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Oxidation of N8-benzoyl-2’,8'-O-isopropylideneadenosine by the DMSO-DCC method gives pure NS8-benzoyl-
2’,3’-0-isopropylideneadenosine-5’-aldehyde as a stable hydrate. Isolation of the latter aldehyde is facilitated
by intermediate formation of a crystalline N, N’-diphenylimidazolidine derivative. Reaction of the free nucleo-
side aldehyde with methylmagnesium chloride gives a roughly 3:2 mixture of protected 6-deoxyhexofuranosyl
nucleosides with the §-p-allo and «-L-talo configurations. Phosphorylation of the pure isomers, or of a mixture of
both, with bis(2,2,2-trichloroethyl)phosphorochloridate, followed by removal of the protecting groups, gives the
corresponding epimeric 6-deoxyhexofuranosyl nucleoside 5’-phosphates. Cyclization of the latter compounds
using dicyclohexylcarbodiimide gives the corresponding crystalline 8’,5’-cyclic phosphates which are Cs -mono-
methylated analogs of adenosine 3’,5"-cyclic phosphate. The reaction of methylmagnesium chloride upon a suit-
ably blocked adenosine-5"-carboxylic acid ester gives derivatives of 5',5’-dimethyladenosine. Phosphorylation of
the latter followed by cyclization gives 5’,5’-dimethyladenosine 3’,5’-cyclic phosphate.

The plethora of biological roles played by adenosine
3’,5’-cyclic phosphate (cAMP) has led to unusually in-
tense investigations concerning this key substance.?2 With
a particular view to introducing increased selectivity of
biological function, considerable activity has centered
upon the chemical synthesis of analogs of cAMP. Such
studies have led to the preparation of a large number of
analogs bearing varied substituents principally at Cg® and
Cg3¢¢ of the purine ring. Several modifications of the
phosphoryl group have also been described leading to
phosphonate,® thiophosphate,® and phosphoramidate? an-
alogs. Relatively few modifications have, however, been
made on the sugar itself, although the 2’-deoxyribo-,8 ara-
bino-,® and xylofuranosel® analogs of cAMP have been de-
scribed. The present work was directed toward determin-
ing the effect of adding one or two methyl groups to the
5’ carbon of cAMP. An examination of the biological
properties of such molecules should cast some light upon
the steric requirements of Cs- of cAMP for binding to spe-
cific enzymes or receptor proteins. In this paper we de-
scribe the synthesis of the 3’,5'-cyclic phosphates of 9-(6-
deoxy-8-p-allofuranosyl)adenine (1), 9-(6-deoxy-a-L-talo-
furanosyl)adenine (2), and 9-(6-deoxy-5-methyl-8-p-ribo-
hexofuranosyl)adenine (5',5'-dimethyladenosine, 3). The
biological properties of these substances will be described
elsewhere.11 Both aspects of the work have been recently
summarized.1?

The chemical synthesis of 1, 2 and 3 logically divides it-
self into three stages, namely, synthesis of the parent nu-
cleosides, phosphorylation of the 5’-hydroxyl groups, and
intramolecular cyclization to the 3/,5'-cyclic phosphates.

Preparations of both the parent nucleosides for 1 and 2,
9-(6-deoxy-3-D-allofuranosyl)adenine!® and its «-L-talofu-
ranosyl epimer,4 have been described by Reist, et al., via
condensation of N6-benzoyladenine with derivatives of the
appropriate sugars. The latter were, in turn, prepared via
multistep processes starting from L-rhamnose. Our own
continuing interest in the preparation and reactions of nu-
cleoside 5’-aldehydes® suggested a much more direct
route to these 5'-C-methyl nucleosides vie a Grignard reac-
tion. While we have in the past made considerable use of
2/,3’-0-isopropylideneadenosine-5’-aldehyde (7b) as an in-
termediate in condensation reactions,1® this compound is
difficult to isolate in pure form. This problem is particu-
larly acute since we have shown that such aldehydes read-
ily epimerize at C4 or eliminate the acetonide function,
giving 3’,4’-unsaturated aldehydes upon attempted chro-
matography.t?

In order to both simplify the isolation of the nucleoside
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aldehyde and to minimize potential side reactions during
the Grignard step we decided to use N®-benzoyl-2',3’-O-
isopropylideneadenosine-5’-aldehyde (7a) as the key inter-
mediate. The parent nucleoside N%-benzoyl-2,3’-O-iso-
propylideneadenosine (4) was prepared in 67% yield by.
essentially the method of Chladek and Smrt.'8 Spectral
and analytical data on 4 clearly showed it to have the cor-
rect structure, but the observed melting point was 20°
higher than that previously reported.® Oxidation of 4 was
conveniently achieved by treatment with dimethyl sulfox-
ide and dicyclohexylcarbodiimide in the presence of di-
chloroacetic acid.1® The resulting protected aldehyde (7a)
was readily isolated as its crystalline 1,3-diphenylimidazo-
lidine derivative (5) in 69% yield.20 Treatment of this de-
rivative (5) with Dowex 50 (H+) resin in aqueous tetrahy-
drofuran at room temperature readily regenerated the al-
dehyde as its pure, stable hydrate (6) in 79% yield. This
simple method appears to provide, for the first time, a
general route for the preparation of pure protected nucleo-
side 5’-aldehydes and has greatly facilitated the study of
their chemistry.2?

The reaction of the aldehyde hydrate 6 with methyl-
magnesium chloride in tetrahydrofuran was examined
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under a variety of conditions and led to the isolation of a
mixture of the two expected products NS-benzoyl-9-(6-
deoxy-2,3-0-isopropylidene-3-p-allofuranosyl)adenine  (8)
and its a-L-talofuranosyl epimer (9) in a ratio of roughly 3:2.
These reactions, however, appeared to require a large ex-
cess (~10 equiv) of Grignard reagent and were accompa-
nied by significant debenzoylation of the adenine ring. At-
tempts to inhibit the debenzoylation reaction by using

. lower temperatures failed, since no significant reaction
took place at 0°. If, however, the aldehyde hydrate 6 was
azeotroped with benzene using a Dean-Stark apparatus,
the insoluble starting material went quite rapidly into so-
lution in the form of the free aldehyde 7. Evaporation of
the benzene left 7 as a foam, the nmr of which showed it
to be roughly 85% in the aldehydo form, the expected al-
dehyde proton appearing as a singlet at 9.29 ppm. In ad-
dition, a crystalline 2,4-dinitrophenylhydrazone derivative
was obtained starting from the hydrate 6. Unlike the hy-
drate 6, the free aldehyde 7 rapidly reacted with methyl-
magnesium chloride at low temperatures, and by conduct-
ing the homogeneous reaction at —70° in tetrahydrofuran
the undesired debenzoylation reaction was avoided. While
it is important that the dehydration of 6 to 7 be relatively
efficient, we found that prolonged azeotropic treatment
with benzene leads to the appearance of a less polar prod-
uct which is tentatively suggested to be the cyclic trimer
of 7.

Utilizing the low-temperature Grignard reaction de-
scribed above, it was possible to obtain a mixture of the
desired alcohols 8a and 9a in a combined yield of 60%.
Separation of the isomers by crystallization was inefficient
and, while a complete separation could be effected by pre-
parative tlc, it was impractical since it was essential to
use very light loading of the plates. Chromatography of
the mixture on a column of silicic acid quite readily sepa-
rated a considerable portion of the less polar isomer 8a in
pure form followed by a mixture of 8a and 9a and finally
by some pure 9a. By repeating the chromatography of the
mixed fractions it was possible to largely separate 8a and
9a as the pure isomers. The purity of isolated 8a and 9a
could be readily demonstrated by nmr spectroscopy, par-
ticularly by examination of the signals for C¢'Hs which
appeared as three-proton doublets (J5 ¢ = 6 Hz) at 1.01
and 1.09 ppm, respectively. In addition, removal of the
protecting groups from both 8a and 9a by treatment first
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with methanolic ammonium hydroxide and then with 90%
trifluoroacetic acid gave the chromatographically homoge-
neous and separable parent nucleosides. The nucleoside
from 8a was identical with an authentic sample of 9-(6-
deoxy-3-p-allofuranosyl)adenine kindly provided by Dr. E.
Reist. Finally, both 8a and 9a were degraded to the par-
ent 6-deoxy sugars by more vigorous acidic hydrolysis. In
this way the less polar nucleoside 8a was degraded to 6-
deoxy-p-allose, which was chromatographically identical
with an authentic sample prepared by similar treatment
of methyl 6-deoxy-2,3-0-isopropylidene-3-p-allofuranoside
kindly provided by Dr. Leon Goodman. The more polar
isomer 9a gave, upon similar treatment, a single less polar
sugar which was identical in its chromatographic behavior
with an authentic sample of 6-deoxy-L-talose.2? The above
degradations confirm that the crystalline, less polar iso-
mer has the p-allo configuration (8a) while the more polar
isomer is the L-talo epimer (9a).
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In an effort to modify the ratio of the Grignard products
we have examined the oxidation of a mixture of 8a and 9a
using the DMSO-DCC method.1? Using pyridinium triflu-
oroacetate as the proton source, this oxidation led to a
single product that was clearly the methyl ketone 10 by
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the presence of a three-proton singlet at 1.93 ppm in its
nmr spectrum in CDCls. The product could not, however,
be crystallized and was contaminated by a little dicyclo-
hexylurea. Attempted chromatography led to extensive
isomerization (roughly 80% by nmr) to a different methyl
ketone, presumably the 4’ epimer 11, arising by mecha-
nisms similar to those attending chromatography of nucle-
oside 5-aldehydes.1?” These mixed ketones could not be
separated and gave a noncrystalline mixture of 2,4-dini-
trophenylhydrazones that could be distinguished only by
nmr. The crude, unepimerized ketone was directly re-
duced with sodium borohydride to regenerate only 8a and
9a in a ratio of roughly 1:2. The reduction of 10 with sodi-
um borohydride does not show sufficient stereoselectivity
to make this a useful method for more selective prepara-
tion of 8a or 9a. As yet other more sterically demanding
reducing agents have not been examined.

