 12 mM aqueous HCI over 80
min at a flow rate of 5 mIL/min. The desired fraction was
collected and lyophilized to give a white powder of 18 (9.7 mg,
11.6 pmol, 87%). 'H NMR (CD;0D, 400 MHz): ¢ = 8.10 (d,
3J(H,H) = 7.3 Hz, 2 H, CH), 7.68-7.64 (m, 1 H, CH), 7.58—
7.54 (m, 2 H, CH), 7.39 (4, *J(H,H) = 4.6 He, 4 H, CH), 7.28—
7.24 (m, 1 H), 6.46 (s, 1 H, CH), 6.15 (t, 3J(H,H) = 10.0 Hz, 1
H, CH), 5.64 (d, 3J(3,H) = 7.3 Hz, 1 H, CH), 5.15 (bs, 1H, CH),
5.00-4.97 (m, 1 H, CH), 4.81—-4.75 (m, 1 H, CH), 4.52 (d,
3J(H,H) = 4.4 Hz, 1 H, CH), 4.32 (dd, *J(H,H) = 6.6, 11.0 Hz,
1H, CH), 4.18 (bs, 2 H, CHy), 3.82(d, J(H,H)= 7.1 Hz, 1 H,
CH), 2.50-2.42 (m, 1 H, CHy), 2.33 (s, 3 H, CHa), 2.28-2.19
(m, 1 H, CHy), 2.17 (s, 3 H, CHs), 2.00~1.95 (m, 1 H, CHy),
1.92 (s, 3 H, CHa), 1.84~1.77 (m, 1 H, CHy), 1.66 (s, 3 H, CHs),
1.19 (4, 3J(H,H) = 6.4 Hz, 6 H, CHa), 1.17 (s, 3 H, CHy), 1.16
(s, 3 H, CH;). HRMS (FAB+): caled for C4HssNO;5 [M™* + H]
836.3493, found 836.3502.

3’-N-n-Butyloxycarbonyl-8-N-debenzoylpaclitaxel (19).
The above procedure with n-butyloxycarbonyl chloride afforded
19 (93%). 1H NMR (CD,;0D, 400 MHz): ¢ = 8.10 (d, 3J(H,H)
= 7.5 Hz, 2 H, CH) 7.68—7.64 (m, 1 H, CH), 7.58-7.54 (m, 2
H, CH), 7.39 (d, 3J(H,H) = 4.6 Hz, 4 H, CH), 7.28—7.24 (m, 1
H), 6.46 (s, 1 H, CH), 6.16 (bt, 3/(E[H) = 8.5 Hz, 1 H, CH),
5.64 (d, 3(H,H) = 7.3 Hz, 1 H, CH), 5.17 (d, 3J(H,H) = 4.6
Hz, 1 H, CH), 4.99 (dd, 3J(H,H) = 1.8, 9.5 Hz, 1H, CH), 4.54
(d, 3J(H,H) = 4.0 Hz, 1H, CH), 4.33 (dd, 3J(ILH) = 6.6, 11.0
Hz, 1 H, CH), 4.19, 4.17 (2d, 2/(H,H) = 8.8 Hz, 2 H, CHy),
4.05-3.94 (m, 2 H, CH, CHy), 3.82(d, %J(H,H) = 7.3 Hz, 1 H,
CH), 2.50-2.42 (m, 1 H, CHy), 2.34 (s, 3 H, CHs), 2.29-2.18
(m, 1 H, CHy), 2.17 (s, 3 H, CHg), 2.03—1.97 (m, 1H, CHy),
1.92 (s, 3 H, CH3), 1.84—1.77 (m, 1 H, CHy), 1.66 (s, 3 H, CHa),
1.61-1.55 (m, 2 H, CHy), 1.38—1.29 (m, 2H, CHy), 1.18 (s, 3
H, CHj), 1.18 (s, 8 H, CHy), 0.90 (t, 3J(H,H) = 7.2 Hz, 3 H,
CHa). HRMS (FAB+): caled for CusHssNOss [M* + H] 872.3469,
found 884.3477.

