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Abstract—Epolactaene is 2 microbial metabolite isolated from the fungal strain Penictllimn sp. It arrests the cell cycle at the Go/G,
phase and induces the cutgrowth of neurites in human neuroblastoma SH-SY5Y cells. In this communication, we report the struc-
ture-activity relationships (SARSs) of new epolactacne derivatives, including those lacking the epoxylactam moiety and having var-
ious side chains, These derivatives were evaluated for their ability to inhibit the growth of human cancer cell lines, They were also
analyzed for their ability to affect human heat shock protein 60 (Hsp60), which we have already identified as a protein that binds to
epolactaene. We also identified the important structural framework of epolactaene/ETB (epolactaene tertiary butyl ester) for not
only binding to Hsp60 but also inhibiting Hsp60 chaperone activity. ' '

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Epolactaene is a microbial metabolite isolated by Ka-
keya et al. from the fungal strain Penicillium sp. BM
1689-P.! It was originally isolated for its effectiveness
in promoting neutite outgrowth and arresting the cell
cycle at the Go/Gy phase in a human neuroblastoma cell
line.2 Epolactaene contains characteristic structures that
invoke certain biological activities, such as a highly oxi-
dized vy-lactam and a conjugated (E,E,E)-triene in the
side chain. It also has electrophilic characteristics in its

o, f-unsaturated ketone, epoxide, and hemiaminal car--

bon, which are potentially reactive with biological nucleo-
philes, such as the sulfhydryls of cysteines. Because of
epolactacne’s interesting biological properties and its
highly unusual structure, it has been an attractive target
for organic chemists, and several groups, including our
own, have undertaken its total synthesis.>-® In addition
to the synthesis research, several reports have screened
epolactaene analogues to investigate its biological activ-

Keywords: Epolactaene; Heat shock protein 60; Chaperone,
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ity and mode of action®!® We also investigated the
interaction between epolactacne and a proteasome com-
plex, because lactacystin, a potent proteasome inhibitor,
promotes neurite outgrowth and inhibits cell cycle pro-
gression in both the G¢/G, and G»/M phases in mouse
neuroblastoma Neuro 2A cells.!''2 However, epolacta-
ene did not inhibit the proteasome peptidase activities
in vitro at a dose sufficient to inhibit growth in SH-
SY5Y cells.!?

In our recent report, we revealed that epolactaene
binds to human Hsp60 and inhibits Hsp60 chaperone
activity.!®> The Hsp60 family is known as a molecular
chaperone assisting in protein folding.!* In addition,
marmnmalian Hsp60 has been reported to be involved in
several biological processes, such as apoptosis,!*!8 im-
munoregulatory function,'®?° and cell spreading.?! De-
spite its importance, mammalian Hsp60 has been little
studied compared with members of the prokaryotic
Hsp60 family, such as GroEL.' In this report, we study
the structure-activity relationships (SARs) of epolacta-
ene derivatives to clarify the structural requirements
for exhibiting biological activities, We prepared new
epolactaene derivatives with various epoxylactam rings
and side-chain moieties. We investigated these
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analogues for their ability to inhibit cell growth. Fur-
thermore, we disclosed the key structural that enables
epolactaene to inhibit human Hsp60 chaperone activity.

2. Chemistry

Epolactaene (Fig. 1, Epo) is a fungal metabolite that
containg an epoxide inside a y-lactam ring and an alkyl
side chain bearing a triene moicty. Because each moiety
could possibly induce biological activities, we are inter-
ested in clarifying the roles of these moieties in epolacta-
ene’s biological activity. For this purpose, we
synthesized nine epolactaene derivatives with different
epoxy lactam moieties and side-chain structures (Fig. 1).

Epolactacne tertiary butyl ester (ETB) was prepared so
that we could observe the importance of the ester moi-
ety. ETB was synthesized by the same procedures as
those of Epo.” Bio-ETB as a probe was synthesized from
ETB by the following reactions: (1) treatment of ETB
with CF3CO,H afforded carboxylic acid, (2) coupling
of the carboxylic acid with (11-hydroxyundecyl)carba-
mic acid fert-butyl ester by the use of EDC-HCI and
DMAPF gave amide, (3) treatment of the amide with
CF3;CO,H afforded amine, {4} coupling of the amine
with (+)-biotin by the use of EDC-HC] and DMAP gave
bio-ETB (74% yield in four steps). As to the importance
of the lactam ring mojety, the complete loss or alteration
of the lactam moiety gave rise to Epo-E, Epo-F, and
Epo-G. They were prepared from tetrahydropyran-2-ol
by highly stereoselective reactions, the details of which
have already been reported.” For the side-chain deriva-
tion, compounds Epo-J, Epo-K, Epo-L, and Epo-M
were synthesized. Epo-J, Epo-K, and Epo-L were pre-
pared from the corresponding aldehydes by the diaste-
reoselective reactions shown in Scheme 1. The aldehydes
were treated with a newly developed Horner-Emmons
reagent in the presence of +-BuOK in THF-HMPA to
afford p-ketonitriles 2. The Knoevenagel condensation
between P-ketonitriles 2 and (S)-2-triethylsiloxyprop-
anal prepared from (§)-methyl lactate proceeded in the
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presence of a catalytic amount of ethylenediammonium
diacetate, affording the adducts 3 as single E-isomers,
which were treated with TrOOLi at —78 °C to afford ep-
oxides 4 with high diastereoselectivity. Both the bulky
nucleophile (TrOQOLi) and the TES protecting group
are essential for the high selectivity. The deprotection
of the TES group with AcOH and NH,F in aq THF,
hydrolysis of the nitrile by silica gel on TLC, and
ammonolysis of the lactones formed 6 by NH,OH in
MeOH afforded the hydroxyamide 7. The mild hydroly-
sis of the nitrile by silica gel should be ascribed to the in-
tramolecular assistance of the hydroxy group. The final
oxidation was achieved using SOs-pyridine,?? DMSO,
and NEt; in CH;Cl,, affording Epo-J, Epo-K, and
Epo-L. Finally, Epo-M was synthesized from Epo-L
by hydrogenolysis catalyzed by PA/C under a hydrogen
atmosphere in an 84% yield.

3. Biological results
3.1. Effects of epolactaene derivatives on cell viability

We analyzed the SAR of the epolactaene derivatives for
their inhibition of the growth of human neuroblastoma
SH-SY5Y and human T-lymphoma Jurkat cells. The cell
viability was assessed by MTT assay.!3 The 50% growth.
inhibitory concentrations (ICsps) are listed in Table 1.
ETB was found to be as effective as epolactaene, whereas
compound Epo-E, lacking the y-lactam, resulted in the
great loss of activity. The change to a lactone or reductive
opening of the lactam ring also reduced activity greatly
(compounds Epo-F and Epo-G). Furthermore, com-
pounds Epo-J and Epo-L, each with a long hydrophobic
alkyl chain lacking triene and ester moieties, were as ac-
tive as epolactaene, aside from the less active Epo-K.
Epo-M, with an ¢,B-saturated ketone in the side chain,
retained a potent growth-inhibitory effect, From these re-
sults, we designed a biotin-conjugated epolactaene that
retained its biological activity. Because the methyl ester
moiety could be substituted by a bulky group such as ter-
tiary butyl ester, we conjugated a biotin linker at the ester

aQ 0
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o 0
e0 o == o NHy
} [0 on
Epo-G

@ o
Ao N Epo-J : Ry = (CH)sCH3
WONH  Epo-K:Rp=CHy
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Figure 1. Structures of epolactaene and its derivatives vsed in this study.
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Scheme I. Synthesis of Epo-J, Epo-K, and Epo-L. Reagents and conditions: (a) +BuOXK, THF-HMPA (92-98%); (b) cal. ethylenediammoninm
diacetate, McOH (83-89%); (¢) TrOOH, n-BuLi, THF, —78°C (78-84%); (d) Ac¢OH, NH,F, THF, H,0; (e) TLC on silica gel; (f) NH,OH, MeOH

(71-71% from 4); (g} S0Py, DMSO, NEt;, CHCl, (70-76%).