The availability of the largely epimerized ketone arising
from attempted chromatography of 10 did, however, give
us confidence that the aldehyde 7 did not undergo epim-
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erization during the Grignard reaction. Thus, reduction
with sodium borohydride of crude epimerized 10 led to the
formation of four alcohols, two minor isomers of which
were identical by tle with 8a and 9a. The other alcohols,
which were totally absent from the original Grignard reac-
tion mixture, were isolated by chromatography and are
undoubtedly N8-benzoyl-9-(6-deoxy-8-p-gulofuranocsyl)ad-
enine (12) and its 6-deoxy-a-L-mannofuranosyl isomer
(13). In support of this, both 12 and 13 were hydrolyzed
with acid as above to liberate the corresponding 6-deoxy-
hexoses. The sugar arising from the less polar isomer was
shown to be chromatographically identical?2 with 6-deoxy-
L-mannose, while that from the more polar isomer was iden-
tical with 6-deoxy-p-gulose.23 The configurations of the
four isomers (8a, 9a, 12, and 13) thus appear to be cer-
tain.
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Following the completion of this stage of our work the
preparation of the debenzoylated alcohols 8b and 9b was
described by Howgate and Hampton24 vig reaction of
crude 2',3’-O-isopropylideneadenosine-5'-aldehyde with
methylmagnesium iodide in dioxane-tetrahydrofuran-
ether at 20°, The heterogeneous reaction, however, re-
quired 21 days for completion, and separation of 8b and
9b in yields of 11 and 7% required column chromatogra-
phy on silicic acid, preparative tlc using 27 developments,
and ion exchange chromatography. The N-benzoyl deriva-
tives 8a and 9a prepared in the present work are thus
much easier to separate and offer the additional advan-
tage of not requiring further protection prior to phospho-
rylation. Debenzoylation of 8a with methanolic ammo-
nium hydroxide gave crystalline 8b with a melting point
similar to that described by Howgate and Hampton.2¢
The chemical shifts shown in the nmr spectrum of our
sample were, however, very different from those described
by Hampton and Howgate. This is undoubtedly due to a
bulk susceptibility effect resulting from their use of an ex-
ternal standard?25 of tetramethylsilane.

Phosphorylation of the free 5'-hydroxyl group of pure 8a
was readily accomplished by the 2-cyanoethyl phosphate-
dicyclohexylcarbodiimide method of Tener.26 Following
removal of the protecting groups by treatment with 9 N
ammonium hydroxide and then 90% trifluoroacetic acid,
the product was purified by ion exchange chromatography
giving 9-(6-deoxy-5-0O-phosphoryl-3-p-allofuranosyl)aden-
ine (16a) as the crystalline free acid in 47% yield. Alterna-
tively the phosphorylation of 8a was achieved using an ex-
cess of bis(2,2,2-trichloroethyl)phosphorochloridate in pyr-
idine.?” By a simple partitioning process the desired 5'-
0O-bis(2,2,2-trichloroethyl)phosphoryl derivative 15a was
isolated as a chromatographically pure foam in quantita-
tive yield.

The great advantage of the use of bis(2,2,2-trichlo-
roethyl)phosphorochloridate, however, lies in its use with
the crude mixture of alcohols (8a, 9a) resulting from the
Grignard reaction. Phosphorylation of this mixture pro-
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vides a mixture of epimeric phospho triesters (15a, 15b)
that can be quite easily separated into the pure com-
pounds by chromatography on a column of silicic acid. A
single column permits complete resolution of roughly 75%
of the mixture and rechromatography of the mixed frac-
tions completes the separation. In this way, phosphoryl-
ation of a mixture of 8a and 9a that was somewhat en-
riched in 8a gave pure 15a and 15b in yields of 51 and
22%, respectively. Since the chromatographic separation
of 15a and 15b is considerably more facile than that of the
parent alcohols 8a and 9a this becomes the method of
choice for preparing the isomeric phosphates.

Brief treatment of the p-allo isomer 14a with 90% triflu-
oroacetic acid at room temperature removed the isopropyl-
idene group, giving the crystalline diol 15a in a yield of
89%. Removal of the trichloroethyl protecting groups was
accomplished by treatment with finely divided zinc pow-
der and acetic acid in dimethylformamide at 0°, this pro-
cedure giving better results than the use of zinc in aque-
ous pyridine (100°) or acetic acid (50°), or a zinc-copper
couple in dimethylformamide at 50°. Following removal of
zinc salts by ion exchange, the crude product was treated
with ammonium hydroxide to remove the N8-benzoyl group
and purified by ion exchange chromatography. This ef-
fected removal of a small amount (12%) of a monoanion
(presumably a monotrichloroethyl ester of 16a) and led to
the isolation of the triethylammonium salt of 9-(6-deoxy-
§-p-allofuranosyljadenine 5"-phosphate (16a) in a yield of
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71%. For analytical purposes the latter compound was
easily isolated as the crystalline free acid.

In a similar way the L-talo phospho triester 14b was de-
acetonated and then without purification subjected to the
treatment with zinc and acetic acid in dimethylformam-
ide followed by ammonium hydroxide. Ion exchange chro-

matography then gave the pure triethylammonium salt of .

16b in an overall yield of 52%. Once again this compound
could be isolated as the crystalline free acid with excellent
recovery, but the triethylammonium salt was used as such
in the next step.

Intramolecular cyclization of both 16a and 16b was car-
ried out using dicyclohexylcarbodiimide in pyridine under
high dilution conditions according to the general method
of Smith, et al.2%2 Both reactions were essentially quanti-
tative and the pure 3’,5"-cyclic phosphates (1 and 2) were
isolated as the crystalline free acids in yields of 100 and
84%, respectively. As expected, paper electrophoresis at
pH 7.5 showed both 1 and 2 to behave as monoanions and,
similar to cAMP itself, the nmr spectra of both com-
pounds showed sharp singlets for C,-H.29

In order to complete the synthesis of all possible 5'-
methylated derivatives of cAMP we also wished to pre-
pare 5',5'-dimethyladenosine 3’,5’-cyclic phosphate (3).
The parent nucleoside, 5,5’-dimethyladenosine, has been
prepared by Nutt and Walton via condensation of adenine
with an appropriately substituted derivative of 5,5-di-
methyl-p-ribofuranose.3® We were, however, more inter-
ested in a route to such compounds via alkylation at a nu-
cleoside level by a Grignard reaction on a suitable nucleo-
side uronic acid ester. Such a reaction has recently been
described by Harper and Hampton3! but their results dif-
fer sufficiently from our own to justify some comment.
Oxidation of 2/,3’-0-isopropylideneadenosine with potassi-
um permanganate according to Schmidt, et al.,32 gave the
5’-carboxylic acid 17a in 74% yield and methylation of the
latter with diazomethane in methanol-dioxane-ether gave
the crystalline methyl ester 17b39:33 in 72-85% yield.

Addition of methylmagnesium chloride to a suspension
of 17b in tetrahydrofuran at room temperature gave a
clear solution within 30 min. Direct crystallization of the
worked up reaction mixture after that time gave 2/,3’-0-
isopropylidene-5’,6'-dimethyladenosine (18) in 94.5%
yield. A similar reaction described by Harper and Hamp-
ton3! using methylmagnesium iodide gave a heterogeneous
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reaction requiring 7 days for completion. Isolation of the
product by preparative tlc then gave 18 in 24-35% yields
and with a melting point almost 50° lower than we have
found.

Phosphorylation .of the tertiary hydroxyl group of 18
using both bis(2,2,2-trichloroethyl)phosphorochloridate2?
and o-phenylene phosphorochloridate3* has been exam-
ined under a wide range of conditions but without notable
success. Using the former reagent it could be seen that the
primary site of phosphorylation was the N®-amino func-
tion of the adenine ring giving a product that was isolated
by preparative tle, shown to be a single compound by
nmr, and having Amax (MeOH) 262 nm and a shoulder at
267 nm. A compound with the same spectrum was ob-
tained by phosphorylation of 2’,3’,5’-tri-O-acetyladeno-
sine.

Continued reaction of 18 with a larger excess of phos-
phorylating agent did give indication of the formation of
diphosphorylated (presumably N6,5-0) and triphospho-
rylated (presumably N6,1,5’-0) species, the latter being
decomposed to the former upon storage in aqueous pyri-
dine. The presumed NS-phosphorylated species, however,
proved to be unexpectedly stable and could not be selec-
tively removed by acidic hydrolysis either before or after
treatment with zinc and acetic acid in dimethylformam-
ide.

