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180_| ABELED ADENOSINE AND 9-(B-D-ARABINOFURANOSYL)ADENINE (ARA-A):
SYNTHESIS, MASS SPECTROMETRY, AND STUDIES OF 18p-INDUCED
13c NMR CHEMICAL SHIFTS

Cong Jiang,+ Robert J. Suhado]nik,* and David C. Baker™™
*Department of Chemistry
The University of Alabama
Tuscaloosa, AL 35487-9671
and
T]FDepar'tmen'c of Biochemistry

Temple University School of Medicine
Philadelphia, PA 19140

ABSTRACT. [2'-1807- and [3'-180]-Adenosine and [2'-18p]- and [3'-
180]-9-(B-g-arabinofuﬁinosy])adenih@lgere synthesized fromappropriate
nucleoside precursors. he sites o 3 0-incorporation were determined
by mass spectrometry. 180_tnduced 13C NMR shifts were measured for 2'-
and 3'-labeled adenosines as 1.2 and 1.6 Hz, respectively.

INTRODUCTION

The use of isotopically labeled nucleosides, particularly those
labeled with radiocactive nuclides, has been well established in all
facets of nucleic acid chemistry. Research on the biosynthesis of 2'-
deoxycoformycin (2'-dcF)ls2 and 9-(B-D-arabinofuranosyl)adenine

(ara-AL3a4 both products from the fermentation of Streptomyces

antibioticus, utilized both lac_ 1 - 4 and 13c-1abers? as biochemical

markers. 13¢-1abeled precursors were found especially useful in
establishing the fact that 2'-dCF is derived from adenosine via a unique
ring expansion, with D-ribose serving as C-donor.2 In the case of the
biosynthesis of ara-A, an “"adenosine 2'-epimerase” has been

identified3’4 which converts adenosine to ara-A. However, details of
271
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the mechanism of the epimerization remain obscure, and 180-1abeled
precursors were deemed necessary to establish the fate of the 2'-0H and
3'-0H in adenosine as well as the origin of the 2'-0H in the product,
ara-A. It was anticipated that such 180-1abe1ed products would be
easily studied by mass spectrometry and possibly by observation of 18¢.
induced 13¢ NMR chemical shifts, a procedure5 which has recently gained
wide acceptance in the biosynthetic field. To this end, a workable
synthesis of [2'-1801- (4) and [3'-180)-adenosine (16), as well as [2'-
189]- (20) and [3'—18g]-9~(lﬁ-[):-arabinofuranosy1)adem’ne (12), preferably

one which proceeded from intact nucleoside precursors, was requir‘ed.6

DISCUSSION AND RESULTS
Syntihesis. [2'-180]-Adenosine (4). The shortest and most direct
approach to [2'-18_0_]-adenos1'ne (4) shouTld be via 2'-inversion of a

3',5'—9_-protected 9-gr-D-arabinofuranosyladenine derivative with a

suitable Teaving group at C-2'. Such a process is shown in Scheme 1.
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18 LABELED ADENOSINE AND ARA-A 273
Thus 9-[3',5'-di-0-(tert-butyldimethylsilyl)-8-D-arabinofuranosyl]-
adenine (1)758 was converted to its 2'-0-{trifluoromethanesul fonyl)
derivative (triflate) 2 using sodium hydride - trifluoromethanesul fonyl
chloride in a yield of 43%. The 1y nMRr spectrum of 2 showed a
pronounced downfield shift at §5.21 for H-2' (a pseudo triplet, with
Ji',2' = 2 Hz and Jp' 3' = 3.5 Hz) which served to pinpoint the
site of triflation. Displacement of the triflyl group using cesium
[182]-propionate indry N,N-dimethylformamide (DMF) afforded, in 85%
yield, [2'-180]-3',5'-di-0-(tert-butyldimethylsilyl-2'-0-(1-propionyl)-
adenosine (3). As for 2, the 1y nMR spectrum of 3 reflected acylation
of the 2'-0, with H-2' resonating at &§5.40 (pseudo triplet, J1-’21=
5.3 Hz and Jp' 3+ = 5.0 Hz). In each compound, H-1' appeared as a
doublet, with Jdy+ p» = 2.1 Hz for 2 and Jy+ ' = 5.3 Hz for 3. Compound
3 was then desilylated with fluoride, and the 2'-ester was hydrolyzed in
base (aqueous dioxane) to give [2'-18g]-adenosine (4) in 89% yield. The
product was identical by mp and 1y nme spectroscopy with authentic
adenosine.

Although the above synthetic route furnished 4 in quantities
sufficient for milligram-scale requirements, it became necessary, on
account of demand for this compound for biosynthetic studies, to develop
a higher yielding process. Drawing upon the work of Markiewicz and
coworkers that utilizes the reagent, 1,3-dichioro-1,1,3,3-tetraisopro-
pyldisiloxane, to simultaneously block the 3'- and 5'-positions of
ribofuranosyl nuc]eosides,g - 11 ara-A was reacted with the reagent
{using modified conditions specified by Robins and coworkerslz) in
pyridine to give 5 in a respectable yield (Scheme 1). There was no
evidence of a possible 2',5'-isomer as determined by TLC and 1y MR
spectroscopy. Triflation then proceeded using trifluoromethanesulfonic
anhydride - 4-(N,N-dimethylamino)pyridine in dichloromethane to give
glassy 6 in 75% yield after column chromatography. Displacement of