Table 1. ICsg acting against SH-SY5Y and Jurkat cell viability, competitive binding to Hsp60, and inhibition of Hsp60 chaperone activity on MDH

reactivation by epolactaene derivatives

Compound ICsp (M)® Binding competition® In vitro MDH

SH-SYSY Jurkat reactivation %°
Epo 39 1.5 ++ 7.2£09
ETB 1.1 2.0 +++ 1.9%6.8
Epo-E >300.0 90.0 - 859+5.3
Epo-F >130.0 20.0 + 5311118
Epo-G 38.0 20.0 - 62.7+8.1
Epo-J 57 1.2 + 31.2+62
Epo-K 18.0 8.0 - 351424
Epo-L 13.0 1.5 +++ 13.2£3.1
Epo-M n.d? 1.0 44 70089
Bio-ETB 6.5 3.0 n.d.

*ICsp: 50% inhibitory concentration.

¥ Binding competition percent of each derivative was generated relative to untreated sample as the control and shown as follows: +4+, 200%; ++,

60-90%; +, 20-60%,; —, <20%. Experimental conditions: see text.

°MDH reactivation % by BSA was subtracted as the baseline, and then the reactivation derived using untreated Hsp60 was taken as 100%.

Experimental condition: see text,
4 Not determined,

position (bio-ETB in Fig. 1). This biotin-labeled epolac-
taene retained its growth-inhibitory effect (Table 1).

3.2. Competitive effects by epolactaene derivatives on
bio-ETB binding to humau Hsp60

Epolactaene has electrophilic structures in its o,p-
unsaturated ketone, epoxide, and hemiaminal carbon,
which are potentially reactive with biological nucleo-
philes, such as the sulfhydryls of cysteines. Indeed, as
we reported recently, human Hsp60 Cys-442 was the
crucial amino acid residue for binding to epolactaene,!?

To observe the structural requirement for interactions
with Hsp60, we assessed the performance of epolactaene
derivatives in a binding experiment. We utilized bio-
ETB as an active molecular probe and analyzed the abil-
ity of each derivative to compete bio-ETB binding to
recombinant Hsp60-Hiss protein. Human Hsp60-Hisg
(14pM in phosphate buffered saline (PBS)) pretreated
with 1.3equiv of each derivative at 4°C. After 2h,
2equiv of bio-ETB was added to the mixture (the final
concentration of Hsp60 was 2.8 uM) and incubated at
4°C for another 0.5h. SDS-PAGE loading buffer was
added, and the resulting mixture was analyzed by
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SDS-PAGE followed by blotting using HRP-conjugated
streptavidin. The loss of labeling, that is, competition,
showed the degree to which each derivative blocked
the binding of bio-ETB with Hsp60. As summarized in
Table 1, ETB almost completely blocked the binding
of bio-ETB. Epo-L and Epo-M also competed remark-
ably, and there were no big differences in their inhibitory
activities. Epo, Epo-F, and Epo-J also competed the
binding, although they were less effective than ETB,
Epo-E, Epo-G, and Epo-K, however, did not block
the binding. We recently revealed that epolactaene/
ETB selectively bind to Cys-442 of Hsp60, although
human Hsp60 has two other cysteines, Cys-237 and
Cys-447.* To confirm that the observed competitive
binding of Epo-L and Epo-M was through Cys-442 of
Hsp6{), we also analyzed the competitive effect using
the Ala mutant of both Cys-237 and Cys-447 of
Hsp60. The competitive binding experiment by Epo-L
and Epo-M using the double Ala mutant of Cys-237
and Cys-447 in Hsp60-Hisg gave the same results as those
with the wild-type Hsp60-Hisg protein (data not shown).

3.3, Inhibitory effects of epolactaene derivatives on human
Hsp60 chaperone activity

Next, we investigated the inhibitory effects of epolacta-
ene derivatives against human Hsp60 chaperone activ-
ity, Hsp60 chaperone activity was measured by
analyzing the chaperonin-assisted refolding of pig mito-
chondrial malate dehydrogenase (MDH).}® Briefly,
MDH was denatured in 10mM HCI for 2h at room
temperature and diluted to a concentration of 100nM
in a buffer (0.1M Tristhydroxymethyl)aminomethane—
HC, pH7.6, 7mM KCl, 7mM MgCl,, 10mM dithio-
threitol) containing reconstituted chaperopes (2.1 M
Hsp60 treated with 1.3equiv epolactaene derivatives
for 15h at 4°C, and 4.2 pM Hspl0), The refolding reac-
tion was started by the addition of 2ZmM ATP at room
temperature. We tested the reactivation of MDH, which
is dependent on the chaperone activity of Hsp60, treated
with each derivative, The reactivation (%) of MDH by
BSA was subtracted as the baseline, and then reactiva-
tion derived using Hsp60 treated without derivative
was taken as 100%. The data are summarized iz Table
1. Epolactaene, ETB, and Epo-L significantly inhibited
reactivation. Epo-F, Epo-J, and Epo-K blocked reacti-
vation slightly or moderately, though Epo-E did not
effectively interfere with the chaperone activity. Epo-M
showed weak inhibition relative to the extent of its bind-
ing competition compared with Epo-L. This loss in the
inhibition of Epo-M invoked us the importance of o,5-
unsaturated ketone that is the only difference between
Epo-L and Epo-M. In the recent paper, we have already
shown that epolactaene/ETB covalently binds with
Hsp60 through Cys-442 and this binding was suggested
to be responsible for the effective inhibition on the chap-
erone activity. There are several moieties in epolactaene
that is potentially reactive with cysteine, that is, o,p-
unsaturated ketone, epoxide, and hemiaminal carbon.
To examine the possible reaction site on epolactaene,
we analyzed the binding between bio-ETB and Hsp60.
When we incubated Hsp60 already bound with bio-

Buffer A

Incubationtime(h) - 2 10

HRP-conjugated
streptavidin blot

anti-Hsps0 blot

Figure 2. Reversible binding between bio-ETB and Hsp60 protein,
Hsp60-Hisg protein (14 M) in PBS was pretreated with 1.5equiv bio-
ETB. The mixture was then diluted 10-fold in bufler A (3M
guanidium-HCl, 0.5M  Tristhydroxymethyl)aminomethane-HCl,
pH8.5, 1% dithiothreitol) and incubated for indicated time at 37°C.
The mixture was separated by SDS-PAGE and analyzed by Western
blotting using HRP-conjugated streptavidin (upper pamel) and anti-
Hsp60 antibedy (lower panel).

ETB in a buffer A (§ M gnanidium~HCI, 6.5M Tris{hy-
droxymethyl)aminomethane-HC], pH&8.5, 1% dithio-
threitol), the biotin-labeled amount of Hsp60 reduced
(Fig, 2). It demonstrated that the binding between
bio-ETB and Hsp60 could be reversible in buffer A,
thus Michael addition to o,B-unsaturated ketone is
reasonable.

4, Discussion

In the present study, we described the SARs of new epo-
lactaene derivatives. We evaluated the ability of each to
inhibit the growth of human cancer cell lines, to compete
the binding of biotin-conjugated epolactaene with
human Hsp60, and to inhibit Hsp60’s chaperone activ-
ity. The results for growth inhibition suggest that the
v-lactam moiety is important for the biological activity.
Triene and ester moieties may not be always necessary,
although the Jack of a long side chain leads to a great
loss of the growth-inhibitory effect.

The potency of epolactaene derivatives for competing
bio-ETB binding to Hsp60 showed almost the same ten-
dency observed for growth inhibition. Although the
extent of competition depends on the experimental con-
ditions, such as preincubation and labeling times, the
comparison of relative ability is worthwhile, The results
from the competitive binding experiment again revealed
the importance of the lactam ring. The failure of Epo-E
and Epo-G to compete the binding would be attributa-
ble to the absence of the lactam ring, Although Epo-F
inhibits the labeling of bio-ETB to an extent, it is likely
that the lactone moiety gave rise to another reactive site
that does not exist in the original epolactaene. Epo-K,
which has a shorter side chain, did not inhibit the bind-
ing. It is also noteworthy that Epo-M blocked the bind-
ing as effectively as Epo-L did.

