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of Ribonucleoside 2’,3’-0-0rtho Esters into Halo, 
Deoxy, and Epoxy Sugar Nucleosides Using Acyl Halides. 
Mechanism and Structure of 
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Abstract: Treatment of 2’,3’-O-methoxyethylideneadenosine (2) with pivalic acid chloride in refluxing pyridine gave an unre- 
solved mixture of 6-N-pivalamido-9-( 3-chloro-3-deoxy-2-0-acetyl-5-~-pivalyl-~-~-xylofuranosyl)purine (4a) and its 2’-chlo- 
roarabino isomer (3a) as the major product. In addition, 6-N-pivalamido-9-( 3-chloro-3-deoxy-2-0-[4,4-dimethyl-3-pivaloxy- 
pent-2-enoy~]-~-D-xylofuranosyl)purine (4b) and its 2’-chloroarabino isomer (3b) were produced by acylation reactions in- 
volving a 2’,3’-O-ketene acetal (11) which is in equilibrium with the initially formed 2’,3’-acetoxonium ion intermediate (10). 
The structure of the complex 4,4-dimethyl-3-pivaloxypent-2-enoate (DMPP) group was deduced by N M R  and mass spectros- 
copy and verified by synthesis of ethyl DMPP (9) from ethyl orthoacetate and pivalyl chloride/sodium iodide. Treatment of 
2 with pivalyl chloride and excess sodium iodide in refluxing pyridine gave the corresponding 3’-iodoxylo and 2’-iodoarabino 
DMPP-blocked nucleosides (4c and 3c) in good combined yield accompanied by unsaturated products. The absence of the cor- 
responding acetyl iodo derivatives was rationalized on the basis of greater acylating activity of pivalyl iodide (generated in situ) 
in the postulated mechanistic sequence involving ketene acetal intermediates. A pivalylketene acetal derivative (14) was isolat- 
ed and found to be converted to 3c and 4c under the reaction conditions. Treatment of 3a,4a with tri-n-butyltin hydride or of 
3c and 4c under catalytic hydrogenolysis conditions gave 2’-deoxyadenosine (7) and 3’-deoxyadenosine (cordycepin) (S), re- 
spectively. after deblocking. The ribo epoxide, 9-(2,3-anhydro-P-~-ribofuranosyl)adenine ( 6 ) ,  was formed upon treatment of 
3a-c and 4a-c with methanolic sodium methoxide. This proved the 2’,3’-trans orientation of halo and acyloxy substituents and 
provides convenient access to the synthetically useful 6. Spectroscopic identification of products, the acyloxonium ion mediated 
mechanism and comparison of the route with previously reported procedures are discussed. 

Syntheses of purine nucleosides containing modified sugar 
moieties have usually employed coupling of a suitably blocked 
(and stereochemically selected) carbohydrate derivative with 
a derivatized base.4 Intramolecular base participation via 
purine-X8-cyclonucleosides (X = nucleophilic hetero atom) 
has also been a p ~ l i e d . ~  Preparation of an appropriately sub- 
stituted sugar derivative followed by elaboration of the desired 
heterocyclic base has been used in recent approaches to C- 
nucleosides6 as well as in convenient syntheses of P-D-arabi- 
nopyrimidine nucleosides and other “natural” N-n~cleosides.~ 
However, cyclonucleoside chemistry analogous to that in the 
purine-8 series5 is precluded, for example, in the pyrazolopy- 
rimidine antibiotic formycin* (whose structure contains a 
formal exchange of C-8 and N-9 relative to adenosine). Al- 
though coupling procedures have provided structure proofs of 
pyrrolopyrimidine  antibiotic^,^ these total syntheses a re  
somewhat lengthy and uninviting for parallel routes to various 
modified sugar structures, and most published studies have 
concentrated on base changes.I0 The situation is similar with 
respect to the ring-elaborated C-nucleosides. Anomeric 

stereochemistry is an additional problem involved with cou- 
pling procedures. 

We were interested in developing generally applicable 
transformations of intact nucleosides into functionalized sugar 
products which were not dependent on any specific base 
structure or mode of attachment. Such an approach beginning 
with antibiotics obtained in quantity by fermentation has ob- 
vious advantages. The elegant pioneering work of Winstein and 
Meerwein on acyloxonium ion intermediacy and structure has 
been reviewed recently.’ I Examples of such intermediates 
involved in synthetic approachesL2 (and vide infra) or during 
neighboring group participation reactions13 of carbohydrates 
and nucleosides have been reported. Preliminary accounts of 
our approach have been 0ut1ined.l~ 

Adenosine (1) was conveniently converted into 2’,3’-0- 
methoxyethylideneadenosine (2) by modification of reported 
procedures.Is Boron trifluoride etherate12 or antimony pen- 
tachloride in the presence of added nucleophilic species in- 
variably resulted in the formation of significant quantities of 
2’( 3’)-O-acetyladenosine after workup. Pyridine hydrohalides 
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quantities depending on reaction times.19 These compounds 
were separated by carbon column chromatography and frac- 
tional crystallization. The absence of 2’(3’)-0-acetyl products 
and the reduction in reaction time from 2 h to 6 min a re  pre- 
sumably due to the enhanced acylating power of the acyl iodide 
and the greater nucleophilicity of iodide (vide infra). 

Treatment of 3c and 4c with methanolic sodium methoxide 
gave the ribo epoxide (6) .  Formation of 6 confirmed the trans 
orientation of 2’ and 3’ halogen (up) and oxygen (down) sub- 
stituents in intermediates 3a-c and 4a-c. Application of this 
procedure to the synthesis of adenosine epoxides and derived 
products has been investigated.2b*’6~20~21b Hydrogenolysis of 
3c and 4c over palladium on carbon proceeded quantitatively 
to give 3d and 4d, respectively. Deblocking of 3d and 4d gave 
7 and 8 in a combined yield of 55% overall from adenosine. 

Formal bis-pivalylation of the 2’(3’)-0-acetyl moiety could 
give either the C-diacylate structure i or the conjugated 0- 
acylated enol pivalate ii. The a proton of the C-diacylate i 
would be expected to be in dynamic tautomeric equilibrium 
(with the enol form strongly favored in such a hindered sys- 
tem). The vinyl proton of ii, in contrast, should be immobile. 

ROCOCH [COC(CH3)3]2 
I 

ROCOCH=C [ OCOC (CH3) 31 C (CH3) 3 

11 

The N M R  spectrum of 3d was determined in CDCl3, 
C D C I ~ / C ~ D S O D ,  and C2D50D/DzO/CD3COzD (with 
warming and after standing for 24 h). No change in intensity 
nor apparent bandwidth of the sharp singlet a t  6 -5 .75 was 
observed. This precludes structure i and is compatible with ii, 
the 4,4-dimethyl-3-pivaloxypent-2-enoate (DMPP) function. 
The consistency of this sharp singlet (see Table 1) suggests 
stereoselective formation of one geometric isomer (presumably 
hydrogen and tert-butyl cis) in all cases. This sterically hin- 
dered enol ester is remarkably stable. Treatment of interme- 
diates containing this group under various conditions failed 
to effect selective cleavage of the enol-ester bond. Acids re- 
sulted in cleavage of the 6-N-pivalyl amide linkage and mineral 
acids also effected more drastic changes including glycosyl 
bond cleavage. Basic treatment effected amide cleavage, fol- 
lowed by removal of the intact D M P P  grouping with accom- 
panying formation of epoxide occurring in certain cases. The 
double bond of the D M P P  function of 3c and 4c also remains 
unaffected during hydrogenolysis of the carbon-iodine bond 
to give 3d and 4d. This presumably results from steric hin- 
drance to approach of the catalyst surface and/or resistance 
to compression from sp? to sp3 geometry. 

The splitting patterns for the 2’ or 3’ methylene protons of 
the deoxy derivatives 3d and 4d are almost identical. This 
suggests that compound 3d must adopt the S-type conforma- 
tion whereas 4d must favor the N-type.22 The deoxy protons 
designated “double primed” in Table I are oriented trans to 
the base. This assignment is in agreement with the coupling 
constants and also their upfield shift.23 

Mass spectral fragmentations of these compounds are 
compatible with structure ii (see Figure I and Table 11) and 
formed the basis of the initial assignments. As in the case of 
acetyl  nucleoside^,^^ sugar fragment (S) and its daughter ions 
are of high abundance. The presence of the chlorine isotope 
pattern provides a probe for sugar-backbone fragments. All 
compounds bearing a pivalyl group lose the tert-butyl residue 
to give an  M - 57 ion. A characteristic ion (c) a t  M - 141 
occurs in all compounds containing the DMPP substituent. 
This could arise from the molecular ion by loss of 84 amu (see 
Scheme 11, path B) to give ion b, followed by loss of tert-butyl 
(57 amu) to give c (path C). Alternatively, M could lose tert- 
butyl (path A), followed by loss of 84 amu (path C’) to give c. 

gave incomplete conversion of 2 to products, and acetyl halides 
in hot pyridine gave dark intractable mixtures. Pivalic acid 
chloride (a,a,a-trimethylacetyl chloride) has no CY hydrogens, 
and thus degradation to ketene and subsequent side reactions 
are precluded. 