triflate 6 with cesium [1sg]—propionate then gave 7 in 83% yield. As
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for 2 and 3, the 1y NMR spectrum of 6 and 7 revealed the presence of 2'-
0-triflyl and 2'-0-(1-propionyl) groups, as H-2' resonated at §5.48 and
§5.79, respectively, in 6 and 7. A distinguishing feature of these
spectra was the fact that inversion of 6 to 7 resulted in a dramatic
alteration of Jy o+ = 5.8 Hz (for 6) to 0 Hz (for 7). (See
Experimental Section.) The small coupling between H-1' and H-2' for
ribonucleosides derivatized with Markiewicz's protecting group has been
noted by Robins and coworkers and has been advocated as a means of
assigning anomeric configuration among such compounds.12 These workers
attribute the observed coupling to the greater population of the 3E_(C-
3' endo) conformation for such rigid, fused-ring compounds. The
inverted product 7 was then converted to [2-189J-adenosine (4) in 89%
yield by a combination of (a) fluoride ion desilylation, followed by (b)
base hydrolysis of the 2'-ester. The site of attachment for the 189
label was firmly established by mass spectrometry and by observation of
an appropriate 180-induced 13¢ NMR shift for the C-2' resonance (vide
infra).

The advantages offered by the sequence of 5 to 4 over that of 1 to
4 are a higher yield, greater reproducibility, and easier access to the
3',5'-protected derivative 5, which requires no separation from jisomeric
bis-protected compounds as in the case of 1. The synthetic advantages
are somewhat offset, however, by the higher cost of Markiewicz's
reagent. Nonetheless, the latter process is advocated as the route of
choice for synthesis of 4.

Attempted Synthesis of [3'-189J-Adenosine (16). Encouraged by the
success of the synthesis of [2'-189J-adenosine (4), an analogous process
was designed whereby the corresponding 9-[2',5'-di-0-(tert-butyldi-
methylsilyl)-3-D-xylofuranosylladenine (9,7 Scheme 2) was to be (a)
triflated and (b) displaced with cesium [189]-propionate to afford the
3'-1abeled adenosine derivative. However, no more than a miniscule

amount (i.e., an NMR sample) of the desired 3'-0-triflyl derivative in
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SCHEME 2

Ade Ade Ade

TBOMSOCHy g TBOMSOCH, 4 TBOMSOCH; o

NaBH,

fon W] T o

Q aT80MS 078DMS 07BOMS
8 ]

the xylo series could be obtained, and starting material was routinely
recovered in high yield from attempted triflation reactions using either
triflyl chloride or triflic anhydride - DMAP. The reason for this
difficulty is not apparent; however, a survey of the literature on
carbohydrate triflates!3 shows no examples of any 3'-g-trif1y1-
derivatized nucleosides.

Upon rethinking the strategy to [3‘-189J-adenosine (16), it became
apparent that, if one had access to [3'-18g]-9—(B-g-arabinofuranosyl)~
adenine (12), the process of 5 to 4 depicted in Scheme 1 would work
beautifully to synthesize the desired 3'-labeled adenosine (16). Thus
[3'-189J-ara-A (12) became the immediate target compound.

[3'-189J—9-(B-Q-Arabinofuranosyl)adenine (12). Drawing upon the
process used by Lee et al. for the original synthesis of ara—A,14
whereby 9-(2',3'-anhydro-8-D-1yxofuranosyl)adenine {10) was ring-opened
with sodium benzoate to give the arabinonucleoside, a synthesis of 12

was designed as depicted in Scheme 3. Compound 10 is readily available

SCHEME 3
Ade Ade Ade
HOCH: g 3. AcOCHy o . HOCHe g
0 0. HO
Ho
10 11 12

» i
a. Ac0 - Pyridine b. CHJCHZCO*QCS/DMF: NHOH - MeCH 0 = O

from ara-A via a one-step, high-yielding process that uses the

Mitsunobu reagent15 to effect closure to the epoxide.16 Acetylation of
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10 furnished 11, a compound of enhanced solubility, in 95% yield. Ring
opening of epoxide 11 proceeded with cesium [189]-propionate to give
upon workup and hydrolysis in ammonium hydroxide a 54% yield of [3'-
189]-ara-A {12) that was purified by adsorption-desorption on Diaion HP-
20 resin. The product was of high purity and was identical with
authentic¢ Ara-A by mp and and by 1y NMR spectroscopy. The 180 1abel was
firmly established to be at the 3'-position by mass spectrometry (vide
infra).

[3'-189]-Adenos1'ne (16). With sufficient quantities of [3'—189]-
ara-A (12) in hand, a sequence patterned after the synthesis of 4 (i.e.,

conversion of 5 to 4) was devised as shown in Scheme 4, Thus by

SCHEME 4
Ade Ade
a 0—CH: b 0—CHy g
12 1-PraS HO T -5y 10
| |
O~sror Ogpmgr
i-Pry 1-Pry
13 14
Ade Ade
0—CHz HOCH,
c / ¢ d. °
1~PraSi
|
Onsy-ox  opr HO*  OH
i-Pry
15 16

a TPOS-Clz - Pyridine b (CFySCa}z0 - OMAP - Pyridine

. -
€ CHyCH,C02C5/0MF d. TBA F /THF: NH0H/H.D 0% - o!®

substituting [3'-189]-ara-A (12) for ara-A, the reaction was carried out
as for the synthesis of 4 to afford 16 in an overall yield of 40% from
12 (32% from ara-A). Compounds 14 and 15 gave Ly wmR spectra which
matched exactly those recorded for 6 and 7. The product 16 had a mp and
Iy mr spectrum identical with those for authentic adenosine. The site

of the 180-1abeling was established by mass spectrometry and by the
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observed 180-induced 13C NMR shift for the C-3' carbon resonance (vide
infra).