The SAR study of the inhibition of Hsp60 chaperone
activity is very significant. The results almost correspond
to those of the growth inhibition and binding exper-
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iments, except for the results with Epo-M. Epo-M inhib-
ited growth and competed the binding as effectively as
ETB and Epo-L. However, the inhibitory effect of
Epo-M on Hsp60 chaperone activity was much weaker
than that of Epo-L. The only difference between Epo-
L and Epo-M is that the former contains o,f-unsatu-
rated ketone. This moiety should have a fundamental
role in inhibiting chaperone activity. We have already
shown that epolactaene/ETB covalently binds Hsp60
through Cys-442 and suggested that this binding is
responsible for the chaperone activity inhibition.!?
There are several moieties in epolactaene that is poten-
tially reactive with cysteine, that is, o,p-unsaturated ke-
tone, epoxide, and hemiaminal carbon. The reversibility
of the binding in a buffer A (Fig. 2) demonstrates the
Michael addition to the o,B-unsaturated ketone is rea-
sonable. Because the chaperone cycle of Hsp60, which
is a homologue of GroEL, probably depends on its con-
formational change,?® covalent modification of Hsp60
may be important for the effective inhibition of chaper-
one activity. However, we cannot completely exclude the
possibility that Epo-M lost inhibitory effect on chaper-
one activity because of flexibility in the side chain. This
result, that Epo-M eflectively inhibits growth but not
Hsp60 chaperone activity, also suggests that epolacta-
ene’s growth inhibition effect is not always dependent
solely on the inhibition of Hsp60 chaperone activity. Be-
cause the SAR results from the Hsp60 binding exper-
iment almost correspond to the growth-inhibitory
effect, binding to Hsp60 may result in the alteration of
Hsp60-associated proteins to affect cell viability, It is
also possible that epolactaene modifies other proteins
too that more effectively inhibit growth.

In conclusion, we identified epolactaene’s structural
requirement for biological activities, as follows, We have
proven that epolactaene’s unique lactam moiety is criti-
cal to the growth inhibition of human cancer cells and to
the modification of human Hsp60. The ester and triene
moieties are likely not essential, although the length of
the alkyl side chain is important to the effectiveness of
the biological activities. The SAR studies here also re-
vealed that o,B-unsaturated ketone is important for the
effective inhibition of human Hsp60 chaperone activity.
As a result, we identified potent derivatives, such as
ETB, Epo-L, and the unique analogue Epo-M, which
may serve as probes in further studies of epolactaene’s
biological activities and the biological analysis of human
Hsp60 functions.
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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 _;l). It 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 chloroformate 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-oxoadenosine 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.!"S 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 proly! group and 7,8-dihydro-8-oxoadenine base

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

sine; Antitumeor 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-
tRINA 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 NH2 : X
N~y , 1l B
n ﬁ (I:I) 0=< | /J R -NH—'I:'—O fo)
(OReopo ™ >
H T OMe w HO ¥
2
HO  OH B = 8-ox0-Ade, Ade, Gu, Ura, Cyl
1 R = Et, iPr, Bu
h X=0,5
Y=H, QH
R’=amincacyl

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 phosmidosine

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-amino 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 diasterecisomers? (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 phosmidoesine
binds to target biomolecules. Therefore, we used an 8-
amino-3,6-dioxacctanamine!! as a linker, with solubility
in aqueous solution in mind.

2.2. Synthesis of a bietin component

For construction of the N-prolylphosphoramidate link-
age, we have recently .employed a combination of
N-diisopropyl-N'- [N-tntylprolyl]phosphorodiamiditc 4
and 5'-unprotected 7,8-dihydro-8-oxoadenosine deriva-
tives in the phosphoram1d1le coupling strategy.>* Biotin
has a hydrophilic character in the urea structure so that

Q
HN)’\NH
i H\(\/\/Zj
Q N
H HN Nf\/ \/\of\/ S
N oriegd 0
H o o o< 1 W
N 1l N 2
C—=N=P-07 _n
[]
H OEt S j
HO ©OH

Figure 2. Biotin-containing phosmidosine derivative 3.

we used a 4,4'-dimethoxytrityl (DMTr) 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'-0-(tert-
butyldimethylsily!)-7,8-dihydro-8-oxoadenosine (9)? in
86% yield by use of a two-step reaction from 7,8-dihy-
dro-8-oxoadenosine (8),% as shown in Scheme 1.

When compound 9 was allowed to react with pheny!
chloroformate, the 6-N-phenoxycarbonyl-8-oxo-deoxy-
adenosine derivative 10 could not be obtained. Instead,
the N'-phenoxycarbonyl-8-oxo-deoxyadenosine deriva-
tive 11 was isolated in 92% yield (Scheme 2). The

X 2
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Scheme 1. Synthesis of biotinamide derivative 7,
y NHp n NHz
N \N \N
o<, IN‘J {MaO),CiMe), TBOMSCI o<y 'NJ
HO o) TsOH imidazols TBOMSO o
acelona DMF . ;—;
HO OH 0._0
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Scheme 2. Synthesis of ¥'-phenoxycarbonyl-8-oxcadenosine deriva-
tive 11.
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xdent:ﬁcatlon of this product was done by detailed ana-
lysis of 'H NMR spectra. We previously encountered a
similar result in a reaction of rert-butyl chloroformate
with 9 giving rise to the N’-Boc product in high yield.
Previousty, 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 nucleophlhc than the exo amino 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 unexpected 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 pheny! 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.

pyridine 2
bz

)

HNAN‘DW’

TBDMSO= 0
P 12

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.

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

Next, condensation of the N-carbamoyl product 15 w1th
the N-DMTr biotin derivative 5 was carried out in the
presence of 1-ethyl-3-(3-dimethylaminopropylcarbodi-
imide hydrochloride and HOBt. As the result, the cou-
pling product 16 was obtained in 25% yield (Scheme 5).

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)}*14 followed
by oxidation with tBuOOH'? 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 C-ethyl ester
conjugate i

Compd 1Cs0 (HM)

KB L1210
Phosmidosine-Et 344 3.62
6-N-Acetylphosmidosine 2.89 4.10
Conjugate 3 54.9 >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, 13C, and *'P NMR spectra were obtained on 2 GX-
270 apparatus at 270, 68, and 109MHz, respectively.
The chemical shifts were measured from tetramethyl-
silane (Oppm) or DMSO-ds (2.49 ppm) for '"H NMR,
CDCly (77.0ppm), DMSO-ds (39.7ppm), or DMF-d,
(2.74ppm) for *C NMR, and 85% phosphoric acid
(Oppm) for *'P NMR. Column chromatography was
performed with -‘Wako silica gel C-200. Reverse-phase
columin 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
0.1 M ammonium acetate (pH7.0)-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 % 150 mm and 7.8 x 300 mm, respectively) with a lin-
ear gradient of 0-15% CH;CN/H,O containing 0.1M
NH4QAc (pH7.0y 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 (F,s4) 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.?

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 (8.13g, 24.0mmol), triethylam-
ine (1.11 mL, 8.0mmol), and 4-(dimethylamino)pyridine
(244mg, 2.0mmol). After being stirred at 70°C for 4h,
the mixture was diluted with CHCl;. The CHCl; soluy-
tion was washed three times with 5% sodium citrate,
and the organic layer was collected, dried over Na,SO,,
filtered, and evaporated under reduced pressure. The
residue was chromatographed on a column of silica gel
with CHCl;-MeOH (97:3, viv) to give 5 as a white foam
(3.86g, 88%): 'H NMR (270 MHz, DMSO-dq): 5 1.33-
1.64 (6H, m, CH,), 2.17-2.20 (4H, m, SCH,, COCH,),
3.12 (IH, 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, J, mommea = 8.9Hz), 7.02-
7.29 (SH, m, Ar-H of Ph, meta Ar-H of PhOMe),
12.00 (1H, br 5, COOH); *C NMR (DMSO-dg): &
24.53, 28.05, 28.44, 33.49, 5424, 54.98, 59,25, 64.42,
71.66, 112.47, 126.32, 127,08, 129.23, 130.86, 135.74,
143.90, 157.55, 160.57, 174.19; ESI-mass m/z caled for
C31H3sN2OsS 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, 3.0mimol)
and I-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 CHCl;, and the
CHCI; sclution was washed three times with 5% NaH-
CO;, dried over Na,SOy, filtered, and evaporated under
reduced pressure. The residue was chromatographed on
a column of silica gel with CHCl;-MeOH (99:1-98:2,
viv) to give 7 as a white foam (882mg, 65%): 'H
NMR (270MHz, DMSO-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 =35.6Hz), 3.89 (4H, m, OCH,), 4.04 (6H, s, CH; of
PhOMe), 7.07 (1H, s, NH of biatin), 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 (IH, 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,
125.23, 130.86, 135.72, 135.74, 143.90, 157.55, 160.58,
171.88; ESI-mass mfz caled for CiHyoN4OgS
677.3373; observed [M+H] 677.3357.