Treatment of 2 with pivalyl chloride in refluxing pyridine 
for 2 h resulted in disappearance of starting material and 
formation of a readily identified mixture of 6-N-pivalamido- 
9-( 3-chloro-3-deoxy-2-0-acetyl-5-O-pivalyl-~-~-xylofura- 
nosy1)purine (4a) and its 2’-chloroarabino isomer (3a) (see 
Scheme I) in -60% combined yield, Acylation of the adenine 
Scheme I 

NHP8r NHP8r 

I 1  OH OH 
1 R : k X : : I  

R.DMPP.XsC1 
R :DMPP. X : I  
R :  DMPP X : H  

P#rCI/NoI 
c u 3 c i O E t ~ ,  - E ~ O D M P P  4d 

DMPP * -:ocn =:CICH,I~ , p l y :  -:oc icti3i3 

h o c  Knl13 

chromophore was indicated by a 12-nm bathochromic shift in 
the uv maxima of 3a,4a. Two pivalyl groups (nine proton sin- 
glets) and an acetyl methyl singlet were observed in the N M R  
spectrum of this mixture. Integration of the anomeric proton 
signals of the crude acetate mixture indicated an -8: 1 ratio 
of 4a:3a. Combustion analyses and mass spectra were in accord 
with the assigned structures. A minor fraction (-10%) of much 
higher chromatographic mobility (organic solvent systems) 
had molecular ions a t  m/e 663 (35Cl). The N M R  spectrum of 
this fraction (3b,4b) had peaks corresponding to four tert-butyl 
groups, but no resonance corresponding to an acetyl function. 
The uv spectrum of the mixture was analogous to that of 3a,4a 
(max a t  272 nm). Pivalylation of 0 - S a n d  N-6 occurs readily 
a t  room temperature. The two remaining tert-butyl groups 
result from formal bis-pivalylation of the acetyl moiety of 3a,4a 
(vide infra). 

Treatment of 3a,4a or 3b,4b with methanolic sodium 
methoxide a t  room temperature gave a minor quantityI6 of 
9-(2-chloro-2-deoxy-~-~-arabinofuranosyl)adenine (5) plus 
9-( 2,3-anhydro-/3-~-ribofuranosyl)adenine (6 ) .  More extended 
or higher temperature treatment of 5 gave 6 plus intramolec- 
ular degradation products via transitory N 3  ---* 3’-cyclonu- 
cleoside formation.16 Deblocking of the mixture of 3 and 4 with 
methanolic ammonia a t  0 OC gave 5 and 9-(3-chloro-3- 
deoxy-/?-D-xylofuranosyl)adenine, respectively. 

Smooth dechlorination of 3a,4a was effected using tri-n- 
butyltin hydride with azobisisobutyronitrile (AIBN) as initi- 
ator.’ Deblocking of intermediates followed by separation of 
isomers on the Dekker anion exchange columnls gave 2’- 
deoxyadenosine (7) and 3’-deoxyadenosine (8) (ratio -1 :7 by 
uv) in 62% crystalline yield. 

Treatment of 2 with excess sodium iodide and pivalyl chlo- 
ride (in situ generation of pivalyl iodide) in pyridine a t  reflux 
for 5-10 min resulted in disappearance of starting material. 
The major product fraction contained 6-N-pivalamido-9- 
(3-iodo-3-deoxy-2-0- [ 4,4-dimethyl-3-pivaloxypent-2-eno- 
yl]-5-~-pivaly~-~-D-~ylofuranOsyl)purine (4c) and its 2’- 
iodoarabino isomer (3c). The 3’,4’-unsaturated product derived 
from 4c by loss of hydrogen iodide and the furan derivative 
resulting from further elimination were also formed in varying 
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Figure 1. Mass spectra of 3c (A) and 4c (B). 

Scheme I1 

d [ m i s  211 I e l m l e  127)  b I M-841 

R ~ M s f h y I , E t h y l , N u ~ l s o i i d - 2  l o r 3  I 

Formation of c from a and b is indicated by metastable eaks 
a t  m/e 66.5 and 77, respectively, in the spectrum of :thy1 
DMPP (9). One possibility for the forhation of b is a concerted 
loss of carbon monoxide and isobutylene from M. Presumably 
path C' involves the same process, and the observed metastable 
peak a t  m/e 66.5 is in agreement with the elimination of two 
fragments simultaneously as illustrated in Scheme 11. An 
analogous concerted fragmentation evolving carbon dioxide 
and ethylene has been postulated p r e v i o u ~ l y . ~ ~  The DMPP 
moiety also gives rise to characteristic low-intensity ions a t  m/e 
21 1 and 127. Accurate mass measurements (calcd 21 1.1334, 
found 211.1341 and calcd. 127.0759, found 127.0762) support 
formulation of these ions as d and e. A double peak at  nominal 
mass 127 was observed in the iodo compounds (I2'I) a t  high 
resolution. Sugar ion S undergoes similar fragmentations (S 
- 84) and [S - (84 + 57)]. An intense peak [mass spectral 
base peak for 4c, m/e 395 (Figure lB),  and 4d, m/e 2691 is 
derived from the molecular ion by loss of [57 + 84 + base(Piv) + HI. The origin of this ion from ions a (m/e 698) and c (mle 
614) is indicated by metastable peaks a t  m/e 223.5 and 254 in 
the spectrum of 4c. Peaks a t  m/e 304, 248,220, and 219 are 
of high intensity and contain the heterocyclic base. Corre- 
sponding ions in the tubercidin26 and guanosine*' series had 
analogous peaks a t  1 amu lower and 16 amu higher, respec- 
tively. The accurate mass of the m/e 304 peak (calcd for 
Cl5H22N502: 304.1772, found 304.1772) in the mass spectrum 
of 4d indicates that one pivalyl group has been transferred to 
the base. Thermal migration of N-alkyl groups has been noted 
previ~us ly .~ '  The high resolution spectrum of 3b,4b had two 
peaks of nominal mass 304 in a ratio of 8:2. The higher inten- 
sity peak corresponds most closely to the above fragment and 
the accurate mass determination of the lower intensity ion (m/e 
304.0666) agrees with (S - 141) (calcd for C I ~ H I ~ ~ ~ C I O ~ :  

03 03 0 N 
t? ? ?  t t 
- &  3- 3 3 

w m  0 0  m o 
'1'1 '1'4 '0 '1 
m m  COm 05 m 

hh 

E E  
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304.0666). The peaks a t  m/e 248 [base(Piv) + 301, 220 
[base(Piv) + 2H] ,  and 219 [base(Piv) + HI areanalogous to 
fragmentations (base + 30), (base + 2H), and (base + H )  in 
the unsubstituted adenine nucleoside series.24 Two mass 
spectral range scans were required with the high molecular 
weight compounds as seen in Figure 1. 

Treatment of ethyl orthoacetate in pyridine with pivalyl 
chloride and sodium iodide resulted in an immediate exo- 
thermic reaction. A low yield of ethyl 4,4-dimethyl-3-piva- 
loxypent-2-enoate (9) was obtained by distillation of the par- 
tially polymerized mixture. The blocked 3'-deoxynucleoside 
(4d) was treated with ethanolic sodium ethoxide and the same 
ester (9) was isolated. The two samples of 9 were shown to be 
identical (including geometric stereochemistry) by melting 
point, mixed melting point, uv, ir, NMR, and mass spectro- 
scopic comparison. 

A plausible mechanistic outline in h'armony with the ob- 
served results is presented in Scheme 111. Acylation of the 

Scheme 111. Mechanism for Conversion of 2 to Observed Products 
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5'-OH and 6-NH2 groups of 2 provides 2 equiv of HX. Attack 
of an electrophilic species Y+-Z- (Y+ is a proton or acylium 
species (CH3)3CCO+, Z- is halide or pyridinium with halide 
as accompanying counterion) on the methoxyl oxygen of 2 
followed by carbon-oxygen bond cleavage would lead to the 
2',3'-acetoxonium ion species 10 plus Y-OCH3 (methanol or 
methyl pivalate, which would also result from acylation of 
methanol). Nucleophilic attack a t  C-2' or C-3' (as indicated 
by dashed arrows) of the 1,3-dioxolenium ion species 10 by 
chloride would give 3a and 4a, respectively. This pathway is 
seen to predominate when X = C1, but is not observed when 
X = I .  Abstraction of a proton from the acetoxonium methyl 
group of 10 in the refluxing pyridine solution would give ketene 
acetal intermediate 11. Protonation of 11 (in equilibrium with 
pyridinium hydrohalide) would give reversal to 10, whereas 
C-acylation of 11 would produce the pivalylacetoxonium ion 
12. Analogous deprotonation-protonation would establish an 
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equilibrium between 12 and the pivalylketene acetal inter- 
mediate 14. These species (12 and 14) could potentially be in 
equilibrium with enol acyloxonium ion species 15.0-Acylation 
of 14 or 15 would give the 2-(3,3-dimethyl-2-pivaloxybut-l- 
enyl)- 1,3-dioxolenium cation 17. Nucleophilic attack a t  C-2’ 
and C-3’ of 17 by halide as indicated by dashed arrows would 
produce the observed 2’(3’)-halo-2’( 3’)-deoxy-3’(2’)-DMPP 
products 3b and 4b (Cl) or 3c and 4c (I), respectively. 