Because of these difficulties, 18 was benzoylated using
benzoyl chloride in pyridine and any 5’-O-benzoyl group
was selectively cleaved with sodium hydroxide in aqueous
pyridine by the general method of Ralph and Khorana,3%
Following this treatment the desired N®-benzoyl deriva-
tive 19 was isolated by chromatography on silicic acid in
84% yield. While 19 was not crystalline, its structure is
assumed by the presence of a single benzoyl group (nmr
and analysis) and a uv maximum at 280 nm (e 20,200).
Phosphorylation of 19 using a large excess of bis(2,2,2-tri-
chloroethyl)phosphorochloridate in pyridine was slow at
room temperature and required almost 7 days for com-
plete disappearance of the starting material. Examination
of the mixture by tlc showed the formation of three less
polar products, the two faster moving of which (presum-
ably N-phosphoryl compounds) degraded to give the slow-
er spot upon treatment with aqueous pyridine. Following
this treatment the desired bis(2,2,2-trichloroethyl)-N®-
benzoyl-2/,3'-0-isopropylidene-5’,5’-dimethyladenosine
5’-phosphate (14¢) was isolated as an analytically and
spectroscopically pure foam in 68% yield.

After several trials it was concluded that the most effec-
tive sequence for removal of the protecting groups in-
volved initial treatment with zinc dust and formic acid36
in dimethylformamide followed by removal of the isopro-
pylidene and NS®-benzoyl groups with 90% trifluoroacetic
acid and ammonium hydroxide. Ton exchange chromatog-
raphy of the product led to the isolation of the triethylam-
monium salt of 5’,5'-dimethyladenosine 5’-phosphate
(16¢) in 60% yield. Despite being chromatographically ho-
mogeneous, 16¢ could not be obtained in crystalline form
and for analytical purposes it was isolated as its barium
salt. Intramolecular cyclization of 16c was achieved under
the usual conditions and gave the crystalline free acid
form of the 3’,5’-cyclic phosphate 3 in 93% vield.

An examination of the nmr spectra of the various phos-
phate derivatives shows that there is no difference in the
chemical shifts (1.68 and 1.69 ppm) of the Cg¢-H3 groups
in the acyclic compounds 16a and 16b. In the cyclic phos-
phates, however, the equatorial methyl group in the p-allo
compound 1 appears at much higher field (1.38 ppm) than
does the axial methyl group in the L-talo isomer 2 which is
at 1.75 ppm.37 In addition, the equatorial methyl group
in 1 shows a small (1 Hz) but significant coupling to phos-
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phorus, while this cannot be seen with its axial counter-
part in 2. The dimethyl compound 3 shows characteristic
resonances for both types of methyl group, the high-field
signal (1.83 ppm) once again showing marked broadening
due to phosphorus coupling while the low field methyl
group (1.50 ppm) is very sharp.

In view of the interesting biological activities shown by
certain 8-substituted derivatives of adenosine 3’,5’-cyclic
phosphate,3¢:4 we have also prepared two such derivatives
from 1. Thus the reaction of 1 with bromine in a buffered
aqueous solution at pH 3.9 gave the crystalline 8-bromo
derivative 20a in 43% yield. Subsequent treatment of 20a
with benzyl mercaptan in the presence of sodium methox-
ide led to the formation of 8-benzylthio-9-(6-deoxy-3-p-al-
lofuranosyl)adenine 3’,56’-cyclic phosphate (20b) which
was isolated in crystalline form following ion exchange
chromatography.

NHZ
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A brief survey of some of the biological properties of the
alkylated analogs of adenosine 3',5'-cyclic phosphate de-
scribed in this paper has been presented.!? Details of this
work will be presented shortly.11

Experimental Section

General Methods. Nuclear magnetic resonance (nmr) spectra
were obtained using a Varian HA-100 spectrometer and are re-
ported in parts per million downfield from an internal standard of
tetramethylsilane. Thin layer chromatography (tlc) was conduct-
ed using 0.25-mm layers of silica gel HF from Analtech Corp., and
preparative tlc using 20 X 100 em glass plates coated with a 1.3-
mm layer of Merck silica gel GF. Merck silica gel with 0.05-0.20-
mm particles was used for column chromatography. Cation ex-
change procedures were done using Dowex 50W (X8) resin with
50-100 mesh particles. Elemental and other instrumental analy-
ses were obtained by the staff of the Analytical Laboratories of
Syntex Research. Melting points were obtained using a hot-stage
microscope and are corrected.

N8-Benzoyl-2/,3’-0-isopropylideneadenosine (4). This com-
pound was prepared by the method of Chladek and Smrt!8 and
crystallized from ethanol in 67% yield: mp 151-1563° (reported mp
132-133°%); Amax (MeOH) 280 nm (e 20,600), 230 (13,150); nmr
(CDClz) 1.36 and 1.61 (s, 3, CMes), 3.74 (dd, 1, Jgem = 12.5, J4' 5'a
= 2.5 Hz, Cs5,H), 3.95 (dd, 1, Js 50 = 2 Hz, CspH), 4.50 (m,
1, C4¢H), 5.04 (dd, 1, J2r 3 = 6, J3'.4» = 1 Hz, CyH), 5.20 (dd, 1,
J1'52' = 4 I‘IZy Cg'H), 5.96 (d, 1, Cl’H), 7.5 and 8.0 (m, total 5,
Ar), 8.08 and 8.70 ppm (s, 1, CoH, CgH).

Anal. Calcd for CgoH21Ns505 (411.41): C, 58.38; H, 5.14; N,
17.02. Found: C, 58.40; H, 5.46; N, 17.00.

Ne-Benzoyl-5'-deoxy-2',3’-O-isopropylidene-5",5"-(N, N’ -di-
phenylethylenediamino)adenosine (5). A solution of 4 (82 g, 200
mmol) and dicyclohexylcarbodiimide (124 g, 600 mmol) in rigor-
ously anhydrous dimethyl sulfoxide (450 ml) was stirred with ice
cooling while dichloroacetic acid (8.0 ml, 100 mmol) was added
dropwise. The mixture was then stirred at 20° for 90 min, at
which time tle using 1-butanol-acetone-chloroform (5:15:80)
showed the reaction to be complete. A solution of oxalic acid
dihydrate (50 g, 400 mmol) in methanol (200 ml) was slowly
added, and after 30 min at 20° the mixture was filtered and the
crystalline residue of dicyclohexylurea was washed with cold
methanol. N, N’-Diphenylethylenediamine (50 g, 230 mmol) was
added to the combined filtrate and washings and the resulting so-
lution was stored at 20° for 1 hr. Water was then added to slight
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turbidity and after scratching and storage 87.7 g of crystals was
obtained. The mother liquors were partitioned between water and
chloroform and the organic phase was washed twice with water
and evaporated. Crystallization from ethanol gave a further 23.61
g of crude 5. Recrystallization of the combined crystalline crops
from ethanol gave 82.9 g (69%) of pure 5: mp 132-135° (un-
changed upon recrystallization); Amax (MeOH) 252 nm (e 43,000),
281 (22,700); [«]?3p 34.8° (¢ 0.1, MeOH); nmr (CDClz) 3.60 (m, 4,
NCHz’S), 5.72 (d, 1, J4'y5' = 2.5 HZ, C5’H), 6.14 (d, 1, Jl'yzf = 1.5
Hz, C4-H), 7.79 and 8.69 ppm (s, 1, CzH and CsH).

Anal. Caled for C34H33N704 (60366) C, 67.64; H, 5.51; N,
16.24. Found: C, 67.29; H, 5.52; N, 16.19.

N8-Benzoyl-2',3'-0O-isopropylideneadenosine-5'-aldehyde (6).
A. As the Aldehyde Hydrate. Dried Dowex 50 (H~) resin (56 g)
was added to a solution of 5 (36.6 g, 60.6 mmol) dissolved in 1:1
aqueous tetrahydrofuran (3200 ml) and stirred at 20° for 1 hr. The
resin was then removed by filtration and washed with tetrahydro-
furan (4 X 100 ml). The combined filtrates were evaporated to
roughly half their volume and the resulting white, amorphous
solid was removed, washed with water, and dried in vacuo at 40°,
giving 20.28 g (79%) of 6 as a stable hydrate. This material gave a
single spot upon tle using CCls-acetone (3:2): Amax (MeOH) 280
nm (e 20,300), 230 (sh, 13,900); [«]23D —66.2° (¢ 0.5, MeOH);
ORD (MeOH) (®]z7g (tr) —1800°, [$]249 0°; nmr (DMSO-ds) 1.35
and 1.56 (S, 3, CMez), 4.11 (dd, 1, Jal‘y = 1.5, J4f,5/ =4 HZ, C4-
H), 4.87 (dt, 1, Ju,on = 6 Hz, becoming doublet with D30, C5-H),
5.08 (dd, 1, Jor3- = 6 Hz, Cg-H), 5.36 (dd, 1, J1.,5» = 3 Hz, Ca.-
H), 6.15 and 6.28 [d, 1, C5(OH)2l, 6.27 (d, 1, Cy-H), 7.6 and 8.0
(m, 5, Ar), 8.64 and 8.74 (s, 1, C2H and CsH), 11.4 ppm (brs, 1,
NH).

