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FIGURE 4. Effect of ECH on the components of lytic granules and
granule exocytosis. 4, OE4 cells were treated with 50 uM ECH or 160 nM
CMA for 4 h or were left untreated. Postnuclear lysates were analyzed by
Western blotting using anti-perforin Ab. B, OE4 cells were treated with or
without 50 uM ECH for 4 h. Postnuclear lysates were measured for the
enzyme activity of granzymes A and B. C, OE4 cells were incubated with
(@) or without (O) immobilized anti-CD3 Ab in the presence of serial
dilutions of ECH for 4 h. Culture supematants were measured for the
granzyme A activity. Dats points represent the mean * SD of triplicate
cultures.

effector CTL were exposed to ECH at half the initial concentra-
tions for pretreatment of target cells. To avoid any direct effects on
Iytic granules and the granule exocytosis pathway during the kiil-
ing assay, ECH was used at concentrations <100 uM for pretreat-
ment of target cells.

ECH does not inhibit perforin-dependent DNA fragmentation
mediated by CD8" CTL

To determine whether ECH inhibits perforin-dependent DNA frag-
mentation, two different Fas-negative lymphomas were used as
target cells against QE4 cells. As shown in Fig. 1, A20.FO and
L5178Y cells were completely resistant to soluble FasL. There-
fore, DNA fragmentation of these target cells induced by OE4 cells
is solely dependent on the perforin/granzyme system. ECH did not
affect DNA fragmentation of A20.FO cells (Fig. 5, 4 and B) and
L5178Y cells (Fig. 5C) at concentrations up to 50 uM. Only slight
reduction of DNA fragmentation was observed when A20.FO cells
(Fig. 54) and L5178Y cells (Fig. 5, C and D) were pretreated with
100 uM ECH.

ECH inhibits FasL-dependent DNA fragmentation mediated by
CD8* CTL

Fas-positive target cells are killed by OE4 cells via the perforin-
dependent pathway and the FasL-dependent pathway. To block the

ECH, A SPECIFIC INHIBITOR OF FasL-DEPENDENT APOPTOSIS

perforin-dependent killing pathway, OE4 cells were pretreated
with 100 nM CMA for 2 h. ECH alone did not affect DNA frag-
mentation of Fas-positive A20 cells induced by OE4 cells (Fig. 6,
A and B). However, FasL-dependent DNA fragmentation induced
by CMA-treated OE4 cells was prevented by ECH in a dose-de-
pendent manner, and ECH completely inhibited DNA fragmenta-
tion when AZ0 cells were pretreated with 50 uM (Fig. 6, 4 and B).
These results demonstrate that ECH inhibits FasL-dependent DNA
fragmentation mediated by CD8" CTL, but not perforin/gran-
zyme-dependent DNA fragmentation, Likewise, in L5178Y-Fas
cells, ECH dosc-dependently inhibited DNA fragmentation in-
duced by CMA-treated OE4 celis, and complete inhibition was
observed when L.5178Y-Fas cells were pretreated with 100 oM
ECH (Fig. 6, C and D}. The CMA-insensitive killing of OE4 cells
corresponded to 40 and 70% in A20 cells (Fig. 68) and L5178%Y-
Fas cells (Fig. 6D), respectively, suggesting that the FasL-depen-
dent killing pathway plays a more dominant role in the induction
of apoptosis in L3178Y-Fas cells than A20 cells. This difference
might explain the observation that ECH alone exerts a stronger
inhibitory activity toward DNA fragmentation of L5178Y-Fas
cells.

ECH inhibits FasL-dependent DNA fragmentation, but not
perforin-dependent DNA fragmentation, mediated by
alloantigen-specific bulk CTL

To generalize the selective inhibitory effects of ECH on FasL-
dependent DNA fragmentation, alloantigen-specific bulk CTL
were induced by in vitro MLC for 4 days and used as effector CTL.
In agreement with the observations using OF4 cells, ECH barely
influenced DNA fragmentation of A20.FO celis induced by MLC
cells (Fig. 7, A and B). In Fas-positive A20 cells, FasL.-dependent
DNA fragmentation induced by CMA-treated MLC cells was al-
most completely inhibited by ECH at 25 uM (Fig. 7C). By contrast, .
ECH alone did not significantly influence DNA fragmentation in-
duced by MLC cells under these conditions (Fig. 7, C and D).

ECH inhibits FasL-dependent target cell lysis, but not perforin-
dependent target cell lysis, in CTL-mediated cytotoxicity

The *'Cr release assay has been widely used for the measurement
of target cell lysis in CTL-mediated cytotoxicity. As observed with
the DNA fragmentation assay (Fig. 1C), ECH inhibited cytolysis
of A20 cells induced by soluble FasL in a dose-dependent manner
{Fig. 84). Consistent with this observation, ECH strongly pre-
vented FasL-dependent target cell lysis mediated by BK-1 cells
(Fig. 8B) as well as OE4 cells pretreated with CMA (Fig. 8C). By
contrast, perforin-dependent target cell lysis mediated by OFE4
cells was only marginally affected by ECH (Fig. 8D).

Discussion

Recently, we have shown that ECH inhibits Fas-mediated apopto-
sis by blocking activation of procaspase-8 in the DISC (24). In this
work we have investigated whether ECH inhibits the perforin-de-
pendent killing pathway and the Fasl.-dependent killing pathway
in CTL-mediated cytotoxicity. In the short term killing assay based
on two different murine Fas-positive/negative target cells vs the
CD4" and CD8* CTL clones as well as alloantigen-specific bulk
MLC cells, ECH profoundly blocked the FaslL-dependent DNA
fragmentation and cytolysis of target cells, but barely prevented
the perforin/granzyme-dependent DNA fragmentation and cytoly-
sis of target cells. Moreover, ECH did not influence the cellular
levels of perforin and granzymes A/B and only marginally reduced
the granule exocytosis pathway in response to CD3 stimulation.
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FIGURE 5. ECH does not affect perforin-based
DNA fragmentation mediated by the CD8* CTL
clone. A, [PH]TdR-labeled A20.FO cells were pre-
treated with serial dilutions of ECH for I h. The target
cells were mixed with (@) or without (O) OE4 cells
(E:T cell ratio = 2), then incubated for 4-h, 5,
[*HITdR-labeled A20.FO cells were pretreated with
(@) or without (O) 50 uM ECH for 1 h. The target
cells were mixed with different numbers of OE4 cells,
then incubated for 4 h. C, [PH]TdR-labeled L5178Y
cells were pretreated with serial dilutions of ECH for
2 h, The target cells were mixed with (@) or without
{O) OB4 cells (B:T cell ratio = 2), then incubated for
4 h. D, PH]TdR-labeled L5§78Y cells were pretreated
with (@) or without {O) 100 pM ECH for 2 h. The
target celis were mixed with different numbers of OE4
cells, then incubated for 4 h. The radicactivity of frag-
mented DNA was measured. Data points represent the
mean * SD of triplicate cultures.

Thus, our present results demonstrate that ECH is a highly selec-
tive inhibitor to block the FasL-dependent killing pathway in CTL-

mediated cytotoxicity.

Death receptor-independent apoptosis induced by chemical
compounds (i.e., staurosporine, MG-132, and ceramide) and UV

irradiation was insensitive to ECH, whereas ECH
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ited apoptosis induced by anti-Fas Ab, FasL, or TNF (24). These
results suggest that ECH selectively blocks death receptor-medi-

ated apoptosis that requires activation of procaspase-8. In the gran-
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ule-dependent killing pathway, granzymes A and B have major
roles in inducing target cell death upon transiocation into the cy-
tosol (1, 2). Granzyme A induces a caspase-independent cefl death

FIGURE 6. ECH selectively blocks FasL-
based DNA fragmentation mediated by the
CD8" CTL clonie. 4, OE4 cells were pre-
treated with (@) or without (O) 100 nM CMA
for 2 h. PHITdR-labeled A20 cells were pre-
treated with serial dilutions of ECH for 1 h.
The target cells were mixed with OE4 cells
(E:T cell ratio = 2}, then incubated for 4 h. B,
OFE4 cells were pretreated with (@ and M) or
without (O and []) 100 nM CMA, for 2 h.
PH]TdR-labeled A20 cells were pretreated
with (O and ) or without (O and @) 50 pM
ECH for 1 h. The target cells were mixed with
different numbers of OE4 cells, then incu-
bated for 4 h, C, OF4 cells were pretreated
with (@) or without (C) 100 nM CMA for
2 h. ["H]TdR-labeled L5178Y-Fas cells were
pretreated with serial dilutions of ECH for
2 h. The target cells were mixed with OE4
cells {E:T cell ratic = 2), then incubated for
4 h. D, OE4 cells were pretreated with (@ and
M) or without (O and (J) 160 nM CMA for
2 h. [*H]TdR-labeled L35178Y-Fas cells were
pretreated with ({7 and M) or without (O and
®) 100 pM ECH for 2 h. The target cells
were mixed with different numbers of OE4
cells, then incubated for 4 h, The radioactivity of
fragmented DNA was measured. Data points
represent the mean  SD of triplicate cultures.
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FIGURE 7. ECH selectively blocks FasL-
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m

based DNA fragmentation mediated by MLC
cells, Responder spleen celis prepared from
C357BL/6 mice were cultured with mitomycin
C-treated stimulator spleen cells prepared from
BALB/c mice for 4 days. 4, [*H]TdR-labeled
A20.FO cells were pretreated with serial dilu-
tions of ECH for 1 h. The target cells were
mixed with (@)} or without (O} MLC cells (E:T
cell ratio = 32), then incubated for 4 h. 5,
[*H]TdR-labeled A20.FO cells were pretreated
with (@) or without (O) 50 uM ECH for | h.
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characterized by ssDNA nicks, which are mediated by granzyme

A-activated DNase, NM23-H1 (34), whereas granzyme B initiates
procaspase-3 processing, and the release of proapoptotic mito-
chondrial factors that facilitate the full activation of procaspase-3
(8-10). In the short term killing of target cells, granzyme B is
critically involved in a rapid induction of DNA fragmentation (13).
Consistent with this idea, the synthetic caspase inhibitor benzy-
loxycarbonyl-Val-Ala-Asp(OMe)-flucromethy] ketone completely
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prevented DNA fragmentation of A20 cells induced by the CD8*
CTL clone in the short term assay {data not shown}, confirming
that granzyme B is a main factor that induces DNA fragmentation
in the perforin-dependent killing pathway. ECH failed to prevent
the perforin/granzyme B-dependent DNA fragmentation. These
findings provide additional evidence that ECH specifically inhibits
death receptor-mediated apoptosis, but does not affect death re-
ceptor-independent apoptosis.
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labeled AZ20 cells were pretreated with serial dilu-
tions of ECH for I h. The target cells were mixed
with QE4 cells (E:T cell ratio = 2), then incubated
for 4 h. D, "'Cr-labeled A20.FO cells were pre-
treated with serial dilutions of ECH for 1 h. The
target cells were mixed with (@) or without (O) OE4
cells (E:T cell ratio = 2), then incubated for 4 h. The
radioactivity of the supernatant was measured. Data
poinits represent the mean = SD of triplicate
cultures.
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The major molecular target of ECH in Fas-mediated apoptosis is
procaspase-8, and ECH affected neither active caspase-8 nor acti-
vation of procaspase-3 and procaspase-9 at the cellular Jevel (24).
ECH has a molecular structure of o,B-unsaturated ketone and ep-
oxide that might be reactive to thiol residues of proteins. In agree-
ment with this hypothesis, glutathione or cysteine neutralized ECH
binding to procaspase-8 (24). Recently, we have reported that the
mycotoxin penicillic acid (PCA) inhibits Fas-mediated apoptosis
by blocking activation of procaspase-8 (23). Although ECH and
PCA are structurally unrelated, PCA exhibited the inhibitory ac-
tivity similarly to ECH, in that PCA preferentially inhibited acti-
vation of procaspase-8, but did not affect active caspase-8 in living
cells (23). Moreover, activation of procaspase-3 and procaspase-9
in the cell was only weakly inhibited by PCA (23). PCA contains
a,fB-unsaturated lactone able to bind to sulthydryl groups. Analysis
by mass spectrometry revealed that PCA binds to the cysteine
residue of the active center in procaspase-8 (23). Although we
have not yet determined the binding sites of ECH on procaspase-8,
it seems likely that ECH binds to the active center cysteine and
inactivates its intrinsic proteolytic activity.

DNA fragmentation was partially reversed when ECH was re-
moved from A20 cells during the 4-h coculture with FasL. In our
earlier paper (24), we showed that ECH affects neither cell surface
Fas expression nor Fas-FasL interaction. Thus, it seems likely that
a portion of procaspase-8§ becomes functional by dissociation from
ECH or is newly synthesized during the 4-h incubation, although
we cannot rule out the possibility that ECH affects FasL expression
on CTL.

In the short term culture, ECH alone did not induce apoptosis or
necrosis. However, in the long term culture, ECH markedly re-
duced live cells without an induction of DNA fragmentation,
whereas a portion of ECH-treated cells became positive for trypan
blue staining. Thus, these resulis indicate that ECH inhibits pro-
liferation, but can also induce necrotic cell death in the long term
culture. Molecular mechanisms of ECH on inhibiting proliferation
or inducing necrosis remain to be elucidated.

ECH inhibited Fas-mediated apoptosis in several human cell
lines (24) (data not shown) and two murine lymphoma cell lines
tested in this paper at the minimum inhibitory concentrations of
ECH ranging from 10-100 pM. ECH inhibited Fas-mediated ap-
optosis at relatively lower concentrations in human cell lines (24),
and 100 uM ECH was required for the complete inhibition of the
Fas-mediated apoptosis in L5178Y-Fas cells. The culture medium
for murine lymphoma cells contains 50 M 2-ME, which might
neutralize ECH due to the presence of thiol residues. However, the
inhibitory doses of ECH unaltered in culture medium without
2-ME (data not shown). In addition, the FasL susceptibility is un-
likely to involve the inhibitory doses of ECH, becanse L5178Y-
Fas cells and A20 cells were equivalently susceptible to FasL, but
Fas-mediated apoptosis in A20 cells was more strongly inhibited
by ECH. A possible explanation might be that intraceflular com-
petitors such as glutathione and/or thiol-containing protein(s) an-
tagonize ECH and determine the strength of its inhibitory activity
on procaspase-8.