Alternative routes to the D M P P  products could involve 
nucleophilic attack by halide a t  C-3’ and C-2’ of intermediate 
acylacetoxonium ions 12 or 15 (as indicated by dashed arrows) 
followed by O-pivalylation of the pivalylacetate moiety to 
produce 4b(c) plus 3b(c). However, the potentially alternative 
route involving a “Claisen-type” C-pivalylation of the 
chloro-substituted acetate products 3a,4a (or an iodo analogue 
of 4a) was not observed. The mixture of 3a and 4a was isolated, 
purified, and subjected to the original reaction conditions (also 
additional experiments employed addition of 2 equiv of alcohol 
to provide pyridine hydrochloride comparable with reaction 
with 2, and excess sodium iodide). Only trace amounts of faster 
migrating spots were detected (TLC) after 2 h a t  reflux, and 
the essentially unchanged mixture of 3a and 4a was reisolated. 
The D M P P  function was oxidatively removed19 from 4c and 
the resulting 3’-iodo-2’-hydroxy product was acetylated. This 
iodo analogue of 4a was heated a t  reflux for more than 10 min 
(and again with addition of alcohol) with excess sodium io- 
dide/pivalyl chloride/pyridine. Only minor faster spots (TLC) 
were observed, and the presence of 3c or 4c could not be de- 
tected chromatographically or spectroscopically. 

Conversion of orthoesters into acyloxonium ion species has 
ample precedent. In 1871, ethyl orthoformate was observed 
to give products compatible with this mechanistic intermediacy 
upon treatment with acetyl chloride.28 W i n ~ t e i n * ~  investigated 
acetoxonium ions formed by neighboring group participation 
as well as direct generation, and Meerwein30 isolated and ex- 
plored 1,3-dioxolan-2-ylium salts. Other related examples have 
been noted3’ and Paulsen has investigated acyloxonium ion 
formation, migration, and fluxional equilibration in aliphatic, 
alicyclic, and carbohydrate systems.32 

W i r ~ s t e i n ~ ~ ~ , ~  observed rapid deuterium exchange a t  the 
methyl group of cyclohexan- 1,2-acetoxonium ion in deuter- 
ioacetic acid solution which indicated the presence of a ketene 
acetal intermediate. Recent N M R  evidence for ketene ace- 
tal-acyloxonium ion equilibria in deuterated solvent has been 
reported.33 

Formation of ketene acetal intermediate 11 from 10 in the 
basic medium (pyridine) is compatible with classical synthetic 
methods for ketene acetals which employ strongly basic re- 
action c o n d i t i o n ~ . ~ ~  McElvain studied acylation of ketene 
acetals e x t e n ~ i v e l y ~ ~ ~ , ~ ~  and found that treatment of ketene 
dimethylacetal (iv) with various acyl chlorides (iii) gave two 

R5OCI + C H Z =  C 1 0 M s l z  7- RCOC H = C10Me!2 
111 i v  v 

iii * RCOCH2COZMe h C  = CHC02M. 

v i  OCOR 
v i i  

main products v and vii. With pivalyl chloride (iii, R = 
C(CH3)3), v was the predominant product35 presumably owing 
to steric bulk. Thus, the pivalylketene acetal 14 (Scheme 111) 
could be expected to be formed and might be isolable under 
conditions of incomplete reaction. It was demonstrated by 
M ~ E l v a i n ~ ~  and earlier by Claisen3’ that acylacetic esters (vi) 
readily undergo O-acylation to the corresponding enol ester 
(vii) in the presence of a proton acceptor. Therefore, products 
analogous to vi would not be expected to survive in pyridine 
solutions containing acyl halides. 

A solution of 2 and pivalyl chloride in pyridine was stirred 
for 66 h at  50 “C (rather than 2 h a t  reflux). A 36% yield of 14 
was isolated in addition to 3a,4a (21%), 3b,4b (lo%), and 4% 

of N6,05‘-dipivalyl-2’,3‘-0-methoxyethylideneadenosine 
(acylated starting material). At  lower temperatures reaction 
was sluggish, and a t  higher temperatures increased formation 
of 3a,4a occurred. Purified 14 was subjected to the original 
reaction conditions. Only 3b,4b was detected in addition to 
unreacted 14 (which could always be detected in the original 
reaction using 2). Treatment of 14 with pivalyl chloride/so- 
dium iodide/pyridine a t  reflux for 6 min produced 3c and 4c 
plus unsaturated compounds analogously to reaction of 2. 

Treatment of the purified N6,05’-dipivalyl derivative of 2 
under identical reaction conditions gave analogous results. This 
suggests that acetoxonium ion intermediate 10 may be gen- 
erated by attack of an  acylium-pyridine complex. However, 
trace quantities of moisture sufficient to provide adequate 
initial hydrogen halide concentrations may have been present. 
Nucleophilic attack a t  C-2’ or C-3’ of 10 to produce 3a,4a is 
observed to occur a t  a comparatively low overall rate in the 
reaction with acid chloride. This step is irreversible, however, 
since the isolated mixture of 3a,4a is stable under these reaction 
conditions (and in the presence of 2 equiv of hydrohalide pro- 
duced by addition of alcohol). “Claisen-type” C-pivalylation 
of 3a,4a to give 13 is also thereby excluded as a route to the 
DMPP-substituted final products 3b,4b. 

C-acylation of 11 to produce 12 competes successfully with 
chloride attack on 10 to give 3a,4a, especially a t  50 OC (vide 
supra). Deprotonation of 12 to give the a,O-unsaturated ketone 
14 would be expected to be highly favorable, and protonation 
of 14 would presumably be impeded. Indirect evidence favoring 
this interpretation was obtained. Treatment of 14 with 
methanolic sodium methoxide gave 2’,3’-0methoxy(4,4- 
dimethyl-3-oxopenty1idene)adenosine (Ha) .  This product had 

Nq- Ro3 OM. 

14 - 18b a 1 2 ( 1 4 )  

0, P 
M e o ~ C ‘ c H 2 C O C l C H 3 ~ 3  

180 R = H  
b R = C O C l C H 3 ! 3  

been isolated previously from the original reaction mixture 
after treatment with methanol, followed by deblocking. 
Quenching of the original reaction mixture with ethanol fol- 
lowed by deblocking gave the ethyl orthoester analogue of 18a. 
Addition of alcohol to the cooled original reaction mixture 
produced the blocked orthoester 18b slowly (-24 h was re- 
quired for complete conversion (TLC) of 14 -* 18b at room 
temperature). This suggests capture of alcohol by a low equi- 
librium concentration of acyloxonium ion intermediate 12, 
and/or a slow Michael addition of alcohol to the a,@-unsatu- 
rated ketone system of 14 in the pyridine solution. Such an 
addition (14 -. 18a) was complete in a few hours in methanolic 
sodium methoxide a t  room temperature. 

The predictable unfavorability of generating the P-ketoa- 
cyloxonium ion 12 was demonstrated by two experiments. 
Treatment of 18a or 18b under the original reaction conditions 
(or in the presence of excess sodium iodide) resulted in partial 
conversion to 3b,4b or 3c,4c, but a considerable quantity of 18b 
remained untransformed. In contrast, 14 was rapidly and 
completely converted to 3c and 4c using the standard reaction 
conditions (vide supra). The second experiment involved 
qualitative comparison of acid hydrolysis (intermediate oxo- 
nium ion formation) stabilities of 18a and 2. Compound 2 was 
completely hydrolyzed to the 2’(3’)-acetate in acetic acid so- 
lution within 12 min whereas 18a was unchanged after 2 h (5 
mg of compound in 1 ml of dioxane treated with 0.6 ml of 80% 
acetic acid in methanol a t  room temperature). Compound 2 
had a half-life of <2 min (5 mg in 1 ml of 0.01 N HCl + 0.5 
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of the orthoacetate function (vide supra). Moffatt and CO- 
workers have since applied this approach giving -35% yields 
of halogen-substituted adenosine derivatives plus an unspeci- 
fied quantity of 2’(3’)-O-acetyladenosine as one of “two major 

This may be compared with the -70% yields of 
halogenated-sugar products in the present procedures. 

The antibiotic cordycepin (3’-deoxyadenosine) has been 
widely i n v e ~ t i g a t e d ~ ~  and remains a biochemical of current 
interest in the study of R N A  synthesis.54 Moffatt and co- 
workers encountered difficulties in attempted catalytic hy- 
drogenolyses of chloro-sugar nucleosides and prepared the 
analogous bromo compounds for this purpose.48b However, 
hydrogenolysis of their 3’-bromo-2’-O-acetyl derivative led to 
essentially equivalent amounts of cordycepin and 2’,3’-di- 
d e o x y a d e n o ~ i n e . ~ ~  

The present study describes the smooth dechlorination of 
3a,4a to blocked derivatives of 7 and 8 using free radical con- 
ditions. Quantitative hydrogenolysis of the iodo intermediate 
4c followed by deblocking gave cordycepin (8) in 90% crys- 
talline yield with no observable nucleoside by-products. 
Preparation and reactions of the ribo epoxide 6 in  good yield 
by this procedure have been described.’6-20 The successful 
application of this approach to the defined preparation of each 
of the three possible endocyclic unsaturated-sugar adenine 
 nucleoside^'^ and unsaturated, deoxy, and stereochemically 
inverted derivatives of tubercidin26 are described separately. 
Extension of these studies with inosine2Ib and guanosine2’ will 
be reported. 

ml of methanol) whereas 18a had a half-life of -37 min under 
identical conditions. 