Anal. Caled for C20H21N5Oa (427.41): C, 56.20; H, 4.95; N,
16.39. Found: C, 56.28; H, 5.12; N, 16.19,

Treatment of 6 with 2,4-dinitrophenylhydrazine in dimethyl
sulfoxide3® gave a crystalline dinitrophenylhydrazone: mp 218-
220° from ethanol-ethyl acetate; Amax (dioxane) 277 nm (e
25,900), 351 (21,600); {]23D ~114.7° (¢ 0.8, dioxane).

Anal. Caled for CgnggNgOg (58951) C, 5297, H, 393, N,
21.38. Found: C, 53.18; H, 4.00; N, 21.65.

B. As the Free Aldehyde. A suspension of the aldehyde hy-
drate 6 (427 mg, 1 mmol) in benzene (75 ml) was heated under
reflux for 1 hr using a Dean-Starke apparatus. The clear benzene
solution was then evaporated to dryness and dried under high
vacuum, leaving the free aldehyde 7 as a white foam. The nmr
spectrum of this material in DMSO-dg showed the presence of

- 20% residual 6 and 80% 7: nmr 4.78 (d, 1, Js & = 2 Hz, C¢H),

5.39 (4, 1, J2' 3 = 6 Hz, Cz-H), 5.50 (dd, 1, Cs-H), 6.54 (s, 1, C4--
H), 7.5 and 8.0 (m, total 5, Ar), 8.57, 8.59 (s, 1, CoH and CgH),
9.30 (s, 1, Cy'H). Addition of D30 slowly regenerated the spec-
trum of 6. A satisfactory elemental analysis was not obtained.

Reaction of 7a with Methylmagnesium Chloride. The alde-
hyde hydrate 6 (2.15 g, 5 mmol) was converted to the free alde-
hyde 7 as above. The residue obtained after evaporation of the
benzene was dissolved in anhydrous tetrahydrofuran (75 ml) and
cooled to —78°. A solution of methylmagnesium chloride in tet-
rahydrofuran (20 ml of 3.6 M) was added and after 1 hr at —78°
the mixture was added to saturated aqueous ammonium chloride
(500 ml) containing acetic acid (5 ml). The mixture was extracted
twice with ethyl acetate (450 ml) and the extracts were washed
with aqueous sodium bicarbonate and water, dried (MgS80,), and
evaporated, leaving 2.30 g of a foam containing the desired 8a
and 9a (3:2 by nmr) and about 30% unreacted 6. While pure 8a
could be obtained by repeated crystallization, the process was
wasteful and gave no pure 9a (see below).

N6-Benzoyl-9-(6-deoxy-2,3)-O-isopropylidene-3-p-allofura-

nosyl)adenine (8a). The crude Grignard product (2.22 g) from
above was chromatographed on a column of silicic acid (300 g)
using a linear gradient (4 1.) of 0-40% acetone in carbon tetra-
chloride-chloroform (1:1). The early peak fractions contained 0.70
g (34%) of pure 8a (tlc carbon tetrachloride-acetone, 1:1): mp
103-104° from acetone; Amax (MeOH) 280 nm (¢ 18,800), 230 (sh,
12,100); {«]2%p —~69.4° (¢ 0.6, MeOH); ORD (MeOH) [®]20s (tr)
—3600°, [®]z7s (Pk) —40°, [®]z6a (tr) —1500°, [®]255 0°, [P]252 (pk)
500°, [®]a44 0°, [®lag0 (tr) —15,600°; nmr (DMSO-de) 1.01 (d, 3,
Js¢+ = 6 Hz, Cg-Hs), 1.33 and 1.54 (s, 3, CMez), 3.70 (m, 1, Cs--
H), 3.94 (dd, 1, Ja' o = 2.5, Jy 5 = 6 Hz, CoH), 5.04 (dd, 1,
sz‘s' = 5.5 HZ, Ca'H and Cs'OH), 5.37 (dd, 1, J1',2f = 3 HZ, Czr-
H), 6.21 (d, 1, Cy-H), 7.5 and 8.0 (m, total 5, Ar), 8.63 and 8.72
ppm (s, 1, CoH and CgH).

Anal. Caled for Ca1HasNsOs (425.43): C, 59.28; H, 5.45; N,
16.48. Found: C, 59.08; H, 5.64; N, 16.58.

N6-Benzoyl-9-(6-deoxy-2,3-O-isopropylidene-n-L-talofurano-
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syl)adenine (9a). Continued elution of the above column gave
0.54 g (26%) of a mixture of 8a and 9a and then 0.48 g (23%) of
unreacted 6. Rechromatography of the mixture did not effect res-
olution but did give, in the late fractions, some chromatographi-
cally homogeneous 9a as a foam that could not be obtained crys-
talline from several solvents: Amax (MeOH) 280 nm (e 18,600), 226
(sh, 13,100); [«]?3p -51.5° (¢ 0.2, MeOH); ORD (MeOH) [®]s00
(tr) —3400°, [®]2sz 0°, [Plaez (pk) 2500°, {®]260 (tr) 2300°, [P]aas
(pk) 4700°, [®]2nr 0°, [®]azo (tr) —8700°; nmr (DMSO-dg) 1.09 (d,
3, J5’,e' =6 HZ, Cs'Ha), 1.32 and 1.55 (S, 3, CMez), 3.8 (m, 1,
Cys'H), 4.05 (dd, 1, J3.,4 = 2.5, Ja- .5 = 6 Hz, C3-H), 5.20 (dd, 1,
Jirg = 3 Hz, CoH), 6.24 (d, 1, C1'H), 7.5 and 8.0 (m, total 5,
Ar), 8.73 ppm (s, 2, CoH and CgH).

Anal. Caled for Ca1Ha3N3zO5 (425.43): C, 59.28; H, 5.45; N,
16.46. Found: C, 59.47; H, 5.62; N, 16.23.

Samples of pure 8a and 9a (1-5 mg) were treated overnight
with methanol-concentrated NH4OH (1:1, 0.2 ml) and then evap-
orated to dryness. The residue was then treated with trifluo-
roacetic acid-water (9:1) for 10 min at 23°, evaporated, and re-
treated with 9 N NH,OH. Examination by paper chromatogra-
phy using 2-propanol-concentrated NH,OH-H30 (7:1:2) showed
that 8a and 9a were respectively degraded to compounds giving
clearly resolved single spots with Ry values relative to adenosine
of 1.05 and 1.18. Similar examinations using saturated ammo-
nium sulfate-2-propanol-water (2:28:70) gave single, separable
spots with Rag 1.06 and 1.02, respectively. In each case the com-
pound derived from 8a was chromatographically identical with an
authentic sample of 9-(6-deoxy-3-p-allofuranosyl)adenine.

Also, samples of 8a and 9a (2 mg) were treated with dioxane-1
N hydrochloric acid (1:1, 0.1 ml) in sealed tubes at 100° for 10
min. Evaporation of the solvent and paper chromatography using
1-butanol-acetic acid-water (5:2:3) showed that 8a was degraded
to a single sugar, detected by use of a silver nitrate spray,3® with
the same Ry (1.09 relative to glucose) as an authentic sample of
6-deoxy-p-allose.4? Similar treatment of 9a gave a spot with R
1.18 relative to glucose, identical with an authentic sample of 6-
deoxy-L-talose.23

N¢-Benzoyl-9-(6-deoxy-2,3-0O-isopropylidene-3-p-ribo-hex-5-
ulofuranosyl)adenine (10). A mixture of 8a and 9a (430 mg, 1
mmol), dicyclohexylcarbodiimide (618 mg, 3 mmol), and pyridine
(0.08 ml, 1 mmol) was dissolved in anhydrous dimethyl sulfoxide
(3 ml) and benzene (3 ml). Trifluoroacetic acid (0.04 ml, 0.5
mmol) was added and the mixture was stored for 18 hr at room
temperature. A methanolic solution of oxalic acid (2 mmol) was
then added and after 30 min the mixture was filtered. The filtrate
was partitioned between ethyl acetate and water and the organic
phase was washed twice with water, dried (MgSQ04), and evapo-
rated. The residue was dissolved in ethyl acetate, filtered to re-
move some dicyclohexylurea, and evaporated, leaving crude 10 as
a foam (490 mg) that showed a single ultraviolet-absorbing spot
on tlc [ethyl acetate-acetonitrile (9:1)] but containing some dicy-
clohexylurea: nmr (DMSO-dg) 1.41 and 1.60 (s, 3, CMez), 1.91 (s,
3, COCHa), 4.65 (d, 1, J5' 40 = 2.5 Hz, C4+'H), 535 (d, 1, Jor 3° =
6 Hz, Co-H), 5.55 (dd, 1, C3-H), 6.24 (s, 1, C1-H), 7.5 and 8.0 (m,
total 5, Ar), 8.13 and 8.63 ppm (s, 1, C2H and CgH).

Treatment of this material with 2,4-dinitrophenylhydrazine
and a trace of concentrated hydrochloric acid in dimethyl sulfox-
ide38 gave a crystalline dinitrophenylhydrazone: mp 141-143°
from ethanol-ethyl acetate; Amax 357 nm (e 17,600), 276 (24,600).

Anal. Calcd for Ca7HzsNgOg (603.53): C, 53.73; H, 4.17; N,
20.89. Found: C, 53.78; H, 4.31; N, 20.35.