[2'—189]-9-(8—2-Arab1'nofuranosyl)adem‘ne (20). The synthesis of
the remaining analogue, [2‘-18g]-9-(8-g—arab1'nofuranosy'l)adem‘ne (20},
was patterned after the synthesis of ara-A described by Ranganathan and
Larwood!? who used 3',5'-di-0-(tetrahydropyranyl)adenosine prepared by a
rather lengthy process to obtaina 2'-0-(triflyl) derivative that was
inverted at the 2'-carbon by AcO™ in HMPA to give ara-A in a 40% overall
yield. By the considerably shortened process shown in Scheme 5, 3',5'-

di-0-(tert-butyldimethylsilyl)adenosine (17) is triflated with sodium

SCHEME 5
Ade Ade Ade Ade
TBOMSOCH 4 a TBOMSOCH, o b TBOMSOCHy o c HOCHe o
_ Pr¥p) —— H¥*0
TBOMSO OH 180MS0 oTt TBOWSO HO
17 18 19 20
*
a. NaH/THF: CFyS0,C1 b. CHyCH.CO .Cs/OMF c. NaOH - Dioxane o*- o't

hydride - trifluoromethanesulfonyl chloride to give 18 in 30% yield. The
Iy NMR spectrum for 18 gave a pseudo triplet for H-2' at §5.84,
confirming triflation at 0-2'. The observed Jit 2+ = 4.3 Hz (compare
with Jy+ ot = 2.1 Hz for the D-arabino analogue 2). Inversion using
cesium [lsgl-propionate then gave the D-arabino nucleoside 19 in 89%
yield. The 1y MR spectrum shows the H-2' at <5.40, confirming acylation
at 0-2'. The observedJj: ' = 5.4 Hz. Deprotection of 19 was effected
with fluoride and base as for 3 to give the [2'—189_]-ara-A in 79% yield.
The product was identical with authentic ara-A by mp and by 1y NMR
spectroscopy. The position of the 180 label was firmly established by
mass spectrometry (vide infra).

The above sequence from 17 to 20 is Timited by the Tow yield of the

triflation step to give 18. It is anticipated that this situation can
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be improved through process development.18 Possibly a sequence that
utilizes 3‘,5'-g-(1,1,3,3-tetr'a1'sopropgﬂdisi1ox-1,3-d1‘yl)adenos1’ne,12
analogous to that employed for the synthesis of 4 (Scheme 1) which made
possible a high-yield synthesis of triflate 6 using trifluoromethanesul-
fonic anhydride, would be advantageous.

Evidence of 1e‘O-Incor‘poration by Mass Spectrometry and by Gas
Chromatography - Mass Spectrometry. Each of the 18g.1abeled nucleosides
4, 12, 16, and 20 were examined by mass spectrometry (MS) and by gas
chromatography - mass spectrometry of their per-O-trimethylsilyl (TMS)
derivatives. As the fragmentation pathways for both free nucl eos1'des19
and their TMS derivatives?0 are well known, such can be used to
establish the site of 180—1abe11’ng, as well as the level (i.e., per
cent) of incorporation of the label into the molecule.

Examination of the MS of [2'-189]-adenos1'ne (4, Table 1) shows a
molecular jon at m/z 267 (0.7%, relative intensity), with an 18¢.
isotopic peak at m/z 269 of equal intensity, indicating ca. 50% 18p-
incorporation. Other features of the spectrum were consonant with a
[2'-189]-adenosine structure: an M - 30 peak at m/z 237 (4.1) and 239
(3.6) (1oss of the 5'-CH,0H group as H2C=0),21 and a strong M - 89 peak
at m/z 178 (13) and 180 (14) (corresponds to AdeH-CHp-CH=0 and clearly
shows 180-1‘nCOr‘por‘at1’on at C-2'), as well as the usual peaks
characteristic of adenine nucleosides: B + 30 at m/z 164 (78) (Ade-
CHZOH, where the oxygen is from the pentose etherlg) and theB +1, B +
2 cluster at m/z 135 (100, base peak) and 136.

Similar results to those with the free nucleoside 4 were obtained
when the compound was (trimethylsilyllated and the product was examined
by GC/MS (Table 2). The fragments common for silylated nucleosides,20
all showing ca. 50% 180-enrichment with P + 2 peaks, were observed as
follows: a small molecular ion at m/z 555 (0.6) and 557 (0.5), a
somewhat stronger M - 15 ion at 540 (3.3) and 542 (3.2) due to loss of
Me from a TMS group, the whole glycosyl fragment (M - 221) at m/z 334
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180 LABELED ADENOSINE AND ARA-A 281
{3) and 336 (1.2), and, most importantly, a fragment at m/z 322 (5.2)
and 324 (3.7) which showed the 180—1‘ncor'porat1'on at C-2' (i.e., fragment
TMS-Ade-CH,-CH-0TMS). Other fragments, which are common for TMS
nucleosides, are listed in Table 2.