0-Acylation of 14 provides a “trapped” species (17) which 
cannot be stabilized readily by deprotonation. Nucleophilic 
attack at  C-3’and C-2’occurs to give 4b and 3b. Even with the 
bulky tert-butyl acyl halide, this 0-acylation occurs readily. 
At 50 OC, C-acylation, deprotonation, and 0-acylation (11 -, 
12 -. 14 -. 17) is favored relative to protonation-nucleophilic 
attack (11 -. 10 -. 3a + 4a) on the ketene acetal intermediate 
11 as indicated by the -1:2 ratio of (3b,4b):(3a,4a) compared 
with the -1:6 ratio observed at  reflux (vide supra). 

No acetyl products corresponding to 3a and 4a were ob- 
served in reactions involving excess sodium iodide. Acyl iodides 
are known to be much stronger acylating agents than the 
corresponding chlorides.38 If rapid equilibrium deprotonation 
of initial acetoxonium ion 10 occurs, facile acylation of the 
ketene acetal 11 could result in exclusive formation of the 
C-acylated species 12. Further 0-acylation of the equilibrium 
deprotonated species 14 would also be enhanced leading to 17. 
Iodide would be expected to be a more powerful nucleophile 
than the more basic (proton affinity) chloride in this pyridine 
hydrohalide system, leading more rapidly to 3c and 4c. Thus, 
completion of this reaction in -5 min at reflux and absence of 
acetyl products are compatible with Scheme 111. 

Several procedures for generating halogen-substituted 
sugars and nucleosides have been reported recently which are 
based on acyloxonium ion mechanisms. Hanessian has reported 
transformations of benzylidene sugars39 into halogen- and 
benzoate-substituted derivatives using N-bromosuccinimide. 
This procedure presumably involves initial free radical attack, 
followed by heterolysis to a benzoxonium ion in t e rn -~ed ia t e .~~ ,~~  
However, no applications to purine nucleosides have been 
noted, and reactions in the pyrimidine series resulted in py- 
rimidine ring as well as sugar-2’ b r ~ m i n a t i o n . ~ ~  Newman and 
c o - ~ o r k e r s ~ ~  have described acyloxonium ion mediated con- 
versions of diols into the trans acetoxy chloride products pre- 
dictable by the Winstein mechanism.29 Application of their 
trimethylsilyl chloride to a uridine orthoester gave the 
0’ - 2’-~yclonucleoside.~~ However, preliminary experiments 
suggest that their trityl chloride procedure42b gives poor con- 
versions with compound 2,44a and no halohydrins could be 
detected (TLC) upon treatment of the guanosine analogue of 
2 with trimethylsilyl C ~ l b e r t s o n ~ ~  has studied 
analogous substitution of a furanose sugar using a mixed 
orthoester amide Moffatt and co-workers have studied 
the “abnormal Mattocks4’ reaction” of a-acyloxyisobutyryl 
chlorides with diols which also gives trans halohydrin acetates 
via acyloxonium ion i n t e r m e d i a ~ y . ~ ~ ~ , ~ ~  An analogous reaction 
employing acetylsalicylyl chloride with diols gives acetoxy 
chlorides.50 Although the Russian authorsSo favored an “SNi 
mechanism or a tight ion-pair,” the results are compatible with 
the usual acetoxonium ion and S ~ 2 - t y p e  attack. Pedersen has 
very recently explored bromo-sugar syntheses involving ac- 
yloxonium ion species.S1 

Of the methods noted, only the “abnormal Mattocks reac- 
tion” has been demonstrated to have versatility and ~ t i l i t y ~ ~ , ~ ~  
comparable with the presently described procedure.14,’6,19-21,26 
The former reaction works smoothly with t ~ b e r c i d i n ~ ~ ~ , ~ ~  and 
is convenient for epoxide formation in that series.26 However, 
insolubility, side product formation, and glycosyl bond cleavage 
present problems with a d e n o ~ i n e . ~ ~ ~ . ~  The presently described 
highly organic soluble DMPP function allows convenient se- 
lective deblocking19 of the secondary alcohol, which was em- 
ployed to synthesize the first 1’,2’-unsaturated n ~ c l e o s i d e . ~ ~  
We had i n i t i a l l ~ ’ ~  explored the possibility of direct generation 
of acetoxonium ions from 2 (and acylated derivatives) using 
boron trifluoride’2%29b,30 or antimony p e n t a ~ h l o r i d e , ~ ~  but 
abandoned this route upon observation of major quantities of 
the 3’(2’)-acetates of adenosine produced by simple hydrolysis 

Experimental Section 
General Procedures. Melting points were determined on a Reichert 

microstage apparatus and are uncorrected. Nuclear magnetic reso- 
nance spectra ( I  H NMR) were recorded on Varian A-60 and HA- 100 
instruments with Me& as internal reference. Ultraviolet (uv) spectra 
were recorded on Cary 14 or 15 spectrophotometers. Optical rotations 
were measured on a Perkin-Elmer Model 141 polarimeter using a 
IO-cm, I-ml microcell. Mass spectra were obtained by the Mass 
Spectroscopy Laboratory of this department on AEI MS-2, MS-9, 
or MS- 12 instruments via direct probe sample introduction at  70 eV 
and 150 to 230 OC. Elemental analyses were determined by the mi- 
croanalytical laboratory of this department or by Schwarzkopf Mi- 
croanalytical Laboratory, Woodside, N.Y. Thin-layer chromatog- 
raphy (TLC) was performed on Eastman Chromatogram sheets (silica 
gel No. 13 18 I ,  indicator No. 6060) in the solvent systems indicated. 
Developed chromatograms were evaluated under uv (2537 A) light. 
Evaporations were carried out using a Biichler rotating evaporator 
with a dry ice cooled Dewar condensor under aspirator or oil pump 
vacuum, at 40 OC or less. Hydrogenations were effected using a Parr 
shaking apparatus at room temperature, under the specified hydrogen 
pressure with Matheson Coleman and Bell 5 or 10% palladium on 
carbon as catalyst. 

Silica column chromatography was performed on Mallinckrodt 
SilicAR CC-7, J. T. Baker No. 3405, or Woelm (0.063-0.1 mm) silica 
gel. Unless specified, “silica” refers to the Mallinckrodt CC-7 ad- 
sorbent. Carbon chromatography was effected on Barnebey-Cheney 
AU-4 carbon which was refluxed with 1 N HCI for several hours, 
washed with water, and refluxed with 1 N NaOH.  The carbon was 
then washed with water until the filtrate was neutral, followed by 
methanol, chloroform, and methylene chloride, and allowed to air dry. 
“Ether” refers to Mallinckrodt diethyl ether in all cases. Pyridine was 
refluxed over and then distilled from calcium hydride and stored over 
Linde 4A molecular sieves (dried at 200 “C). Sodium iodide was dried 
in the presence of phosphorous pentoxide at room temperature under 
high vacuum for at least 24 h. Pivalyl chloride was distilled before 
use. 

“Diffusion c ry~ ta l l i za t ion”~~  was effected using ether/pentane for 
blocked intermediates and an alcohol/ether for unblocked products. 
A concentrated solution of the nucleoside (warming was necessary 
with unblocked products) in the first mentioned solvent contained in 
a beaker or small wide-mouth Erlenmeyer flask was allowed to stand 
in a closed desiccator containing a large volume of the second solvent, 
in which the material is insoluble. Crystallization was allowed to 

Robins et al. / Transformation of Ribonucleoside Ortho Esters 



8210 

proceed at room temperature for 2 to 5 days, and the crystals were then 
collected, without cooling. In no case was it necessary to collect more 
than two crops, with the first crop generally giving -90% of the ma- 
terial obtained. 

Adenosine was purchased from Raylo Chemicals Ltd. and Tero- 
chem Laboratories Ltd., Edmonton, Alberta. 