We previously showed that CMA is a specific inhibitor of the
perforin-dependent killing pathway (18). CMA induces inactiva-
tion and subsequent proteolytic degradation of perforin in lytic
granules upon neutralization of acidic pH (17, 19, 20). By contrast,
the FasL-dependent killing pathway mediated by Ag-specific CTL
was suppressed by an inhibitor of glycoprotein transport, brefeldin
A (18), as FasL is newly synthesized upon TCR activation and
transported to the cell surface. Ca®* dependency was frequently
used to distinguish between the perforin-based cytotoxicity and the
FasL-based cytotoxicity. However, Ca®™* is not only required for
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the function of perforin, but also for TCR-mediated early signaling
leading to FasL expression (35-37). Therefore, the Ca®*-indepen-
dent cytotoxicity previously observed is largely due to the pre-
existing FasL. and is believed to be insensitive to brefeldin A. As
ECH blocks activation of procaspase-8 in target cells, it is thought
that ECH is a more general nonpeptide inhibitor of the FasL-me-
diated killing pathway exerted by CTL, NK cells, or other types of
cells, even though they constitutively express cell surface FasL.

The Fas/FasL system plays an essential role in lymphocyte ho-
meostasis, and mutations in this system lead to the accumulation of
abnormal T cells in the peripheral lymphoid organs and the devel-
opment of severe autoimmune diseases in humans and mice (3-5).
In addition to death-inducing functions, our and other groups re-
ported that Fas provides costirulatory signals for human T cells,
and caspase inhibitors block T cell proliferation (38—40), suggest-
ing that caspase activation is required for T cell proliferation. The
FasL-dependent killing of target cells by CTL is involved in the
pathogenesis of experimental autoimmune encephalomyelitis and
fulminant hepatitis (41-43). In nevronal diseases such as Hunting-
ton diseases, procaspase-8 is activated independently of death re-
ceptors (44, 45), Taken together, caspase-§ inhibitors such as ECH
might be therapeutic candidates to treat autoimmune diseases and
neuronal diseases.

Mice deficient in perforin, granzymes, Fas, or FasL have been
used to study the biological significance of the perforin/granzyme
system and the Fas/FasL system in various in vivo models and in
vitro killing assays. These knockout mice, however, are not always
applicable to all experimental settings. In this report we have
shown that ECH is a specific inhibitor of the FasL-dependent kill-
ing pathway, but does not affect the perforin/granzyme-dependent
killing pathway. Thus, ECH is a highly usefiil too] to evalnate the
FasL-dependent killing pathway in cell-mediated cytotoxicity and
might be applicable for all CTL-target combinations.
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Abstract—To study the structure-activity relationship of phosmidosine, a variety of phosmidosine derivatives 9a-g were synthesized
by condensation of N-diisopropyl N'-(N-tritylprolyl)phosphorodiamidite 6 with appropriately protected nucleoside derivatives
7a-g. As the result, replacement of the 7,8-dihydro-8-oxcadenine base by adenine and 6-N-acetyladenine did not affect the antitu-
mor activity. However, phosmidosine derivatives containing uracil, cytosine, and guanine in place of the 7,8-dihydro-8-oxcadenine
base did not show significant activity. A plausible explanation for the selective expression of phosmidosine compared with that of
phosmidesine analogs having other amino acids in place of proline is also discussed. These results suggest that phosmidosine serves
as an inhibitor of prolyl adenosine 5'-phosphate (prolyl-AMP) to inhibit the peptide synthesis in cancer-related cells.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Phosmidosine (1) was discovered as an antifungal anti-
biotic in 1991." The structure of 1 was determined based
on mass spectroscopy in 1993.* Later, this naturally
occurring product has proved to have biological activity
capable of morphological reversion of src"NKR cells.?
As an intriguing characteristic of this molecule, it serves
as a GG arrest anticancer drug in a cell cycle.? Phosmido-
sine regulates hyperphosphorylation of RB proteins by
inhibition of Cyclin D1 so that RB proteins remain in
inactive forms keeping binding to EF2.# This inhibition
takes place at the Gl phase. However, phosmidosine
itself is somewhat unstable under physiological condi-
tions.? Phosmidosine B (2) is one degradation product

Keywords: Phosmidosine; Structure-activity relationship; 8-Oxocadeno-

sine; Antitumor activity; Aminoacyl adenylate analog.
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of phosmidosine.! This demethylated species has still
1/20 of the morphological reversion activity of phosmido-
sine.! In 2000, we first synthesized phosmidosine B and
found that this compound has significant antitumor
activities against various cancer-related cell lines.’ Re-
cently, we also succeeded in synthesizing phosmidosine.5
However, it turned out that this O-methyl ester tends to
decompose during the isolation procedure so that the
isolation yield is not so high (27%). This is due to inter-
molecular and intramolecular transfer reactions of the
methyl group on the phosphoramidate linkage.! There-
fore, we have quite recently synthesized a variety of
more stable derivatives of phosmidosine that can main-
tain the antitumor activity.” Among them, the O-ethyl
ester derivative (3) proved to be sufficiently stable and
exhibited sufficient antitumor activities against KB and
L1210 cell lines.” Furthermore, it was found that both
the prolyl and 7,8-dihydro-8-oxoadenosyl residues are
important for the biological activity. The substitution
of an acetyl group or other aminoacyl groups for the
prolyl group resulted in considerable loss of the activity.
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Figure 1. Various derivative of phosmidosine and prolyl-AMP.

The prolyl group is an essential element. The replace-
ment of 7,8-dihydro-8-oxoadenosine with a simple ethyl
group led to drastic loss of the activity. With an increase
of the alkyl group in place of the methyl group on the
phosphoramidate linkage, the activity decreased
slightly.

In connection with our recent studies, we previously re-
ported the synthesis®? of several adenosine .5'-[N-(ami-
noacyl)phosphoramidate] derivatives [aminoacylamido-
AMPs] containing an analog (5) of prolyl adenylate (4:
prolyl-AMP) that would be useful as co-factors for X-
ray analysis of aminoacyl-tRNA synthetase complexes
(Fig. 1). 1t was also found that the synthetic aminoacyl-
amido AMPs have weak antitumor activities against
various cell lines.

Phosmidosine has structural elements close to those of
prolyl-AMP (4), which serves as a carrier of a proline
amino acid to the ¥’-terminal site of tRNAP™ via a tri-
particle complex with a prolyl-tRNA synthetase. There-
fore, it is strongly suggested that phosmidosine might
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show significant antitumor activity in rapidly growing
cancer cells as an inhibitor of the peptide synthesis.

To clarify this possibility, the structure—activity relation-
ship of phosmidosine is of great importance. Particu-
larly, it should be clarified if the 7,8-dihydro-8-
oxoadenosine component can be replaced by other cle-
ments such as the deoxy counterpart, the adenosine,
and other ribonucleosides without loss of the activity.

In this paper, we report the synthesis of various deriva-
tives of the phosmidosine O-ethy] ester by replacement
of the adenosine moiety by other nucleoside derivatives
and also their antitumor activities.

2. Results and discussion

To study the structure-activity relationship of phosmid-
osine, we synthesized a series of phosmidosine deriva-
tives (9a—g). Phosmidosine has a unique structure of
the 7,8-dihydro-8-oxoadenine base. Therefore, to see
if the 78-dihydro-8-oxoadenine moiety is essential
for the antitumor activity, we synthesized the O-ethyl
ester derivative (9a) of prolylamido AMP replaced by
adenosine in place of 7,8-dihydro-8-oxoadenosine.
Moreover, to check the necessity of the ribose residue,
the 2’-deoxyadenosine and 2'-deoxy-7,8-dihydro-8-oxo-
adenosine derivatives 9b and 9¢ were also prepared. In
addition, we synthesized 6-N-acetylphosmidosine deriv-
ative 9d to check if the 6-amino group of phosmidosine
can be modified without loss of the activity. We also
synthesized several compounds 9e-g having other nucle-
obases in place of 7,8-dihydro-8-oxoadenine. The syn-
thesis of these compounds is outlined in Scheme 1.

For the construction of the N-prolylphosphoramidate
linkage, ethyl N-diisopropyl-N'-[N-tritylprolyl]phospho-
rodiamidite {6)7 was activated by the action of 5-merca-
pto-1-methyl-1 H-tetrazole (MMTY®!! to react with

T Me
r
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Scheme 1. Synthesis of phosmidosine analops by MMT-catalyzed phosphoramidite coupting reactions,
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Scheme 2. Synthesis of key intermediates required for the synthesis of
phosmidosine analogs.

appropriately protected nucieoside derivatives (7a~g).
The oxidation of the resuiting tervalent phosphorus
intermediates was carried out by use of -BuQOH.!?
The starting materials 7a,'3 7b,'* and 7e'3 were obtained
by the literature method. 3'-O-TBDDXMS-7,8-dihydro-8-
oxodeoxyadenosine (7¢) was synthesized from 8-bro-
modeoxyadenosine , via 8-oxodeoxyadenosine (10), as
shown in Scheme 2. Compound 7d was also synthesized
by a two-step reaction of 6-N-acetyl-8-oxodeoxyadeno-
sine (11).

Table 2. Deprotection of fully protected phosmidosine derivatives 8a-g

Table 1. Condensation of 6 with 7a—g to give the N-prolylphospho-
roamidate derivatives 8a-g

Compd MMT/6 Product Condensation Oxidation Yield

{716} time {min) time (min) (%)
Ta20 126 8a 60 0 60
7h2.0  1.26 8h 10 I[¢] 38
Tels 1.67 8c 60 16 43
7d 2.0 £.25 8d 10 10 55
7e 2.0 [.25 Be 10 10 89
2.0 1.25 8f 10 10 91
T2 2.0 1.25 8z 10 10 72

For the synthesis of the cytidine and guanosine deriva-
tives 9f and 9g, 4-N-DMTr-2",3'-O-bis(tert-butyldimeth-
ylsilyl)cytidine 7f and N-DMTr-2/,3/-O-bis(tert-butyl-
dimethylsilyl)guanosine 7g were synthesized, as shown
in Scheme 2. Compound 7f was synthesized in 43% yield
from cytidine (12) via a five-step procedure without iso-
lation of each intermediate. Compound 7g was prepared
in 63% yield from 2',3',5'-O-tris(tert-butyldimethylsil-
yDguanosine (13).13

The results of the coupling reactions between 6 and 7a—g
are shown in Table 1. Desilylation followed by detrityl-
ation of 8a—g gave the final products 9a—g in satisfactory
yields except for 9a and 9b. The details of the deprotec-
tion are summarized in Table 2. Compounds 9a and 9f
were isclated as the trifluoroacetate salts but 9b—e and
9g were obtained as N-unprotonated species. The pres-
ence of excess TBAF, which was used for desilylation,
might inhibit the salt formation of 9b—e and 9g.

The antitumor activities of these compounds obtained
by the MTT assay’® are shown in Table 3. For the assay,
a set of diastereoisomers were used, since in the previous
study each of the diastereoisomers of the O-alkylated
phosmidosine derivative showed similar biological activ-
ities in anticancer tests and morphological reversion
activity.”

The ICsp values of Table 3 show that the compounds
tested exhibited similar antitumor activities against KB
and L1210 cell lines except for the result of the deoxy
counterpart 9b in the L1210 cell line. Therefore, the
presence of the 2'-hydroxyl group or 8-oxo function is
not so important for the biological expression. It turned
out that the N-acetyl derivative 9d also showed similar
antitumor activity to that of 9a, This result implies that
an N-acyl modification is useful for functionalization of
phosmidosine to search for biomolecules, which interact

Compd Desilylation Detritylation Product Yield of 9
TBSF (equiv) Time (h) Conditions Time
8a 80% HCOOH 42h 9a 19
8b TBAF 3.9 6 1% TFA H,0-CH;CN (1:1, viv} 15min 9h 72
8c TBAF 6.0 4 [% TFA H,O-CH;CN (1:1, v/v) 15min 9¢ 58
8d TBAF 0.0 4 1% TFA H.O-CH;CN (1:1, viv) 15min 9d 29
8e TBAF 7.9 2 1% TFA H.O-CH;CN (1:1, viv) 15min 9e 9]
8f TBAF 8.1 I 4% TFA Ha0-CH;CN (1:d, viv) 3+ 12h 9 60
8g TBAF 8.2 3 4% TFA HaO-CH;CN (1:E, viv) th 9g 69
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Table 3. Antitumor activity of phosmidosine analogs

Compd ICsy (pM)
KB L1210

Phosmidosine-Et 3 3.44 3.62
A-phosmidosine-Et 9a 312 3.62
dA-phosmidosine-Et 9b 3.85 21.6
8-Oxo0-dA-phosmidosine-Et 9¢ 3.23 5.68
N-Ac-8-oxo-A-phosmidosine-Et 9d 2,89 4.10
U-phosmidosine-Et e >170 >170
C-phosmidosine-Et 9f =170 =170
G-phosmidosine-E1 9g >200 >200

with phosmidosine. The most plausible binding mole-
cule might be a tRNA synthetase. From the results of
the MTT assay obtained above, it is strongly sugpested
that prolyl-tRNA synthetase binds to phosmidosine like
aminoacyl AMPs.