3".N-Benzyloxycarbonyl-3'-N-debenzoylpaclitaxel (20).
The above procedure with benzyloxycarbonyl chloride afforded
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20 (95%). ‘H NMR (CD3;0D, 400 MHz): ¢ = 8.10 (d, 3J(H,H)
= 9.5 Hz, 2 H, CH), 7.67-7.63 (m, 1 H, CH), 7.57-7.52 (m, 2
H, CH), 7.45~7.24 (m, 10 H), 6.44 (s, 1 H, CH), 6.15 (t, 3J(H,H)
=8.9Hz, 1 H, CH), 5.64 (d, *J(H],H) = 7.1 Hz, 1 H, CH), 5.20
(d, 3J(H,H) = 4.6 Hz, 1H, CH), 5.08, 5.05 (24, 2J(H,H) = 12.6
Hz, 2 H, CH»), 4.98 (44, J(I,H) = 1.9, 9.6 Hz, 1H, CH), 4.55
(d, 3J(H,H) = 4.7 Hz, 1 H, CH), 4.30 (dd, ®J(H,H) = 6.6, 11.0
Hz, 1 H, CH), 4.19, 4.17 (24, 2J(H,H) = 9.2 Hz, 2 H, CHy),
3.81(d, 3%J(H,H) = 7.1 Hz, 1 H, CH), 2.50—2.42 (m, 1 H, CHy),
2.34(s,3 H, CH3),2.34~2.18 (m, 1 H, CHy), 2.18 (s, 3 H, CHj),
1.99-1.90 (m, 1 H, CHy), 1.90 (s, 3 H, CH3), 1.83-1.76 (m, 1
H, CHy), 1.66 (s, 3 H, CHy), 1.16 (s, 3 H, CH3), 1.15(s, 3 H,
CHj). HRMS (FAB+): caled for CyHssNOys [M* + H] 884.3493,
found 884.3498.
(4S,5R)-5-Methoxycarbonyl-2-(4-methoxyphenyl)-4-
phenyl-3-benzoxycarbonyl-1,3-oxazolidine (22). (2R,3S)-
3-Phenylisoserine hydrochloride 21 (1.00 g, 4.59 mmol) was
dissolved in anhydrous MeOH (25 mL), and SOCI; (0.50 mL,
6.89 mmol) was added dropwise at 0 °C under an argon
atmosphere. The reaction mixture was stirred overnight at
room temperature and then quenched with NaHCO;, evapo-
rated under reduced pressure, and diluted with HyO. The
water phase was extracted with AcOEt three times, the
combined organic solution was dried over MgSQO,, and the
solvent was removed under reduced pressure. Benzyloxycar-
bonyl chloride (1.3 mL, 9.18 mmol) was added dropwise at 0
°C to the resulting oil dissolved in CH2Clz (30 mL) and
saturated NaHCO; (30 mL), The whole mixture was stirred
vigorously at room temperature for 8 h. The desired compound
was extracted with AcOEt. The organic solution was dried over
MgSO, and the solvent was evaporated under reduced pres-
sure to yield 1.42 g of white solid. A portion of the resulting
solid (360 mg) was dissolved in anhydrous toluene (30 mL)
and pyridinium p-toluenesulfonate (PPTS) (2.7 mg, 0.011
mmol) was added. Toluene distillation was then started and
4-methoxybenzaldehyde dimethyl acetal (0.22 mL, 1.31 mmol)
was added dropwise under an argon atmosphere. During 40
min of azeotropic distillation, approximately half of the solvent
was removed and then the reaction mixture was allowed to
cool to ambient temperature and diluted with Et,O. The
organic layer was washed with water, saturated NaHCQ;,
water, and brine and dried over MgSO,, and the solvent was
removed under reduced pressure. The resulting oil was puri-
fied by silica gel column chromatography (AcOEt:hexane 1:4)
to yield a product 22 (469 mg, 1.05 mmol, 96%) as a mixture
of diastereomers in the ratio 17:3 (detected by 'H NMR and
HPLC analysis). 'H NMR (CDCI;, 400 MHz), major diastereo-
mer: 0 = 7.42-7.32 (m, 7 H, CH), 7.22-7.06 (m, 3 H, CH),
6.92-6.84 (m, 2 H, CH), 6.75 (4, 3J(H,H) = 7.3 Hz, 2 H, CH),
6.42 (bs, 1 H, CH), 5.50 (bs, 1 H, CH), 4.92, 4.77 (24, 2J(H,H)
= 12.3 Hz, 2 H, CHy), 4.59 (d, *J(H,H) = 4.0 Hz, 1 H, CH),
3.82 (s, 3 H, CHy), 3.59 (s, 3 H, CH3); minor diastereomer: &
=17.42—~7.32 (m, 7H, CH), 7.22—7.06 (m, 3 H, CH), 6.92—-6.84
(m, 2 H, CH), 6.75 (d, %J(H,H) = 7.3 Hz, 2 H, CH), 6.50 (bs, 1
H, CH), 5.34 (bs, 1 H, CH), 5.09, 5.05 (24, 2J(H,H) = 12.4 Hz,
2 H, CHy), 4.88 (d, %J(H,H) = 3.5 Hz, 1 H, CH), 3.83 (s, 3 H,
CHa), 8.59 (s, 3 H, CHs). HRMS (FAB+): caled for CsHasNOg
[M* + H] 448.1760, found 448.1763.
13-(3’-N-Benzyloxycarbonylphenylisoserine)-10-
deacetyl-7,10-dibenzyloxycarbonylbacecatin III (24). A
solution of KOH (66 mg, 1.18 mmol) in water (10 mL) was
added slowly at room temperature to a stirring solution of 22
(440 mg, 0.983 mmol) in MeOH (30 mL). The reaction mixture
was stirred for 2 h and then MeOH was evaporated under
reduced pressure. The residual mixture was diluted with
water, washed with Et,O, acidified with 1 N HCl, and
extracted with AcOEt. This organic phase was dried over
MgS0; and evaporated under reduced pressure. The resulting
oil, 10-deacetyl-7,10-dibenzyloxycarbonylbaccatin 111 (399 mg,
0.491 mmol), and DMAP (12 mg, 0.098 mmol) were dissolved
in anhydrous CH;Cly (20 mL), DCC was added, and the
reaction mixture was stirred for 2 h at room temperature
under an argon atmosphere. The reaction mixture was diluted
with AcOEt and washed with saturated NH,C], water, satu-
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rated NaHCOs, and brine. The organic layer was dried over
MgS0, and the solvent was removed under reduced pressure.