2',3'-O-Methoxyethylideneadenosine (2). To a suspension of 3 g 
(0.0 I I mol) of 1 in 75 ml of dry dioxane were added 4.12 g (0.034 mol) 
of trimethyl orthoacetate and 4.87 g (0.03 mol) of trichloroacetic acid. 
After heating the mixture at 50 O C  for 20 min, an essentially clear 
solution resulted. The reaction mixture was neutralized with 120 ml 
of 5% aqueous NaHCO3 solution, and most of the dioxane was 
evaporated. The aqueous solution was extracted with CHC13, and the 
combined organic phase was dried over Na2S04, filtered, and evap- 
orated to give a colorless solid foam (3.57 g, 98%). This material could 
be used without further purification in subsequent reactions. Purifi- 
cation of 1 g of this foam, which contained traces of 1 as well as a faster 
migrating (TLC) spot was achieved by column chromatography on 
Woelm silica (2.3 X 15 cm; 24 g) packed in CHC13 containing l%of 
saturated NH3/MeOH solution. The column was eluted with CHCI3 
containing increasing amounts of saturated NH3/MeOH. The ap- 
propriately pooled (TLC) fractions contained 0.87 g (87%) of pure 
2. This material was dissolved in 20 ml of MeOH containing 0.5% 
saturated NH3/MeOH, filtered, and allowed to stand in a desiccator 
containing Et2O. After 3 days the resulting crystals were filtered and 
dried for 18 h at  60 O C  (0.1 mm Hg) over CaCl2 to give 0.155 g of 
colorless needles of 2, mp 219-221 OC; uv (MeOH) max 258 nm (c  
14 700). The N M R  spectrum indicated that this product consisted 
mainly of the ex0 isomer with about 14% of the endo isomer. A second 
crop of 0.065 g contained more of the endo isomer: N M R  (MezSO-ds) 
(ex0 isomer) 8 1.53 (s, 3, C-CH3), 3.36 (s, 3, OCH3), 3.57 (m, 2, Hy ,  
Hs,,), 4.32 (m, 1, H4,), 4.93-5.50 (complex, 3, H2,, H3,, 5'-OH), 6.29 

1, Hg); (endo isomer) 6 1.65 (s, 3, C-CHj),  3.20 (s, 3, OCH3) 6.20 
(d, J11.2,-  3.8 Hz, 1, HI , ) .  Anal. (Cl3H17N505) C, H, N. 

Reaction of 2 with Pivalyl Chloride/Pyridine at Reflux. To a solution 
of 2.9 g (0.009 mol) of 2 in 60 ml of dry pyridine was added 12 ml(O.l 
mol) of pivalyl chloride dropwise with stirring and exclusion of 
moisture. The solution was then slowly (1 h) heated to reflux and re- 
fluxed for 1 h. The resulting yellow solution was allowed to cool to 
room temperature, and 20 ml of MeOH was added dropwise with 
stirring. This solution was evaporated until precipitation of solid began. 
Dry Et20  (100 ml) was added and the mixture filtered. The filtrate 
was washed with 2 X 100 ml of 10% N a H C 0 3 , 2  X 100 ml of H20, 
dried over Na2S04,  filtered, and evaporated to give 4.6 g of a yellow 
solid foam. 

A 2.7-g portion of crude product was applied to a silica column (2.3 
X 45 cm, 70 g) packed in Et2O. The column was eluted using 100-ml 
portions of Et2O-CHC13 mixtures. The beginning portion was 
Et20-CHCI,90:10, and the CHC13 concentration was raised by 10% 
increments to Et20-CHCI3 10:90. An additional 1000 ml of CHC13 
was followed by EtOAc. Fractions (25 ml) 7-17 contained 0.37 g 
(1 1%) of 3b,4b and fractions 65-92 contained 1.53 g (59%) of 3a,4a. 
Samples of both fractions for analysis were obtained by dissolving the 
amorphous products in Et20, adding Skellysolve B, and cooling the 
mixture at -80 OC. After centrifugation, the supernatent liquid was 
decanted, and the semicrystalline products were dried at 0.1 mm Hg 
at room temperature. The purified 3a,4a fraction (only 4a now visible 
by N M R ,  see Table I) melted at -80 OC had uv (MeOH) max 272 
nm ( e  17 000); mass spectrum calcd for M +  495.1885, found m/e 
495.1905. Anal. (C22H30CIN506) C, H, N .  

Purified fraction 3b,4b (only 4b now visible by NMR,  see Table 1 )  
melted at -90 OC and had uv (MeOH) max 272 nm ( e  17 800); mass 
spectrum calcd for M+ 663.3035, found m/e 663.3017. Anal. 
(C32H4&1N50g) C, H .  Calcd: N,  10.50. Found: N ,  10.06. This re- 
action has been successfully scaled up tenfold.2b 

9-(3-Chloro-3-deoxy-&D-xylofuranosyl)adenine and 9-(2-Chloro- 
2-deoxy-~-~-arabinofuranosyI)adenine (5). The above procedure for 
the preparation of 3 4  was followed to the end of the first paragraph. 
A 2-g portion of the yellow solid foam was dissolved in 100 ml of 
MeOH presaturated with ammonia at  -5 " C  and allowed to stand 
at  0 OC for 24 h. The ammonia was evaporated at  0 O C ,  and 20 g of 
silica was added to the solution. The methanolic mixture was evapo- 
rated to dryness, and the impregnated powder was added to a column 
(4.3 X 80 cm, 400 g) of silica gel. The products were eluted with 
CHCI3-MeOH (95:5). The first product to be eluted was 943-  

(d,J1,.2,-3.8 Hz, 1, Hi,), 7.33 (s, 2,6-NH2), 8.20 (s, I ,  Hz), 8.39 (s, 

chloro-3-deoxy-~-~-xylofuranosyl)adenine slightly contaminated, 
in the first fractions, with small amounts of epoxide 6. Evaporation 
of the pure fractions gave 0.4 g of the chloroxylo compound as a white 
powder. A sample for analysis was recrystallized by diffusion (95% 
EtOH/EtsO) and had mp 195-196 "C [ ( Y ] ~ ~ D  -32' (c 0.14, MeOH); 
[lit.48b mp 194-196 "C; [ c x ] ~ ~ D  -31.6O ( c  0.14, MeOH)]; mass 
spectrum see ref 2b. Anal. (C10H12CIN503) C, H, CI, N. 

Further development of the above column with the same solvent 
system gave fractions containing both chloro isomers followed by 
fractions which were pooled and evaporated to give 0.027 g of pure 
5. A sample for analysis was recrystallized by diffusion (95% 
EtOH/Et20) and had mp 243-245 OC; [ c x ] ~ ~ D ,  -8' (c 0.25, Me2SO); 
[lit.48b mp 245-247 O C ,  [ ( Y ] ~ ~ D ,  -10.5O (c 0.25, MezSO)]; mass 
spectrum see ref 2b. Anal. ( C I O H I ~ C I N ~ O ~ )  C, H, CI, N .  

9-(2,3-Anhydro-j3-~-ribofuranosyl)adenine (6) and 9-(2-Chloro- 
2-deoxy-@-D-arabinofuranosyl)adenine (5). An impurity which cor- 
responded to 5 was detected (TLC) in crude preparations of 6 before 
the described ion exchange column chromatographic purification.'h 
This was verified by treating 2 g of yellow solid foam (crude 3 + 4) 
in 50 ml of MeOH with 2 g of NaOMe for 22 h a t  room temperature. 
The solution containing 5 and 6 was evaporated, the residue dissolved 
in 50 ml of H20, and the resulting solution neutralized to pH 7.5 with 
5 N AcOH. This solution was heated for 70 min at  reflux to convert 
6 to 5-am~no-l-(3-am~no-3-deoxy-~-D-xylofuranosyl)imidazole-4- 
carboxamidine-N5 - 3'-cyclonucleoside hydroformate. I The cooled 
aqueous solution was extracted with Et20 and CHC13, and the organic 
washes were discarded. The aqueous phase was then extracted con- 
tinuously with EtOAc for 16 h. A solid which separated early in the 
evaporation of the EtOAc extract was filtered and discarded. The 
resulting filtrate was evaporated to dryness, and the residue was 
triturated with absolute EtOH. The colorless needles which formed 
were recrystallized from EtOH to give 58 mg of 5, mp 248-250 O C .  

This product had spectroscopic properties identical with the above 
preparation of 5. Anal. C ,  H, N.  

Conversion of 5 to 6. To a solution of 15 mg (0.053 mmol) of 5 in 
10 ml of MeOH was added 100 mg (1.85 mmol) of NaOMe in 10 ml 
of MeOH, and the reaction mixture was stirred for 1 I days at room 
temperature. Only a trace of 5 remained (TLC), and the solution was 
evaporated. The oily residue was dissolved in H20, neutralized with 
5 N AcOH, cooled, and the precipitate was filtered. This product was 
identical with 6 as judged by TLC,  uv, and mass spectroscopy ( M +  
249). 