The mass spectra for [3'-180]-ara-A (16) and its per-0-TMS
derivative were very similar {Tables 1 and 2) to those for 4, with one
notable exception: Whereas for 4 a strong peak at m/z 178 (13.3) and
180 (14.5) confirmed the incorporation of 185 at c-2', m/z 178 for 16
was strong (19.2%) and m/z 180 was virtually nonexistent {0.6%). That
the Tabel in 16 was at C-3', not at C-2', was further substantiated by
the MS of its TMS derivative (Table 2). Whereas the M - 233 fragment at
m/z 322 (i.e., TMS-Ade-CH,-CH-0TMS) was moderately strong (5.5%), m/z
324 was greatly diminished (0.8%). (These were of virtually equal
intensity in 4.) A1l other fragments (Table 2) where C-3' was believed
to be included showed substantial to near-equivalent enrichment for the
respective P + 2 peak. Deviations such as that observed for m/z 230 and
232 can possibly be attributed to competing MS fragmentation pathway520
that give rise to ions of equivalent m/z that do not contain C-3'.

Mass spectra of the D-arabino nucleosides 12 and 20 (Table 1 and 2)
closely resembled those of their adenosine counterparts 4 and 16. Thus
[2'-189]-ara—A (20) showed a pair of peaks as m/z 178 and 180 of near-
equal intensity (Table 1), whereas [3'-189]-ar‘a-A (12) gave rise to m/z
178 (16.9) and 180 (0.6). The mass spectra of the TMS-derivatives
showed characteristics similar to their adenosine counterparts in that
the C-2' 180 1abel was easily recognized in 20 [m/z 322 (2.2) and 324
(2.0)1, while the C-3' 180 1abel was shown to be present in all major
jons except m/z 324,

As TMS-ara-A and TMS-adenosine are conveniently separated by GC (Tp
= 10.4 and 11.3 min, respectively), the 180_1abeled compounds should
prove invaluable as biochemical markers. It is anticipated that these

[2'-189]-1abe1ed compounds, in particular, with their peak pair at m/z
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178 and 180 (or m/z 322 and 324 for their TMS derivatives) should serve
for identification of products via MS or mass fragmentography in the
biosynthesis of ara-A.

The 180-Isotope Effect in the 13¢c NMR Spectroscopy of [2'-1801- (4)
and [3'-189J-adenosine {16). Since the first observed 18g—isotope
effect on 13C NMR chemical shifts was documented,22 a flurry of activity
in the area has resulted in structural and stereochemical studies,3 -
25 in mechanistic studies,2® as well as in the use of the effect to
determine the biochemical origin of certain carbon and oxygen atoms in
natural product&27 - 29 Tne use of this technique has not been
extended to nucleosides, the sole paper in the carbohydrate field being
a mechanistic study of a monosaccharide rearrangement.26 The field has
also been recently reviewed.?

Our interest in this NMR phenomenon relates to elucidating the
mechanism for the biosynthetic conversion of adenosine to ara-A. OQOur
aim was to develop a technique as an adjunct to MS which could jdentify
the position and stereochemistry of 180-incorporation in the
biosynthesis of ara-A3:4 from adenosine. It was envisioned that
experiments using either 189;1abe1ed adenosine, or lsg-water and

unlabeled adenosine, with Streptomyces antibioticus or the purified
4

"adenosine epimerase™ could provide an 180.1abeled ara-A which would be
useful to elucidate the mode of epimerization.

To this end, both [2'-189J- (4) and [3'-189J-adenosine {16) were
examined for 180-induced 13C NMR shifts. The results are shown in
Figure 1. The observed shift for C-2' of 4 was 1.19 Hz upfield, while
that for the C-3' of (16) was 1.60 Hz upfield. To date the same
experiments on the labeled ara-A's 12 and 20 have not been carried out
due to difficulties encountered in solubilizing the products in

deuterium oxide.
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Fig. 1. !80-Induced 13c NMR Chemical Shifts for [2'-180]-
Adenosine (4) and [3'-180]-Adenosine (16). a. 2'-C
for 4 and b. 3'-C for 16.

EXPERIMENTAL

General Methods. Solvents were evaporated, except where otherwise
noted, at aspirator vacuum at ~40 ©C. Melting points were determined
using a Thomas-Hoover "Unimelt" capillary melting point apparatus
equipped with a Cole-Parmer model 8520-50 Digi-sense digital
thermometer/8520-55 thermocouple combination that was calibrated with
known standards. Ultraviolet (UV) spectra were recorded in l-cm cells
on a Varian DMS-100 UV/VIS spectrophotometer. Infrared (IR) spectra
were recorded on a Perkin-Elmer 710B spectrophotometer. Mass
spectrometry {MS) and gas chromatography - mass spectrometry (GC/MS)
were carried out on a Hewlett-Packard 5840A GC unit equipped with a DB-5
(Durabond) fused silica capillary column (fitm thickness 0.25 um, 30
m x 0.32 mm). Unless otherwise stated, temperature was isothermal at
225 OC with a helium carrier gas flowrate of 2 mL min-1.

1y NMR spectra were determined at 200 MHz using a Nicolet NT-200
instrument. Chemical shifts are reported in S-units downfield from an
internal standard of tetramethylsilane; multiplicities are first-order

values (in Hz) and are indicated: d, doublet; s, singlet; t, triplet; m,
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multiplet; ¢t = a "pseudo” triplet, i.e., a dd with nearly equivalent J-
values. Solutions were typically -0.1% for 1y NMR.

13¢c NMR spectra were determined on a Nicolet NT-300 NMR
spectrometer, operating in the Fourier transform mode, at 75.5 MHz, In
a typical experiment for [2'-1891-adenos1'ne (4), the proton-decoupled
spectrum of a 20-mg sample, contained in 3 mL of deuterium oxide in a
10-mm tube, was measured with the following parameters: 2420 scans, 5
kHz sweep width, 4.0-sec post-acquisition delay time, 900 pulse angle,
with a total of 32,768 k data points. The same procedure was used for
[3‘-18g]-adenos1'ne (16), except that 2816 total scans were used, with a
post-acquisition delay time of 2.7 sec and 131,072 k data points.