The resulting oil was dissolved in MeOH (25 mL) and a
solution of p-toluenesulfonic acid (112 mg, 0.589 mmol) in
MeOH (10 mL) was added. After stirring for 5 h at room
temperature, the reaction mixture was diluted with AcOEt and
washed three times with saturated NaHCO; and brine. The
organic layer was dried over MgS0O, and the solvent was
removed under reduced pressure. The resulting oil was puri-
fied by silica gel column chromatography (AcOEt:hexane 2:3),
and unreacted minor diastereomer was discarded. The desired
product was dissolved in a few milliliters of CHsCN, the
remaining dicyclohexylurea was filtered off, and solution was
lyophilized to give a white powder of 24 (438 mg, 0.395 mmol,
80%). 'H NMR (CD;0D, 400 MHz): 6 = 8.10 (d, J(H,H) =
7.7 Hz, 2 H, CH), 7.67-62 (m, 1 H, CH), 7.57-7.53 (m, 2 H,
CH), 7.42-7.22 (m, 20 H, CH), 6.24 (s, 1 H, CH), 6.17 (t,
J(H,H) = 8.7 Hz, 1H, CH), 5.65 (d, 3J(H,H) = 7.1 Hz, 1 H,
CH), 5.52 (dd, J(H,H) = 7.2, 10.5 Hz, 1 H, CH), 5.22 (d,
%J(H,H) = 4.6 Hz, 1 H, CH), 5.20-4.99 (m, 7 H, CH, CHy),
4.57(d, °%J(H,H) = 4.8 Hz, 1 H, CH), 4.20, 4.18 (24, 2J(H,H) =
9.2 Hz, 2 H, CHy), 3.90 (d, 3%J(H,H) = 7.0 Hz, 1 H, CH), 2.60—
2.52 (m, 1H, CHyp), 2.36 (s, 3 H, CHy), 2.27-2.21 (m, 1 H, CHy),
2.05-1.99 (m, 1 H, CHyp), 1.93 (s, 3 H, CH3), 1.90~1.83 (m, 1
H, CHy), 1.79 (s, 3 H, CHy), 1.82 (s, 8 H, CHj), 1.16 (s, 3 H,
CHa), 1.11 (s, 3 H, CH3). HRMS (FAB+): caled for CesHgiNO1s
[M* + H) 1111.4123, found 1111.4127.
13-(3’-N-Benzyloxycarbonyl-2'-tert-butoxycarbonyl- °
phenylisoserine)-10-deacetyl-7,10-dibenzyloxycarbonyl-
baccatin III (25). To a solution of 24 (200 mg, 0.180 mmol)
were added dry CH;Cl: (1 mL) and pyridine (3 mL), DMAP
(4.4 mg, 0.036 mmol), and then Boc,O (59 mg, 0.27 mmol) in
dry CHzCl; (2 mL) at 0 °C under an argon atmosphere. The
mixture was stirred at room temperature overnight. The
reaction mixture was diluted with AcOEt and successively
washed with 10% citric acid three times, water, saturated
NaHCO;, and brine. The organic layer was dried over MgSO;
and the solvent was removed under reduced pressure. The
resulting oil was purified by silica gel column chromatography
(AcOEt:hexane 1:2) to yield a white solid 25 (182 mg, 0.150
mmol, 84%). 'H NMR (CDCls, 400 MHz): 6 = 8.12—8.10 (m, 2
H, CH), 7.64—7.60 (m, 1 H, CH), 7.53—7.50 (m, 2 H, CH), 7.43~
7.20 (m, 20 H, CH), 6.27 (s, 1 H, CH), 6.23 (bt, 3J(H,H) = 8.9
Hz, 1H, CH), 5.71 (bd, 1 H, CH, partially overlapping with
next signal), 5.68 (d, %J(H,H) = 7.1 Hz, 1 H, CH), 5.56 (dd,
%J(HH) = 7.0, 10.7 Hz, 1 H, CH), 5.47 (bd, *J(H,H) = 9.0 Hz,
1 H, CH), 5.28 (bs, 1 H, NH), 5.21, 5.16 (2d, 2J(H,H) = 11.9
Hz, 2 H, CHy), 5.14 (s, 2 H, CHp), 5.07, 5.00 (24, 2/(H.H) =
12.5 Hz, 2 H, CHa), 4.95 (d, *J(H,H) = 7.9 Hz, 1H, CH), 4.32,
4.18 (2d, 2J(H,H) = 8.5 Hz, 2 H, CHy), 3.93(d, 3J(H,H) = 7.0
Hz, 1 H, CH), 2.64—-2.56 (m, 1 H, CHy), 243 (s, 3 H, CHa),
2.36—2.28 (m, 1 H, CHy), 2.05 (s, 3 H, CHs), 2.01-1.94 (m, 2
H, CHy), 1.83 (s, 3 H, CHy), 1.44 (s, 9 H, CHy), 1.21 (s, 3 H,
CHa), 1.17 (S, 3 H, CHa) HRMS (FAB+)Z calcd fOI‘ CG7H72N020
[M* + H] 1210.4648, found 1210.4642.
2'-O-tert-Butoxycarbonyl-38'-N-de(teri-butoxycarbon-
yldocetaxel Hydrochloride (5). PA/C was added (16 mg)
to the stirring solution of 25 (31 mg, 0.0256 mmol) in EtOAc
(1 mL), and the reaction mixture was vigorously stirred for 8
h at room temperature under a hydrogen atmosphere. The
catalyst was filtered off and 1 equiv of 0.1 M HCl in methanol
(260 uL, 0.026 mmol) was added. The solvent was removed
under reduced pressure to give a white powder of 5 as a HCl
salt (21.4 mg, 0.02563 mmol, 99%). The product was pure,
required no purification, and remained stable under refrigera-
tion in solid form for at least 2 weeks. 'H NMR (CD3;0D, 400
MHz): 6 = 8.08—8.06 (m, 2 H, CH), 7.74~7.70 (m, 1 H, CH),
7.64~7.60 (m, 2 H, CH), 7.57~7.50 (m, 4 H), 7.39-7.34 (m, 1
H, CH), 5.98 (dt, *J(H,H) = 1.1 Hz, *J(HH) = 9.2 Hz, 1 H,
CH), 559 (d, J(H,H) = 7.1 Hz, 1 H, CH), 5.28 (d, 3J(H,H) =
8.8 Hz, 1H, CH), 5.22 (s, 1 H, CH), 4.97 (dd, *J(H,H) = 2.0,
9.7 Hez, 1H, CH), 4.76 (4, SJ/(H,H) = 8.8 Hz, 1 H, CH), 4.22~
4.14 (m, 3 H, CH, CHy), 3.78 (d, ®J(H,H) = 7.1 Hz, 1 H, CH),
2.47~2.39 (m, 1 H, CHy), 2.29 (s, 3 H, CHy), 1.93 (dd, *J(H,H)
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= 9.5 Hz, %J(H,H) = 15.4 Hz, 1 H, CHy), 1.88—-1.77 (m, 1 H,
CHy), 1.84 (d, J(H,H) = 1.3 Hz, 3 H, CHa), 1.66 (s, 3 H, CHa),
1.55—1.47 (m, 1 H, CHy), 1.52 (s, 9 H, CH), 1.11 (s, 3 H, CHy),
1.09 (s, 3 H, CHj). HRMS (FAB+): caled for CysHsNOy [M*
+ H] 808.3544, found 808.3550. Anal. (C43Hs4CINO;4:3H0)
C, H,N.