4.1.3,  5-O-tert-Butyldimethylsilyl-2/,3'-Q-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, 200 mmol} and p-toluenesulfonic acid mono-
hydrate (3.80g, 20mmol). The resuiting 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 CHCL-PrOH (3:1, v/v) and 5%
NaHCO;. The organic layer was collected, dried over
Nay80,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in dry DMF (20mL),
and rer-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-
luted with AcOEt. The AcOEt solution was washed
three times with 5% NaHCOQj;, dried over Na;SQy, fil-
tered, and evaporated under reduced pressure. The resi-
due was chromatographed on a column of silica gel with
CHCI;-MeOH (97:3, v/v) to give 9* 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-tert-Butyldimethylsilyl-2’,3'-O-isopropylid-
ene-V'-phenoxycarbonyl-7,8-dihydro-8-oxoadenosine (11).
To a mixture of 9 (1.31g, 3.0mmol) in pyridine (363 uL,
4.5mmol) in CH,Cl; (60 mL) was added phenyl chloro-
formate. After being stirred under argon atmosphere at
room temperature for 30min, the mixture was diluted
with CHCl;, and the CHCI; solution was washed three
times with 5% NaHCO;, 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-ds): § 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, CH,
of isop), 3.68-3.83 (2H, m, 5'H), 4.08-4.15 (1H, m,
4'H}, 4.92-4.96 (1H, m, 3'H), 5.44-5.46 ({H, m, 2'H),
6.02 (IH, d, I'H, Jy »=6.6Hz),7.11 (2H, br s, 6-
NHj), 7.31-7.54 (5H, m, Ar-H of Ph), 8.20 (1H, s,
2H); '*C NMR (DMSO-dy): § —5.38, —5.28, 18.01,
25.23, 2574, 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 n/z caled for
Ca6t36Ns0,51 558.2384; observed [M+H] 558.2371.

4.1.5. Reaction of 7 with 11. A mixture of 7 (676.9mg,
1.0mmol) and 11 (557.7mg, 1.0mmol) was dissolved
in dry pyridine (10mL). After being stirred at room
temperature for 25h, the mixture was diluted with
CHCl;, and the CHCI; solution was washed three times
with 5% NaHCO;, 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, viv) to give 9 as a white foam (496mg,
89%). .

4.1.6. 5'-O-tert-Butyldimethylsilyl-6-N-[N-|3,6-dioxa-8-
aminooctyllcarbamoyl]-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 CHCl; (10mL). To the mixture were added phenyl
chlorofermate (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 CHCIl; solution was
washed three times with 5% NaHCO,, dried over
Na,50,, 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 40 min, the mixture
was diluted with CHCI;, and the CHCI, solution was
washed three times with 5% NaHCO,, dried over
Na,80,, 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 (270MHz,
CDCl;): § —0.04 (3H, s, CH; of TBDMS), —0.03 (3H,
s, CH; of TBDMS), 0.82 (9H, s, (CH,);C of TBDMS),
1.34 (3H, s, CH; of isop), 1.54 (3H, s, CHj of isop),
2.86-2.90 (2H, m, NH,CH>), 3.49-3.79 (12H, m, OCH,.
CH,0, NHCH,, OCH,, §'H), 4.14-4.19 (1H, m, 4'H),
4.93-497 (IH, m, 3H), 551 (IH, dd, 2'H,
Jyy =6.3Hz), 6.13 (1H, d, I'H, J;»» =2.3Hz), 8.25
(1H, s, 2H); *C NMR (CDCly): § —5.26, ~5.20,
18.41, 25.56, 25.93, 27.26, 40.15, 41.32, 63.42, 69.66,
70.15, 7231, 77.21, 82.00, 82.22, 86.88, 87.22, 86.88,
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 miz caled for CygHyN;O5Si
612.3177; observed [M+H] 612.3184.

4.1.7. 5'-O-tert-Butyldimethylsilyl-6-N-{N-[3,6-dioxa-8-
[V'~(4,4'-dimethoxytrityl)-(+)-biotinylamido]octyl]carba-
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, 0.66 mmol).
After the mixture was stirred under argon atmosphere
at room temperature for |5min, 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,S0,, filtered, and evaporated under re-
duced pressure. The residue was chromatographed on
a column of silica gel with CHCl;-MeQH (99:1, viv)
to give 16 as a white foam (189.1mg, 25%): 'H NMR
(270 MHz, CDCly): § —0.03 (6H, s, CH; of TBDMS),
0.83 (9H, s, (CH;);C of TBDMS), 1.32 (3H, s, CH; of
isop), 1.38-1.73 (9H, m, CH; of biotin, CH; of isop),
2.21-2.55 (4H, m, COCH,, SCH,), 3.10 (IH, 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 bictin), 4.87-4.91 (I1H, m, 3'H,
Jy 4 =3.3Hz), 538 (1H, dd, 2’'H, Jy 3 = 6.6Hz}, 5.97
(14, d, I'H, J;. »» = 2.3Hz), 6.48 (1H, br s, NH of bio-
tin), 6.72-6.78 (4H, m, ortho 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, brs,
amide-NH of biotinylamide), 9.35 (1H, br s, NH of car-
bamoyl), 10.43 (1H, br s, 7-NH); 1*C NMR (CDCL):
§ —5.31, =5.23, 18.33, 25.59, 25.88, 25.99, 27.19,
28.33, 28.47, 36.36, 38.83, 39.47, 54.81, 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 CssH73NgO;2SSi
1140.5260; observed [M+H] 1140.5325.

4.1.8.  6-N-[N-[3,6-Dioxa-8-]V'-(4,4'-dimethoxytrityl)-
(+)-biotinylamido]octyl]carbamoyl]-2',3'-O-isopropylid-
ene-7,8-dihydro-8-oxceadenosine (17). To a solution of 16
(18%.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 CHCls, and the CHCI;
solution was washed three times with 5% NaHCO,,
dried over Na,;SO,, filtered, and evaporated under re-
duced pressure. The residue was chromatographed on
a column of silica gel with CHCl3;-MeQOH (59.4:0.6-
99:1, viv) to give 17 as a white foam (135.3mg, 79%):
'H NMR (270MHz, CDCly): 6 1.30 (3H, s, CH; of
isop), 1.38-1.72 (9H, m, CH; of biotin, CH, 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, 5'-OH), 5.14
(lH, dd, 2'H, J»3=059%9Hz), 590 (iH, d, V'H,
Jir2=49Hz), 6.49 (1H, br s, 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 (IH, 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 (CDCl;) 25.36,
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, 69.75,
70.28, 72.76, 77.21, 81.12, 81.41, 85.10, 88.31, 105.95,

112.77, 113.61, 126.88, 127.49, 12948, 130.98, 131.07,
134.96, 135.05, 140.54, 142.97, 14729, 148.35, 149.91,
155.70, 158.19, 158.21, 162.69, 172.70; ESI-mass m/z
caled for Cs5 HgaNg0,,S 1026.4395; observed [M+H]
1026.4407,