When the U-, G-, and C-phosmidosine-Et derivatives
Te-g were tested, no significant antitumor activities were
detected, as shown in Table 3. These results suggest that
the replacement of the 7,8-dihydro-8-oxoadenine base
with other bases such as uracil, guanine, and cytosine re-
sulted in loss of the activity. This is reasonable if phos-
midosine recognizes aminoacyl-tRNA synthetase, which
would allow binding with the adenine base and its close
analogs and thereby serves as an inhibitor.

3. Conclusion

In conclusion, it turned out that the 7,8-dihydro-8-oxo-
adenine is exchangeable to an adenine moiety and the
deoxy counterpart did not affect the biological activity
in KB cells but decreased it four times in the L1210 cell
line. At any rate, the base part is essentially more impor-
tant than the ribose moiety. Essentially, at least the ade-
nine skeleton must be required. Since it is clear that the
adenine or 7,8-dihydro-8-oxoadenine base is essential
for antitumor activity, the possibility that phosmidosine
actually interacts with an aminoacyl-tRNA synthetase
increases. On the other hand, we have also reported that
replacement of the prolyl group by other amino acid res-
idues resulted in poorer antitumor activity.” If phosmid-
osine serves as an inhibitor in the peptide synthesis,
these derivatives having other amino acids should ex-
press similar activities. Future studies are required to ad-
dress this point. However, we also noticed the O-methyl
phosmidosine derivatives having other amino acids tend
to decompose even under neutral conditions on storage
and were less stable than phosmidosine. This is because
the other amino acids have primary amino groups so
that intramolecular NN rearrangement easily occurs
compared with phosmidosine that has a secondary ami-
no group on the five-membered ring not accessible to
such cyclization.” Based on these discussions, it is likely
that such modified phosmidosine derivatives cannot
exist in cells for sufficient time to interact with the corre-
sponding aminoacyl-tRNA synthetases so that only
phosmidosine, which has a longer lifetime, survives in

cells and shows antitumor and morphological reversion
activities in cancer cells.

Apart from our studies, 5'-O-[N-aminocacylsulfamoyl]-
adenosine and its analogs have been synthesized’$~'® in
connection with the structure-activity relationship of
ascamysine,’® which has a 2-chloroadenosine moiety.
These studies clearly indicate that the aminoacyl group
recognizes the corresponding aminoacyl-tRNA synthe-
tases. In these cases, such restricted recognition takes
place since the sulfonamide ester linkage is chemically
stable and no N—N rearrangement of the sulfonyl group
occurs.

At the next stage of our study, extensive study should be
done to isolate biomolecules, which interact with phos-
midosine by use of ‘suitably modified phosmidosine
derivative having a biotin residue at the 6-N-acyl chain.
Further study is now under way in this direction.

4. Experimental section
4.1. General remarks

"'H, 3C, and *'P NMR spectra were obtained at 270, 68,
and 109MHz, respectively. The chemical shifts were
measured from tetramethylsilane (Gppm) or DMSO-d,
(2.49ppm) for 'H NMR, CDCl, (77.0p1pm), DMSO-dg
(39.7ppm) or DMF-d; (2.74ppm) for *C NMR, and
85% phosphoric acid (0ppm) for P NMR. Column
chromatography was performed with silica gel C-200.
Reverse-phase column chromatography was performed
by use of 37-55pum CI18 (125A) particles, which were
set up in a glass column of a medium pressure prepara-
tive HPLC system. Elution was performed with the fol-
lowing solvent systems I-II for 500min at a flow rate of
2.0mL/min. Solvent system I: water—acetonitrile (100-0
to 70:70, viv); solvent system II: water—-MeOH-triflnoro-
acetic acid (93:7:0.1, v/v/v). Reverse-phase HPLC was
performed using C18 columns (3.9%150mm and
7.8x300mm, respectively) with a linear gradient of 0-
15% CH4CN/H;0 containing 0.1 M NH,OAc (pH7.0)
at 50°C at a flow rate of 1.0 and 3.0mL/min, respec-
tively, for 30min. Mass spectra were measured by use
of an ESI-mass spectrophotometer and a MALDI-
TOF mass spectrophotometer, UV spectra were meas-
ured by a U-2000 spectrophotometer. TLC was
performed with silica gel 60 (F,s4) plates. In vitro ana-
lysis of the antitumor activity in various cancer cell lines
was carried out by the literature method reported by
Carmichael et al.’” and us.” The morphological rever-
sion activity test was conducted according to the litera-
ture method.? Compounds 6 were synthesized according
to the previous method reported.” Compounds 7a and
Te-g were synthesized according to the literature meth-
od.™ Compound 7b was synthesized by the Robins
method.™ Compound 11 was synthesized by our previ-
ous method.®

4.1.1. 3'-0O-rerr-Butyldimethylsilyl-7,8-dihydro-8-oxode-
oxyadenosine (7c). Compound 10°° (802mg, 3.0mmol)
was rendered anhydrous by coevaporation three times
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with dry pyridine and finally dissolved in dry DMF
(3mL}). To the solution were added ter#-butyldimethylsi-
Iyl chloride (1.09g, 7.2mmol) and imidazole (980mg,
14.4mmol). After being stirred under argon atmosphere
at room temperature for 3h, the mixture was diluted
with AcOFt. The solution was washed three times with
5% NaHCO;, and the organic layer was collected, dried
over Na,80,, filtered, and evaporated under reduced
pressure. The residue was dissolved in acetic acid-
THF—water (3:1:1, viviv, 30mL). After being stirred at
80°C for Sh, the mixture was diluted CHCl;. The
CHCIs solution was washed successively twice with
water and with 5% NaHCOQj. The organic layer was
collected, dried over Na,SO,, filtered, and evaporated
under reduced pressure. The residue was chromato-
graphed on a column of silica gel with CHCl,-MeOH
(98:2, viv) to give 7e¢ (360mg, 31%): 'H NMR
(270MHz, DMSO-ds) 6 0.00 (6H, s), 0.79 (5H, s),
1.86-1.94 (1H, m, Jo gy 20 = 6.3Hz), 2.92-3.02 (1H,
m), 3.32-3.38 (1H, m, JS'-Ha,S’-Hb = 69HZ), 3.48-3.53
(1H, m), 3.68-3.69 (1H, m), 4.50 (1H, m), 4.98-5.02
(1H, m, Js.ons.Ha = Js.oms.up = 4.6Hz), 6.01 (1H,
G, Ji e = 6.6Hz, Jyyp, = 7.3Hz), 6.44 (2H, br s5),
7.91 (1H, s), 10.24 (1H, br s); *C NMR (DMSO-dg) &
—4.75, —4.71, 17.78, 25.75, 36.20, 61.94, 73.05, 81.16,
87.39, 103.37, 146.22, 146.96, 150.41, 151.03. ESI-mass
mfz caled for C;cHasNs0.51 382.1911; observed
[M + H] 382.1544.

41.2. 6-N-Acetyl-2',3'-O-di-fert-butyldimethylsilyl-7,8-
dihydro-8-oxoadenosine (7d). Compound 11 (l.11g,
3.42mmol) was rendered anhydrous by coevaporation
three times with dry pyridine and finally dissolved in
dry pyridine (34mL). To the solution was added 4,4/-di-
methoxytrityl chloride (1.27g, 3.76mmol}. After being
stirred under argon atmosphere at room temperature
for 3h, the mixture was quenched by addition of MeOH
(25mL). The mixture was partitioned between CHCl,
and 5% NaHCOs. The organic layer was collected, dried
over Na;S0,, filtered, and evaporated under reduced
pressure. The residue was coevaporated three times with
dry pyridine and finally dissolved in dry DMF (34mL).
To the mixture were added feri-butyldimethylsilyi chlo-
ride (1.13g, 7.52mmol) and imidazole (1.02g,
15.0mmol). After being stirred at room temperature
for 12h, the mixture was dilufed CHCl;. The CHCI;
solution was washed three times with 5% NaHCOs.
The organic layer was collected, dried over Na,SQ,, fil-
tered, and evaporated under reduced pressure. The resi-
due was dissolved in a 2% solution of trifluoroacetic acid
in CHCI; (34mL). After being stirred at room tempera-
ture for 30min, the mixture was diluted CHCIl;. The
CHCl; solution was washed three times with 5% NaH-
CO3. The organic layer was collected, dried over
Na,S0,, filtered, and evaporated under reduced pres-
sure. The residue was chromatographed on a column
of silica gel with CHCl;-MeOH (99:1, v/v) to give 7d
(1.10g, 58%): '"H NMR (270MHz, DMSO-dg) § —0.33
(3H, s), —0.13 (3H, s, CH;3 of TBDMS), 0.06 (3H, s),
0.07 (3H, s), 0.69 (SH, ), 0.86 (9H, s), 2.08 (3H, s),
3.39-3.48 (1H, m, Js. 510 = 6.6 Hz), 3.58-3.69 (1H,
m), 3.84 (1H, m), 4.33-4.35 (1H, m), 4.89-4.93 (1,
m), 5.22-5.15 (1H, t, Js.on sna = 4.9Hz), 5.75 (1H, 4,

Jux=6.6Hz), 8.38 (1H, ), 1032 (1H, br s), 10.82
(1H, br s); 3C NMR (DMSO-dg) § —5.3, —4.7, —4.63,
—4.59, 17.6, 17.8, 23.2, 25.5, 25.8, 61.4, 70.5, 72.6,
84.9, 85.9, 110.9, 138.2, 149.5, 150.0, 150.9, 169.2. ESI-
mass mfz caled for CoyHasNsO4Si, 554,2830; observed
[M + H] 554.2742.

4,1.3. 27,3'-0-Di-tert-butyldimethylsilyl-4- N-(4,4'- di-
methoxytrityjeytidine (7f). Cytidine (12) (973mg,
4.0mmol) was rendered anhydrous by coevaporation
three times with dry pyridine and finally dissolved in
dry DMF (8mL). To the mixture were added fert-but-
yldimethylsilyl chloride {2.17g, 14.4mmol) and imida-
zole (1.96 g, 28.8 mmol}. After being stirred at room tem-
perature for 10h, the mixture was diluted CHCI;. The
CHCI; solution was washed three times with 5% NaH-
CO;. The organic layer was collected, dried over
Nay8Q,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in acetic acid-THF-
water (3:1:1, v/v/v) (40mL). After being stirred at
80°C for 14h, the mixture was diluted CHCl;. The
CHCI; solution was washed twice with water and three
times with 5% NaHCO,;. The organic layer was col-
lected, dried over Na,SO., filtered, and evaporated
under reduced pressure. The residue was rendered anhy-
drous by coevaporation three times with dry pyridine
and finally dissolved in dry pyridine (40mL). To the
solution was added trimethylsilyl chloride (1.01mlL,
8.0mmol). After the mixture was stirred under argon
atmosphere at room temperature for 30min, 4,4'-
dimethoxytrityl chloride (1.49g, 4.4mmol) was added.
After being stirred at room temperature for 3h, the mix-
ture was quenched by addition of 28% aqueous ammo-
nia (10mL). The mixture was stirred at rtoom
temperature for an additional 30 min. The mixture was
evaporated under reduced pressure and diluted CHCl,.
The CHCI, solution was washed three times with 5%
NaHCO;. The organic layer was collected, dried over
Na,80,, filtered, and evaporated under reduced pres-
sure. The residue was chromatographed on a column
of silica gel with hexane-AcOEt—pyridine (70:30:1—
60:40:1, viviv) to give 7f (1.32g, 43%): 'H NMR
{270MHz, DMSO-dg) & —0.21 (3H, s), —0.11 (3H, s),
0.00 (3H, s), 0.01 (3H, s), 0.74 (9H, s), (.81 (8H, s),
3.47-3.54 (2H, m, 5'-H), 3.66 (6H, s), 3.76-3.77 (1H,
m), 3.99-4.02 (1H, m), 4.104.12 (IH, m), 5.11 (14,
m), 561 (1H, d, Jy»=356Hz), 619 (IH, d,
Js6=73Hz), 6.75 (4H, d, J,emomme = 8.6Hz), 7.06-
7.17 (9H, m), 7.70 (1H, d, 6-H), 8.31 (1H, br s); °C
NMR (DMSO-dg) 6 —5.0, —4.82, —-4.77, —4.6, 17.7,
17.79, 17.84, 25.68, 25.74, 54.9, 60.6, 69.3, 72.1, 74.4,
79.1, 85.3, 88.1, 96.3, 112.5, 113.2, 123.7, 125.9, 127.2,
128.3, 129.7, 135.9, 136.7, 140.0, 144.8, 149.4, 154.0,
1572, 1630, ESl-mass mfz caled for C42H50N307Si2
774.3970; observed [M + H] 774.3973.

4,14, 2',3'-0-Di-tert-butyldimethylsilyl-2-N-(4,4'-di-
methoxytrityl)guanosine (7g). Compound 13" (939 mg,
l.5mmol) was dissolved in acetic acid-THF—-water
(3:1:1, v/viv) (15mL). After being stirred at 80°C for
10h, the mixture was dituted CHCl;. The CHCl; solu-
tion was washed twice with water and with %
NaHCO,. The organic layer was collected, dried over
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Na,S0,, filtered, and evaporated under reduced
pressure. The residue was rendered anhydrous by
coevaporation three times with dry pyridine and finally
dissolved in dry pyridine (15mL). To the sclution was
added trimethylsityl chloride {123ul, 2.0mmol}. After
the mixture was stirred under argon atmosphere at room
temperature for Ih, 4,4'-dimethoxytrityl chloride
(508 mg, 1.5mmol} was added. After being stirred at
room temperature for 4h, the mixture was guenched
by addition of 28% agqueous ammonia (6mL). The
mixture was stirred at room temperature for an
additional 2h. The mixture was evaporated under
reduced pressure and diluted CHCl;. The CHCl; solu-
tion was washed three times with 5% NaHCQOj. The or-
ganic layer was collected, dried over Na,SO,, filtered,
and evaporated under reduced pressure. The residue
was chromatographed on a column of silica gel with
hexane-AcOEt—pyridine (70:30:1-60:40:1, v/v/v) to give
7g (767mg, 63%): 'H NMR (270MHz, DMSO-dg) §
-0.34 (3H, s, CH; of TBDMS), ~0.16 (3H, s),
0.03 (3H, s, CH; of TBDMS), 0.08 (3H, s), 0.70
(9H, s), 0.85 (5H, s), 3.43 (2H, m), 3.68-3.73 (7H,
m), 408410 (IH, m), 442445 (1H, m), 5.02
(1H, m), 5.26-5.29 (1H, d, Jy-» = 7.9Hz), 6.78 {4H, d,
Jorthomera = 8.2Hz), 7.16-725 (9H, m), 7.55 (1H, br
s, 2-NH), 7.88 (1H, s), 10.59 (1H, br s); *C NMR
(DMSO-dgy 6 —4.2, —3.9, —3.80, —3.76, 18.5, 18.6,
55.7, 55.7, 62.1, 70.3, 73.7, 75.5, 80.0, 84.5, §6.9, 113.5,
113.5, 117.4, 124.6, 127.1, 128.2, 129.1, 130.5, 136.8,
137.5, 137.8, 1459, 150.3, 151.5, 151.6, 157,3, 158.2,
158.3. ESI-mass mfz caled for Cy3HgNsO-5i,
814.4031; observed [M + H] 814.4508.