3'-N-De(tert-butoxycarbonyl)docetaxel Hydrochloride
(26). PA/C was added (16 mg) to the stirring solution of 24
(31 mg, 0.0279 mmol) in EtOAc (1 mL), and the reaction
mixture was vigorously stirred for 8 h at room temperature
under a hydrogen atmosphere. The catalyst was filtered off
and 0.1 M HCl in methanol (280 uL, 0.028 mmol) was added.
The solvent was removed under reduced pressure to give 26
as the HCl salt, a white powder (20.6 mg, 0.0277 mmol, 99%).
The product was pure and required no purification. 'H NMR
(CD30D, 400 MHz). 6 = 8.05—8.02 (m, 2 H, CH), 7.73-7.68
(m, 1H, CH), 7.62—-7.50 (m, 6 H, CH), 7.44-7.39 (m, 1 H, CH),
6.07 (dt, 4J(H,H) = 1.3 Hz, %J(H,H) = 9.0 Hz, 1 H, CH), 5.59
(d, 3J(H,H) = 7.1 Hz, 1 H, CH), 5.23 (s, 1 H, CH), 4.97 (d4,
3J(H,H) = 2.1, 9.6 Hz, 1H, CH), 4.58 (d, *%J(H,H) = 8.6 Hz, 1H,
CH), 4.55 (d, %J(H,H) = 8.4 Hz, 1 H, CH), 4.22—4.14 (m, 3 H,
CH, CHy), 3.80 (4, %J(H,H) = 7.1 Hz, 1 H, CH), 2.46~2.39 (m,
1 H, CHy), 2.21 (s, 3 H, CHy), 1.96 (dd, 3J(H,H) = 9.2 He,
2J(H,H) = 15.2 Hz, 1 H, CHy), 1.87 (4, “J(H,H) = 1.5 Hz, 3 H,
CHy), 1.85—1.78 (m, 1 H, CH»), 1.72 (44, 3J(H,H) = 9.0 Hz,
2J(H,H) = 15.2 Hz, 1 H, CHy), 1.67 (s, 3 H, CHj), 1.12(s, 3 H,
CHa,), 1.09 (s, 3 H, CH;). HRMS (FAB-+): caled for CaHagNOse
M+ + H] 708.3020, found 708.3024 Anal. (CasH1sCINO12:2H20)
C, H,N.