4.1.9.  6-N-[N-[3,6-Dioxa-8-|V'-(4,4'-dimethoxytrityl)-
{+)-biotinylamido}octylcarbamoyl|-2',3'-O-isopropylid-
ene-7,8-dihydro-8-oxoadenosine 5'-[ethyl N-(N-trityl-L-
prolylphosphoramidate (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 30 min. A 6 M solu-
tion of tert-butyl hydroperoxide in decane (220pL,
1.32mniol) was added. After being stirred under argon
atmosphere at room temperature for 15min, the mixture
was diluted with CHCl;, and the CHCl; solution was
washed three times with 5% NaHCQ,, dried over
Na,S80,, filtered, and evaporated under reduced pres-
sure. The residue was chromatdgraphed on a column
of silica gel with CHCl;-MeOH (99.2:0.8, v/v) to give
18 as a white foam (134.9mg, 69%): 'H NMR
(270MHz, CDCl,): 6 0.73-0.96' (1H, m, 4"Ha), 1.08-
1.74 (18H, m, 3"H, 4"Hb, CH, of biotin, CH; of POEt,
CH; of isop), 2.21-2.52 (4H, m, COCH,, SCH3), 2.89-
3.01 (1H, m, 5"Ha), 3.11 (IH, m, SCH), 3.20-3.32
(1H, m, S$'Hb),” 3.39-3.73 (18H, m, OCH,CH,0,
OCH,, NCH,, CH; of PhOMe), 3.86-3.90 (lH, m,
2'H), 4.16-4.43 (7H, m, 4H, 5H, NCH of biotin,
CH,; of POEt), 5.00-5.07 (1H, m, 3'H), 5.32-5.34 (1H,
m, 2'H), 6.04 (1H, 2d, I'H, J,.» = 6.3Hz), 6.54 (1H,
br s, NH of biotin}, 6.75 (4H, 2d, ortho Ar-H of
PhOMe, Jyrmno.ormne = 3.3Hz), 7.06-7.43 (24H, m, meta
Ar-H of PhOMe, Ar-H of Ph), 7.90 {1H, br s, 6-NH),
8.15 (IH, 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 (CDCly): § 16.07, 16.15, 16.17,
16.26, 24.17, 24.25, 25.45, 25.99, 27.09, 28.29, 23.44,
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, 17274, 177.19, 177.24. *'P NMR
(CDCl;): 1.53, -2.10; ESI-mass m/z caled for
CT}HglN; ;O| 5PS 1472.61 55, observed [M+H]
1472.6185.

4.1.10. 6-N-|N-[3,6-Dioxa-8-[(+)-biotinylamido)octyl]car-
bamayl]-2',3'-O-isopropylidene-7,8-dihydro-8-oxoadeno-
sine  5'-fethyl  N-(L-prolyl)phosphoramidate  (3).
Compound 18 (100mg, 0.12mmol) was dissolved in
10% trifluoroacetic acid in water—THF (1:I, viv,
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
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AcOEt and evaporated under reduced pressure. The res-
idue was dissolved in 80% formic acid (1.2mL). After
being kept at room temperature for 5h, the mixture
was evaporated under reduced pressure. The residue
was coevaporated three times with distilled water to re-
move the last traces of formic acid. The residue was
chromatographed on a column of C-18 with solvent sys-
tem III by using a medium pressure reverse-phase chro-
matography. The fractions containing 3 were collected
and evaporated under reduced pressure. Rechromatog-
raphy on a C-18 column with water-acetonitrile
(50:10) followed by lyophxhzatlon from its aqueous solu-
tion to 3 (21.7mg, 32%): '"H NMR (270MHz, D,0); &
1.10-1.53 (SH, m, CH, of biotin, CH; of POEt,
Jrocw,cn, = 6.9Hz), 1.76-192 (3H, m, 3"Ha, 4"H),
2.01-2.05 (2H, m, COCH,), 2.20 (IH, m, 3"H), 2.53-
279 (2H, m, SCHz) 2.99-3.06 (IH, m, SCH), 3.20-
3.35 (6H, m, 5'H, NCH,), 3.45-3.56 (8H, m, OCH>-
CH;0, OCH,), 3.73-3.83 (2H, m, NCH of biotin),
3.974.20 (5H, m, 5'H, 2"H, CH, of POEY), 4.37-4.42
(1H, m, 4'H), 4.47-4.50 (IH, m, 3'H), 4.96-5.02 (1H,
m, 2'H, Jy3 =56Hz), 577 (IH 2d, 'H, Jyor =
2.0Hz), 8.17 (1H, s, 2H); °C NMR (D,0): 5 17.96,
18.06, 26.43, 26.44, 27.78, 30.26, 30.52, 32.38, 38.02,
41.51, 42.07, 42.08, 42.29, 48.86, 57.86, 62.75, 64.55,
64.65, 64.74, 65.01, 65.56, 65.58, 65.64, 65.67, 67.81,
67.85, 67.88, 67.90, 67.92, 67.94, 71.40, 71.79, 72.08,
72.16, 72.29, 72.39, 73.26, 73.29, 84.42, 84.44, 84.47,
84.50, 84.55, 84.56, 84.60, 88.83, 88.86, 110.09, 110.11,
110.13, 142, 81 151.44, 152.33, 154.93, 154.99, 157.77,
167.54, 178.42, 178.48, 178.98. 3P NMR (D;0): 10.26,
10.28; ESI—mass mlz caled for C34H55N“013PS
888.3439; observed [M+H] 883.3446.

4.1.11, Assay of in vitro antitumor activity, The tetrazo-
lium-based semi-automated colorimetric assay (MTT
assay) developed by Carmichael et al.'® was modified
and used to determine the in vitro antitumor activity
of phosmidosine analogs. The activity was determined
by using mouse leukemia L1210 cells and human epider-
moid carcinoma KB cells. Roswell Park Memorial
Institute Medium 1610 supplemented with 10% heat-
inactivated fetal bovine serum and 50p/mL of kanamy-
cine was used as the cell culture medium. Tumor cells
(2x 10° cells/well) plated into flat-bottomed 96-well
plates (NUNC, Roskilde, Denmark) were incubated in
a CO; gas incubator at 37°C for 72h in 200 uL of med-
ium containing various concentrations of the test com-
pounds. Cell growth was measured by using MTT
reagent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (Sigma, St. Louise, Missouri, USA).
After the addition of 25uL of MTT solution (2mg/
mL), each well was incubated at 37°C for an additional
4h. Then the medium was removed and 200uL of di-
methyl sulfoxide (DMSO) were added. After mixing
with a mechanical plate mixer for 5min, absorbance at

540nm was measured with Immuno Reader NJ-2000
(Nippon InterMed, Tokyo, Japan). The percentage of
cell growth inhibition was calculated by the following
formula: % inhibition =[1 — OD of sample wells/fOD
of control wells] x 100, The ICs, (uWM) was given as the
concentration at 50% inhibition of cell growth. Its value
was determined graphically from the dose- -response
curve with at least three drug concentration pomts
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Abstract—To study the structure-activity relationship of phosmidosine, a variety of phosmidosine detivatives 9a~-g were synthesized
by condensation of N-diisopropyl A'-(N-tritylprolyl)phosphorodiamidite 6 with appropriately protected nucleoside derivatives
Ta~g. As the result, replacement of the 7,8-dihydre-8-oxoadenine 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-oxoadenine
base did not show significant activity. A plausible explanation for the selective expression of phosmidosine compared with that of
phosmidosine analogs having other amino acids in place of proline is also discussed. These results suggest that phosmidosine serves
as an inhibitor of proly! 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 1993.2 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
asa G| 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 G1 phase. However, phosmidosine
itselfl is somewhat unstable under physiological condi-
tions.? Phosmidosine B (2) is one degradation product

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

sing; Antitumor activity; Aminoacyl adenylate anzlog.
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of phosmidosine.! This demethylated species has still
1720 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.®
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-cthyl
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 acety! 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). It 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 3'-terminal site of tRNAF™ via 2 tri-
particle complex with a prolyl-tRNA synthetase, There-
fore, it is strongly suggested that phosmidosine might

show significant antitumor activity in rapidly growing
cancer cells as ant 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 ele-
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 ddenosine moiety by other nucleoside derivatives
and also their antitumer 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 7,8-dihydro-8-oxoadenine muoiety 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 %c¢ 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-tritylproly!]phospho-
rodiamidite (6)” was activated by the action of 5-merca-
pto-1-methyl-1H-tetrazole (MMT)!®!! to react with