4.1.5. Typical procedure for the synthesis of nucleoside 5'-
[ethyl N-{N-trityl-L-prolyl)phesphoroamidate] derivatives
8a-g.

4.1.5.1. 2/,3/-0-Di-tert-butyldimethylsilyladenosine 5'-
[ethy] - N-(N-trityl-L-prolyl)phosphoroamidate] (8a). A
mixture of 6 (443mg, 0.86mmol) and 7a (212mg,
0.43 mmol} was coevaporated four times with dry aceto-
nitrile and finally dissolved in dry acetonitrile (5mL). To
the mixture was added MMT (125mg, 1.08 mnmol), and
the solution was stirred under argon atmosphere at
room temperature for Th and then a 6M solution of
tert-butyl hydroperoxide in decane (717pL, 4.3mmol)
was added. After being stirred at room temperature
for an additional 30min, the mixture was diluted with
CHCl;. The CHCl; solution was washed with 3%
NaHCO,, dried over Na,S0,, filtered, and evaporated
under reduced pressure. The residue was chromato-
graphed on a column of silica gel with hexane-
AcOEt—pyridine, (100:0:1-99:1:1, v/v/v) to give a dia-
stereomeric mixture of 8a (244mg, 60%): 'H NMR
(270MHz, CDCly) 6 —0.30 (3H, 2s, CHs of TBDMS),
—0.13 (3H, 2s, CH; of TBDMS), —0.01 (6H, 2s), 0.68
(9H, 2s), 0.80 (°H, s), 081-1.51 (7H, m,
Jpocygc;ﬂ: 79HZ), 2.90 (IH, m), 3.20 (IH, lTl), 3.90
(1H, m), 4.18-4.53 {6H, m), 470 (1H, m), 5.93 (1H,
2d, Ju = 4.9Hz), 6.70 (2H, br s5), 6.99-7.08 (SH, m),
7.33-7.35 (6H, m), 8.13 (1H, 2s), 8.40 (1H, 2s); '°C
NMR (CDCly) 6 -5.2, —5.1, —4.91, —4.86, —4.8,

—4.6, —4.5, 16.0, 16.05, 16.10, 16.2, 17.65, 17.70, 17.8,
24.1, 25.5, 25.6, 25.7, 31.5, 50.4, 64.0, 64.1, 65.3, 65.4,
66.0, 66.1, 71.78, 71.80, 74.74, 74.75, 77.2, 71.9, 78.0,
82.81, 82.83, 830, 88.17, 88.18, 119.5, 119.6,
126.2, 126.3, 127.4, 127.6, 128.3, 128.8, 139.4, 143.75,
143.78, 149.3, 152.58, 152.60, 155.6, 177.28, 177.34;
3p NMR (CDCly) § —1.31, —1.46. ESI-mass m/z caled

for CagHgoN;O-PSi; 942.4535; observed [M'l‘H]
942.4823.
4,152,  3'-O-tert-Butyldimethylsilyldeoxyadenosine

S'-jethyl N-(N-trityl-L-prolyD)phosphoroamidate] (8b). In
a manner similar {see Table 1) to that described for the
synthesis of 8a, this compound was synthesized in 58%
yield: '"H NMR (270MHz, CDCl;) 8 0.08 (3H, s), 0.10
(3H, 2s), 0.64-0.90 {10H, m), 1.05-1.61 (6H, m, 3"-H,
4"-Hb, Jpochzchsz = 6.9Hz), 2.11-2.44 (1H, m), 2.69-
2.82 (1H, m), 2.92-3.10 (1H, m), 3.20-3.36 (1H, m),
3.92-3.99 (1H, m), 4.16-4.32 (4H, m, Jppcy = 10.6 Hz),
4.42-4.44 (1H, m), 4.66-4.67 (1H, m, Ja 3.1, = 2.6 Hz),
6.44-6.56 (3H, m, Jl‘,2‘-Ha =59Hz, Jl’,z’-Hb = 7.9HZ),
7.04-7.24 (9H, m), 7.41~7.44 (6H, m), 8.24 (1H, 2s),
8.28 (1H, 2s)}; *C NMR (CDClL) § —4.80, —4.76,
—4.72, —4.67, 16.1, 16.2, 16.3, 17.9, 24,3, 25.68, 25.71,
31.7, 40.5, 41.0, 50.6, 50.7, 64.15, 64.22, 64.3, 65.5,
65.6, 66.8, 72.2, 72.3, 77.2, 78.2, 83.9, 84.1, 85.5, 85.6,
119.6, 119.7, 1264, 126.5, 127.6, 127.7, 128.5, 129.0,
139.0, 139.1, 143.7, 143.8, 149.3, 149.3, 152.8, I55.5,
155.6, 177.4, 171.5; *'P NMR (CDCl;) 6 —1.61, —1.63.
ESI-mass miz calcd for CyoHssN;OgPSI 812.3721;
observed [M + H] 812.22703.

4.15.3. 3-0-terr-Butyldimethylsilyl-8-oxoadenosine
5'-lethyl N-(N-trityl-L-prolyl)phosphoroamidate] (8c). In
a manner similar {see Table 1) to that described for
the synthesis of 8a, this compound was synthesized in
43% vield: 'H NMR (270MHz, CDCls) § 0.09 (3H, s),
0.16 (3H, s), 0.85-0.90 (10H, m), 1.06-1.58 (6H, m,
Jrocmzcns =7-3Hz), 2.12-2.20 (1H, m, Jy.ga sz, =
5.6Hz), 2.85-2.97 (1H, m), 3.06-3.41 (2H, m), 3.85-
3.97 (1H, m), 4.06-4.38 (5H, m, Jpocy = 9.9Hz), 5.70
(2H, 2br s), 6.34 (1H, 2t, Jyoopa = 6.6Hz, Jyr 251 =
6.9Hz), 7.09-7.30 (9H, m), 7.40-7.46 (6H, m), 8.02
(1H, 2s); '*C NMR (CDCl3) 6 ~4.74, —4.72, —4.65,
16.1, 16.19, 16.22, 16.3, 18.0, 24.3, 244, 258, 25.9,
31.65, 31.68, 36.7, 36.8, 50.6, 64.6, 64.7, 65.3, 65.5,
67.25, 67.32, 724, 72.6, 712, 78.1, BL.5, 84.8, 85.0,
103.9, 126.4, 126.7, 127.6, 127.7, 128.5, 129.0, 143.7,
143.9, 144.0, 146.5, 146.6, 147.0, 147.1, 151.0, 152.1,
177.90, 177.94, 178.0, 178.1; P NMR (CDCl3) é
—1.41, —1.50. ESI-mass m/z caled for Cy4HssN-O,PSI
828.3670; observed [M + H] 828.3648.

4.1.54. 6-N-Acetyl-2',3"-O-di-tert-butyldimethylsilyl-
7,8-dihydro-8-oxoadenosine 5'-[ethyl N-(V-trityl-L-prol-
yDphosphoroamidate] (8d). In a manner similar (see
Table 1) to that described for the synthesis of 8a, this
compound was synthesized in 55% yield. Chromatogra-
phy was performed by use of hexane~-AcQEt (99.5:0.5-
98.5:1.5, viv): '"H NMR (270MHz, CDCl3) § —0.18
(3H, 2s), —0.03 (3H, 2s), 0.10-0.12 (6H, 4s), 0.78-0.91
(18H, m, 4 —Hﬂ), 1.09-1.39 (SH, m, Jpocwzcom: =
6.9Hz), 1.61 (1H, m), 2.19 (3H, s), 2.90--3.10 (1H, m),
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3.22-3.34 (1H, m), 3.88-3.92 (1H, m), 4.21-4.65 (6H, m,
Jpock = 0.2Hz), 5.06-5.12 (1H, m, 2'-H), 6.00 (1H, 2d,
Jir2 = 4.9Hz), 7.08-7.27 (9H, m), 7.39-7.44 (6H, m),
8.19 (1H, 2s), 8.75 (1H, 2br s), 9.49 (1H, 2br s); *C
NMR (CDCly) 6 —4.81, —4.78, —4.7, —4.6, —4.5,
—4.4, —4.3, 153, 16.18, 16.23, 16.29, 16.34, 17.92,
17.93, 18.07, 18.09, 23.0, 23.8, 24.25, 24.33, 25.71,
25.73, 25.9, 31.6, 31.7, 50.58, 50.60, 50.7, 52.0, 59.3,
64.35, 64.40, 64.43, 64.48, 6546, 65.51, 65.6, 66.9,
66.95, 66.96, 67.00, 71.6, 71.9, 72.3, 72.4, 77.2, 78.1,
78.2, 81.9, 82.4, 82.5, 86.3, 86.4, 108.56, 108.62, 126.5,
126.3, 126.6, 126.7, 127.0, 127.5, 127.6, 127.70, 127.74,
127.8, 128.4, 128.5, 129.0, 137.7, 143.7, 144.0, 144.3,
146.7, 150.11, 150.13, 150.2, 150.7, 150.9, 151.0, 170.0,
170.1, 177.4, 177.5; *'P NMR (CDCl3) 6 —1.79, ~1.99;
ESI-mass m/z caled for CsgHqINoOePSi, 1000.4589;
observed [M + HJ 1000.4662.

4.1.55. 2',3'-O-Di-tert-butyldimethylsilyluridine 5'-
lethyl N-(¥-trityl-L-prolyl}phospheroamidate] (8¢). In a
manner similar (see Table 1) to that described for the
synthesis of 8a, this compound was synthesized in 89%
yield. Chromatography was performed by use of hex-
ane~AcOEt (60:40, v/v): 'H NMR (270MHz, CDCly)
J 0.06-0.13 (12H, 6s), 0.87-0.92 (19H, m), 1.13-1.25
(IH, m), 1.36-1.45 (4H, m), 1.62 (1H, m, 3"-Hb),
2.96-3.09 (1H, m), 3.24-3.41 (I1H, m), 3.88-3.97 (1H,
m), 4.12-4.47 (7H, m), 574 (1H, 2d, 5-H,
J56=182Hz), 5.93 (1H, d, J. »» =4.6Hz), 6.75 (I1H, br
s), 7.12-7.27 (9H, m), 7.45-7.49 (6H, m), 7.86 (1H,
2d), 10.32 (1H, 2br s); *C NMR (CDCly) § —4.9,
—4.82, —4.77, —4.74, —4.66, —4.40, —4.35, 16.1, 16.20,
16.21, 16.3, 17.8, 17.87, 17.90, 17.93, 24.1, 24.2, 24.3,
25.6, 25.70, 25.73, 34.1, 50.3, 50.6, 63.9, 64.0, 64.06,
64.14, 64.9, 65.4, 65.45, 65.51, 65.57, 65.64, 65.7, 71.0,
74.9, 75.0, 71.2, 78.0, 78.11, 78.14, 82.4, 82.47, 82.51,
88.3, 838.4, 102.3, 1024, 126.2, 1264, 126.5, 127.5,
127.7, 128.9, 143.0, 143.8, 144.4, 150.4, 150.5, 163.5,
163.6, 177.16, 177.23, 177.25, 177.32; 3'P NMR (CDCl,)
d —0.89, —1.14; ESI-mass m/z caled for Cy7HggN4OuPSi;
919.4263; observed [M + H)] 919.439],

4.1.5.6. 2 ,3-0-Di-tert-butyldimethylsilyl-4-N-(4,4'-
dimethoxytrityl)cytidine  5-Jethyl  N-(N-trityl-L-prol-
yi)phosphoroamidate] (8f). In a manner similar (see
Table 1) to that described for the synthesis of 8a, this
compound was synthesized in 91% yield. Chromatogra-
phy was performed by use of hexane-CHCI; (20:30-
0:100, v/v): '"H NMR (270 MHz, CDCly) § 0.00-0.78
(12H, m), 0.84-1.54 (25H, m), 2.97-3.10 (IH, m,
5-Ha), 3.13-3.29 (1H, m), 3.70 (6H, 2s), 3.74 (1H,
m), 3.864.40 (7H, m), 509 (1H, 2d, 1'-H,
Ji2=65Hz), 587 (1H, d, 5-H, Js¢=4.3Hz), 6.74
(4H, d, J,,,ﬂ,,m‘,,,mf: 8.9Hz), 7.07-7.24 (18H, m), 7.40-
7.56 (7H, m), *C NMR (CDCly) 6 —5.0, —4.91,
—4.88, —4.7, —4.5, —4.4, —-4.3, 153, 16.1, 16.2, 18.3,
17.9, 17.95, 17.98, 24.1, 24.20, 24.23, 257, 25.77,
25.80, 25.9, 31.5, 31.6, 34.2, 50.3, 50.6, 55.0, 55.1, 59.2,
63.96, 64.00, 64.0, 64.1, 64.9, 654, 65.5, 65.6, 66.1,
66.07, 66.09, 66.12, 66.2, 69.9, 70.8, 71.1, 75.0, 75.1,
71.2, 78.1, 78.2, 81.7, 89.67, 89.69, 94.7, 94.8, 113.3,
126.2, 126.5, 1269, 127.1, 127.4, 127.6, 127.7, 128.0,
128.26, 128.33, 129.0, 129.6, 136.0, 136.1, 141.0, 141.3,
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143.]1, 143.8, 1442, 1444, 1467, 158.25, 158.28,
164.95, 165.00, 176.75, 176.81, 176.95, 177.00; 3'P
NMR (CDCly) § —1.62, —1.93; ESI-mass m/z caled for