Water Solubility. The parent drugs (2, 15—20) and the
prodrugs (5, 8—18) were saturated in distilled water and
shaken vigorously. The saturated solutions were sonicated for
15 min at 25 °C and passed through a centrifugal filter (0.45
um filter unit, Ultrafree-MC, Millipore). The filtrate was
analyzed using RP-HPLC.

Stability Studies of 8~13 in PBS Buffer. The conversion
profiles of 5, 8—13 were determined in phosphate-buffered
saline (PBS, pH 7.4). To 990 4L of PBS (pH 7.4) was added 5
uL of DMSO and 5 uL of solution including 5, 8—138 (1 mM in
DMSO), and the mixture was incubated at 37 °C. At the
desired time points, 1 mL of MeOH was added to the samples
to dissolve parent drugs completely, and 1 mL of the mixture
was directly analyzed by RP-HPLC. In the case of 12, PBS
(pH 4.9) and HCVglycine-buffered saline (pH 2.0) were also
employed to evaluate the conversion profiles. HPLC was
performed using a C18 (4.6 x 150 mm; YMC Pack ODS
AM302) reverse phase column with a binary solvent system:
linear gradient of CH;CN (0—100%, 40 min) in 0.1% aqueous
TFA at a flow rate of 0.9 mL/min, UV detection at 230 nm.
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Abstract

In order to obtain indicator cell lines that are exquisitely susceptible to human T-lymphotropic virus type 1 (HTLV-1), luciferase gene
driven by HTLV-1 long terminal repeat (LTR) was transfected into lymphocytic H9 cells with 1ieo gene, and cell lines were selected by G418.
A cell line (H9/K30iuc) was found to produce an extremely high level of luciferase only when co-cultured with HTLV-1 producer MT-2 cells.
Both in the absence and presence of a reverse transcriptase (RT) inhibitor azidothymidine, H9/K30luc cells generated similarly high luciferase
activity upon co-cultivation with MT-2 cells. To develop an equivalent system for human immunedeficiency virus type 1 (HIV-1),
H9/NL432 cells, which are stably infected with HIV-1 and producing a low level of the virus-like MT-2 cells for HTLV-1, were generated.
Together with the indicator cell line H9/H1luc for HIV-1 already reported, antiviral effects of some agents on HTLV-1 and HIV-1 could be
readily and sensitively evaluated by similar methods. In fact, by using our system, an HIV-1 protease inhibitor, saqumavxr was demonstrated

to be highly effective against HIV-1 but not against HTLV-1.
© 2005 Elsevier SAS. All rights reserved.

Keywords: HTLV-1; HIV-1; Luciferase; Retroviral protease

1. Introduction

Human T-lymphotropic virus type 1 (HTLV-1), the first
well-characterized human retrovirus, causes adult T cell
leukemia/lymphoma (ATL) and is associated with several
lymphocyte-mediated disorders such as HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) [1-4].
ATL is the result of a clonal outgrowth of a CD4-positve T
cell that contains integrated, and frequently defective HTLV-
1 DNA. HAM/TSP is linked with the immune system-
mediated destruction of cells in the spinal cord. Although there
is no evidence that expression of the HTLV-1 genome is a
significant feature of symptomatic ATL, many studies have
strongly suggested that HAM/TSP involves enhanced virus
replication as shown by increases in the blood and cerebral
spinal fluid of anti-HTLV-1-antibodies, of activated T cells,

# Corresponding author. Tel.: +81 88 633 7079; fax: +81 88 633 7080.
E-mail address: akko@basic.med.tokushima-u.ac.jp (A. Yoshida).

1286-4579/% - see front matter © 2005 Elsevier SAS. All rights reserved.
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and of proviral DNA [5-13]. HAM/TSP, therefore, can be
treated effectively by reducing the level of replicating HTLV-
1 in infected individuals.

Quantitative monitoring of virus infectivity is prerequisite

for various basic and clinical studies on viruses. The growth

property of HTLV-1 is now difficult to follow in contrast to
that of human immunodeficiency virus type 1 (HIV-1), for
which various useful assay systems are available {14]. The
lack of an eminent quantitative method for HTLV-1 infecti-
vity would be mainly because it grows in cells much more
poorly than HIV-1 [15,16], and hampers the systematic ana-
lytical study on HTLV-1. We have recently established new
indicator cell lines for HIV-1, and have successfully used them
to characterize various clones of HIV and simian immunode-
ficiency virus (SIV) ([14] and unpublished results). By the
same strategy, we have established an indicator lymphocytic
cell line for HTLV-1 replication carrying luciferase gene as
reporter in this study. Our results described here indicated
that simply by co-culturing the indicator cells and virus-
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producing cells and by monitoring luciferase activity in the
co-cultures, some potential antiviral agents against HTLV-
1 and HIV-1 can be examined for their effects.

2. Materials and methods

2.1. Cell cultures, cell viability, and transfection

Cell lines designated 293T [17], H9 [18], HO/H1luc [14],
MT-2 [19], MT-4 [19], and M8166 [20] were cultured as pre-
viously described [21]. An indicator cell line for HTLV-1 des-
ignated H9/K30/uc was established and maintained as
reported for the HIV-1 indicator cell line H9/H1luc {14].
HO/NL432 cells, which are persistently infected with HIV-
1 and producing stably a low level of the virus, were gener-
ated by electroporation [21] of an infectious HIV-1 DNA clone
pNL432 [21] into H9 cells and culturing them for several
months. Cell viability was monitored by the Cell Counting
Kit-8 (Wako Pure Chemical Industries Ltd., Osaka, Japan).
For transfection of 293T cells, the calcium-phosphate copre-
cipitation method was used as previously described {21].