Adsorption chromatography was carried out using E. Merck Silica
Gel-60 products: (a) TLC on 0.2 mm aluminum-backed plates (catalog no.
5760); (b) open-column chromatography using 230 - 400 um silica gel
{catalog no. 7734): A, 80:20 ethyl acetate - petroleum ether (bp 30 -
60 OC); B, 90:10 chloroform -~ methanol; C, 95:5 chloroform - methanol;
and D, 97:3 chloroform - methanol. Adsorption chromatography and
desalting of free nucleosides was carried out on Diaion HP-20 resin
{Mitsubishi Chemical Co., Ltd.), a porous polystyrene resin devoid of
functional groups.

Preparation of [180]-prop1‘onic acid. The synthesis of [1803-
propionic acid followed the procedure given by Gatenbeck et a1.30 1o
1.85 g (1.74 mL, 20 mmol) of distilled propiony! chioride maintained
under nitrogen with ice-bath c¢ooling, 360 mg (0.36 mL, 20 mmol) of
[180]-water was slowly added. The mixture was stirred at 0 °C for 30
min and at room temperature for 1 h. The light-yellow liquid which
resul ted was distilled to give 1.2 g (81.5%) of a colorless product: bp
67 OC (18 torr).

Preparation of cesium [180]-propionate. Using the published

procedure for the preparation of cesium pr'op1'onate,3l 1.1 g (15 mmol) of
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(1801-propionic acid was converted to 1.5 g of cesium (18g] propionate,
mp 158 - 160 ©C.

9-[3',5'-Di-0-(tert-butyldimethylsilyl)-2'-0-(trifluoromethanesul-
fonyl)-p-D-arabinofuranosyl]adenine (2). To a stirred solution of 1.1 g
(2.2 mmol) of 9-[3',5'-di-0-(tert-butyldimethylsilyl)-8-D-arabinofurano-
sylladenine (1)758 in 25 mL of dry THF at 0 9C was added 106 mg (4.4
mmol) of sodium hydride. The mixture was stirred at 0 °C for 10 min and
was warmed to room temperature to stir for 0.5 h until the solution
became clear. The solution was then cooled to -70 9C, and 0.47 mL (4.22
mmol) of trifluoromethanesul fonyl chloride was added under nitrogen,
The mixture was stirred at -70 OC under nitrogen for 1 h, at the end of
which time an additional 0.2 mL of trifluoromethanesulfonyl chloride was
added, and the reaction was allowed to proceed for an additional 1 h,
At the end of this time, the mixture was poured into 20 mL of cold
sodium bicarbonate solution, and the mixture was extracted with 2 x 50
mL of dichloromethane. The combined extracts were dried over magnesium
sulfate. Evaporation of the solvent gave a white glass which was
purified by column chromatography (75 g of silica gel and solvent E) to
give 600 mg (43.4%) of pure product 2 as a glass: Rg = 0.42 (A); UV
(CHpC12) 255 nm; LW NMR (CDC13) 50.11, 0.18 (12H, s, s, Me,Si), 0.93,
0.94 (18H. s, s; Me3C), 3.89 [2H, m (width = 35 Hz), H-5', 5,], 4.05
(1H, m (width = 17 Hz), H-4'], 4.79 (1H, vt, J3' 4+ = 2 Hz, H-3"), 5.21
(IH, ut, J21’3u= 3.5 Hz, H-2"), 5.76 [2H, bs, NHp (exchangeable with
D,0)1, 6.60 (1H, d, Jq+ o' = 2.1 Hz, H-1'), 8.02, and 8.38 (s, s; 1lH,
1H; H-2, H-8).

Anal. Calcd. for Cp3HaoF 3N50gSSip: C, 44.00; H, 6.37; N, 11.16;
S, 5.19. Found: C, 43.98; H, 6.42; N, 11.10; S, 5.05.

[2'-189J-3',5'-Di—9;(£g:§7buty1dimethylsi]y])—2'-9;(1-propiony1)-
adenosine {3). To a stirred solution of 400 mg (0.64 mmol) of 2 in 5 mL
of dry DMF at room temperature was added 197 mg (0.96 mmol) of cesium

[lagj-propionate. The mixture was stirred at room temperature for 2 h,
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at the end of which time the DMF was evaporated at ca. 45 °C (ca. 1
torr), and the residue was chromatographed over silica gel with solvent
A to give 300 mg (85.3%) of pure 3 as a white glass: R¢ = 0.28 (A); UV
(CHpC19) 256 nm; IR (KBr) 1600 (C=N) and 1700 cm~! (c=0); 1K NMR (CDC13
- Dp0) & 0.08, 0.09, O0.11 (12H, 3 s's, MepSi), 0.91, 0.92 (18H, 2 s's,
Me3C), 1.73 (3H, t, CH3CH,C=0), 2.42 (2H, q, CH3CH,C=0), 3.87 (2H, ddd,
Jsi,54 = 11.5 Hz, H-5', H-5)), 4.12 (1H, dd, Jg» 54 = 2.7 Hz, g 5 =
6.2 Hz, H-4"), 4.71 (IH, vt, J3 4+ = 4.2 Hz, H-3')}, 5.62 (1H, vt,
Ja' 3+ = 5.0 Hz, H-2), 6.24 (1H, d, Jy' p+ = 5.3 Hz, H-1'), 8.14, and
8.35 (1H, 1H, s, s, H-2, H-8).