Attempted chromatography of 10 (355 mg) on a column of silic-
ic acid (75 g) using a gradient of 0-40% acetone in CCl,—~CHCl3
(1:1) gave 279 mg of a foam that behaved as a single spot of tlc.
The nmr spectra of both this material and its amorphous dinitro-
phenylhydrazone show it to be a 1:5 mixture of 10 and an isomer-
ic methyl ketone, presumably 11. The nmr (CDCls) of 11 showed
1.37 and 1.51 (s, 3, CMez), 2.26 (s, 3, COCHg), 4.98 (d, 1, J3 4 =
4 Hz, C4+H), 5.5 (m, 2, Cz-H and Cs'H), 6.18 (s, 1, C1-H), 7.5 and
8.0 (m, total 5, Ar), 8.06 and 8.72 ppm (s, 1, C;H and CsH).

Reduction of Crude 11. Sodium borchydride (5 mg) was added
to a solution of crude 11 (70 mg) in ethanol (1 ml) at 0-5°. The
mixture was kept at ca. 5° for 30 min, neutralized with dilute
acetic acid, and partitioned between ethyl acetate and water. The
ethyl acetate layer was extracted with sodium bicarbonate solu-
tion and water, dried (MgSQy), and evaporated to dryness, giving
a mixture of 8a, 9a, 12, and 13 (65 mg) distinguishable by tlc
using acetone-carbon .tetrachloride-chloroform (3:3:4). Prepara-
tive chromatography on two 20 X 20 X 1 cm silica gel plates af-
forded a mixture of 8a (allo) and 9a (talo) (9.8 mg, 14%) as the
least polar component. The band of medium polarity gave 12
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(gulo, 15.5 mg, 22%) slightly contaminated with 13: nmr (CDCl3)
1.28 (d, 38, J5',6» = 6 Hz, Ce'Hs), 1.41 and 1.58 (s, 3, CMeyz), 4.17
(m, 2, C4+H and Cs'H), 5.35 (m, 1, C3-H), 5,55 (d, 1, Jor 3 = 6
Hz, Cz-H), 6.06 (s, 1, C1'H), 7.5 and 8.0 {m, total 6, Ar and CoH
or CgH), 8.24 ppm (s, 1, CoH or CgH).

The most polar band gave 13 (manno, 17.0 mg, 24%), which
was crystallized from chloroform-hexane: mp 209-210°; nmr
(CDCls) 1.26 (d, 3, Js'.6 = 5.5 Hz, Cg'Hs), 1.37 and 1.54 (s, 3,
CMes), 4.20 {m, 2, C4'H and C5-H), 5.15 (m, 1, C3-H), 5.57 (d, 1,
Co'H, Jor 30 = 6 Hz), 6.06 (s, 1, Cy'H), 7.5 and 8.0 (m, total 6, Ar
and CzH or CsH), 8.23 ppm (s, 1, CoH or CgH).

Anal. Caled for CoiHasNsOp (425.43): C, 59.28; H, 5.45; N,
16.46. Found: C, 59.38; H, 5.58; N, 16.64.

Samples of 12 and 13 were hydrolyzed with acid as above for 8a
and 9a and the resulting sugars were chromatographically identi-
cal with 6-deoxygulose?? and 6-deoxymannose, respectively, on tlc
using the solvent system methanol-2-propanocl-ethyl acetate
(15:15:70) .22

A sample of the nonepimerized ketone (10, 5 mg) was treated
with sodium borohydride in a similar manner. Examination of
the reaction product by tle using the same solvent system as
above showed that only the allo (8a) and talo (9a) isomers were
present in a ratio of 1:2 by quantitative extraction of the spots
with methanol followed by an ultraviolet determination.

N6-Benzoyl-9-[6-deoxy-5-0-bis(2,2,2-trichloroethyl)phospho-
ryl-2,3-O-isopropylidene-3-p-allofuranosyljadenine (14a). A so-
lution of bis(2,2,2-trichloroethyl)phosphorochloridate (6.25 g, 16
mmol) in pyridine (10 ml) was added over 15 min to a stirred so-
lution of pure 8a (1.40 g, 3.3 mmol) in anhydrous pyridine (5 ml)
at 0°. The mixture was then stirred at room temperature for 1.25
hr, and, after cooling to 0°, water (10 ml) was slowly added. After
1 hr the solvent was evaporated in vacuo and the residue was co-
evaporated with toluene to remove pyridine. The residue was dis-
solved in chloroform, washed with aqueous sodium bicarbonate
and then water, dried (MgS0O,4), and evaporated to give 2.6 g
(quantitative) of 14a as a white foam giving a single spot on tlc
using CClg-acetone (7:3). Crystallization of 14a has not been
achieved: Amax (MeOH) 280 nm (e 21,300), 232 (sh, 13,600); [«]2%D
—25.60 (C 0.1, MeOH), ORD (MGOH) [@]300 (tl‘) "36000, [<I>]273
(pk) 0°, [®lagz (tr) —1000°, [®lase 0°, [Plasz (pk) 4200°, [®]220 O°,
[431216 (tl‘) —14,2006; nmr (CDCla) 1.43 (d, 3, J5',5' =6 HZ, Ce'-
H;), 1.38 and 1.61 (s, 3, CMe3), 4.1 (m, 1, C4H), 4.54 and 4.62
(d, 2, JP,H =6 HZ, CHzOP), 49 (m, 1, Cs'H), 5.26 (dd, 1, Jz’ys/ =
6, J3',4 = 4 Hz, C3-H), 541 (dd, 1, Jy'2- = 2.5 Hz, Co-H), 6.13
(d, 1, C1-H), 8.5 and 8.0 (m, total 5, Ar), 8.13 and 8.77 (s, 1, CoH
and CgH), 9.06 ppm (brs, 1, NH),

Anal. Calced for CosHasN3508PClg (768.25): C, 39.07; H, 3.41; N,
9.11; P, 4.03. Found: C, 38.83; H, 3.39; N, 8,77; P, 4.38.

N8-Benzoyl-9-[6-deoxy-5-0-bis(2,2,2-trichloroethyl)phospho-
ryl-2,3-0-isopropylidene-a-L-talofuranosylladenine (14b) and
Its 8-p-Allo Isomer (14a). A mixture of 8a and 9a (3.46 g, 8.1
mmol, somewhat enriched in 8a) was dried by several evapora-
tions of its solution in pyridine. This material was then phospho-
rylated as above using bis(2,2,2-trichloroethyl)phosphorochlor-
idate (15.4 g, 40 mmol) at 0° for 30 min and then at room temper-
ature for 30 min. After treatment with water and partitioning as
above a crude product (6.7 g) showing two spots in tlc with
CClg-acetone (7:3) was obtained. This material was chromato-
graphed on a column containing 540 g of silicic acid deactivated
with 6% water and using a linear gradient 0-50% acetone in chlo-
roform (3.6 1. total). This column gave first 2,83 g of the pure D-
allo isomer 14a followed by 0.96 g of a mixture of 14a and 14b and
finally 0.91 g of the pure L-talo isomer 14b. Rechromatography of
the mixed fractions by preparative tlc using four developments
with CCls-acetone (7:3) gave a further 0.31 g (total yield 3.14 g,
51%) of pure 14a identical with that above, and a further 0.47 g
(total yield 1.38 g, 22%) of pure 14b. The «-L-talo isomer 14b was
chromatographically and spectroscopically homogeneous but
could not be crystallized: Amax (MeOH) 280 nm (e 20,400), 230
(sh, 13,000); [«]23D —12.3° (¢ 0.24, MeOH); ORD (MeOH) [®]302
(tr) —3200°, [®laro 0°, [®l24s (pk) 6800°, [Pla2s 0°, [®la10 (tr)
—8800°; nmr (CDCl3) 1.53 (d, 3, J5:.6+ = 6.5 Hz, Cg-Hg), 1.38 and
1.62 (s, 3, CMeg), 4.3 (m, 1, C4+'H), 4.46 (d, 4, Jp,u = 6.5 Hz,
CH,0P), 4.75 (m, 1, Cs'H), 5.07 (dd, 1, Jo' 3» = 6.5 Hz, J3' o = 4
Hz, C3-H), 5.36 (dd, 1, J1- 2» = 2.5 Hz, C2-H), 6.19 (d, 1, C1-H),
7.5 and 8.0 (m, total 5, Ar), 8.15 and 8.79 (s, 1, CoH and CgH),
8.98 ppm (brs, 1, NH).

Anal. Caled for Cz5H26N503PC15 (76825) C, 39.07; H, 3.41; N,
9.11; P, 4.03. Found: C, 39.34; H, 3.55; N, 8.90; P, 4.24.

The same compound could also be obtained in 85% yield by
phosphorylation of pure 9a as above,
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N8-Benzoyl-9-[6-deoxy-5-0-bis(2,2,2-trichloroethyl)phospho-
ryl-3-p-allofuranesyljadenine (15a). A solution of 14a (1.31 g,
1.7 mmol) in trifluoroacetic acid-water (9:1, 15 ml) was kept at
room temperature for 20 min and then evaporated to dryness.
The residue was coevaporated with ethanol several times and
then triturated with ether, giving 1.17 g of crystalline product
which was recrystallized from acetone-hexane, giving 1.10 g (89%)
of 15a: mp 181-182° Amax (MeOH) 279 nm (e 21,300), 230 (sh,
13,800); [«]?3p —30.1° (¢ 1.0, MeOH); nmr (DMSO-de) 1.39 (d, 3,
J5‘,s' = § HZ, CG'H3), 4.77 (d, 4, JH,p =6 I‘IZ, CHzOP), 5.44 (d,
1, Ja',g' =5 HZ, Ca'H), 5.62 (d 1, Jl’,2’ =6 HZ, CQ’H), 6.02 (d. 1,
CyH), 7.5 and 8.0 (m, total 5, Ar), 8.65 and 8.70 ppm (s, 1, CoH
and CsH).