Reaction of 2 with Sodium Iodide/Pivalyl Chloride/Pyridine at 
Reflux. To a solution of 646 mg (0.002 mol) of unpurified 2 in 40 ml 
of pyridine was added 6 g (0.04 mol) of NaI.  The vigorously stirred 
solution was heated to reflux, and 2.4 ml (0.02 mol) of pivalyl chloride 
was added. The reaction was stirred at reflux for 4 min, allowed to cool 
for 20 min, and 10 ml of MeOH was added. The red solution was 
stirred for -3 h and poured into 100 ml of H2O containing 5 g of 
N a H C 0 3  and 0.5 g of Na2S203. The resulting yellow solution was 
extracted with EtzO. The organic phase was washed with HzO, and 
the washes were back extracted as indicated by TLC. The combined 
organic phase was evaporated to give a gum which upon successive 
coevaporations using toluene and 98% EtOH gave 1.38 g of a yel- 
low-brown solid foam. This material was dissolved in EtOAc and 
applied to a carbon column (2.2 X 28 cm, 40 g) packed in EtOAc. The 
column was eluted with 1600 ml of EtOAc, followed by 500 ml of 
EtOAc-CHCI, (1: 1). Fractions comprising 200 ml to 1300 ml of el- 
uate yielded 932 mg of a mixture of 4c and the corresponding 3/,4'- 
unsaturated d e r i v a t i ~ e . ' ~  Fractions from 1300 ml to 1600 ml yielded 
57 mg of a mixture of 4c and 3c. Fractions from 1600 ml to 2000 ml 
yielded 21 7 mg of 3c. Rechromatography of the 57 mg of 4c and 3c 
on a small carbon column (1 .O X 17 cm, 4 g) using 140 ml of EtOAc 
followed by 60 ml of EtOAc-CHCI, 1:l gave: from 40 ml to 140 ml, 
21 mg of 4c, and from 140 ml to 200 ml, 29 mg of 3c. An analytical 
sample of 3c (total yield 246 mg, 16%) was obtained by percolation 
of this material in CHCI3 through a small silica column followed by 
crystallization from EtzO/pentane which gave a solid: mp 95-97 OC; 
uv (MeOH) max 272; 213 nm (c 18 600; 29 100) min 243 nm ( e  9700); 
N M R  (see Table I); mass spectrum calcd for M+ 755.2391, found 
m/e 755.2417 (and see Table 11). Anal. (C32H46IN508) C, H, I,  
N. 

The mixture of 4c and the 3/-ene (953 mg) was dissolved in 5 ml 
of Et20  and crystallized with diffusion of pentane to give 628 mg 
(42%) of pure 412. The mother liquors, containing 319 mg of material, 
were dissolved in Et20  and applied to a column of silica (1.6 X 42 cm, 
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54-90 contained 0.05 g (10%) of 7 and fractions 101 -144 contained 
0.37 g (72%) of 8 (by uv). Evaporation of the second combined frac- 
tions to a volume of -15 ml resulted in separation of 0.30 g (58%) of 
colorless crystals of 8, mp 225-228 ‘C. The first combined fractions 
were evaporated and the residue crystallized from MeOH/EtzO to 
give 17 mg (3.5%) of 7, mp 191-193 OC. These samples of 7 and 8 
were identical with those prepared above. 

Reaction of 2 with Pivalyl Chloride/Pyridine at 50 “C. To a solution 
of 3.23 g (0.01 mol) of 2 in 100 ml of pyridine heated in an oil bath at  
50 O C  was added 12 ml (0.1 mol) of pivalyl chloride. After stirring 
at  50 ‘C for 66 h the reaction was poured into 300 ml of saturated 
aqueous N a H C 0 3  and extracted with EtzO. The organic layer was 
washed with H20,  and the washes were back-extracted. The combined 
organic phase was evaporated to a yellow gum which was coevaporated 
using toluene and 98% EtOH to give a solid foam. Addition of 50 ml 
of E t20  resulted in the separation of 1.17 g (22%) of 6-N-pival- 
amido-9-(2,3-0- [4,4-dimethyl-3-oxo-pent- 1 -enylidene]-5-0-piva- 
lyl-&D-ribofuranosyl)purine (14): mp 130-131 ‘C; uv (MeOH) max 
268; 210 nm ( e  37 200; 26 200) min 228 nm (c  6200); the N M R  
spectrum showed 14 to be a mixture of geometric isomers in the ratio 
of-7:3,NMR (CDCI,) 6 1.1 1 (s, 9, C=COPiv), 1.15 (s,9, 5’-OPiv), 
1.38 (s, 9, 6-NPiv), 4.25 (m, 2, Hs,, Hs,,),4.43 (m, I ,  H4,), 5.27 (s, I ,  
C=CH), 5.59 (d ofd,J3, .4,  = 4 Hz, J3,.?, = 7 Hz, I ,  H?,) ,  5.74 (m. 
l,H,,ofminorisomer),6.11 (m, I,Hz,ofminorisomer),6.18 (do f  
d, J7.3,  = 7 Hz, Jz,.,, = 2 Hz, 1, Hz,), 6.39 (m, 1, Hl’of minor isomer), 
6.50 (d, Jl,.z, = 2 Hz, 1, HI , ) ,  8.26 (s, 1 ,  H8). 8.50 (s, I ,  H,Y of minor 
isomer), 8.57 (s, 2, 6-NH2). 8.64 (s, 1 ,  Hz), 8.67 (s, I ,  Hz of minor 
isomer). Anal. (C27H37N507) C,  H ,  N.  

The mother liquors from the crystallization of 14 were evaporated 
to give 5.55 g of a yellow solid foam. A 1 .O-g sample of this material 
was dissolved in Et20 and applied to a silica column (2.0 X 44 cm, 50 
g) packed in Et20 and eluted with: 300 ml of EtzO; 700 ml of 2.5% 
MeOH in EtzO; and 500 ml of 5% MeOH in EtzO. From the fractions 
comprising 200 to 350 ml were obtained 123 mg (10%) of 3b,4b; from 
550 to 650 ml, 33 mg (4%) of pivalylated starting material; from 650 
to 850 ml, 188 mg (21%) of 3a,4a, contaminated with some pivalylated 
starting material; and from 1 150 to 1500 ml 142 mg ( 1  4%) of 14 for 
a total yield of 36% of 14. 

Reaction of 14 with Sodium Iodide/Pivalyl Chloride/Pyridine at 
Reflux. A 1.09 g (0.002 mol) sample of 14 was treated with 6 g (0.04 
mol) of NaI  and 2.4 ml (0.02 mol) of pivalyl chloride in 40 ml of 
pyridine at  reflux and the reaction mixture purified identically as 
described above for the analogous reaction of 0.002 mol of 2. The 
product yields obtained were: 3c, 152 mg (1 5%), 4c, 754 mg (50%); 
the 3’-eneI9 derived from 4c, 235 mg (15%). 

Reaction of 4c with Warm 80% Acetic Acid. A 378-mg (0.0005 mol) 
sample of 4c was dissolved in 10 ml of 80% HOAc and the solution 
stirred in an oil bath at  80 ‘C for 24 h. The solution was then evapo- 
rated to dryness and the dark residue triturated with Et20 and filtered. 
The filtrate was evaporated to give 300 mg of a brown solid foam, uv 
max (MeOH) 259 nm; N M R  (CDCI,) 6 1.15 (s, 9, C=C-r-Bu), 1.25 
(s, 18, S-OPiv and C=COPiv), 3.85-4.53 (m, 4, H3,-Hs,,), 5.76 (s, 
l ,CH=C) ,  5.81 (m, 1, Hz,), 6.05 (m, 3, H I , ,  6-NH2), 8.33 (s, 2, Hz 
and H8). 

Treatment of 3a,4a with Pivalyl Chloride/Pyridine at Reflux. To 
a solution of 0.2 g (0.0004 mol) of 3a,4a in 5 ml of pyridine was added 
0.033 ml (0.0008 mol) of MeOH and 0.5 ml (0.004 mol) of pivalyl 
chloride. The solution was refluxed for 2 h, allowed to cool, and 5 ml 
of M e e H  added. The crude product (0.23 g) was isolated by extrac- 
tion as described above for the preparation of 14. TLC (silica, EtzO), 
N M R ,  and mass spectral analysis showed only unreacted 3a4a. 

Treatment of 3a,4a with Pivalyl Chloride/Sodium Iodide/Pyridine 
at Reflux. To a solution of 0.2 g (0.0004 mol) of 3a, 4a, and 1.2 g 
(0.008 mol) of NaI  in 5 ml of pyridine heated a t  reflux were added 
0.033 ml (0.0008 mol) of MeOH and 0.5 ml (0.004 mol) of pivalyl 
chloride. The solution was refluxed for 5 min, allowed to cool, and 5 
ml of MeOH added. The product (0.2 g) was isolated by extraction 
as described above for the preparation of 3c and 4c. T L C  (silica, 
EtzO), N M R ,  and mass spectral analysis showed only unreacted 
3a,4a. Analogous results were observed using 6-N-pivalamido-9- 
(3-iodo-3-deoxy-2-0-acetyl-5-0-pivalyl-~-~-xylofuranosyl)purine 
(the iodo analogue of 4a) a t  reflux for 10 min. 

Isolation of 2f,3f-0-Methoxy(4,4-dimethyl-3-oxopentylidene) 
adenosine (18a). A 10-g sample of the nonpolar material obtained from 
the final ether extracts of large scale preparations of 61h was dissolved 
in I O  ml of 3% MeOH in CHC13 and applied to a 600-g column of J. 
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40 g), packed in and eluted with Et2O. Fractions from 95 to 125 ml 
contained 95 mg of 3’-ene (8%), and from 125 to 255 ml, 174 mg of 
a mixture of 4c and 3’-ene was obtained. “Diffusion crystallization” 
of this mixture (Et*O/pentane) gave 116 mg of pure 4c for a total 
crystalline yield of 744 mg (49%): mp 168-170 ‘C; uv (MeOH) max 
271; 212 nm (e 19 000; 32 700) min 243 nm (t 11 000); N M R  (see 
Table I); mass spectrum calcd for M +  755.2391, found m/e 755.2424 
(and see Table 11). Anal. (C32H46IN508) C, H ,  I, N. 