Anal. Calcd for CpgHggNg0gSip: C, 54.26; H, 8.20; N, 12.67.
Found: C, 54.26; H, 8.20; N, 12.62.

[2'-1891—Adenosine (4). To a solution of 200 mg (0.36 mmol) of 3
in 4 mL of dioxane was added 4 mL of 1 M aqueous sodium hydroxide. The
mixture was stirred at room temperature overnight, at the end of which
time 2 mL of 5% (v/v) aqueous hydrochloric acid was added to render the
solution pH 8-9. The sclvent was evaporated under vacuum to give a
white solid that was dissolved in 3 mL of distilled water and loaded
onto a column of Diaion HP-20 resin. The column was eluted with 100 mL
of water, followed by 200 mL of 90:10 water - methanol to give 86 mg
(89%) of pure 4 as a white solid: mp = 234 - 236 °C (1it.32 234 - 235
oc); 1H NMR (D,0) was identical with that of authentic adenosine; for MS
data, see Table 1; for GC/MS data of TMS derivative see Table 2.

9-[3',5'-0-(1,1,3,3-Tetraisopropyldisilyl)-2‘-0-(trifluoromethane-
sul fonyl)-B-D-arabinofuranosylJadenine {(6). By the same procedure used
for the synthesis of 14 (vide infra), 800 mg (1.57 mmol) of 512 Las
converted to 755 mg (75%) of 6, isolated as a white glass: 1 NMR of 6
was identical with that of 14.

[2' -1891-3' ,5'-0-(1,1,3,3-Tetraisopropyldisilyl)-2'-0-(1-propion-
yl)adenosine (7). By the same procedure used for 15, 600 mg (0.94 mmol)

of 6 was converted, using 230 mg {1.13 mmol) of cesium [mg]-propionate,



09: 12 27 January 2011

Downl oaded At:

18, _LABELED ADENOSINE AND ARA-A 287
to 480 mg (89%) of 7, isolated as a white solid: mp and IH NMR spectrum
were identical with those of 15.

[2'-lsg]-adenosine {4) from 7. By the same prodecure used for
preparation of 16, 400 mg (0.7 mmol) of 7 was deprotected to give 120 mg
(64%) of 4.

9-[2',5'-Di-0-(tert-butyldimethy1silyl)-B-D-xylofuranosylJadenine
(9). Using the procedure reported by Robins et al., 1.0 g (2.0 mmol) of
9-[2',5'-di-0-(tert-butyldimethylsilyl)-B-D-erythro-pentofuran-3-ulos-
ylladenine (8)33 was converted to 0.1 g (70%) of 9 as white glass: Ryf =
0.23 (A); UV (MeOH) 258 nm; 1H NMR (DMS0-dg) § -0.07, -0.05, -0.03 (12H,
s, S, s, MepSi), 0.77, 0.82, 0.85 (18H, s, s, s, Me3C), 3.88 [2H, m
(width = 24 Hz), H-5',5a'], 4.00 [1H, m (width = 13 Hz), H-4'], 4.11
(IH, vt, J3,4 = 4.5 Hz), 4.39 (1H, s, H-2'), 5.82 (1H, s, H-1'), 8.11,
and 8.21 (lH, 1H, s, s, H-2, H-8).

Anal. Calcd. for CppHpgNg04Sip * 0.3 Hp0: C, 52.72; H, 8.37; N,
13.98. Found: C, 52.65; H, 8.38; N, 13.92.

9-(5-0-Acetyl-2,3-anhydro-B-D-1yxofuranosyl)adenine {11). To 2.8 g
(1.12 mmol) of 9-(2,3-anhydro-8-D-1yxofuranosyl)adenine (10)16 55 40 mL
of pyridine was added 1.0 mL of acetic anhydride at 0 °C. The mixture
was stirred at 0 9C for 1 h, then at room temperature for an additional
5 h, at the end of which time all the solid material had dissolved. The
solvent was evaporated, and two, 100-mL portions of toluene were
sequentially added to the residue and evaporated to give a 1ight yellow
syrup. The syrup was stirred with 100 mL of ether for 30 min, resulting
in the formation of 3.1 g (95%) of a white precipitate that was
sufficiently pure for the next reaction: Rg = 0.32 (B); mp 187 - 189
oc; uv (CH30H) = 258 nm; 1y NMR (DMSO-9_5) § 2.05 (3H, s, Ac), 4.18 -
4.39 (5H, m, H-2', H-3', H-4', H-5', H-5;), 6.30 (IH, s, Jp» o+ = 0, H-
1'), 7.39 (2H, s, NHp), 8.17 and 8.18 (1H, 1H, s, s, H-2, H-8).