2.2. Luciferase and reverse transcriptase (RT) assays

Luciferase activity was determined by the Luciferase Assay
System (Promega Co., Madison, WI, USA). RT activity was
measured as previously described [22].

2.3. DNA .:onstructs

Expression vectors for the neo gene designated pRVSV-
neo {23] and HTLV-1 Tax designated pCG-Tax [24] have been
previously described. A full-length molecular clone of
HTLV-1 designated pK30 was obtained through NIH AIDS
Research and Reference Reagent Program (catalog no. 2817).
A luciferase reporter vector designated pK30luc was con-
structed by insertion of polymerase chain reaction-amplified
entire long terminal repeat (LTR) of pK30 into the Xhol and
HindIII sites of pGL3-Basic Vector (Promega Co.).
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3. Results

3.1. Establishment and characterization of luciferase
system for HTLV-] infection

Sensitive and quantitative methods to determine HTLV-
1 infectivity were currently unavailable. In order to establish
indicator cell lines to monitor HTLV-1 infection easily ‘and
rapidly, we constructed a reporter clone carrying luciferase
gene under the control of HTLV-1 LTR. The resultant con-
struct pK30luc was co-transfected with an HTLV-1 Tax
expression vector pCG-Tax into 293T cells, and the produc-
tion level of luciferase was determined. As shown in Fig. 14,
pK30luc directed the synthesis of luciferase at a highly
enhanced level in response to HTLV-1 Tax. Stable indicator
H9 cell lines were selected by co-electroporation of pK30/uc
and pRVSVneo (approximately 10:1 molar ratio) followed
by culturing in the presence of G418 (1 mg/ml). As shown in
Fig. 1B, out of six clones obtained, clone no.1 generated a
high level of luciferase upon co-cultivation with HTLV-
1 producer MT-2 cells [19], and was designated HS/K30/uc.
The indicator cell line for HIV-1 designated H9/H1luc [14]
responded poorly to co-cultivation with MT-2 cells (Fig. 2),
which was consistent with the results previously reported
[25,26].

We determined whether the observed activation of
H9/K30luc cells by MT-2 cells can be caused by cell-free
HTLV-1 and by newly synthesized HTLV-1 Tax after co-
culture. Cell-free virus samples were prepared from various
cell cultures including HTLV-1-positive (MT-2), HTLV-
1 DNA-positive (MT-4 and M8166), and HTLV-1-negative
(H9) cell lines, and inoculated into H9/K30luc to monitor
luciferase production. As shown in Fig. 3, no evidence for
cell-free HTLV-1 infection was obtained. We then examined
the effect of azidothymidine (AZT) on the production of
luciferase upon co-cultivation of H9/K30luc and MT-2 cells.
The two cell lines were co-cultured for 48 h in the presence
of AZT at various concentrations, and the luciferase activity
expressed in the cultures was assayed. As shown in Fig. 4, no

Clone no. 1 2 3 4 5 6

Fig. 1. Activation of HTLV-1 (K30) LTR. (A) Response of the K30/uc reporter construct to HTLV-1 Tax. 293T cells were co-transfected with pK30/uc (10 pg)
and pUC19 (10 pg) or with pK30/uc (10 ug) and pCG-Tax (10 pg) as indicated, and 2 days later, cell lysates were prepared for luciferase assay. Control (Cr)
293T cells were singly transfected with 20 pg of pUCIH9. RLU, relative light unit. (B) Luciferase production in co-cultures of HTLV-1 producer MT-2 cells and
H9 cell clones harboring pK30/uc. G418-resistant H9 cell clones (5 x 10%), which had been obtained as described in the text, were co-cultured with MT-2 cells

(5 x 10%), and on the next day, cell lysates were prepared for luciferase assay.
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Fig. 2. Enhancement of luciferase production in co-cultures of indicator and
MT-2 cells. Indicator cell lines H/K30/uc for HTLV-1 (this paper) and
H9/H1luc for HIV-1 [14] (10%) were co-cultured with H9 or HTLV-
1 producer MT-2 cells (10%), and 2 days later, cell lysates were prepared for
luciferase assay. Cultures of indicator cells only served as Cr.

10

Luciferase activity
(x 10 RLU)

Cr MT-2 MT-4 M8166 . H9

Fig. 3. Potential of cell-free virus from MT-2 to augment luciferase produc-
tion in H9/K30luc cells. Cell-free culture supematants were prepared from
various cultures (MT-2, MT-4, M8166, and H9) maintained at growing phase
for 2 days, and inoculated into the indicator cell line H9/K30/uc. On the next
day, cell lysates were prepared for luciferase assay. Culture of indicator cells
only served as Cr. Cell lines MT-2 [19] and H9 [18] are HTLV-1-positive
and -negative, respectively. Cell lines MT-4 [19] and M8166 [20] are HTLV-
1 DNA-positive but negative for HTLV-1.

significant diffefence was observed among co-cultures of
H9/K30/iee and MT-2 cells.