CﬁgngNsOmPSiz 12205729, observed [M + H}
1220,5531.
4.15.7.  2',3-O-Di-tert-butyldimethylsilyl-2-N-(4,4'-

dimethoxytrityl)guanosine 5'-[ethyl N-(N-trityl-L-prol-
yhphosphoroamidate] (8g). In a manner similar (see
Table 1) to that described for the synthesis of 8a, this
compound was synthesized in 72% yield. Chromatogra-
phy was performed by use of hexane-MeOH (99.5:0.5—
99:1, vivk 'H NMR (270MHz, CDCly) § —0.27 (3H,
2s), —0.08 (3H, 2s), 0.08 {3H, 2s), 0.11 (3H, 2s), 0.75—
0.80 (9H, m), 0.81-1.09 (10H, m), 1.20-1.38 (5H, m),
1.55-1.61 (1H, m), 2.94-3.04 (1H, m), 3.27-3.29 (1H,
m), 3.68 (6H, s), 3.87-3.94 (1H, m), 4.11-4.26 (6H, m),
4.38-4.40 {1H, m), 4.56-4.60 (1H, m), 5.61 (1H, 2d,
J;rlgl =6.5 HZ), 6.75 (4H, d, Jarlho,mcmz 7.9 HZ), 7.04—
7.30 (18H, m), 7.40-7.44 g6H, m), 7.70 (1H, s), 8.66
(1H, s), 8.88 (1H, 2br s); '*C NMR (CDCl;) § ~4.5,
-4.3, —4.0, -3.9, -3.8, —3.74, —3.73, 16.85, 16.92,
16.96, 17.02, 18.56, 18.61, 18.67, 18.68, 18.70, 18.74,
24.97, 25.00, 26.4, 26.45, 26.49, 32.2, 35.0, 51.3, 51.4,
55.8, 35.9, 64.8, 64.87, 64.92, 65.0, 66.1, 66.2, 66.25,
66.31, 67.47, 67.51, 67.56, 67.58, 70.8, 70.9, 73.1, 73.3,
75.3, 78.0, 78.85, 78.88, 84.09, 84.10, 84.2, 84.3, 84.4,
86.9, 114.1, 114.8, 118.35, 118.40, 127.1, 127.2, 127.4,
127.8, 128.19, 128.24, 128.3, 128.4, 128.47, 128.76,
128.84, 129.1, 129.2, 129.7, 130.3, 136.15, 136.22,
136.27, 136.32, 136.7, 136.9, 143.9, 144.4, 1446, 144.8,
1449, 1515, 151.6, 151.9, 152.0, 157.3, 159.0, 159.6,
177.87, 177.93, 178.1, 178.2; *'P NMR (CDCly) §
—1.61, ~1.83; ESI-mass m/z calcd for CggHgsN40oPSis
1260.5791; observed [M + H] 1260.5618.

4.1.6. Adenosine 5'-[ethyl N-(L-prolyl)phosphoroamidate]
(A-phosmidosine) trifluoroacetic acid salt (9a). Com-
pound 8a (244 mg, 0.26 mmol) was dissolved in 80% for-
mic acid (2.6mL). After being stirred at room
temperature for 42h, the mixture was diluted with dis-
tilled water. The aqueous solution was washed three
times with CHCls, evaporated under reduced pressure,
and coevaporated with distilled water under reduced
pressure. The residue was chromatographed on a
column of C;g by using medium pressure chromatogra-
phy with solvent system II. The fractions containing 9a
were collected and lyophilized. The residue was rechro-
matographed on a column of C18 with water—acetonit-
rile (95:5, viv) followed by lyophilization from its
aqueous solution to give 9a as the TFA salt (29mg,
19%): '"H NMR (270MHz, D,0) & 1.13 (34, t,
Jp()c},gcﬁj = 69HZ), 1.81-1.9] (3H, m), 2.32 (lH, m),
3.24 (ZH, m), 3.97-4.07 (2H, m), 4.29-4.35 (5H, m),
4.65 (1H, m), 6,01 (I1H, d, Ji:» = 2.0Hz), 8.28 (IH, s),
8.33 (1H, s); '*C NMR (D,0) § 17.88, 17.90, 17.97,
17.99, 26.1, 31.98, 32.02, 49.1, 63.0, 63.2, 68.5, 68.56,
68.60, 68.65, 69.2, 69.3, 69.4, 72.2, 76.5, 85.0, 85.07,
85.14, 85.2, 9L.1, 91.2, 1124, 116.6, 1209, 121.2,
121.3, 125.2, 144.87, 144.91, 147.0, 150.7, 152.3, 164.5,
165.0, 165.5, 166.0, 174.0, 174.1; P NMR (D,0) §
—1.15, —1.21. ESI-mass m/z caled for C,4H;7N;0:P
472.1710; observed [M + HJ 472,1729,
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4.1.7. Deoxyadenosine 5'-jethyl N-(L-proly)phospho-
roamidate] (dA-phosmidosine) (9b). Compound 8b
(118mg, 0.15mmol) was dissolved in THF (1.5mL),
and BuzNF-H,O (152mg, 0.58 mmol) was added. After
being stirred at room temperature for 6h, the mixture
was diluted with CHCl;. The CHCI; solution was
washed three times with 5% NaHCO;, dried over
Na,SQy, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in a 1% solution of
TFA in water—acetonitrile (1:1, v/v, 1.5mL). After being
stirred at room temperature for 15min, the mixture was
diluted with distilled water. The agueous solution was
washed three times with CHCl;, evaporated under re-
duced pressure, and coevaporated with distilled water
under reduced pressure, The residue was chromato-
graphed on a column of Cg by using medium pressure
chromatography with solvent system I. The fractions
containing 9b were collected and lyophilized. The resi-
due was rechromatographed on a column of C18 with
water-acetonitrile (90:10, v/v) followed by lyophilization
from its aqueous solution to give 9b as the free form
(48mg, 72%): "H NMR (270MHz, D,0) § 1.09 (3H,
2t, JPOCHZCHS: 6.9HZ), 1.81-2.02 (3H, m), 2.25-2.38
(1H, m), 2.57-2.66 (1H, m, Jarpga 2016 = 6.6Hz), 2.77-
2.88 (1M, m), 3.24-3.41 (2H, m), 3.73-3.84 (2H, m,
Jeocy = 10.6Hz), 4.07-4.16 (3H, m), 4.24-4.25 (1H,
m), 4.69-4.74 (1H, m, Jx 2, = 4.3Hz), 6.37 (1H, dd,
Jiroma = 6.3Hz, Jyr 2 = 6.6Hz), 8.09 (1H, s), 8.27
(1H, 2s); 13C NMR (D,0) 6 17.9, 18.0, 26.4, 324,
41.3, 414, 48.8, 64.7, 65.0, 654, 65.47, 65.50, 65.58,
67.56, 67.64, 67.7, 67.8, 73.4, 86.28, 86.34, 87.8, 87.88,
87.91, 120.9, 141.9, 150.79, 150.82, 154.9, 157.6, 178.5,
178.6; *'P NMR (D,0) § 10.57; ESI-mass m/z caled
for C;7H,7N,06P 456.1761; observed [M + H] 456.1582.

4.1.8. 7,8-Dihydro-8-oxodeoxyadenosine 5'-{ethyl N-(r-
prolyl)phosphoroamidate] (8-oxo-dA-phosmidosine) (9¢).
This compound was synthesized in 38% yield as the free
form in a manner similar to that described for the syn-
thesis of 9b: 'H NMR (270MHz, D,0) § 1.10-1.16
(BH, 2t, JPOCH.?CHJ = 6.9 HZ), 1.90-2.07 (3H, m), 2.30-
2.40 (2H, m, 3"-Hb), 3.15-3.39 (3H, m), 3.81-3.95
(2H, m, Jpocu = 9.9Hz), 4.11 (4H, m), 4.71 (1H, m,
3’-H), 6,21 (IH, 1, Jll,z'-Ha=J11'2f.Hb:6.6HZ), 7.98
(1H, s); ®C NMR (CDCly) § 17.9, 18.0, 26.4, 32.4,
37.6, 48.8, 64.7, 65.1, 65.3, 65.4, 67.96, 67.98, 68.03,
68.1, 73.4, 73.5, 84.05, 84.12, 86.8i 87.0, 106.4, 148.8,
149.5, 153.3, 155.1, 178.7, 178.8; *'P NMR (CDCly) &
10.79, 10.87. ESI-mass mfz caled for C,;9H»N7;0,P
472.1710; observed [M -+ H] 472.5253.

4.1.9. 6-N-Acetyl-7,8-dihydro-8-oxodeoxyadenosine 5'-
[ethyl N-(L-prolyl)phosphoroamidate] (V®-Ac-dA-phos-
midosine) (9d). This compound was synthesized in 29%
vield as the free form in a manner similar to that de-
scribed for the synthesis of 9b: '"H NMR (270MHz,
D,0) § 1.13 (3H, t, JpocHzen: = 6.9Hz), 1.96-2.07
(3H, m), 2.27-2.32 (4H, m), 3.30-3.44 (2H, m), 3.83-
3.93 (2H, m), 4.09-4.22 (4H, m), 4.65-4.69 (1H, m),
3.17-5.20 (1H, m), 5.95 (IH, d, Jy 2 =4.61Hz), 8.40
(1H, s); "*C NMR (D,0) § 17.9, 18.0, 32.4, 48.8, 64.7,
65.1, 65.4, 65.5, 67.6, 67.7, 72.3, 73.2, 73.3, 84.5, 84.7,
88.8, 113.5, 140.3, 152.8, 153.0, 154.8, 175.2, 178.6,

- 178.7. ¥'P NMR (D,0) § 10.70; ESI-mass m/z caled

for CygHsN706P 530.1764; observed [M + H] 530.1832.

4.1,10, Uridine 5'-[ethy]l N-(L-prolyl)phosphoroamidate]
(U-phosmidosine) (9¢). This compound was synthesized
in 91% yield as the free form in a manner similar to that
described for the synthesis of 9b: 'H NMR (270 MHz,
DzO) d 1.33-1.38 (3H, 2t, JPOCHZCHB': 69HZ), 2.01-
2.18 (3H, m), 2.43-2.59 (1H, m), 3.34-3.51 (2H, m),
4.22-4.55 (8H, m, Jpocy = 11.2Hz), 5.88-5.92 (2H,
2d, 1-H, 5-H, Jypa2=53Hz), 774 (IH, 2d,
Jss=8.2Hz); *C NMR (D,0) § 18.1, 18.2, 26.4, 32.5,
489, 64.8, 65.2, 65.63, 65.68, 65.72, 67.17, 67.20,
67.22, 67.24, 67.27, 61.29, 67.3, 71.9, 70.0, 76.2, 76.3,
85.0, 85.1, 85.2, 85.3, 91.6, 104.8, 144.0, 144.1, 154.1,
168.6, 178.85, 178.88, 178.93, 179.0; *'P NMR (D,0) &
11.07; ESI-mass #/z caled for C gHosN4OsP 449.1437;
observed [M + H] 449.1453.

4.1.11. Cytidine 5'-fethyl N-{L-prolyl)phosphoroamidate]
(C-phosmidosine) TFA salt (9f), Compound 8f
(223mg, 0.18mmol) was dissolved in THF (1.8mL),
and BuyNF-H,0 (383 mg, 1.46mmol) was added. After
being stirred at room temperature for 1h, the mixture
was diluted with CHCl;. The CHCI; solution was
washed three times with 5% NaHCO,, dried over
Na,S0O,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in a 4% solution of
TFA in water—acetonitrile (1:1, v/v, 1.8mL). After the
mixture was stirred at room temperature for 3h, trifluoro-
acetic acid (73uL, 0.99mmol) was added. After being
stirred at room temperature for an additional 12h, the
mixture was diluted with distilled water. The aqueous
solution was washed 3 times with AcOEt, evaporated
under reduced pressure, and coevaporated with distilled
water under reduced pressure. The residue wad chroma-
tographed on a column of C;3 by using medium pressure
chromatography with solvent system 1. The fractions
containing 9e were collected and lyophilized. The resi-
due was rechromatographed on a column of Cjg with
water—acetonitrile (95:5, v/v) followed by lyophilization
from its aqueous soluticn to give 9f as the TFA form
(62mg, 60%): '"H NMR (270 MHz, D,0) § 1.32 (3H, t,
JpocHzCHj = 69HZ), 1,.96-2.13 (3H, m), 2.47-2.52
(IH, m), 3.39-3.41 (2H, m), 4.18-4.49 (8H, m), 5.84
5.85 (1H, m), 6.11-6.13 (1H, m), 7.79-7.83 (1H, m),
BC NMR (D,0) § 17.9, 18.01, 18.03, 26.1, 31.96,
31.99, 49.0, 49.2, 63.0, 63.2, 68.5, 68.56, 68.6, 69.1,
69.16, 69.23, 71.26, 71.33, 76.2, 84.0, 84.1, 93.1, 98.1,
112.3, 116.6, 120.9, 125,19, 145.1, 155.5, 155.6, 164.5,
165.0, 165.2, 165.3, 165.5, 166.1, 174.09, 174.12; *'P
NMR (D,O) & -0.90, —0.95; ESI-mass m/z caled for
C,sHp7Ns035P 448.1597; observed [M + H] 448.1583.