Anal. Calcd for szszNsOchls (7282) C, 36.28; H, 3.05; N,
9.62; P, 4.27. Found: C, 36.14; H, 2.98; N, 9.55; P, 4.13.

9-(6-Deoxy-5-0-phosphoryl-3-p-allofuranosyl)adenine (16a).
A. Via 15a. Glacial acetic acid (16 ml, 272 mmol) was added
dropwise over 8 min to a stirred, ice-cooled solution of 15a (4.42 g,
6 mmol) in dimethylformamide (40 ml) containing 7.0 g (108
mmol) of finely divided zinc dust. After stirring at 0° for 40 min
the mixture was filtered, the solid was washed with DMF, and
the combined filtrates were evaporated to dryness in vacuo.
Water (200 m}) and Dowex 50 (NH4*) resin (20 ml) were added
to the residue and once the precipitate had dissolved the entire
mixture was added to the top of a column containing 100 ml of
fresh Dowex 50 (NH4*) resin. The column was eluted with water
and the effluents were evaporated to dryness. The residue was
dissolved in 9 N ammonium hydroxide (80 ml) and stored at
room temperature for 16 hr. The solvent was evaporated in vacuo
and the residue was applied to a 4 X 45 ¢m column of DEAE Se-
phadex (HCO3~) which was eluted with a linear gradient of
triethylammonium bicarbonate (6 1., 0.005-0.25 M). A small peak
(10,800 OD units, 12%) of a monoanion was first eluted followed
by a major peak (70,720 OD units, 77%) of an electrophoretically
and chromatographically homogeneous dianion (12a). Evapora-
tion of the latter peak and coevaporation with methanol left 2.78
g of the triethylammonium salt of 16a suitable for the next step.
For analytical purposes a small sample of the triethylammonium
salt was dissolved in 90% ethanol and brought to pH 2 with etha-
nolic hydrochloric acid. The resulting solid was collected by cen-
trifugation and crystallized from aqueous ethanol, giving 16a as
the dihydrate: mp 181-186° dec; Amax (H20) 259 nm (e 15,600);
[@]28D —385.2° (c 0.15, water); ORD (Hy0) [®laes (tr) —3900°,
[@]252 OD, [@]243 (pk) 8500, [‘1’]232 00; nmr (pyridine-ds—DgO) 1.68
ppm (d, 3, J5' ¢+ = 6 Hz, CgHs), 4.56 (m, 1, C4'H), 5.1-5.9 (m, 3,
masked by D;0), 6.73 (d, 1, Jy' o = 6 Hz, C;-H), 8.53 and 9.14
(s, 1, CaH and CgH).

Anal. Caled for C11H16N50;P.2H,O0 (397.30): C, 33.25; H,
5.08; N, 17.63; P, 7.80. Found: C, 33.65; H, 4.71; N, 17.42; P, 7.74.

B. Directly from 8a. A solution of 8a (1.5 g, 3.5 mmol), 2-cy-
anoethyl phosphate (from 7.0 mmol of barium salt),?® and dicy-
clohexylcarbodiimide (2.92 g, 14 mmol) in anhydrous pyridine (50
ml) was kept at room temperature for 2 days. Water (20 ml) was
then added and after 1 hr the mixture was filtered and the sol-
vent was evaporated. The residue was treated with 9 N ammo-
nium hydroxide (50 ml) at room temperature for 5 days and then
at 50° for 1 hr. After evaporation of the solvent the residue was
treated with trifluoroacetic acid-water (9:1, 20 ml) for 15 min.
The solvent was evaporated in vacuo and the residue was tritur-
ated with ether, giving a solid that was dissolved in water, ad-
justed to pH 8, and applied to a 4 X 47 cm column of DEAE Se-
phadex (HCO3~). The column was eluted with a linear gradient
of triethylammonium bicarbonate (8 1. 0.005-0.25 M), giving a
small peak (2750 ODU at 259 nm, 5%) followed by a large peak
containing 30,400 ODU at 259 nm (56%) of chromatographically
homogeneous 16a. Evaporation of the pooled peak followed by re-
peated coevaporation with methanol left 1.05 g of the triethylam-
monium salt of 16a. This was dissolved in 50% agueous ethanol (6
ml) and adjusted to pH 2 with 1 N hydrochloric acid, giving 650
mg (47% overall) of crystalline 16a identical with that above,

9-(6-Deoxy-5-0-phosphoryl-¢-L-talofuranosyl)adenine (16b).
A solution of 14b (1.34 g, 1.75 mmol) in 90% trifluoroacetic acid
(15 ml) was stored at room temperature for 20 min and then
evaporated to dryness. The residue was triturated with ether, giv-
ing 1.0 g of crude diol 15b which was directly dissolved in di-
methylformamide (10 ml) and stirred at 0° in the presence of
finely divided zinc (1.75 g, 27 mmol) while glacial acetic acid (4.0
ml, 67 mmol) was added dropwise over 10 min. After stirring at 0°
for 30 min the solvent was evaporated and the residue was stirred
with water in the presence of Dowex 50 (NH4™) resin (20 ml)
until the precipitates had dissolved. The mixture was then added
to a column of Dowex 50 (NH4*) resin (35 ml) and the column
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was washed with water. The effluents were evaporated to dryness
and the residue was treated with 9 N ammonium hydroxide for 16
hr. After evaporation of the solvent the residue was chromato-
graphed on a 3 X 43 c¢cm column of DEAE Sephadex (HCO3-)
using a linear gradient of triethylammonium bicarbonate (5 1.,
0.005-0.25 M) giving a small peak (2800 ODU, 10%) of a monoan-
ion followed by a large peak (13,920 ODU, 52%) of chromato-
graphically homogeneous 16b. Evaporation of the pooled peak fol-
lowed by repeated coevaporation with methanol left the triethyl-
ammonium salt of 16b which was suitable for further work. A

.portion of this salt was dissolved in 50% ethanol and adjusted to

pH 2 with hydrochloric acid, giving crystalline 16b as the free
acid hydrate, mp 184-186° dec, with excellent recovery: Amax
(H20) 260 nm (e 15,600); [«]23p —48.3° (¢ 0.1, H20); ORD (H:0)
[Bla72 (tr) —4700°, [®]255 0°, [Plasz (pk) 1800°; nmr (pyridine-ds-
D.0) 1.69 (d, 3, J5 .6 = 6 Hz, Cg-Hs), 6.71 (d, 1, Jy' 2» = 3.5 Hz,
Cy1'H), 8,51 and 9.24 ppm (s, 1, CoH and CgH).

Anal. Caled for C11H16N5O7P~Hzo (37927), C, 3483, H,_4.78; N,
18.47; P, 8.16. Found: C, 34.77; H, 4.58; N, 18.57; P, 7.70.

9-(6-Deoxy-3-p-allofuranosyl)adenine 3',5’-Cyclic Phosphate
(1). 4-Morpholine-N, N’-dicyclohexylcarboxamidine (357 mg, 1.22
mmol) was added to a stirred suspension of the triethylammon-
ium salt of 16a (1.22 mmol) in pyridine (25 ml). When a clear so-
lution resulted the solvent was evaporated in vacuo and the resi-
due was coevaporated several times with anhydrous pyridine. The
final residue was dissolved in pyridine (120 ml) and added drop-
wise over 2 hr to a solution of dicyclohexylcarbodiimide (495 mg,
2.2 mmol) in pyridine (120 ml) under reflux. The solution was
then heated under reflux for a further 2 hr and evaporated to dry-
ness. The residue was partitioned between water and ether and
filtered, and the aqueous phase was applied to a 3.2 X 42 cm col-
umn of DEAE Sephadex (HCO3~). Elution with a linear gradient
of triethylammonium bicarbonate (5 1., 0.005-0.15 M) gave a sin-
gle peak of chromatographically and electrophoretically homoge-
neous 1. The pooled peak was evaporated to dryness and coeva-
porated several times with methanol. The residue was dissolved
in 50% ethanol (4 ml) and adjusted to pH 2 with hydrochloric acid,
giving 425 mg (100%) of crystalline 1 as the free acid with no defi-
nite melting point: Amax (pH 11) 259 nm (¢ 14,100); [«]23p —22.9°
(C 0.3, Hzo); ORD (Hzo) (@]272 (tl‘) —21000, [@]257 Oe, [(17]230 (pk)
5100°; nmr (pyridine-ds~D20) 1.38 (dd, 3, Js'¢» = 5 Hz, Jpu = 1
Hz, C¢'Hj), 6.54 (s, 1, C1-H), 8.55 and 8.61 ppm (s, 1, CoH and
CsH).

Anal. Caled for C1H14NsOgP (343.24): C, 38.49; H, 4.11; N,
20.40; P, 9.03. Found: C, 38.21; H, 4.25; N, 20.21; P, 8.84.