Me
Tr N__SH Tr
N R NP oo s N S Lo o .
) va | _|:I\0Et * N-N +BUuOOH C_u_?_o 0
RO X CH3CN H H g w
6
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l I N NHDMTE ge: B = Uri, X = OH
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X = OTBOMS X = OTEDMS X = OTEDMS

Scheme 1. Synthesis of phosmidosine analogs by MMT-catalyzed phosphoramidite coupling reactions.
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Scheme 2. Synthesis of key intermediates required for the synthesis of
phosmidosine analogs.

appropriately protected nucleoside derivatives (7a-g).
The oxidation of the resulting tervalent phosphorus
intermediates was carried out by use of ~BuOOH.'?
The starting materials 7a,'* 7b,'* and 7e'® were obtained
by the literature method. 3’-O-TBDMS-7,8-dihydro-§-
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
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Table 1. Condensation of 6 with Ta-g to give the M-prolylphospho-
roamidate derivatives Ba-g

Compd MMT/6 Product Condensation Oxidation Yield
(7/6) - time {min} time {min} (Yo}
Tal0 126 8a €0 10 60
720 1.26 8b 10 10 58
Tels 1.67 8¢ 60 Lo 43
7420 125 8d 10 {0 S5
Te20 125 8e 10 10 89
2.0 1.25 8f 10 He 91
Tg20 125 8¢ 10 10 72

- For the synthesis of the cytidine and guanosine deriva-

tives 9f and 9g, 4-N-DMTr-2',3'-0-bis(ters-butyldimeth-
ylsilyllcytidine 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'-0-tris(fert-butyldimethylsil-
yDguanosine (13).77

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 swnmarized in Table 2. Compounds 9a and 9f
were isolated 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'S are shown in Table 3. For the assay,
a set of diastereoisomers were used, since in the previous
study each of the diastercoisomers of the O-alkylated
phosmidosine derivative showed similar biological activ-
ities in anticancer tests and morphological reversion
activity.”

The ICsy 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-o0xo function is
not so important for the biclogical expression. It turned
out that the N-acetyl derivative 94 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 9 19

8b TBAF 3.9 ] 1% TFA H,O-CH,CN (1:1, viv) 15min 9h 72

8¢ TBAF 6.0 4 1% TFA HxO-CH,CN (1:1, viv) - 15min 9 58

8 TBAF 10.0 4 1% TFA H,O-CH3CN (1:1, viv) 15min 9d 29

8e TBAF 7.9 2 " 1% TFA HaO-CHLCN (1:1, viv) 15min 9e 91

8t TBAF 8.1 i 4% TFA H,O-CH,CN (1:1, viv) 3+ 12k 9 60

8g TBAF 8.2 3 4% TFA HO-CH3CN (111, viv) lh 9g 69
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Table 3. Antitumor activity of phosmidosine analogs

Compd ICsp (pM)
KB L1210

Phosmidosine-Et 3 344 3.62
A-phosmidosine-Et 9a 5.02 3.62
dA-phosmidosine-Et b 3.85 21.6
8-Oxo-dA-phosmidosine-Et 9¢ 32 5.68
N-Ac-8-0x0-A-phosmidosine-Et 94 2.89 4,10
U-phosmidosine-Et 9e >170 =170
C-phosmidosine-Et 9f >170 >170
G-phosmidosine-Et 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 suggested.

that prolyl-tRNA synthetase binds'to phosmidosine like
aminoacyl AMPs. C

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 motety 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 $o
that intramolecular N-N 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 amincacyl-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, S’-0-[N-aminoacylsulfamosyl]-
adenosine and its analogs have been synthesized'5'% in
connection with the structure-activity relationship of
ascamysine,'? which has a 2-chloroadenosine moiety.
These studies clearly indicate that the aminoacy! 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-acy! 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 (0 ppm) or DMSO-d;
(2.49 ppm) for 'H NMR, CDCl; (77.0 me), DMSO-d;
(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 37-55pm CI8 (125A) particles, which wers
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 500 min at a flow rate of
2.0mL/min. Solvent system I: water—acetonitrile (100-0
to 70:70, viv}; solvent system II: water-MeOH—trifluoro-
acetic acid (93:7:0.1, v/v/v). Reverse-phase HPLC was
performed wusing CI8 columns (3.9%150mm and
7.8%300mm, respectively) with a linear gradient of 0-
[5% CH3CN/H,0 containing 0.1 M NHOAc (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 spectrephotometer., TLC was
performed with silica gel 60 (Fas4) plates. In vitro ana-

lysis of the antitumor activity in various cancer cell lines

was carried out by the literature method reported by
Carmichacl 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. 3.0-teri-Butyldimethylsilyl-7,8-dihydro-8-oxode-

- oxyadenosine (7c). Compound 107° (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 rert-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 AcOEt. The solution was washed three times with
5% NaHCOs;, and the organic layer was collected, dried
over Na,SO;, filtered, and evaporated under reduced
pressure. The residue was dissolved in acetic acid-
THF-water (3:1:1, vivfv, 30mL). After being stirred at
80°C for Sh, the mixture was diluted CHCl;. The
CHCI; solution was washed successively twice with
water and with 5% NaHCOQ;. 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 Tc (360mg, 31%): 'H NMR
(270MHz, DMSO-dg) é 0.00 (6H, s), 0.79 (9H, s),
1.86-1.94 (1H, m, J2 pa2.up = 6.3HZ), 2.92-3.02 (1H,
m), 3.32-3.38 (1H, m, Js.pas.up = 6.9Hz2), 3.48-3.53
(1H, m), 3.68-3.69 (1H, m), 4.50 (I1H, m), 4.98-5.02
(IH, m, Js.on.s.1a = Js.ons.up = 4.6Hz), 6.01 (1H,
t, Ji2.qa =6.6Hz, Jys2oyp = 7.3Hz), 6.44 (2H, br s),
7.91 (1H, s), 10.24 (1H, br s); >*C NMR (DMSO-dy) §
—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,sH,sNsO48i 382.1911; observed
[M + H] 382.1944, _

4.1.2. 6-N-Acetyl-2',3'-O-di-tert-butyldimethylsily!-7.8-
dihydro-8-oxoadenosine (7d). Compound 11° (1.11g,
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, 3.76 mmol). 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% NaHCO,. The organic layer was collected, dried
over Na,SQ,, filtered, and evaporated under reduced
pressure. The residue was coevaporated three times with
dry pyridine and finally dissolved.in dry DMF (34 mL).
To the mixture were added tert-butyldimethylsilyl chlo-
ride (1.13g, 7.52mmol} and imidazole (1.02g,
15.0mmol). After being stirred at room temperature
for 12h, the mixture was diluted CHCl;. The CHCl;
solution was washed three times with 5% NaHCO,.
The organic layer was collected, dried over Na,S0,, fil-
tered, and evaporated under reduced pressure. The resi-
due was dissolved in a 2% solution of trifluoroacetic acid
in CHCI; (34 mL). After being stirred at room tempera-
ture for 30min, the mixture was diluted CHCl;. The
CHCl, solution was washed three times with 5% NaH-
CO;. The organic layer was collected, dried over
Na,50,, filtered, and evaporated under reduced pres-
sure. The residue was chromatographed on a column
of silica gel with CHCl;-MeOH (99:1, vfv) to give 7d
(1.10g, 58%): '"H NMR (270MHz, DMSO-ds) § —0.33
(3H, ), —0.13 (3H, s, CH; of TBDMS), 0.06 (3H, s),
0.07 (3H, s), 0.69 (9H, s), 0.86 (9H, s), 2.08 (3H, s),
3.39-3.48 (IH, m, Js.y, 5.np = 6.6Hz), 3.58-3.69 (IH,
m), 3.84 (1H, m), 4.33-4.35 (1H, m)}, 4.89-4.93 (IH,
ny), 5.22-5.15 (1H, t, Jsous.na = 4.9Hz), 575 (1H, d,

Jir2=6.6Hz), 838 (IH, s), 10.32 (IH, br s}, 10.82
(1H, br s); 1*C NMR (DMSO-d,) 6 5.3, —4.7, —4.63,
—4.59, 17.6, 17.8, 23.2, 25.5, 258, 614, 70.5, 72.6,
84.9, 85,9, 110.9, 138.2, 149.5, 150.0, 150.9, 169.2. ESI-
mass m/fz calcd for CasHyaNsOgSia 554.2830; observed
[M + H] 554.2742.