4.1.12. Guanesine 5'-fethyl N-(L-prolyl)phosphoroami-
date] (G-phosmidesine) (9g). This compound was synthe-
sized in 69% yield as the free form in a manner similar to
that described for the synthesis of 9b: 'H NMR
(270MHz, D;O) é 1.16 (3H, t, Jpocyzcus = 7.3Hz),
2.85-2.06 (3H, m), 2.26-2.39 (1H, m), 3.24-3.43 (2H,
m), 3.81-3.97 (2H, m, Jpocy=11.5Hz), 4.094.32
{4H, m), 4.45-4.50 (1H, m), 4.68 (1H, m, Ja 3 = 4.9Hz),
583 (1H, d, Jp . =4.6Hz), 7.92 (IH, d); *C NMR
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(D20) 6 17.9, 17.95, 18.03, 18.1, 26.4, 32.4, 48.8, 64.7,
65.1, €5.5, 65.6, 657, 61.1, 671.2, 67.3, 67.4, 72.55,
72.59, 76.25, 76.30, 85.4, 85.5, 89.75, 89.78, 113.40,
118.43, 139.4, 139.5, 153.77, 153.80, 156.07, 156.09,
160.9, 178.6, 178.67, 178.70, 178.8; *'P NMR (D,0) §
10.63, 10.73. ESI-mass m/z caled for C;;H,;N;O4P
488.1659; observed [M -+ H] 488.1658.

4.1.13. 7,8-Dihydro-8-oxodeoxyadenosine. 8-Bromode-
oxyadenosine?' (6.6g, 20mmol) was dissolved in a mix-
ture of acetic acid—acetic anhydride (1:1, v/v, 400mL),
and sodium acetate (30g, 366mmol) was added. After
being stirred at 120°C for 30min, the mixture was di-
luted with CHCl,. The CHCI; solution was washed five
times with distilled water, dried over Na,SO,, filtered,
and evaporated under reduced pressure. The residue
was dissolved in AcOEt. The AcOEt solution was
washed 5% NaHCO;, filtered, and evaporated under re-
duced pressure. The residue was dissolved in ethanol
{86mL), and NaOH (1.7 g, 43mmol) was added. After
being stirred at room temperature for 3h, the mixture
was stirred at 60°C for an additional 1h. The mixture
was neutralized by addition of 4M HCI (10ml) and
5% NaHCOs;. The precipitates were removed by filtra-
tion and washed three times with distilled water. The fil-
trate and washings were collected and evaporated under
reduced pressure. The residue was chromatographed on
a column of C,y with water—acetonitrile (100:0-98:2, v/
v) to give the title compound as ocherous solids (1.6g,
28%): 'H NMR (270MHz, DMSO-dg) & 1.92-2.00
(]H, m, J2’-Ha,2'-'l—1b = 46HZ), 2.89-2.99 (}H, m}, 3.41-
3.47 (1H, m), 3.57-3.63 (1H, m), 3.79-3.80 (1H, m),
4.364.38 (IH, m, J3aup,=5.3Hz), 6.13 (1H, dd,
Jl',Z'-Ha = 6.3HZ, JI‘,Z'-Hb = SZHZ), 7.19 (2H, br S),
7.91 (1H, s); *C NMR (DMSO-d) § 36.5, 62.5, 71.5,
81.6, 87.5, 104.7, 146.1, 147.6, 149.7, 152.1. ESI-mass
miz caled for CoH14N504 268.1046; observed [M + H]
268.1027.

Acknowledgements

This work was supported by Grant-in-Aid for Scientific
Research on Priority Areas {C) ‘Genome Science’ from
the Ministry of Education, Culture, Sports, Science
and Technology of Japan. This work was also supported

6. Moriguchi, T.; Asai, N.; Okada, K.; Seio, K.; Sasaki, T

by CREST of JST (Japan Science and Technology Cor-
poration) and COE21 project.

References and notes

L. Uramoto, M.; Kim, C. J.; Shin-ya, K.; Kusakabe, H.;
Isono, X.; Phillips, D. R.; McCloskey, J. A. J. Antibiot.
1591, 44, 375.

2. Phillips, D. R.; Uramoto, M.; Isono, K.; McCloskey, J. A.
J. Org. Chem. 1993, 58, 854.

3. Matsuura, N.; Onose, R.; Osada, H. J. Antibior. 1996, 49,
361.

4. Kakeya, H.; Onose, R.; Phillip, C.-C. L.; Onozawa, C.;
Matsumura, F.; Osada, H. Cancer Res. 1998, 58, 704.

5. Moriguchi, T.; Asai, N.; Wada, T.; Seio, K.; Sasaki, T.;
Sekine, M. Tetrahedoron Lett. 2000, 41, 5881,

Sekine, M. J. Org. Chem. 2002, 67, 3290.

7. Sekine, M.; Okada, K.; Seio, K.; Kakeya, H.: Osada, H.;
Sasaki, T. J. Org. Chem. 2004, 69, 314.

8. Moriguchi, T.; Yanagi, T.; Wada, T.; Sekine, M. Tetra-
hedron Lett. 1998, 39, 3725,

9. Moriguchi, T.; Yanagi, T.; Kunimori, M.; Wada, T
Sekine, M. J. Org. Chem. 2000, 65, 8229.

10. Filippov, D.; Timmers, C. M.; van der Marel, G. A.; van
Boom, J. H. Nucleos. Nucleot. 1997, 16, 1403,

11. Filippov, D.; Timmers, C. M.; Roerdink, A. R.; van der
Marel, G. A.; van Boom, J. H. Tetrahedron Letr. 1998, 39,
4891.

12. Jaeger, A.; Engels, J. Tetrahedron Lett. 1984, 25, 1437,

13. Ogilvie, K. K.; Beaucage, S. L.; Schifman, A, L.; Theriault,
N. Y.; Sadana, K. L. Can. J. Chem. 1978, 356, 2768.

14, Zhang, W.; Robins, M. J. Tetrakedron Lett. 1992, 33, 1177,

15. Carmichael; DeGraff, W. G.; Gazar, A. F.; Minna, I. D.;
Mitchell, J. B. Cancer Res. 1987, 47, 936.

16. Yu, X. Y,; Hill, J. M,; Yu, G,; Wang, W.; Kluge, A.
Wendler, P.; Gallant, P. Bivorg. Med, Chem. Lett. 1999, 9,
375-380, and references cited therein.

17. Heacock, D.; Forsyth, C. J; Shiba, K.; Musier-Forsyth,
K. Bioorg. Chem. 1996, 24, 273.

18. Castro-Pichel, J.; Garcia-Lopez, M. T.; de Las Heras, F.
G. Tetrahedron 1987, 43, 383.

19. Isono, K.; Uramoto, M.; Kusakabe, H.; Miyata, N,;
Koyama, T.; Ubukata, M.; Sethi, S. K.; McCloskey, J. A.
J. Antibiot. 1984, 37, 670.

20. Davison, E. C.; Johnsson, K. Nucless. Nucleor, 1993, 12,
237, :

21. Catalanotti, B.; Galeone, A.; Gomez-Paloma, L.; Mayol,
L.; Pepe, A. Bioorg. Med. Chem. Letr. 2000, 10, 2005.



. Available online at www.sciencedirect.com

SCIENCE (dDIHEGTQ

Bioorganic &
Medicinal
Chemistry

Bioorganic & Medicinal Chemistry 12 (2004) 6343-6349

Synthesis of a biotin-conjugate of phosmidosine O-ethyl ester as
a G1 arrest antitumor drug

Mitsuo Sekine,** Kazuhisa Okada,* Kohiji Seio,™ Tohru Obata, Takuma Sasaki,d
Hideaki Kakeya® and Hiroyuki Osada®

*Department of Life Science, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
YCREST, JST (Japan Science and Technology Corporation), 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
“Frontier Collaborative Research Center, Tokyo Institwte of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
dcancer Research Institute, Kanazawa University, Takara-machi, Kanazawa 920-8640, Japan
® Antibiotics Laboratory, Discovery Research Institute, RIKEN, 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan

Received 7 September 2004; revised 22 September 2004; accepted 22 September 2004
Available online 12 October 2004

Abstract—This paper deals with the synthesis of a stable biotin—phosmidosine conjugate molecule 3 that is required for isolation of
biomolecules that bind to phosmidosine (1). Tt was found that introduction of a biotin residue into the 6-N position of phosmidosine
could be carried out by reaction of an N'-Boc-7,8-dihydro-8-oxoadenosine derivative 13 with phenyl chlereformate followed by dis-
placement with a diamine derivative 6 along with the simultaneous removal of the Boc group and one of the two phenoxycarbonyl
groups and the successive condensation with an N-tritylated biotin derivative 5. The condensation of an N-prolylphosphorodiami-
dite derivative 4 with an appropriately protected 7,8-dihydro-8-oxcadenosine derivative 17 having the biotin residue gave the cou-
pling product 18, which was deprotected to give the biotin-phosmidosine (O-ethy! ester) conjugate 3.

@ 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, we have extensively studied the synthesis of a
series of N-acylphosphoramidate derivatives involving
phosmidosine (1) and related compounds (2) having
N-amimoacylphosphoramidate linkages since these
compounds have proved to have antitumor activity
against various cancer-related cell lines.!"® In 1991,
phosmidosine was first isolated as an antibiotic having
morphological reversion activity of temperature-sensi-
tive v-src®NKR cells.” Later, its structure was finally
determined by use of mass spectrometry.® Osada and
co-workers also reported that phosmidosine stops cell
growth at the G, phase in the cell cycle.® This activity
proved to be associated with inhibition of hyperphosph-
orylation of RB proteins by RB-kinases as a result of the
inhibition of cyclin D1 expression.! We also reported
the prolyl group and 7,8-dihydro-8-oxcadenine base

Keywords: Phosmidosine; Structure-activity relationship; 8-Oxoadeno-

sine; Antitumor activity; Aminoacyl adenylate analog.
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are both responsible for expression of antitumor and
morphological reversion activity by using a variety of
phosmidosine analogs. These studies strongly suggest
that phosmidosine serves as an antagonist of prolyl-
AMP in tRNA aminoacylation mediated by prolyl-
tRNA synthetase. However, this possibility has not been
clarified to date (Fig. 1).

In this paper, we report the synthesis of a biotin~phos-
midosine conjugate molecule 3, which would be useful

H NHa X
Nesy il o B
H 0o o o< I R“NH—P-0+ g
N i Il N~ OR
Ot
H OMe HO Y
2
HG  OH B = 8-oxo0-Ade, Ade, Gu, Ura, Cyt
1 R =Et, iPr, Bu
X=0,8
Y =H, OH
R’ = aminoacyl

Figure 1. Phosmidosine (1) and its analog (2).
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for isolation of biomolecules that interact with
phosmidosine.

2. Results and discussion

2.1, Determination of the site for introduction of a biotin
residue into phesmidosine

In our previous studies, we have shown that the 8-oxo-
adenine moiety can be replaced by adenine and 6-N-acet-
yladenine bases without loss of the antitumor activity.?
On the other hand, it was also reported that the ribose
residue is exchangeable with the deoxy counterpart.*
In consideration of the easiness of introduction of an
acyl group into the exo-amine group, we decided to syn-
thesize a 6-N-substituted phosmidosine derivative 3
where a biotin molecule is linked to the amino group
via a linker. Phosmidosine has a methyl group in the
N-prolylphosphoramidate linkage but the methyl group
tends to be eliminated even under neutral conditions®
and during the synthetic process, particularly when
phosmidosine is concentrated to a-condensed solution.?
Therefore, we introduced an ethyl group? in place of the
methyl group in compound 3 to avoid self-decomposi-
tion due to the inherent instability of phosmidosine.
This design was supported by the fact that O-ethyl ester
analogs of phosmidosine did not affect the antitumor
activity.® We also confirmed that a set of diastereoiso-
mers generated by introduction of the ethyl group in a
non-stereoselective manner are both active and there is
no significant difference in antitumor activity between
the two diastereoisomers®? (Fig. 2).

Streptoavidine, which is well known to bind to four bio-
tin molecules, is a relatively large protein so that there
should be sufficient space between biotin and phosmido-
sine to keep the biological activity when phosmidosine
binds to target biomolecules. Therefore, we used an 8-
amino-3,6-dioxaoctanamine'! as a linker, with solubility
in aqueous solution in mind.

2.2, Synthesis of a biotin component

For constructicn of the N-prolylphosphoramidate link-
age, we have recently employed a combination of
N-diisopropyl-N'-[N-tritylprolylphosphorodiamidite 4
and 5'-unprotected 7,8-dihydro-8-oxcadenosine deriva-
tives in the phosphoramidite coupling strategy.®* Biotin
has a hydrophilic character in the urea structure so that

0
HN*NH
)C')\ H
0 N
N VIV YV 5
N H o
~N
g 9 %Ay
et
H P om
: HO OH

3

Figure 2. Biotin-containing phosmidosine derivative 3.

we used a 4,4'-dimethoxytrityl {(DMTt) group as the
protecting group of the urea function. Reaction of bio-
tin with DMTrCl gave N-DMTr-product 5'% in 88%
yield. This product was further condensed with a diam-
ine 6 in the presence of DCC and HOBt to afford the
amide 7 in 65% yield.

2.3. Synthesis of 7,8-dihydro-8-oxoadeonosine derivatives

First, we synthesized 2’,3'-O-isopropylidene-5'-O-(tert-
butyldimethylsilyl}-7,8-dihydro-8-oxcadenosine (9)? in
86% yield by use of a two-step reaction from 7,8-dihy-
dro-8-oxoadenosine (8),7 as shown in Scheme .