Conversion of 3c and 4c into 6. Treatment of 3c and/or 4c with 
NaOMe/MeOH (as describedI6 for the conversion of 3a,b + 4a,b -. 
6) gave smooth conversion to the epoxide 6 (TLC, mass spectra) as 
the only detected product. 

6- N-Pivalamido-9-(3-deoxy-5-O-pivalyl-2- 0-[4,4-dimethyl-3-pi- 
valoxypent-2-enoyl]-~-~erytbro-pentofuranosyl)purine (4d). To 755 
mg (0.001 mol) of 4c, 420 mg of NaHC03 ,  and 250 mg of 5% Pd /C  
were added 10 ml of HzO and 50 ml of 95% EtOH. The mixture was 
then hydrogenated at  50 psi for 2 h. The reaction mixture was filtered 
through a Celite pad, and the catalyst was washed with 95% EtOH 
and then CHC13. After evaporation of the combined colorless filtrate, 
the residue was partitioned between Et20 and H20. The organic layer 
was evaporated to give 629 mg (quantitative yield) of 4d as a white 
solid foam. A crystalline sample of 4d was obtained with difficulty 
from EtOH/water: mp 92.5-93.5 ‘C; uv (MeOH) max 271; 212 nm 
(e 18 500; 33 loo), shoulder 257 nm ( e  12 800), min 242 nm ( e  9700); 
N M R  6 3.30 (s, 1 ,  H2O) (and see Table I);  mass spectrum (see Table 
11). Anal. (C32H47N508-’/2 H20)  C,  H ,  N. 

3‘-Deoxyadenosine (Cordycepin) (8). Method A. A 629-mg (0.00 1 
mol) sample of 4d (the solid foam from a 0.001 mol reduction of 4c 
as described above) was dissolved in 100 ml of MeOH-Et3N-Hz0 
(45: 10:45) and stirred a t  room temperature for 2 days. Evaporation 
of the solution to dryness and crystallization of the residue from 
MeOH (with Et20 diffusion) gave (in two crops) 225 mg (90%) of 
crystalline 8: mp 227-230 O C ;  [ a ] 2 6 D  -46.2’ (c 0.49, HzO); [lit.48b 
mp 225-226 ‘C; [cuIz3D -45.8’ (c 0.6, HzO)]; mass and N M R  
spectra see ref 2a. Anal. (CloH13N503) C, H ,  N .  

Method B. A 629-mg (0.001 mol) sample of 4d was dissolved in 100 
ml of absolute E tOH containing -170 mg of sodium (already dis- 
solved). After 18 h the solution was neutralized with HOAc and 
evaporated to dryness. The white residue was partitioned between 
pentane and HzO. The aqueous layer was evaporated to a small vol- 
ume and applied to a column of Dowex 1-X2(OH-) resin (1.3 X 40 
cm) packed in HzO and eluted with 50 ml of H20 ,  followed by 350 
ml of 30% MeOH in H20 .  The fractions comprising 100 to 400 ml 
gave 25 1 mg (quantitative) of 8. “Diffusion crystallization” 
(MeOH/EtzO) of this material gave 214 mg (85%) of 8. 
6-N-Pivalamido-9-(2-deoxy-5-O-pivalyl-3-0-[4,4-dimethyl-3-pi- 

valoxypent-2-enoyl]-~-~-eryt/~ro-pentofuranosyl)puMe (3d). A 7 5 5-mg 
(0.001 mol) sample of 3c was hydrogenated and worked up identically 
with the reaction of 4c -. 4d described above. After evaporation of 
the colorless filtrate, the residue was partitioned between CHC13 and 
HzO. Evaporation of the organic layer gave a white solid foam which 
was dissolved in 10 ml of EtzO. Rapid crystallization of 395 mg of 3d 
occurred. After filtration, the volume of the mother liquors was re- 
duced to 5 ml and an additional 74 mg of 3d separated for a total yield 
o f469  mg (75%): mp 127-129 “C;  uv (MeOH) max 271; 212 nm ( t  
19 700; 35 800), shoulder 257 nm ( e  13 800), min 242 nm (6 10 000); 
N M R  (see Table I); mass spectrum (see Table 11). Anal. 
(C3zH47N50x) C, H ,  N .  

2’-Deoxyadenosine (7). To 315 mg (0.0005 mol) of 3d was added 
200 ml of MeOH-Et3N-H20 (45:10:45). After stirring for 2 days 
at  room temperature, the reaction was evaporated to a gum which was 
crystallized from 1 ml of MeOH (with Et20 diffusion) to give 109 mg 
(87%) of 7: mp 192-193 ‘c; -28.0’ (c 1 ,  H20) ;  [lit.57 mp 
188-190 OC, [a]*’D -26’ (c 1 ,  HzO)]; mass and N M R  spectra see 
ref 2a. Anal. (C10H13N503) C,  H ,  N. 

Dechlorination/Deblocking of 3a and 4a to Give 7 and 8. To 1 g 
(0.002 mol) of the 3a,4a amorphous glass dissolved in 50 ml of benzene 
was added 60 mg of cup’-azobisisobutyronitrile and 1.5 ml of tri-n- 
butyltin hydride. After heating for 1 h a t  reflux, the mixture was 
evaporated and the residue was triturated with pentane. The pentane 
supernatent was discarded, the residue was dissolved in 60 ml of 
MeOH, and deblocked by stirring with 0.6 g (0.01 1 mol) of NaOMe 
for 20 h at  room temperature. The mixture was evaporated, and an 
aqueous solution of the residue was applied to a column (3.2 X 43 cm) 
of Dowex 1-X2(OH-) resin packed in H2O. Elction was begun using 
5.1 1. of HzO, followed by 1560 ml of 23% MeOH. Fractions (50 ml) 
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T .  Baker silica. The column was packed in and eluted with the same 
solvent mixture at  a fast flow rate. Fractions 1500-3200 ml contained 
1.3 I g of an unidentified mixture; 3200-3700 ml, 3.97 g of 18a (mainly 
one diastereomer); 3700-3900 ml, 1.50 g of 18a (mixture of diaste- 
reomers); and 3900-5100 ml, 3.33 g of 18a (mainly the more polar 
diastereomer). The 3.97 g fraction was crystallized from Et20 to give 
1.96 g of the pure less polar diastereomer: mp 162-164 OC; uv 
(MeOH) max 259 nm; N M R  (CDClx) 6 1.22 (s, 9, t -Ru) ,  3.30 (s, 2. 
-CH2-), 3.38 (s, 3, -OCH3), 4.02 (m, 2, Hj,, H y ) ,  4.63 (m, I ,  Hd,), 
5.52 (m, 2, H2,, Hy),  6.42 (m, 3 ,  HI , ,  6-NH2), 8.06 (s, 1, H2), 8.45 
(s, I ,  H8). Anal. (C18H2jNS06) C,  H ,  N. 

The 3.33-g fraction was crystallized from acetone to give 1.95 g of 
the pure more polar isomer: mp 184-185 OC; uv (MeOH) max 259 
nm; N M R  (CDC13) 6 1.15 (s, 9, t-Bu), 3.24 (s, 2, -CH2-), 3.55 (s, 
3, -OCH,), 3.98 (m, 2, Hy ,  H y ) ,  4.66 (m, I ,  Hq) ,  5.50 (m, 2, H y ,  
Hj,), 6.39 (d, J1j.r. = 2 Hz, I ,  HI , ) ,  6.51 (s, 2, 6-NH2), 8.03 (s, I ,  Hz), 
8.44 (s. 1 ,  Hg). Anal. C ,  H ,  N .  

The mother liquors from the crystallization of both isomers and the 
material from the overlapping fractions were combined and evapo- 
rated. The residue was dissolved in CHCI, and precipitated by drop- 
wise addition to pentane to give after filtration 3.0 g of a 2:1 mixture 
(by N M R )  of the more nonpolar to polar diastereomers of 18a. 

Reaction of 18a with Pivalyl Chloride/Pyridine at Reflux. A. To 1.02 
g (0.0025 mol) of 18a (mixed isomers) in 50 ml of pyridine was added 
3.0 ml (0.025 mol) of pivalyl chloride and the solution heated at  reflux 
for 2 h. After cooling, the mixture was poured into 100 ml of 10% 
NaHC03,  stirred for 5 min, and extracted with EtzO. The organic 
layer was washed with H 2 0  and evaporated. The residue was co- 
evaporated using toluene and 98% EtOH to give 1.5 g of a solid foam. 
Crystallization of this material from E t20  gave 355 mg (26%) of 14. 
Purification of the mother liquors was effected on a silica column (2.2 
X 32 cm, 51 g) packed in and eluted with Et2O. Fractions comprising 
200 to 400 ml contained 200 mg ( 1  2%) of 3b,4b. Fractions from 400 
to 580 ml contained 50 mg of a mixture of 3b,4b and pivalylated 
starting material (18b), and from 580 to 1100 ml contained 470 mg 
(33%) of 18b, identified by comparison of N M R  and mass spectra with 
18a and by conversion to 18a on treatment with sodium methoxide. 