3.2. Effects of saquinavir (SQV) on HTLV-1 and HIV-1 as
determined by our luciferase system

Based on the results described above, we assumed that Tax
transported from MT-2 to H9/K30!uc cells by Env-mediated
membrane fusion enhances the luciferase production, and that,
if this process is suppressed, luciferase production is signifi-
cantly reduced. It has been reported for HIV-1 recently that
interactions between unprocessed Gag and the cytoplasmic
tail of Env-gp4l suppress cell fusion [27]. We, therefore,
checked by our system the effects of a protease inhibitor SQV
on HIV-1 and HTLV-1. SQV has been reported to be very
effective against HIV-1 protease but fails to inhibit HTLV-I
Gag processing in infected cells [28]. To obtain appropriate
HIV-1 producer cells, which are stably infected with HIV-
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Fig. 4. Bffect of AZT on luciferase production in the co-cultures of HY/K30luc
and MT-2 cells. Indicator H9/K30/uc cells (10%) were co-cultured with H9 or
HTLV-1 producer MT-2 cells (10%) in the absence or presence of AZT as
indicated for 48 h, and cell lysates were prepared for luciferase assay. HS and
MT-2 cells had been pre-cultured for 24 h in the absence or presence of AZT
as above before co-culture started. No cytotoxic effects were observed in
these conditions.

1 and producing a low level of the virus-like MT-2 cells for
HTLV-1, H9 cells were electroporated with pNL432 and cul-
tured for months. The resultant H9/NL432 cells were easily
maintained, and produced a low level of HIV-1 as monitored
by RT assay (data not shown). ‘

By the use of H9/Hlluc, H/K30/luc, H9/NL432, and
MT-2 cells as indicator and virus producer cells, we deter-
mined the inhibitory effects of SQV on HIV-1 and HTLV-
1 by monitoring luciferase activity. The effects of SQV on
viability of cells were also determined to confirm that there
would be no experimental error caused by cytotoxicity. As
shown in Fig. 5, while luciferase production in the HIV-1 co-
culture was severely inhibited by SQV, no appreciable effects
were observed for the HTLV-1 co-culture. These data were in
good agreement with our assumption and the results previ-
ously reported [27,28] as mentioned above.

4. Discussion

In this report, we have established an indicator cell line for
HTLV-1 infection based on luciferase assay (Figs. 1 and 2).
Although the cell line H9/K30/uc was highly susceptible to
infection by the co-culture method (Fig. 1), it was insensitive
to infection with cell-free HTLV-1 (Fig. 3) as expected
[15,16]. Enhanced production of luciferase observed in the
co-cultures of H9/K30/uc and MT-2 cells was probably due
to the Tax already present in MT-2 cells before co-cultivation
(Fig. 4). Therefore, we have concluded that our HTLV-
1 system described here monitors the efficiency of Env-
mediated membrane fusion, and that it is useful for evaluat-
ing the ability of various factors or agents atfecting the
process. Indeed, SQV was demonstrated to be a powerful
inhibitor for HIV-1 by affecting cell fusion indirectly (Fig. 5).



A. Yoshida et al. / Microbes and Infection 7 (2005) 820-824

100
—
S
¢ 80
.0
= D
g§ 60
25
2 © 4
S ®©
T
3*6- 20
=
0
SQV- () ) () (M)

Cell viability (%)

SQv

HIV-1
B HTLV-1

-
N
o

oy
(w1
(=

@
(=)

(=23
(=]

H
(=]

20

0 1

G )0

(+)

Fig. 5. Effects of SQV on the co-cultures of indicator and virus-producing cells. Indicator (HS9/H1luc for HIV-1 and H9/K30/uc for HTLV-1) and virus-
producing cells (H9/NL432 for HIV-1 and MT-2 for HTLV-1) (108 for each) were co-cultured for 48 h in the absence (=) or presence of SQV (+, 2 uM), and cell
lysates were prepared for luciferase assay. Data presented are relative to those of cultures without SQV. H9/NL432 and MT-2 cells had been pre-cultured for
24 h in the absence or presence of SQV as above before co-culture started. Cell viability was determined by the Cell Counting Kit-8, and relative values are

presented.

Our results described here strongly suggest that our biologi-
cal assay system can be used for screening of inhibitors against
HTLV-1 and HIV-1 proteases. In particular, because HIV-
1 protease inhibitors cannot be effective against HTLV-

1 protease (Fig. 5) [28], and because no other good assay

methods are available for HTLV-1, the screening by the
H9/K30lic-MT-2 system would be important. Furthermore,
pathogenesis of HAM/TSP can be controlled by reducing the
level of HTLV-1 in infected individuals [5-13].

Our protocol for monitoring the inhibitory effects of poten-
tial protease inhibitors on HTLV-1 and HIV-1 is summarized
as shown in Fig. 6. By using appropriate producer and indi-
cator cells, a large number of antiviral agents can be checked
readily for their ability to inhibit the replication of HTLV-
1 and HIV-1 within days. Screening of various candidate pro-
tease inhibitors by the protocol in Fig. 6 is now in progress in
our laboratory.