4.1.3. 2',3'-0-Di-tert-butyldimethylsilyl-4-N-(4,4’-di-
methoxytrityl)eytidine (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 tert-but-
yldimethylsilyl chloride (2.17g, 14.4mmeol) and imida-
zole (1.96 g, 28.8 mmol). After being stirred at room tem-
perature for 10h, the mixture was diluted CHCl,. The
CHCI, solution was washed three times with 5% NaH-
CO;. The organic layer was collected, dried over
Na,S50y, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in acetic acid-THF-
water (3:1:1, vivlv) (40mL). After being stirred at
80°C for 14h, the mixture was diluted CHCl;. The
CHCl, solution was washed twice with water and three
times with 5% NaHCO;. The organic layer was col-
lected, dried over NaySO,, 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 room
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) é —0.21 (3H, s5), —0.11 (3H, s),
0.00 (3H, s), 0.01 (3H, s), 0.74 (94, ), 0.81 (9H, 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), 4.10-4.12 (1H, m), 5.11 (1H,
m), 561 (1H, d, J-2-=56Hz), 6.19 (1H, d,
Jss=T7.3Hz), 6.75 (4H, d, Jueworme = 8.6Hz), 7.06-
7.17 (9H, m), 7.70 (1H, d, 6-H), 8.31 (1H, br s); *C
NMR (DMSO-dg) § 5.0, —4.82, —-4.77, -4.6, 1.7,
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, 1359, 136.7, 140.0, 144.8, 1494, 154.0,
157.2, 163.0; ESI-mass mfz caled for CyHegN30-4Sis
774.3970; observed [M + H] 774.3973,

4.1.4. 2',3'-0-Di-tert-butyldimethylsilyl-2-N-(4,4'-di-
methoxytrityl)guanosine (7g). Compound 133 (939mg,
1.5mmol) was dissolved in acetic acid-THF-water
(3:1:1, v/viv) (15mL). After being stirred at 80°C for
10h, the mixture was diluted CHCIl,. The CHCl; solu-
tion was washed twice with water and with 5%
NaHCO;. The organic layer was collected, dried over
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Na,S§0Q,, 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 solution was
added trimethylsilyl chloride (123uL, 2.0mmol). After
the mixture was stirred under argon atmosphere at room
temperature for 1h, 4,4-dimethoxytrityl chloride
(508mg, !.5mmol) was added. After being stirred at
room temperature for 4h, the mixture was quenched
by addition of 28% aqueous ammonia (6mL). The
mixture was stirred at room temperature for an
additional 2h. The mixture was evaporated under
reduced pressure and diluted CHCly. The CHCI; solu-
tion was washed three times with 5% NaHCQ;. The or-
ganic layer was collected, dried over Na,SQ,, 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-dy) &
-0.34 (3H, s, CH; of TBDMS), -0.16 (3H, s3),
0.03 (3H, s, CH; of TBDMS), 0.08 (3H, s), 0.70
(9H, s), 0.85 (9H, s), 3.43 (2H, m), 3.68-3.73 (7H,
m), 4.08-4.10 (1H, m), 442-445 (IH, m), 502
(1H, m), 5.26-5.29 (1H, d, Ji-» = T.9Hz), 6.78 (4H, d,

Jorthometa = 8.2Hz), 7.16-7.25 (9H, m), 7.55 (1H, br -

s, 2-NH), 7.88 (IH, s), 10.59 (1H, br s); '*C NMR
(DMSO-dg) & —4.2, —3.9, —3.80, =3.76, 18.5, 18.6,
55.7, §5.7, 62.1, 7003, 73.7, 75.5, 80.0, 84.5, 86.9, 113.5,
113.5, 1174, 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 C4HgNsO05Si;
814.4031; observed [M + H] 814.4508.

4.1.5. Typical pmcedure for the synthesis of nucleoside 5'-
[ethyl N-(N-trityl-L-prolyDphosphoroamidate] derivatives
8a-g. :

4.1.5.1. 2',3'-0-Di-tert-butyldimethylsilyladenosine 5'-
[ethyl N-(N-trityl-L-prolylphosphoroamidate] (8a). A
mixture of 6 (443mg, 0.86mmol) and 7a (212mg,
0.43mmol) was coevaporated four times with dry aceto-
nitrile and finally dissolved in dry acetonitrile (5mL). To
the mixture was added MMT (125mg, 1.08 mmol), and
the solution was stirred under argon atmosphere at
room temperature for 1h 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
CHCI;. The CHCl; solution was washed with 5%
NaHCO;, dried over Na,SQO,, filtered, and evaporated
under reduced pressure. The residue was chromato-
graphed on a column of silica gel with hexane-
AcOEt-pyridine, (100:0:1-9%:1:1, v/v/v) to give a dia-
stereomeric mixture of 8a (244mg, 60%): 'H NMR
{270MHz, CDCl3) § —0.30 (3H, 2s, CH, of TBDMS),
—0.13 (3H, 25, CH; of TBDMS), ~0.01 (6H, 2s), 0.68
(9H, 2s), 0.80 (9H, s), 0.81-1.51 (7H, m,
Jrocurons = 1.9 HZ), 2.90 (lH, m), 3.20 (IH, m), 3.9
(1H, m), 4.18-4.53 (6H, m), 4.70 (IlH, m), 5.93 {IH,
2d, Jy.y = 4.9Hz), 6.70 (2H, br s), 6.99-7.08 (SH, m),
7.33-7.35 (6H, m), 8.13 (1H, 2s), 8.40 (1H, 2s); '°C
NMR (CDCly) & -52, —5.1, —491, —-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, 83.0, 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) 6 —1.31, —1.46. ESI-mass m/z caled
for C43H59N107P8i2 9424535; observed [M +H]
942.4823.

4.1.5.2.  3'-O-tert-Butyldimethylsilyldeoxyadenosine
5'-lethyl N-(N-trityl-L-prolyl)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 (270 MHz, CDCly) § 0.08 (3H, s), 0.10
(3H, 2s), 0.64-0.90 (10H, m), 1.05-1.61 (6H, m, 3"-H,
4”-Hb, JPOCH_DCHJ =6.9HZ), 2.11-2.44 (iH, m), 2.69—
2.82 (1H, m), 2.92-3.10 (1H, m), 3.20-3.36 {IH, m),
3.92-3.99 (IH, m), 4.16-4.32 (4H, m, Jpocu = 10.6Hz),
4.42-4.44 (1H, m), 4.66-4.67 (1H, m, Jy 3.4, = 2.6 Hz),
6.44-6.56 (3H, m, J[r‘zf_Ha = 5.9HZ, Jl‘,Z"-Hb = 79HZ),
7.04-7.24 (9H, m), 741-7.44 (6H, m), 8.24 (1H, 2s),
8.28 (IH, 2s); '*C'NMR (CDCly) & —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, 126.4, 126.5, 127.6, 127.7, 128.5, 129.0,
135.0, 139.1, 143.7, 143.8, 149.3, 149.3, 152.8, 155.5,
155.6, 177.4, 177.5; *'P NMR (CDCl3) § —1.61, —1.63.
ESl-mass mfz caled for CgHssN,OgPSi 812.3721;
observed [M + H] 812.22703.