B. A 0.12-g (0.0003 mol) sample of 18a in 7.5 ml of pyridine was 
treated with 0.35 g (0.003 mol) of pivalyl chloride for 5 h at  reflux. 
After cooling, 2 ml of MeOH was added and the solution stirred 
overnight. Isolation of products was effected as described in part A 
and gave 170 mg of a solid foam. T L C  (silica, Et2O) indicated this 
material to be a mixture of 3b,4b and 18b in a ratio of --1:3. 

Reaction of 18a with Pivalyl Chloride/Sodium Iodide/Pyridine at 
Reflux. To 0.1 g (0.00025 mol) of 18a and 0.75 g (0.005 mol) of NaI  
in  I O  ml of refluxing pyridine was added 0.3 ml(O.0025 mol) of pivalyl 
chloride. Heating was continued for 6 min, the reaction allowed to 
cool, and 5 ml of MeOH added. After stirring overnight the products 
( I88 mg) were isolated by extraction as in the preparation of 3c and 
4c. TLC (silica, E t l 0 )  indicated this material to a mixture of -50% 
of 18b and -50% (combined) of 3c, 4c, and 3'-ene.I9 

Reaction of 14 with Sodium Methoxide in Methanol. To 193 mg 
(0.00035 mol) of 14 dissolved in 5 ml of MeOH was added 200 mg 
of NaOMe and the mixture stirred overnight (complete by TLC after 
-4 h at  room temperature). The mixture was evaporated, dissolved 
in  H20,  and this solution was extracted with CH2C12. Evaporation 
of the organic layer gave a gum which was triturated with Et20 and 
filtered. The solid obtained (40 mg) was found to be identical with 18a 
by TLC (silica, 3% MeOH in EtzO) and N M R  spectral compari- 
son. 

Ethyl 4,4-DimethyI-3-pivaloxypent-Z-enoate (9). Method A. To 49 
g (0.33 mol) of NaI in 250 ml of pyridine was added 39 ml(0.33 mol) 
of pivalyl chloride, followed by the dropwise addition of 20 ml (0.1 I 
mol) of triethyl orthoacetate over 15 min. The reaction was stirred 
for I h, and 50 ml of MeOH was added. After standing for 2 days at  
room temperature, the reaction was poured into 500 ml of H2O con- 
taining 30 g of N a H C 0 3  and 5 g of Na&03. This mixture was ex- 
tracted with pentane, and the pentane layer was washed with HzO, 
dried, and distilled. A 3.03-g ( 1  1%) fraction of 9 was collected at 
82-84 "C (0.1 mm Hg).  A pure sample was obtained by crystallization 
of the solidified distillate from pentane to give crystals of 9: mp 36-37 
OC; uv (MeOH) max 216 nm (c  12 800); N M R  (CDCI3) 6 1 .13 (s, 

C=COPiv), 4.07 (q, J = 7.2 Hz, 2,OCH2CH3), 5.62 (s, 1, CH=C); 
ir (neat) cm-l 1760 (C=C-OCOC[CH3]3); 1722 (EtOCOC=C); 
1645,842 (C=C). Anal. (C14H240~) C,  H. 

9, C=C-t-Bu), 1.24 (t, J = 7.2 Hz, 3, OCH>CH3), 1.34 (s, 9, 

Method B. Evaporation of the pentane layer from the preparation 
of 8 (method B) gave 232 mg of an oil which was crystallized from 
pentane to give a first crop of 122 mg (50%) of 9, mp 35-36 OC. The 
ir, uv, NMR,  and mass spectra of 9 prepared by the two methods were 
identical. 

Methyl 4,4-dimethyl-3-pivaloxypent-2-enoate was obtained by 
method B from a methanolic sodium methoxide deblocking of 4d -+ 

8. This oily product was examined by N M R  and mass spectroscopy 
(see Table 11). 
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Nucleic Acid Related Compounds. 23. Transformation of 
Ribonucleoside 2’,3’-O-Ortho Esters into Unsaturated and 
Deoxy Sugar Nucleosides via Enol Ester-Substituted Iodo 
Intermediates’ ,2  

Morris J. Robins,* Roger A. Jones, and Rudolf MengeP 
Contribution from the  Department of Chemistry, The University of Alberta,  Edmonton, 
Alberta,  Canada  T6G 2G2. Received March  8, 1976 

Abstract: Treatment of 2’,3’-O-methoxyethylideneadenosine (1) with sodium iodide and pivalic acid chloride in refluxing pyri- 
dine gave a mixture containing 6-N-pivalamido-9-(2-iodo-2-deoxy-3-0-[4,4-dimethyl-3-pivaloxypent-2-enoyl]-5-0-pivalyl- 
P-D-arabinofuranosyl)purine (Za), the corresponding 3’-iodo-2’-0-(4,4-dimethyl-3-pivaloxype1it-2-enoyl) (DMPP) xylo iso- 
mer (3a), 6-N-pivalylamido-9-(2-0-DMPP-5-0-pivalyl-3-deoxy-~-~-g~ycero-pent-3-enofuranosyl)purine (4a), and 6-N-pi- 
valamido-9-(5-pivaloxymethylfuran-2-yl)purine ( 5 ) .  These compounds were separated by column chromatography on activat- 
ed carbon and fractional crystallization using solvent diffusion techniques. Deblocking of 4a gave 9-(3-deoxy-P-D-gLycero- 
pent-3-enofuranosyl)adenine (4b), which was hydrogenated to give 3’-deoxyadenosine (8) plus its 4’-epimer (9). Both Za and 
3a gave 5 on prolonged heating in pyridine. A mixture containing 4a + 5 was observed on heating 3a in pyridine, and 4a was 
rapidly converted to 5 at 180 O C .  Silver acetate converted 3s to 4a quantitatively. Removal of the DMPP group was effected 
quantitatively using potassium permanganate in cold aqueous pyridine. Such treatment of 3a gave 3b, which was converted 
to the trans-3’-iodo-2’-mesylate (3c). Elimination with concomitant deblocking occurred upon addition of 3c to aqueous sodi- 
um iodide and sodium hydroxide to give 9-(2,3-dideoxy-P-D-glycero-pent-2-enofuranosyl)adenine (7) in 8 1% yield. Deblock- 
ing of 5 gave 9-(5-hydroxymethylfuran-2-yl)adenine ( loa)  which was hydrogenated to give (~.~)-2’,3’-dideoxyadenosine 
(13a,14a). Hydrogenation of 7 gave authentic 13a for comparison. Hydrogenolysis of the pivaloxy-methyl bond of 5 and de- 
blocking gave 9-(5-methylfuran-2-yI)adenine ( lob) .  Hydrogenation of 10b gave (~,~)-2’,3’,5’-trideoxyadenosine (13b,14b). 
DMPP removal from 2a gave 2b which was converted to the trimethylsilyl-protected arabino iodohydrin 2c. Elimination of hy- 
drogen iodide was effected using 1,5-diazabicyclo[4.3.O]non-5-ene (DBN), and the product (6a) was deblocked to give 9-(2- 
deoxy-D-erythro-pent- 1 -enofuranosyl)adenine (6c), the first 1’,2’-unsaturated nucleoside. Hydrogenation of 6c gave 2’-deoxy- 
adenosine ( 1 1 )  plus its a anomer (12). Spectroscopic identification of products and comparison of these procedures w i t h  other 
approaches in nucleoside chemistry are discussed. 

Nucleoside antibiotics containing an unsaturated sugar 
moiety are known,4 and unsaturated nucleoside intermediates 
have been postulated in biosynthetic pathways involving 
coenzyme B l l  mediated reactions5 as well as in deoxynu- 
cleoside biosynthesis.6 Therefore, unsaturated nucleosides’ are 
of interest as synthetic targets for biological investigations as 
well as being useful chemical intermediates for transformation 
into modified sugar nucleosides. 

The exocyclic (4’-methylene) unsaturated products have 
been prepared in both the purine8 and pyrimidine9~l0 riboside 
series. The antibiotic decoyinine (angustmycin A) was obtained 
from psicofuranine by elimination of the 6’-tosylatesb and a 
4’,5’-unsaturated derivative of adenosine was the key inter- 
mediate in the synthesis of nucleocidin.8c Synthetic routes to 
2’,3/-unsaturated nucleosides have generally employed py- 

rimidine cyclonucleoside chemistry’ and/or naturally oc- 
curring 2’-deoxynu~leosides.~~ Prior to our preliminary com- 
munication,13 studies on 3’,4’-unsaturated nucleosides had 
involved C-5’ o ~ i d i z e d ~ ~ - ~ ~ ” - ~  (or electronegatively activa- 
ted’4d) derivatives. Although formation of a 1’,2’-unsaturated 
nucleoside by treatment of a 2’-bromo-2’-deoxyuridine de- 
rivative with reduced hydroxy cobalamine (vitamin B1 zS) had 
been claimed,15 the structure of that product was shown to be 
incorrect. 16 

W e  have been interested in developing reactions and pro- 
cedures for the defined chemical transformation of naturally 
occurring ribonucleosides into modified sugar products. Such 
routes should not be dependent upon specific structural fea- 
tures in the base nor on the position or type of glycosyl linkage. 
Application of these procedures to nucleoside antibiotics could 
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