Anal. Calcd. for CypH13Ng04: C, 49.49; H, 4.50, N, 24.04. Found:
C, 49.41; H, 4.52; N, 24.01.
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[3'-1801-9-(3-D-Arabinofuranosyl)adenine (12). To 2.0 g (6.87
mmol) of 11 in 50 mL of dry DMF was added 1.84 g (8.81 mmol) of cesium
[180]-propionate. The mixture was stirred at 100 9C under nitrogen for
4 h, at the end of which time the DMF was evaporated to give a yellow
syrup to which was added 40 mL of methanol and 4 mL of concentrated
ammonium hydroxide. The mixture was stirred at room temperature for 0.5
h, at the end of which time TLC showed the absence of starting material,
with the major component having the same R¢ as ara-A. The reagents were
evaporated to give a yellow syrup to which were added 40 mL of ethy]
acetate and 50 mL of water. The layers were separated, and the organic
layer was washed with 40 mL of water. The combined aqueous Tayers were
lyophilized to reduce the volume to ca. 30 mbL, and a yellow precipitate
was collected by filtration. The yellow solid was recrystallized from
water to give 600 mg of pure 12 as a white solid. The combined mother
Yiquors were concentrated to 3 mlL and passed through a column of HP-20
resin (40 mL of HP-20 resin, 100 mL of water, followed by 200 mL of
90:10 water - methanol) to give an additional 380 mg of 12 (54%, total
yield): mp = 255 - 257 OC (dec) (19t.34 257 - 2575 OC): for MS data and
GC/MS data on the per-O-trimethylsilyl ether, see Tables 1 and 2,
respectively; 1y NMR data (DMSO—gﬁ) were identical with those for
authentic ara-A.

[3'-1801-9-[3',5'-0-(1,1,3,3-Tetrai sopropyldisylyl)-8-D-arabino-
furanosylladenine (13). To 900 mg (3.37 mmol) of 12 in 30 mL of dry
pyridine was added 1.1 mL (1.1 g, 3.50 mmol) of 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane (Aldrich) under nitrogen at room temperature.
The mixture was stirred at room temperature for 12 h, at the end of
which time all solid material had dissolved. The solvent was removed,
and two, 150-mL portions of toluene were sequentially added to the
residue and evaporated to give a yellow syrup which was purified by
column chromatography (80 g of silica gel, solvent D) to give 1.5 g

{87%) of pure 13 which formed a white glass under high vacuum: Ry =
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0.20 (C); mp = 115 - 117 9C; 1y NMR spectrum (DMSO-dg) was identical
with that reported for the [169]-ana1 ogue of 13.12

[3'-1821-9-[3',5'—2—(1,1,3,3-Tetra1’sopropy1disﬂy])-2'-2-(trif1u-
oromethanesul fonyl)-B-D-arabinofuranosylJadenine (14). To 1.2 g {2.35
mmol) of 13 and 934 mg (8.32 mmol) of 4-(N,N-dimethylamino)pyridine in
60 mL of dry dichloromethane was added 1.6 mL (1.56 g, 19.8 mmol) of
pyridine. The mixture was cooled to 0 °C, and 0.65 mL (1.09 g, 3.86
mmol) of trifluoromethanesul fonic anhydride was added over a period of
10 min. After stirringat 0 °C for 2 h, the mixture was poured into 50
mL of cold, saturated aqueous sodium bicarbonate, the two layers were
separated, and the aqueous layer was extracted with 2 x 50-mL of
dichloromethane. The combined organic layers were dried over magnesium
sul fate and evaporated to give a syrup which was purified by column
chromatography (70 g of silica gel, with chloroform as the eluant) to
provide 1.08 g (71%) of 14 as a white glass: Rg = 0.39 (C); mp = 86 -
88 °C; 1H NMR (CDC13) 6 0.99 - 1.19 (24H, m, MeoCH), 3.96 (1H, m, H-4'),
4.15 (2H, m, Jg 5 = 6.4 Hz, Jg» 5y = 12.3 Hz, H-5', H-5}), 5.40 (1H,
It, J3' 4 = 6.9 Hz, H-3'), 5.48 (IH, t, Jp' 3* = 6.5 Hz, H-2'), 5.62
[2H, s, NHp (exchangeable with D20)], 6.39 (1H, d, Jiv,2' = 5.8 Hz, H-
1'), 7.93, and 8.33 (1H, 1H, s, s, H-2, H-8).

Anal. Calcd. for Cp3H3gF3N507SSip: C, 43.05; H, 5.97; N, 10.91;
S, 5.00. Found: C, 43.00; H, 6.02; N, 10.86; S, 5.02.

3 _189]_3- ,5'-0-(1,1,3,3-Tetraisopropyldisly1)-2'-0-(1-propion-
ylladenosine {(15). To a sirred solution of 800 mg (1.24 mmol) of 14 in
2.5 mL of dry DMF at room temperature was added 338 mg (1.64 mmol) of
cesium propionate.31 The mixture was stirred at room temperature for 4
h, at the end of which time the DMF was evaporated {ca. 45 °C and 1
torr) to give a white solid that was dissolved in 50 mL of
dichloromethane, with clarification of the solution by filtration. The
solvent was evaporated, and the residue was purified by column

chromatography {50 g silica gel, solvent D) to provide 640 mg (91%) of
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15 as a white solid: Rg = 0.34 (C); mp = 166 - 168 OC; UV (CH,C1,) 256
nm; IR (KBr) 1600 (C=N), 1720 cm~1 (C=0); 1y NMR {€CDC13) 8 0.90 - 1.15
(28H, m, MeoCH), 1.19 (3H, t, CH3CH,CO,), 2.46 (2H, q, CH3CH,CO,), 3.98
- 4.21 (3H, m, H-4', H-5', H-5}), 5.07 (1H, dd, J3' g* = 8.5 H, H-3"),
5.51 [24, s, NHp (exchangeable with D0)1, 5.79 (1H, d, Jp' 3+ = 5.3 Hz,
H-2'), 6.03 (1H, s, J1+ p* = O Hz, H-1'), 8.02, and 8.31 (lH, IH, s, s,
H-2, H-8).

Anal. Calcd. for CpgHg3Ng0gSip: C, 53.06; H, 7.66; N, 12.38.
Found: C, 52.96; H, 7.70; N, 12.32.