When compound 9 was allowed to react with phenyl
chloroformate, the 6-N-phenoxycarbonyl-8-oxo-deoxy-
adenosine derivative 10 could not be obtained. Instead,
the NT-phenoxycarbonyl-B-oxo-deoxyadenosine deriva-
tive Il was isolated in 92% yield (Scheme 2). The

i X
~DMTr
HN™ “NH DMTICE  EtyN HN" N
o DMAP HO
H
S Py g
8] 9]
Blotin 5
DCCHOBT
L
THF 0O NH.
2 ~DMTr
HZN/\/ \/\O/\/ HN N
8 oA AN
H2N/\/ \/\O/\/ s
Q
7
Scheme 1. Synthesis of biotinamide derivative 7.
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N | >N N =N
0= W@ (MeO)CiMe), TBDMSCI o<y 'N’J
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R —
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O=(N -
TBDMSO 0. ]
%L 4

Scheme 2, Synthesis of N'-phenoxycarbonyl-8-oxoadenosine deriva-
tive 11.
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identification of this product was done by detailed ana-
lysis of '"H NMR spectra. We previously encountered a
similar result in a reaction of tert-butyl chloroformate
with 9 giving rise to the N'-Boc product in high yield.
Previously, 6-N-acetyl-7,8-dihydro-8-oxoadenosine has
been known as a 6-N-acylated derivative. This com-
pound was obtained by peracetylation of 8-bromo-
adenosine followed by alkali hydrolysis. Therefore, no
examples have been known of the synthesis of 6-N-acyl-
ated 7,8-dihydro-8-oxoadenosine derivative by direct
acylation. With the previous result in mind, the 7-posi-
tion of the 7,8-dihydro-8-oxoadenine moiety is consid-
ered more nucleophilic than the exo amine group.
Although it is unknown if N'-substituted derivatives of
phosmidosine can maintain antitumor activity, we
attempted to synthesize a biotin—phosmidosine conju-
gate 12 by condensation of 11 with 7 in pyridine
{Scheme 3).

Surprisingly, however, we could not obtain a urea-type
product 12. The only product isolated was the deacyl-
ated species 9. This result can be explained in terms of
the potential leaving ability of the 7,8-dihydro-8-oxoad-
enine moiety. It is likely that the leaving ability of the
phenoxy group is inferior to that of the base moiety.

Based on these unexpecied results, we reconsidered use
of an N-Boc protected species 13, which we reported
in our previous paper.? Reaction of 13 with 2.2equiv
of phenyl chloroformate gave an N,N-bis(phenoxycar-
bonyl) derivative 14, which was further allowed to react
with the diamine 6. Although we expected it would be
somewhat difficult to acylate the amino group because
of the steric hindrance of the neighboring Boc group,
compound 13 underwent rapid diacylation in 1h. In
contrast to this result, we have long experienced in the
synthesis of phosmidosine derivatives that phosphity-
lation did not occur on this moiety. There is a sharp
difference in reactivity between acylation and phosphity-
lation. In the second-step reaction, it was found that the
Boc group and one of the phenoxycarbonyl groups were
simultaneously removed by the action of the amine.
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Scheme 3. Unexpected deacylation of 11 by the action of 7,
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Scheme 4. Syntheis of 6-N-acylated 8-oxoadenosinde derivative 15.

Consequently, the carbamoyl-type product 15 could be
obtained in 70% vield. The elimination of the Boe group
can be explained by the above same reason (Scheme 4).

Next, condensation of the N-carbamoy! product 15 with
the N-DMTr biotin derivative 5 was carried out in the
presence of I-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride and HOBt. As the result, the cou-
pling product 16 was obtained in 25% yield (Scheme 35).

Desilylation of 16 gave the 5-OH component 17 in 79%
yield. Finally, reaction of 17 with 4 in the presence of 5-
mercapto-1-methyl-1H-tetrazole (MMT)'3!* followed
by oxidation with BuOOH'S gave the coupling product
18 in 69% yield. During this coupling reaction, there
were observed no significant side reactions at the base
part. Therefore, our strategy proved to be useful for
modification on the 6-N position of phosmidosine deriv-
atives. The usual deprotection of this protected species
18 with 80% formic acid afforded the fully deprotected
target molecule 3 in 32% yield (Scheme 6).
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Scheme 5. Synthesis of biotinylated 8-oxoadenosine derivative 17
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Scheme 6. Synthesis of biotinylated phosmidosine analog.

Table 1. Antitumor activity of biotin-phosmidosine O-ethyl ester
conjugate

Compd 1Csp (M)

KB Li210
Phosmidosine-Et 3.44 3.62
6-N-Acetylphosmidosine 2.89 4.10
Conjugate 3 34.9 >100

We also tested this final product to see if this molecule
maintains antitumor activity, Consequently, it turned
out that in the KB cell line the activity decreased 16
times more than that of the phosmidosine O-ethyl ester
while in L1210 the activity dropped sharply. Although
the antitumor activity of the final product considerably
decreased, the figure observed in the KB cell line is at
the level such that this molecule can be applied to affin-
ity column chromatograpy to catch biomolecules that
might bind to phosmidosine. Further study is under
way. These results will be reported elsewhere in the near
future {Table 1).

3. Conclusion

Here, we have succeeded in synthesizing a biotin—phos-
midosine conjugate molecule. During the synthesis of
this molecule, we found the inherent reactivity of the
7.8-dihydro-8-oxoadenine moiety toward acylating rea-
gents. These results would provide new insight into the
design of functionalized phosmidosine derivatives. Par-
ticularly, it is interesting that a naturally occurring base
has not only -a more nucleophilic character but also
potential leaving ability. These features would be useful
for the designing of artificial DNA or RNA molecules
having enzyme activity by incorporation of new func-
tional nucleotide building blocks.

4. Experimental section
4.1. General remarks

'H, *C, and *'P NMR spectra were obtained on a GX-
270 apparatus at 270, 68, and 109 MHz, respectively.
The chemical shifts were measured from tetramethyl-

- silane (Oppm) or DMSO-ds (2.49ppm) for 'H NMR,

CDCl; (77.0ppm), DMSO-ds (35.7ppm), or DMF-d;
(2.74ppm) for ’C NMR, and 85% phosphoric acid
(0ppm) for *'P NMR. Column chromatography was
performed with Wako silica gel C-200. Reverse-phase
column chromatography was performed by use of
pBondasphere 37-55mm C-18 (125A) particles, which
was set up in a glass column of a medium pressure pre-
parative HPLC system. Elution was performed with
0.1M ammonium acetate (pH 7.0)-acetonitrile (100:0-
50:50, v/v) for 50min at a flow rate of 2.0mL/min: Re-
verse-phase HPLC was performed using pBondasphere
and pBondapak C-18 columns (Waters Co., Ltd,
3.9 x 150 mm and 7.8 x 300 mm, respectively) with a lin-
ear gradient of 0-15% CH3;CN/H,O containing 0.1 M
NH40Ac (pH7.0) at 50°C at a flow rate of 1.0 and
3.0mL/min, respectively, for 30min. ESI mass spectra
were measured on Mariner™. MALDI-TOF mass spec-
tra were measured on Voyager RP. TLC was performed
with Merck silica gel 60 (Fos4) plates. 8-Bromoadenosine
was purchased from Sigma—-Aldrich Co., Ltd. The mor-
phological reversion activity test was conducted accord-
ing to the literature method.® Compound 13 was
prepared by the method reported by us.2

4.1.1. N-4,4'-Dimethoxytrityl-(+)-biotin (5).12 (+)-Biotin
(1.95g, 8.0mmol) was rendered anhydrous by coevapo-
ration three times with dry pyridine and finally dissolved
in dry pyridine (40mL). To the solution were added 4,4'-
dimethoxytrityl chloride (8.13 g, 24.0mmol), triethylam-
ine (1.11mL, 8.0mmol), and 4-(dimethylamino)pyridine
(244mg, 2.0mmol). After being stirred at 70°C for 4h,
the mixture was diluted with CHCly. The CHCl; solu-
tion was washed three times with 5% sodium citrate,
and the organic layer was collected, dried over Na,SOy,
filtered, and evaporated under reduced pressure, The
residue was chromatographed on a column of silica gel
with CHCl;-MeOH (97:3, v/v) to give 5 as a white foam
(3.86g, 88%): 'H NMR (270 MHz, DMSO-dy): & 1.33—
1.64 (6H, m, CH,), 2.17~2.20 (4H, m, SCH,, COCH,),
3.12 (1H, m, SCH), 3.90 (6H, s, CH; of PhOMe),
4.30-4.32 (2H, m, NCH), 6.76 (1H, s, NH), 6.84 (4H,
d, ortho Ar-H of PhOMe, Jo e mes = 8.9Hz), 7.02-
7.29 (9H, m, Ar-H of Ph, meia Ar-H of PhOMe),
12.00 (1H, br s, COOH); '*C NMR (DMSO-dg): 6
24.53, 28.05, 28.44, 33.49, 54.24, 54.98, 59.25, 64.42,
71.66, 112.47, 126.32, 127.08, 125.23, 130.86, 135.74,
143.90, 157.55, 160.57, 174.19; BESI-mass m#/z calcd for
C31H3sN2058 547.2267; observed [M+H] 547.2113.

4.1.2.  N-(3,6-Dioxa-8-aminooctyl)-N-(4,4’-dimethoxy-
trityl)-(+)-biotinylamide (7). To a solution of compound
5 (1.09g, 2.0mmol) in THF (20mL) were added
N, N'-dicyclohexyl carbodiimide (619mg, 3.0mmol)
and l-hydroxybenzotriazole (416mg, 3.0mmol). After
the mixture had been stirred under argon atmosphere
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at room temperature for 3h, a solution of 8-amino-3,6-
dioxaoctylamine 6 (1.46 mL, 16.3mmol) in THF (20mL}
was dropwise added to the mixture over 15min. Stirring
was continued at room temperature for an additional
27h. The mixture was diluted with CHCI;, and the
CHCl, solution was washed three times with 5% NaH-
COs, dried over Na,SQ,, filtered, and evaporated under
reduced pressure. The residue was chromatographed on
a column of silica gel with CHCl;-MeQH (99:1-98:2,
viv) to give 7 as a white foam (882mg, 65%): 'H
NMR (270 MHz, DMSC-dg): 6 1.59-1.93 (6H, m, CH,
of biotin), 2.34-2.39 (2H, m, SCH;), 2.80 (2H, m,
COCH,), 2.93 (2H, t, NH,CH,, J=5.6Hz), 3.46-3.52
(3H, m, SCH, NHCH,), 3.70 (4H, t, OCH,CH,0,
J=5.6Hz), 3.89 (4H, m, OCH,), 4.04 (6H, s, CH; of
PhOMe), 7.07 (1H, s, NH of biotin), 7.15 (4H, d, ortho
Ar—H of PhOMe), 7.32-7.38 (4H, m, meta Ar-H of
PhOMe), 7.49-7.63 (5H, m, Ar-H of Ph), 8.19 (1H, br
s, CONH); '"*C NMR (DMSO-dg): § 2527, 28.15,
28.44, 35.11, 38.44, 40.70, 54.28, 54.98, 59.24, 64.43,
69.10, 69.47, 71.59, 71.68, 112.45, 126.31, 127.06,
129.23, 130.86, 135.72, 135.74, 143.90, 157.55, 160.58,
171.88; ESl-mass mfz caled for CyHsgN4O6S
677.3373; observed [M+H] 677.3357.

4,1.3.  5-O-tert-Butyldimethylsilyl-2',3'-O-isopropylid-
ene-7,8-dihydro-8-oxoadenosine (9).2 To a suspension
of 7,8-dihydro-8-oxoadenosine (2.83 g, 10mmol) in ace-
tone (100ml) were added acetone dimethylacetal
(24.6mL, 200mmol)} and p-toluenesulfonic acid mono-
hydrate (3.80g, 20mmol). The resulting mixture was
stirred at room temperature for 20min. The mixture
was quenched by addition of satd NaHCOs;, and evapo-
rated under reduced pressure. The residue was parti-
tioned between CHCI;-iPrOH (3:1, v/v)} and 5%
NaHCOQ;. The organic layer was collected, dried over
Na,80,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in dry DMF (20mL},
and fert-butyldimethylsilyl chloride (1.81g, 12mmol)
and imidazole (1.63 g, 24 mmol} were added. After being
stirred at room temperature for 1h, the mixture was di-
Juted with AcOEt. The AcOEt solution was washed
three times with 5% NaHCOQ,, dried over Na,SO,, fil-
tered, and evaporated under reduced pressure. The resi-
due was chromatographed on a column of silica gel with
CHCl;-MeOH (97:3, v/v) to give 92 as a white foam
(3.74 g, 86%). This compound was identified by compar-
ison of it "H and '*C NMR spectra with those of the
authentic sample.?

4.1.4.  5'-O-ter-Butyldimethylsilyl-2',3'- O-isopropylid-
ene—N’-phenoxycarbony]—7,8—dihydro—&oxoadenosine (11).
To a mixture of 9 (1.31 g, 3.0mmol) in pyridine (363 uL,
4.5mmol) in CH,Cl; (60mL) was added phenyl chloro-
formate. After being stirred under argon atmosphere at
room temperature for 30min, the mixture was diluted
with CHCls, and the CHCI; solution was washed three
times with 5% NaHCGOs;, dried over Na,SO,, filtered,
and evaporated under reduced pressure. The residue
was chromatographed on a column of silica gel with
hexane-AcOEt (50:50, v/v) to give 11 as a white foam
(1.54g, 92%): '"H NMR (270 MHz, DMSO-dg): § 0.00
(6H, s, CH; of TBDMS), 0.84 (9H, s, (CH3):C of

TBDMS), 1.33 (3H, s, CH; of isop), 1.53 (3H, s, CHx»
of isop), 3.68-3.83 (2H, m, 5'H), 4.08-4.15 (IH, m,
4'H), 4.92-4.96 (1H, m, 3'H), 5.44-5.46 (1H, m, 2'H),
6.02 (14, d, I'H, Jy-»=6.6Hz),7.11 (2H, br s, 6
NH,), 7.31-7.54 (53H, m, Ar—H of Ph), 8.20 (1H, s,
2H), C NMR (DMSO-dg): § —5.38, —5.28, 18.01,
25.23, 25.74, 26.98, 63.15, 81.48, 82.11, 86.41, 87.57,

© 100.84, 112,72, 121.20, 126.30, 129.52, 147.67, 148.69,

149.31, 149.84, 150.45, 153.49; ESI-mass m/z caled for
CacHiagN5048i 558.2384; observed [M+H] 558.2371.