Virus-producer cells

Cultlirc in the presence of protease inhibitors for 24hrs

Co-ctxhivation with indicator cells in the presence of protease inhibitors for 48hrs
Assa;s for luciferase and cell viability

Virus Producer cells Indicator cells
HIV-1 HINL432 HY/H I ue
HTLV-1 MT-2 H9/K30/ue

Fig. 6. Evaluation system for the effects of human retroviral protease inhi-
bitors. Based on the results in this report, validity of human retroviral pro-
tease inhibitors can be readily evaluated as shown in this figure.
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Abstract: An efficient 'O-acyl isopeptide method' for the synthesis of difficult sequence-containing peptides was applied
successfully to the synthesis of amyloid § peptide (Af) 1-42 via a water-soluble O-acyl isopeptide of Af1-42, i.e. ‘26-O-
acyl isoAf1-42' (8). This paper describes the detailed synthesis of Af1-42 focusing on the importance of resin selection and
the analysis of side reactions in the O-acyl isopeptide method. Protected ‘26-O-acyl isoAf1-42' peptide resin was synthesized
using 2-chlorotrityl chioride resin with minimum side reactions in comparison with other resins and deprotected crude 26-O-acyl
isoAf1-42 was easily purified by HPLC due to its relatively good purity and narrow elution with reasonable water solubility,
This suggests that only one insertion of the isopeptide structure into the sequence of the 42-residue peptide can suppress the
unfavourable nature of its difficult sequence. The migration of O-acyl isopeptide to intact AB1-42 under physiological conditions
(pH 7.4) via O-N intramolecular acyl migration reaction was very rapid and no other by-product formation was observed while
6 was stable under storage conditions. These results concluded that our strategy not only overcomes the solubility problem
in the synthesis of Afi1-42 and can provide intact Af1-42 efficiently, but is also applicable in the synthesis of large difficult
sequence-containing peptides at least up to 50 amino acids. This synthesis method would provide a biological evaluation system
in Alzheimer’s disease research, in which 26-0O-acyl isoAf1-42 can be stored in a solubilized form before use and then rapidly
produces intact Af1-42 in situ during biological experiments. Copyright ® 2005 European Peptide Society and John Wiley &

Sons, Ltd.

Heywords: Afl-42; O-acyl isopeptide method: Alzheimer's disease; Alzheimer's disease research tool; difficult
sequence-containing peptide: O-N intramolecular acyl migration reaction

INTRODUCTION

The synthesis of ‘'difficult sequence’-containing peptides
is one of the most problematic areas in peptide
chemistry, and such peptides are often obtained with
low yield and purity in solid-phase peptide synthesis
(SPPS) [1-6]. These difficult sequences are generally
hydrophobic and promote aggregation in solvents
during synthesis and purification. This aggregation is
attributed to intermolecular hydrophobic interaction
and hydrogen bond network among resin-bound
peptide chains, resulting in the formation of extended
secondary structures such as fg-sheets [1,2]. The
tendency for aggregation depends on the nature of the
peptide and side chain protecting groups. In particular,
it is known that peptides with sequences containing

Abbreviations: PBS, phosphate buffered saline; Pmc, 2, 2, 5. 7, 8-
pentamethylchroman-6-sulfonyl: Pns, phenylnorstatine = (2R, 35)-3-
amino-2-hydroxy-4-phenylbutyric acid; otherwise as in J. Peptide Sci
9: 1-8 (2003).

* Correspondence 1o: Professor Yoshiaki Kiso, Department of Medicinal
Chemistry, Center for Frontier Research in Medicinal Science, 21st
Century COE Program, Kyoto Pharmaceutical University, Yamashina-
Ku, Kyoto 607-8412, Japan: e-mail: kiso@mb .kyoto-phu.ac.jp

Copyright © 2005 European Peplide Soclely and John Wiey & Sons, Lid.

Ala, Val, lle, Asn and GIn residues in high frequency
show a strong propensity for difficult sequences.

To solve the synthetic problem of difficult sequence-
containing peptides, Sheppard and Johnson etal
reported a building block, 2-hydroxy-4-methoxybenzyl
(Hmb), a protecting group for the backbone amide
nitrogen [3,4]. Mutter et al. also introduced building
blocks, so-called pseudo-prolines, which are dipeptide
derivatives, consisting of Ser/Thr-derived oxazolidines
or Cys-derived thiazolidine [5,6]. These special building
blocks were designed to disrupt the secondary structure
formed by interchain hydrogen bonding. However, to
prepare building blocks, prior modifications of Fmoc-
amino acids by 2-6 steps of additional solution phase
synthesis are required in these approaches, and a
strong acid treatment is also required to remove the
building blocks. Therefore, the development of novel
methods using conventional amino acid derivatives
are of great significance in the synthesis of difficult
sequence-containing peptides.

Hence, a novel and efficient ‘O-acyl isopeptide
method' was developed for the synthesis of diffi-
cult sequence-containing peptides based on the syn-
thesis of hydrophilic ‘O-acyl isopeptides’ followed by
O~N intramolecular acyl migration reaction (Figure 14)