9-(6-Deoxy-a-L-talofuranoesyl)adenine 3’,5'-Cyclic Phosphate
(2). An anhydrous solution of the 4-morpholine-N,N’-dicyclohex-
ylcarboxamidine salt of 16b (from 0.6 mmol of the triethylammo-
nium salt) in pyridine (60 ml) was prepared as above. This solu-
tion was added over 1 hr to a refluxing solution of dicyclohexyl-
carbodiimide (270 mg, 1.2 mmol) in pyridine (60 ml) and heating
was continued for a further 1 hr. After evaporation of the solvent
the residue was partitioned between water and ether and filtered,
and the aqueous phase was chromatographed on a 3.2 X 37 cm
column of DEAE Sephadex (HCO3~) using elution with a linear
gradient of triethylammonium bicarbonate (5 1., 0.005-0.15 M).
The single peak which resulted (8290 ODU at 259 nm, 90%) was
evaporated to dryness, coevaporated with methanol, and crystal-
lized by acidification to pH 2 of a solution of the residue in 50%
ethanol with hydrochloric acid. In this way 173 mg (84%) of free
acid 2 was obtained as needles with no definite melting point:
Amax (PH 11) 259 nm (¢ 14,900); [«]23D —~65.2° (c 0.14, H,0); ORD
(H20) [®]272 (tr) —5100°, [®]242 (pk) —600°; nmr (pyridine-ds-
D20) 1.75 (d, 3, J5 ¢« = 6 Hz, Cg-Hs), 6.56 (s, 1, C1-H), 8.57 ppm
(s, 2, CoH and CgH).

Anal. Caled for C11H14NsO6P (343.24): C, 38.49; H, 4.11; N,
20.40; P, 9.03. Found: C, 38.44; H, 4.25; N, 20.18; P, 8.87.

Methyl 9-(2,3-O-Isopropylidene-3-D-ribofuranosyluranoate)-
adenine (17b). Methylation of the 5/ carboxylic acid (17a, 4.72
g, 14 mmol, prepared in 74% yield by the method of Schmidt, et
al.32) by treatment with an excess of ethereal diazomethane in
dioxane (1 1.) and methanol (1.5 l.) essentially according to Har-
per and Hampton3! gave 14b in yields of 72-85%, mp 244-245°
(reported mp 245-248°,31 244° 33),

2’,3’-0O-Isopropylidene-5’,5’-dimethyladenosine (18). A 3 M
solution of methylmagnesium chloride in tetrahydrofuran (4.8 ml,
14.3 mmol) was added dropwise over 10 min at room temperature
to a stirred suspension of 17b (478 mg, 1.43 mmol) in tetrahydro-
furan under nitrogen. After 30 min the resulting yellow solution
was quenched by addition of saturated aqueous ammonium chlo-
ride (10 m}) at 0°. The mixture was filtered and the filtrate was
evaporated to give 18 as a crystalline residue (554 mg, 94.5%), mp
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268-271°. Recrystallization from acetone-hexane raised the melt-
ing point to 272-273° with good recovery (reported3! mp 225-227°,
24-35% yield): Amax (MeOH) 259 nm (¢ 15,400); [«]23D =64.0° (¢
0.2, MeOH); ORD (MeOH) [®]z76 (tr) —38200°, [®]azs 0°, [®]a23s
(pk) 1600°, [®]228 0°; nmr (DMSO-dg) 1.12 and 1.16 (s, 3, Cs -
Meg), 1.32 and 1.56 (s, 3, acetonide), 3.92 (d, 1, J3' 4+ = 3 Hz,
CyH), 495 (dd, 1, Jpr 30 = 6 Hz, Cg'H), 513 (dd, 1, Jy 20 = 4
Hz, C;-H), 5.28 (s, 1, C5-OH), 6.06 (d, 1, Cy-H), 7.33 (s, 2, NHy),
8.10 and 8.36 ppm (s, 1, CoH and CsH).

Anal. Caled for Ci5H21N50,4 (335.38): C, 53.74; H, 6.31; N,
20.88. Found: C, 53.64; H, 6.19; N, 20.94.

Né-Benzoyl-2',3'-O-isopropylidene-5’,5'-dimethyladenosine
(19). Benzoyl chloride (1.08 ml, 9 mmol) was added dropwise to
an ice-cooled suspension of 18 (1.3 g, 3.87 mmol) in pyridine (30
ml) and the resulting solution was stirred at room temperature
for 1 hr. Aqueous sodium hydrdxide (35 ml of 2 N) was then
added and after 1 hr the red solution was neutralized at 0° with
acetic acid. After evaporation of the solvent the residue was dis-
solved in chloroform, washed with aqueous sodium bicarbonate, 1
N hydrochloric acid, and water, dried (MgS04), and evaporated.
The residue (1.98 g) was chromatographed on a column contain-
ing 170 g of silicic acid using a linear gradient of acetone in car-
bon tetrachloride (4 1., 0-40%), giving 1.43 g (84%) of 19 as a
white foam: Amax (MeOH) 280 nm (e 20,200), 228 (sh, 13,100);
[«]23D —-50.5° (¢ 0.27, MeOH); ORD (MeOH) [®]s00 (tr) —1800°,
[®l2s2 0°, [®l24s (Dk) 1500°, [®]22¢ 0°; nmr (CDCls) 1.26 and 1.34
(s, 3, C5-Mez), 1.39 and 1.64 (s, 3, acetonide), 4.17 (d, 1, J3',4a' =
1.5 Hz, C4'H), 5.15 (m, 2, C2-H and C3'H), 5.94 (d, 1, J1/2» = 8.5
Hz, Cy-H), 7.5 and 8.0 (m, total 5, Ar), 8.05 and 8.75 ppm (s, 1,
C2H and CgH).

Anal. Caled for CooHosN50s (439.48): C, 60.10; H, 5.73; N,
15.93. Found: C, 60.25; H, 5.72; N, 15.42.

Bis(2,2,2-trichloroethyl) N®-Benzoyl-2/,3’-O-isopropylidene-
5’,5’-dimethyladenosine 5’-Phosphate (14¢). A solution of bis(2,2-
2-trichloroethyl)phosphorochloridate (12.65 g, 33 mmol) in pyridine
(25 ml) was added to an anhydrous solution of 19 (1.43 g, 3.25
mmol) in pyridine (50 ml). The mixture was stirred at room tem-
perature while being monitored by tlc using CCls-acetone (7:3),
After 7 days 19 had disappeared and water (50 mil) was added
dropwise with ice cooling. The mixture was stirred at room tem-
perature for 2 hr and then the solvent was evaporated in vacuo.
The residue was dissolved in chloroform and washed with ice-cold
1 N hydrochloric acid, water, aqueous bicarbonate, and water,
dried (MgSO,), and evaporated. The resulting foam (2.72 g) was
chromatographed on a column of silicic acid (300 g) using a linear
gradient of acetone in CCly (4 1., 0-30%), giving 1.72 g (68%) of
chromatographically homogeneous 14c as a foam: Amax (MeOH)
279 nm (e 18,200), 230 (sh, 11,500); [«]23D ~19.0° (¢ 1.0, MeOH);
ORD (MeOH) [®lsp0 (tr) —1700°, [®lago 0°, [®l270 (pk) 900°,
[¢]265 (tl’) 00, [‘17]244 (pk) 33000, [@]227 00; nmr (CDCI;«;) 1.38 and
1.63 (s, 3, acetonide), 1.65 and 1.67 (s, 3, C5-Meg), 4.11 (dd, 1,
J3',4' = 5, JH,P =35 HZ, C4'H), 4.55 and 4.57 (d, 2, JP,H =6 HZ,
POCHy), 5.10 (dd, 1, Jz',3 = 6.5 Hz, Cs'H), 5.37 (dd, 1, Jy' o0 =
3 Hz, C2'H), 6.16 (d, 1, C1'H), 7.5 and 8.0 (m, total 5, Ar), 8.17
and 8.77 (s, 1, CoH and CgH), 9.0 ppm (brs, 1, NH).

Anal. Caled for Co6HasN5sOsPClg (782.24): C, 39.93; H, 3.61; N,
8.95; P, 3.96. Found: C, 40.00; H, 3.75; N, 8.79; P, 4.23.

5’,5’-Dimethyladenosine 5'-Phosphate (16¢). Fine zinc dust
(2.8 g, 40 mmol) was added to a stirred solution of 14e¢ (1.56 g, 2
mmol) in dimethylformamide (15 ml) at 0° followed by dropwise
addition of 88% formic acid (4.4 ml, 100 mmol). After 45 min at
0° the mixture was filtered, the residue was washed with di-
methylformamide, and the filtrates were evaporated to dryness.
The residue was dissolved in 90% trifluoroacetic acid and kept at
room temperature for 20 min before evaporation to dryness and
coevaporation with ethanol. The residue was dissolved in.dilute
ammonia (pH 11) and passed through a 2.5 X 36 cm colum of
Dowex 50 (NH4t) resin. The effluent and water wash was evapo-
rated to dryness and then treated with 9 N ammonium hydroxide
(100 ml) at room temperature for 14 hr to effect debenzoylation.
The residue following evaporation was then applied to a column
of DEAE Sephadex (HCO;3~) and washed thoroughly with water
to remove benzamide. Elution with a linear gradient of triethyl-
ammonium bicarbonate (6 1., 0.005-0.25 M) gave a small amount
(3,720 ODU at 259 nm, 12%) of a monoanion followed by a major
peak containing 18,350 ODU (60%) of the desired dianion. Evapo-
ration of the solvent and repeated coevaporation with methanol
left the triethylammonium salt of 16¢ (673 mg, 60%) as a chroma-
tographically hornogeneous syrup. This material failed to crystal-
lize upon acidification under the usual conditions and for analyti-
cal purposes a portion was converted to the barium salt and pre-
cipitated from 67% ethanol: Amax (H20) 259 nm (e 13,300); [«]23D
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—36.5° (¢ 0.7, H20); ORD (H20) [®]z72 (tr) —3300°, [®]zs1 0°,
[®]244 (pk) 500°, [®]240 0°.