4.1.5.3.  3'-O-tert-Butyldimethylsilyl-8-0xoadenosine
5'-[ethyl N-(/V-trityl-L-prolyl}phosphoroamidate] (8¢c). In
a manner similar {see Table 1) to that described for
the synthesis of 8a, this compound was synthesized in
43% yield: 'H NMR (270MHz, CDCl3) 5 0.09 (3H, s),
0.10 (3H, s), 0.85-0.90 (10H, m), 1.06-1.58 (6H, m,
Jeocrzcns = 7.3Hz), 2.12-2.20 (1H, m, Jy.pa2.1p =
5.6Hz), 2.85-2.97 (1H, m), 3.06-3.41 (2H, m), 3.89-
3.97 (1H, m), 4.06-4.38 (SH, m, Jpocy = 9.9Hz), 5.70
(ZH, 2br S), 6.34 (]H, 2t, J]f.zr_Ha=6.6HZ, -Il'.Z'-Hb=
6.9Hz), 7.09-7.30 (9H, m), 7.40-7.46 (6H, m), 8.02
(IH, 2s); ®C NMR (CDCl) § —4.74, —4.72, —4.65,
16,1, 16.19, 16.22, 16.3, 18.0, 24.3, 24.4, 25.8, 259,
31.65, 31.68, 36.7, 36.8, 50.6, 64.6, 64.7, 65.3, 65.5,
67.25, 61.32, 724, 72.6, 77.2, 78.1, 81.5, 84.8, 85.0,
103.9, 1264, 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 (CDCly) §
—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 AN-(N-trityl-L-prol-
yl)phosphoroamidate] (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 perfotmed by use of hexane-AcOEt (99.5:0.5-
98.5:1.5, v/v): '"H NMR (270MHz, CDCly) & —0.18
(3H, 2s), =0.03 (3H, 2s), 0.10-0.12 (6H, 4s), 0.78-0.9]
(ISH, m, 4 -Ha), 1.09-1.39 (SH, m, Jpocﬁgcﬁj =
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,
Jeocy = 0.2Hz), 5.06-5.12 (1H, m, 2"-H), 6.00 (1H, 2d,
Ji 2 = 4.9Hz), 7.08-7.27 (SH, m), 7.39-7.44 (6H, m),
8.19 (1H, 2s), 8.75 (1H, 2br s), 9.49 (1H, 2br s); '’C
NMR (CDCly) & -4.81, —4.78, —4.7, —4.6, —4.5,
—44, —43, 15.3, 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, 259, 31.6, 31.7, 50.58, 50.60, 50.7, 52.0, 59.3,
64.35, 64.40, 64.43, 64.48, 65.46, 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, 1700,
170.1, 177.4, 177.5; 3'P NMR (CDCls) & —1.79, —1.99;
ESI-mass mfz caled for CgoHq N;OgPSiy 1000.4589;
observed [M + H] 1000.4662.

4.1.5.5. 2,3-0-Di-tert-butyldimethylsilyluridine 5'-
[ethyl N-(NV-trityl-L-prolyl)phosphoroamidate] (8e). 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)
5 0.06-0.13 (12H, 6s), 0.87-0.92 (19H, m), 1.13-1.25
(1H, m), 1.36-1.45 (4H, m), 1.62 (1H, m, 3"-Hb),
2.96-3.09 (1H, m), 3.24-3.41 (1H, m), 3.88-3.97 (IH,
m), 4.12-447 (7H, m), 574 (1H, 24, 5-H,
Jss = 8.2Hz), 5.93 (1H, d, Ji-2» =4.6Hz), 6.75 (1H, br
8), 7.12-7.27 (9H, m), 7.45-7.49 (6H, m), 7.86 (1H,
2d), 10.32 (1H, 2br s); C NMR (CDCl3) § —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, 639, 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, 77.2, 78.0, 78.11, 78.14, 82.4, 82.47, 82.51,
83.3, 88.4, 102.3, 1024, 126.2, 1264, 126.5, 127.5,
127.7, 1289, 143.0, 143.8, i44.4, 150.4, 150.5, 163.5,
163.6, 177.16, 177.23, 177.25, 177.32; *'P NMR (CDCl;)
9 —0.89, - 1.14, ESI-mass m/z caled for C47H58N409P5i2
919.4263; observed [M + H] 919.4391.

4.156. 2',3-0-Di-tert-butyldimethylsilyl-4-N-(4,4'-
dimethoxytrityDeytidine  5'-Jethyl  N-(N-trityl-L-prol-
yhphosphoroamidate] (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-CHCl, (20:30-
0:100, viv): '"H NMR (270MHz, CDCl;) § 0.00-0.78
(12H, m), 0.84-1.54 (25H, m), 2.97-3.10 (IH, m,
5'-Ha), 3.19-3.29 (1H, m), 3.70 (6H, 2s), 3.74 (lH,
m), 3.86-440 (7H, m), 509 (IH, 2d, 1V1-H,
Ji»=6.5Hz), 587 (IH, d, 5-H, Js¢=4.3Hz), 6.74
(4H, d, J""""‘"'“‘f = 8.9Hz), 7.07-7.24 (18H, m), 7.40-
7.56 (7H, m); *C NMR (CDCl;) é —5.0, —-4.91,
—4.88, —4.7, —4.5, -44, —4.3, 153, 16.1, 16.2, 16.3,
179, 17.95, 17.98, 24.1, 2420, 2423, 25.7, 25.77,
25.80, 25.9, 31.5, 31.6, 34.2, 50.3, 50.6, 55.0, 55.1, 55.2,
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, 7L.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, 126.9, 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,

143.1, 143.8, 144.2, 1444, 146.7, 158.25, 158.28,
164.95, 165.00, 176.75, 176.81, 176.95, 177.00; 3'p
NMR (CDCl3) § —1.62, —1.93; ESI-mass m/z caled for
ngHg'pNsOmPSiz 1220,5729; observed [M + H]
1220.5531. :

41.5.7. 2,3-0-Di-tert-butyldimethylsilyl-2-NV-(4,4'-
dimethoxytrityl)guanosine 5'-fethyl N-(/V-trityl-L-prol-
yl)phosphoreamidate] (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, v/v): 'H NMR (270MHz, CDCly) § ~0.27 (3H,
2s), —0.08 (3H, 2s), 0.08 (3H, 2s), 0.11 (3H, 2s), 0.75~
0.80 (8H, m), 0.81-1.09 (10H, m), 1.20-1.38 (5H, m),
1.55-1.61 (1H, m), 2.94-3.04 (IH, m), 3.27-3.29 (lH,
m), 3.68 (6H, s}, 3.87-3.94 (1H, m), 4.11-4.26 (6H, m),
4.38-440 (IH, m), 4.56-4.60 (1H, m), 5.61 (1H, 24,
Jl‘,l' = 6.5HZ), 675 (4H; d: Jariha,mem = 79HZ), 7.04-
7.30 (18H, m), 7.40-7.44 gGH, m), 7.70 (1H, s), 8.66
(1H, s), 8.88 (I1H, 2br s); °C NMR (CDCly) § —4.5,
—4.3, ~4.0, -39, —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, '55.9, 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, 84.00, 84.10, 84.2, 84.3, 84.4,
86.9, 114.1, 114.8, 118.35, 118.40, 127.1, 127.2, 1274,
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, 144.6, 144.8,
144.9, 151.5, 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 caled for CeoHssN70 o PSIy
1260.5791; observed [M + H] 1260.5618.

4.1.6. Adenosine 5'-Jethyl N-(L-prolyl)phosphoreamidate]
(A-phosmidosine) trifluoroacetic acid salt (9a). Com-
pound 8a (244 mg, 0.26 mmeo!) 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 CHCI;, evaporated under reduced pressure,
and coevaporated with distilled water under reduced
pressure. The residue was chromatographed on a
column of C3 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, v/v) followed by lyophilization from its
aqueous solution to give 9a as the TFA salt (29mg,
19%): 'H NMR (270MHz, D,0) é 1.I13 (3H, ¢,
JPQCchHJ = 69HZ), 1.81-1.91 (3H, m), 2,32 (lH, m),
324 (2H, m), 3.97-4.07 (2H, m), 4.29-4.35 (5H, m),
4.65 (1H, m), 6.01 (1H, d, Jy. »» = 2.0Hz2), 8.28 (1H, s),
8.33 (IH, 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, 60.3, 69.4, 72.2, 76.5, 85.0, 85.07,
85.14, 85.2, S1.1, 91.2, 1124, 116.6, 1209, 121.2,
121.3, 125.2, 144.87, 14491, 147.0, 150.7, 152.3, 154.5,
165.0, 165.5, 166.0, 174.0, 174.1; }'P NMR (D,0) §
-1L15, —1.21. ESI-mass m/z caled for C[;H3N-O;P
472.1710; observed {M + H] 472.1729.