[3'-189J-Adenosine (16). To a solution of 550 mg (0.97 mmol) of 15
in 20 mL of THF was added 1.94 mL (2 equiv) of 1 M tetrabutylammonium
fluoride in THF (Aldrich). The mixture was heated under reflux for 2 h
at which time TLC showed absence of starting material. The mixture was
cooled to room temperature, and 3 mL of concentrated ammonium hydroxide
was added. The mixture was then stirred at room temperature for 2h,
followed by heating under reflux for an additional 1 h. At the end of
this time, TLC showed only one product, R¢ = 0.16 (D). The solvent was
evaporated to give a yellow syrup that was dissolved in 30 mL of water
and equilibrated with 20 mL of dichloromethane. The two layers were
separated, the organic layer was washed with 20 mL of water, and the
combined aqueous layers were evaporated at ca. 1 torr to give a yellow
syrup which was purified by passage over an HP-20 column (300 mL of
water, followed by 200 mL of 90:10 water - methanol). The combined UV-
active fractions were pooled and evaporated at ca. 1 torr to give a
syrup which was crystallized from methanol to give 160 mg of pure 16. A
second crop of 25 mg was obtained after concentration of the mother
1iquors (total yield = 71%): mp = 232 - 234 OC (1it.32 234 - 235 OC for
adenosine); for MS data, see Table 1; for GC/MS data of the per-0-
trimethylsilyl derivative, see Table 2; ly NMR data (D20) were identical
with those for authentic adenosine.

3',5'-Di-0-(tert-butyldimethylsilyl)-2'-0-(trifluoromethanesul-
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fonyl)adenosine (18). By the same procedure used for the preparation of
2, 0.92 g (1.86 mmol) of 3',5'-di-0-(tert-butyidimethylsilyl)adenosine
(17)35 was converted to 350 mg (30%) of glassy 18: Re = 0.44 (A); UV
(CHC15) 257 nm; 1H NMR (CDC13) §0.07, 0.10, 0.17, 0.20 (12H, 4 s's,
MepSi), 0.86, 0.96 (18H, s, s, Me3C), 3.96 [2H, m (AB of ABX), H-5',
550, 4.16 [1H, m (width = 9.2 Hz), H-4'], 4.87 (1H, vt, J3* 4' = 4.7 Hz,
H-3'), 5.78 [2H, s, NHp (exchangeable with Dp0)], 5.84 (1H, ut, Jpi 3 =
4.5 Hz, H-2'), 6.29 (1H, d, Jyr 2t = 4.3 Hz, H-1'), 8.08, and 8.34 (1H,
1H, 2 s's, H-2, H-8).

Anal. Calcd. for Cp3HggF306SSip: C, 44.00; H, 6.37; N, 11.16; S,
5.19. Found: C, 44.10; H, 6.40; N, 11.15; S, 5.11.

[2'-1801-9-[3',5'-Di-0-(tert-butyldimethylsily1)-2"'-0-(1-propion-
y1)-8-D-arabinofuranosyl]adenine (19). By the procedure used for 3, 200
mg (0.32 mmol) of 18 was converted to 150 mg (88.7%) of 19, isolated as
a white solid: Rg = 0.28 (A); UV (CHpClp) 256 nm; IR (KBr) 1600 {C=N),
1700 cm~! (€=0); IH NMR (CDC13) 6 0.09, 0.12 (12H, s, s, MeySi), 0.83
(3H, t, CH3CHpC=0), 0.90, 0.95 (18H, s, s, Me3C), 2.02 (2H, m,
CH3CH2C=0), 3.93 [3H, m (width = 19.6 Hz), H-4', H-5', H-5)], 4.66 (1H,
0t, J3'.4+ = 4.6 Hz, H-3'), 5.40 (IH, yt, Jp 3 = 5.6 Hz, H-2'), 5.60
[2H, s, NHy (exchangeable with D0)], 6.56 (1H, d, Jyr + = 5.4 Hz, H-
1'), 8.16 and 8.34 (1H, 1H, s, s, H-2, H-8).

Anal. Calcd. for CpsHagNgO5Sip: C, 54.26; H, 8.20; N, 12.67.
Found: C, 54.17; H, 8.22; N, 12.62.

[2'-182]-9-B-Q-Arab1'nofuranosyl adenine (20). By the procedure used

for preparation of 4, 100 mg (0.18 mmotl) of 19 was converted to 38 mg
(78.5%) of 20, isolated as a white solid: mp = 255 - 256 OC (dec)
(11t.3% 257 - 257.5 9C); 1y NMR spectrum (DMSO-dg) was identical with
that of authentic 9-(8-D-arabinofuranosyl)adenine; for MS data, see
Table 1; for GC/MS data on the per-O-trimethylsilyl ether, see Table 2.

Preparation of trimethylsilyl derivatives of [2'-1821- {4) and [3'-
18g]-adenosine (16), and [2'—189]- {20) and [3'-1821—9-(B-Q-arabino-
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furanosyl)adenine (12). To 2 mg of the nucleoside in a 0.3-mL Reacti-
Vial™ outfitted with a screw cap lined with Teflon™ was added 0.2 mL
of dry acetonitrile and 0.1 mL of l-(trimethylsilyl)imidazole (Aldrich).
The mixture was allowed to stand overnight at room temperature, then it
was heated to 60 °C for 1 h prior to GC/MS analysis.

Ina typical GC experiment, per-O-trimethylsilyl-ara-A showed a
retention time (Tg) of 10.4 min, while per-O-trimethylsilyladenosine was

retained 11.3 min.
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