Anal. Caled for C12H16N507PB3 (51064) C, 28.22; H, 3.16; N,
13.72; P, 6.07. Found: C, 28.08; H, 3.26; N, 13.55; P, 6.19.

5’,5’-Dimethyladenosine 3,5'-Cyclic Phosphate (3). A sus-
pension of the triethylammonium salt of 16¢ (346 mg, 0.6 mmol)
in pyridine (25 ml) was stirred with 4-morpholine-N, N’-dicyclo-
hexylcarboxamidine (175 mg, 0.6 mmol) until a clear solution re-
sulted. The solvent was then evaporated and the residue was coe-
vaporated several times with pyridine. A solution of the final resi-
due in pyridine (60 ml) was added dropwise over 1.5 hr to a re-
fluxing solution of dicyclohexylcarbodiimide (270 mg, 1.2 mmol)
in pyridine (60 ml) and heating was then continued for a further 1
hr. The solvent was then evaporated and the residue was parti-
tioned between water and ether. The filtered aqueous solution
was applied to a 25 X 45 cm column of DEAE Sephadex
(HCO3-) and eluted with & linear gradient of triethylammonium
bicarbonate (4 1., 0.005-0.15 M), giving essentially a single peak.
The pooled peak (8840 ODU at 259 nm) was evaporated to dry-
ness and the residue was dissolved in 50% aqueous ethanol (2 ml).
Acidification to pH 2 with hydrochloric acid gave 200 mg (93%) of
crystalline 3: Amax (pH 11) 259 nm (¢ 13,800); {«]?3D —36.4° (c
0.5, H20); ORD (H20) [®]276 (tl‘) _1200°, [@]254 00, [@]242 2400°;
nmr (pyridine-ds-D20) 1.50 (br s, 3, allo C5-Me), 1.83 (s, 3, talo
Cs5Me), 4.65 (d, 1, Js'.a» = 10 Hz, Co/H), 5.07 (d, 1, Jor 3 = 5
Hz, C2'H), 5.7 (obscured by HDO, Cs-H), 6.53 (s, 1, C1-H), 8.54
ppm (s, 2, CoH and CgH).

Anal. Caled for C12H;16N506P (357.28): C, 40.33; H, 4.49; N,

. 19.80; P, 8.67. Found: C, 40.23; H, 4.48; N, 19.47; P, 8.57.

8-Bromo-9-(6-deoxy-3-p-allofuranosyl)adenine -3’,5’-Cyclic
Phosphate (20a). A solution of 1 (180 mg, 0.5 mmol) and sodium
hydroxide (0.25 ml of 2 N, 0.5 mmol) in 1 M sodium acetate buff-
er, pH 3.9 (3 ml}, was stirred at room temperature while a solu-
tion of bromine (0.04 ml, 0.8 mmol) in the same buffer (4 ml) was
added until a color persisted and tle using 1-butanol-acetic acid-
water (5:2:3) showed complete conversion of 13a to a slightly fast-
er spot. The mixture was then kept overnight, diluted to 750 ml
with water, and applied to a 2.3 X 45 ¢cm column of DEAE Se-
phadex (HCOs~). Elution with a linear gradient of triethylam-
monium bicarbonate (4 1., 0-0.15 M) gave one major peak which
was pooled and evaporated to dryness, leaving 360 mg of a dry
residue. This was dissolved in ethanol-water (3 ml, 2:1) and acid-
ified to pH 2 with 3 N ethanolic hydrochloric acid, giving 91 mg
(43%) of 20a as white crystals after drying in vacuo at 60°: nmr
(pyridine-ds) 1.45 (dd, 3, Js'.6' = 6, Ju,p = 0.5 Hz, C¢'Hs), 4.40
(dd, 1, Js' & = Jg 5 = 9.5 Hz, C4¢+H), 5.0 (m, 1, Cs-H), 5.66 (d,
1, J2r 30 = 5 Hz, Co-H), 6.50 (s, 1, C1-H), 8.42 ppm (s, 1, CoH).
There were also signals corresponding to less than 1 mol of etha-
nol.

Anal. Caled for C11H33NsOePBr-H>0-%EtOH (463.19): C,
31.11; H, 3.92; N, 15.12. Found: C, 31.33; H, 3.71; N, 15.32.

8-Benzylthio-9-(6-deoxy-3-p-allofuranosyl)adenine 3’,5’-Cy-
clic Phosphate (20b). The chromatographically homogeneous
mother liquors from crystallization of free acid 20a (~0.25 mmol)
were evaporated to dryness, suspended in methanol (3 ml), and
heated under reflux in the presence of sodium methoxide (54 mg,
1 mmol) and benzyl mercaptan (0.35 ml, 3 mmol). Tlc using 1-
butanol-acetic acid-water (5:2:3) showed completion of the reac-
tion in 1.5 hr, and after 2.5 hr the mixture was diluted with water
(125 ml) and applied to a 2.3 X 45 cm column of DEAE Sephadex
(HCO3-).. Elution with a linear gradient of triethylammonium
bicarbonate (4 1., 0-0.25 M) gave a major peak (2330 ODU at 283
nm, ~57%) that was evaporated to dryness. The residue was dis-
solved in 66% ethanol and acidified to pH 2 with 3 N ethanolic
Hydrochloric acid, giving 41 mg (35%) of 20b as a chromatograph-
ically homogeneous crystalline hydrate, Amax (H20) 283 nm.

Anal. Caled for C1sHaoN506PS-HoO (483.42): C, 44.72; H, 4.58;
N, 14.49. Found: C, 44.64; H, 4.52; N, 14.25.

Registry No. 1, 43076-99-9; 2, 43077-00-5; 3, 43077-01-6; 4,
39947-04-1; 5, 43077-03-8; 6, 43077-04-9; 7a, 43077-06-1; 7a dinitro-
phenylhydrazone, 43077-05-0; 8a, 43077-07-2; 9a, 43077-08-3; 10,
43077-09-4; 10 dinitrophenylhydrazone, 43077-10-7; 11, 43077-11-8;
12, 43077-12-9; 13, 43077-13-0; 14a, 43077-14-1; 14b, 43077-15-2;
l4c, 43077-16-3; 15a, 43077-17-4; 16a, 43077-18-5; 16a triethylam-
monium salt, 43077-19-6; 16b, 43077-20-9; 16b 4-morpholine-
N,N’-dicyclohexylcarboxamidine salt, 43077-21-0; 16¢ barium
salt, 43077-22-1; 16c triethylammonium 'salt, 43077-23-2; 17a,
19234-66-3; 17b, 23754-29-2; 18, 23680-27-5; 19, 43077-27-6; 20a,
43077-28-7, 20b, 43077-60-7; bis(2,2,2-trichloroethyl)phosphoro-
chloridate, 17672-53-6; 4-morpholine-N, N’-dicyclohexylcarboxam-
idine, 4975-73-9.
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The syntheses of several crystalline 4-azido-4,6-dideoxy-1-halo hexoses, which are useful intermediates in the
chemical synthesis of natural products containing amino hexoses, are described. The reactions of these com-
pounds with methanol and ethanol in the presence of silver carbonate are shown to be stereospecific. The uses
of azido halo sugars in the synthesis of cardiac glycosides, antibiotics, and amino sugar nucleosides are indicat-

ed.

Many amino sugars have been isolated from biologically
important natural sources such as antibiotics,?-3 cell wall
polysaccharides,? and cardiac glycosides.* Because an
azide can be conveniently used as an amine precursor,
azido halo sugars are extremely useful intermediates for
the chemical synthesis of these natural products and their
structural anaogs of potential biological activity. However,
except for the recent reports on the isolation of 6-azido-1-
chloro hexoses by Umezawa and coworkers,® azido halo
sugars have not been prepared. Earlier attempts to obtain
this class of compounds were reported to be unsuccess-
ful.8.7 We now describe the synthesis and reactions of sev-
eral crystalline 4-azido-4,6-dideoxy-1-halo sugars as part of
our investigation of the chemistry of 4-amino-4,6-dideoxy
hexoses and their derivatives.?

Treatment of methyl 4-azido-4,6-dideoxy-2,3-di-O-ben-
zyl-a-D-galactopyranoside® (1) with acetyl bromide at
room temperature for 30 min gave the crystalline 4-azido-
4,6-dideoxy-2,3-di-O-benzyl-a-p-galactopyranosyl bromide
(2). The « configuration for the bromo sugar 2 was indi-

cated by its nmr spectrum, which showed the anomeric
proton as a doublet (J1,2 = 3.5 Hz) at § 6.43. Also, reac-
tion of 2 with methanol in the presence of silver carbonate
gave clean inversion at the anomeric center, providing
methyl 4-azido-4,6-dideoxy-2,3-di-O-benzyl-3-p-galactopy-
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