4.1.5. Reaction of 7 with 11. A mixture of 7 (676.9mg,
l.0mmel) and 11 (557.7mg, 1.0mmol} was dissolved
in dry pyridine (10mL). Afier being stirred at room
temperature for 25h, the mixture was diluted with
CHCls, and the CHCI; solution was washed three times
with 5% NaHCO,, dried over Na,S0Q,, filtered, and
evaporated under reduced pressure. The residue was
chromatographed on a column of silica gel with hexane—
AcOEt (50:50, v/v) to give 9 as a white foam (496 mg,
89%).

4.1.6. 5-O-tert-Butyldimethylsilyl-6-/V-[/N-|3,6-dioxa-8-
aminooctyljcarbamoylj-2’,3'-O-isopropylidene-7,8-dihyd-
ro-8-oxoadenosine (15). Compound 13 (537.7mg,
1.0mmol) was rendered anhydrous by coevaporation
three times with dry pyridine and finally dissolved in
dry CH,Cl; (10mL). To the mixture were added phenyl
chioroformate (277.8 mL, 2.2mmol) and dry pyridine
(355.1mL, 4.4mmol). After being stirred under argon
atmosphere at room temperature for 1h, the mixture
was diluted with CHCl,, and the CHCl; solution was
washed three times with 5% NaHCQ,, dried over
Na,;S0,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in dry pyridine
(10mL), and 3,6-dioxa-8-aminooctylamine (2.96g,
20mmol) was added. After being stirred under argon
atmosphere at room temperature for 40min, the mixture
was diluted with CHCls, and the CHCI; solution was
washed three times with 5% NaHCQ,, dried over
Na,;S0,, filtered, and evaporated under reduced pres-
sure. The residue was chromatographed on a column
of silica gel with CHCl;-MeOH g98:2, viv) to give 15
as a white foam (429mg, 70%) 'H NMR (270 MHz,
CDCl3): 6 —0.04 (3H, s, CH; of TBDMS), —0.03 (3H,
s, CH; of TBDMS), 0.82 (9H, s, (CH;3);C of TBDMS),
1.34 (3H, s, CH; of isop), 1.54 (3H, s, CH; of isop),
2.86-2.90 (ZH, m, NH,CH3), 3.49-3.79 (12H, m, OCH..
CH;0, NHCH,, OCH,, 5H), 4.14-4.19 (1H, m, 4'H),
493-497 (1H, m, 3'H), 551 (lH, dd, 2'H,
J» 3 =63Hz), 613 (1H, d, 1'H, J;. 5 =2.3Hz), 825
(IH, s, 2H); "C NMR (CDCly): 6 -5.26, ~5.20,
18.41, 25.56, 25.93, 27.26, 40.15, 41.32, 63.42, 69.66,
70.15, 72,31, 77.21, 82.00, 82.22, 86.88, 87.22, B6.88,
87.22, 107.35, 113.43, 113.61, 115.37, 129.25, 140.14,
146.84, 146.94, 148.89, 149.24, 151.07, 151.89, 152.95,
155.85. ESI-mass mi/z caled for CagHygN;035S1
612.3177; observed [M+H] 612.3184.

4.1.7. 5'-O-tert-Butyldimethylsilyl-6-/N-|V-|3,6-dioxa-8-
|N'-(4,4'-dimethoxytrityl}-(+)-biotinylamido]octyllcarba-
moyl]-2’,3'-O-isopropylidene-7,8-dihydro-8-oxoadenosine
(16). To a solution of 5 (277.8mg, 0.46mmol} in dry
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DMF (6 mL) was added 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride (126.5mg, 0.66mmol).
After the mixture was stirred under argon atmosphere
at room temperature for 15min, compound 15
(367.1mg, 0.60mmol) was added. After being stirred un-
der argon atmosphere at room temperature for 30min,
the mixture was diluted with CHCl;, and the CHCl;
solution was washed three times with 5% sodium citrate,
dried over Na,SO,, filtered, and evaporated under re-
duced pressure. The residue was chromatographed on
a column of silica gel with CHCl;-MeOH (99:1, viv)
to give 16 as a white foam (189.1mg, 25%): '"H NMR
(270 MHz, CDCl;): 6 -0.03 {6H, s, CH; of TBDMS),
0.83 (9H, s, (CH3);C of TBDMS), 1.32 (3H, s, CH; of
isop), 1.38-1.73 (9H, m, CH, of biotin, CHj of isop),
2.21-2.55 (4, m, COCH,, SCH,), 3.10 (1H, m,
SCH), 3.39-3.76 (20H, m, OCH,CH,0, OCH,, NCH,,
5'H, CH; of PhOMe), 4.08-4.14 (1H, m, 4'H), 4.36-
4.46 (2H, m, NCH of biotin), 4.87-4.91 {(I1H, m, 3'H,
J34=3.3Hz), 5.38 (1H, dd, 2'H, Jy 3 = 6.6Hz), 5.97
(1H, d, I'H, Jy: = 2.3Hz), 6.48 (1H, br s, NH of bio-
tin), 6.72-6.78 (4H, m, orthe Ar—H of PhOMe), 7.14-
7.32 (9H, m, meta Ar-H of PhOMe, Ar-H of Ph),
7.94 (1H, br s, 6-NH), 8.14 (1H, s, 2H), 8.45 (1H, br s,
amide-NH of biotinylamide), 9.35 (1H, br s, NH of car-
bamoyl), 10.43 (1H, br s, 7-NH); '*C NMR (CDCl;):
§ —531, —523, 18.33, 25.59, 25.88, 25.99, 27.19,
28.33, 28.47, 36.36, 38.83, 39.47, 34.81, 55.11, 59.63,
63.26, 65.68, 69.13, 69.58, 69.78, 70.29, 72.80, 77.21,
81.97, 82.04, 86.75, 86.90, 105.81, 112.76, 113.39,
126,86, 127.48, 129.48, 131.07, 134.96, 135.12, 140.12,
143.03, 147.86, 148.51, 149,93, 155.88, 158.22, 162.69,
172.70; ESI-mass m/z caled for Cs7HyNgO88i
1140.5260; observed [M+H] 1140.5325.

4.1.8.  6-N-[N-[3,6-Dioxa-8-|V'-(4,4'-dimethoxytrity])-
(+)-bictinylamido]octyllcarbameyl]-2‘,3’-O-isopropylid-
ene-7,8-dihydro-8-oxoadenosine (17). To a solution of 16
(189.1mg, 0.17mmol) in THF (1.7ml) was added
TBAF-H;0 (130.2mg, 0.50mmol). After being stirred
under argon atmosphere at room temperature for 4h,
the mixture was diluted with CHCl3, and the CHCl;
solution was washed three times with 5% NaHCO,
dried over Na,SOy, filtered, and evaporated under re-
duced pressure. The residue was chromatographed on
a column of silica gel with CHCl;-MeOH (99.4:0.6-
99:1, v/v) to give 17 as a white foam (135.3mg, 79%):
'"H NMR (270MHz, CDCls): & 1.30 (3H, s, CH; of
isop), 1.38-1.72 (3H, m, CH; of biotin, CHj of isop),
2.20-2.51 (4H, m, COCH,, SCH,), 3.10 (1H, m,
SCH), 3.38-3.84 (20H, m, OCH,CH,0, OCH,, NCH,,
5'H, CH; of PhOMe), 4.32 (1H, m, 4'H), 4.43 (2H, m,
NCH of biotin), 4.93-4.98 (1H, m, 3'H, 3-0H), 5.14
(1H, dd, 2H, Jys=39Hz), 590 (1H, d, 1'H,
Jira=4.9Hz), 649 (1H, br 5, NH of biotin), 6.73—
6.77 (4H, m, ortho Ar-H of PhOMe), 7.13-7.31 (9H,
m, meta Ar-H of PhOMe, Ar-H of Ph), 7.93 (1H, br
s, 6-NH), 8.14 (1H, s, 2H), 8.59 (1H, br s, amide-NH
of biotinylamide), 9.29 (1H, br s, NH of carbamoyl),
10.54 (1H, br s, 7-NH); ""C NMR (CDCly) 2536,
25.98, 27.50, 28.28, 28.44, 36.33, 38.82, 39.36, 39.48,
54.84, 55.11, 59.56, 63.35, 65.66, 69.12, 69.51, €9.75,
70.28, 72.76, 71.21, 81.12, 81.41, 85.10, 88.31, 105.95,

112.77, 113.61, 126.88, 127.49, 129.48, 130.98, 131.07,
134.96, 135.05, 140.54, 142.97, 147.29, 148.35, 149.91,
155.70, 158.19, 158.21, 162.69, 172.70; ESIl-mass m/z
caled for Cs5HeaNgO128 1026.4395; observed [M+H]
1026.4407.

4.1.9.  6-N-IN-[3,6-Dioxa-8-|V'-(4,4’-dimethoxytrityl}-
{(+)-biotinylamido]octyljcarbamoyl]-2’,3'- O-isopropylid-
ene-7,8-dihydro-8-oxoadenosine 5'-lethyl N-(N-trityl-L-
prolyl)phosphoramidate (18). A mixture of 17
(135.3mg, 0.13mmol) and 3 (140.3mg, 0.26 mmol) was
rendered anhydrous by coevaporation three times with
dry pyridine and finally dissolved in dry acetonitrile
(2mL). To the solution was added MMT (38.3mg,
0.33mmol), and the mixture was stirred a under argon
atmosphere at room temperature for 30min. A 6 M solu-
tion of tert-butyl hydroperoxide in decane (220pL,
1.32mmol) was added. After being stirred under argon
atmosphere at room temperature for 15 min, the mixture
was diluted with CHCls, and the CHCI; solution was
washed three times with 5% NaHCO,, dried over
Na,SO,, filtered, and evaporated under reduced pres-
sure. The residue was chromatographed on a column
of silica gel with CHCl;-MeOH (99.2:0.8, v/v) to give
18 as a white foam (134.9mg, 6%%): 'H NMR
(270MHz, CDCl3): § 0.73-0.96 (1H, m, 4"Ha), 1.08-
1.74 (18H, m, 3"H, 4"Hb, CH, of biotin, CH; of POEt,
CH3 of isop), 2.21-2.52 (4H, m, COCH,, SCH,), 2.89-
3.01 (1H, m, 5"Ha), 3.11 (I1H, m, SCH), 3.20-3.32
(IH, m, 5'Hb), 3.39-3.73 (I8H, m, OCH,CH.O,
OCH,, NCH,, CH; of PhOMe), 3.86-3.90 (1H, m,
2"H), 4.16-4.43 (7H, m, 4'H, 5H, NCH of biotin,
CH; of POEL), 5.00-5.07 (1H, m, 3'H), 5.32-5.34 (11,
m, 2'H), 6.04 (1H, 2d, 1I'H, J;-» = 6.3Hz), 6.54 (1H,
br 5, NH of biotin), 6.75 (4H, 2d, ortho Ar-H of
PhOMe, Jyrpo.0rtne = 5.3Hz), 7.06-7.43 (2411, m, meta
Ar-H of PhOMe, Ar-H of Ph), 7.90 (1H, br 5, 6-NH),
8.15 (1H, 2s, 2H), 8.53 (1H, br s, amide-NH of biotinyl-
amide}, 9.33 (1H, br s, NH of carbamoyl), 10.44 (1H, br
s, 7-NH); *C NMR (CDCl): § 16.07, 16.15, 16.17,
16.26, 24.17, 24.25, 25.45, 25.99, 27.09, 28.29, 28.44,
31.58, 36.34, 38.83, 39.38, 39.46, 50.55, 50.59, 54.83,
55.09, 55.11, 59.58, 64.16, 64.22, 64.25, 64.30, 65.45,
65.57, 65.65, 66.90, 66.94, 66.98, 67.01, 67.04, 67.09,
67.11, 69.15, 69.57, 69.74, 70.29, 72.75, 77.20, 78.12,
81.90, 82.10, 82.50, 82.75, 85.01, 85.13, 85.24, 86.67,
86.77, 105.82, 112.73, 113.69, 126.41, 126.65, 126.88,
127.49, 127.71, 128.46, 128.94, 128.98, 129.45, 131.05,
134.93, 134.95, 135.13, 140.20, 142.99, 143.82, 143.87,
147.53, 147.62, 148.65, 149.86, 149.88, 155.82, 158.17,
158.20, 162.69, 172.74, 177.19, 177.24. *'P NMR
(CDCl;): 1.53, —2.10; ESI-mass mfz caled for
Cy7Ho N1 0O45PS 1472.6155; observed [M+H]
1472.6185,

4.1.10. 6-NV-|N-[3,6-Dioxa-8-](+)-biotinylamido]octyljcar-
bamoy}}-2’,3’-O-isopropylidene-7,8-dihydro-8-oxoadeno-
sine  5'-lethyl  N-(L-prolyl)phosphoramidate  (3).
Compound 18 (100mg, 0.12mmol} was dissolved in
10% trifluoroacetic acid in water-THF (I:1, v/v,
1.2mL). After being stirred at room temperature for
25h, the mixture was diluted by addition of water.
The aqueous solution was three times washed with





