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The synthesis and conformational studies of two isomeric 5:7-fused nucleosides, 4,5,7,8-tetrahydro-6H-3-(@ 
~-ribofuranosyl)imidazo[4,5-e] [ 1,4]diazepine-5,&dione (1) and its 1-glycosyl analogue (2), their respective 5’-mono- 
and -diphosphate derivatives (13 and 14), and the corresponding homopolymers (15 and 16) are presented. While 
1 is devoid of activity against murine leukemia virus (MuLV) in tissue culture systems, 2 is as active as interferon. 
Nucleoside 1 exhibits a predominantly syn base-ribose conformation both in solid state and solution. The 
conformation of 2, by contrast, is anti in both phases. The sugar pucker geometry in 1 is C2’.endo-Cg’.exo, whereas 
that in 2 is the opposite C2’.e~,,-C~’.endo. The 5’-diphosphate derivative of the anti conformer (14c) undergoes 
polymerization with E. coli polynucleotide phosphorylase with ease, and the resultant homopolymer 16 reveals 
considerable internal secondary structure with a stable helical conformation. The corresponding observations 
on the syn conformer are strikingly opposite. 

Introduction 
I t  has recently been reported’ that  a correlation might 

exist between the preferred sugar conformation and the 
activity of nucleoside analogues against the human im- 
munodeficiency virus. Systematic studies are warranted 
for exploring the little understood interrelationships of 
nucleoside base-sugar conformation, sugar pucker, ease 
of in vivo phosphorylation, enzymic polymerization, and 
biological activity. Likewise, it is important to investigate 
the consequences of aberrant nucleoside conformation 
(primary structure) on the ease of formation of helix, 
helical structure, stability, and conformation of poly- 
nucleotides (secondary structure). Both primary and 
secondary structures may play important roles in the de- 
termination of the final outcome of biological activity of 
nucleoside analogues. In this regard, ring-expanded nu- 
cleoside analogues such as l and 2 are excellent probes for 
exploring the above interrelationships by virtue of their 
unique structural features and steric constraints, coupled 
with their potentially novel electronic, ionic, and confor- 
mational characteristics. Furthermore, with their struc- 
tural resemblance to the natural counterparts, ring-ex- 
panded nucleo(s/t)ides are a potentially rich source of 
substrates or inhibitors of enzymes of the purine biosyn- 
thetic pathway as well as of those requiring ATP or GTP 
energy cofactors. Apart from their anticipated biochemical 
and biophysical significance, they are also of interest from 
a strictly chemical standpoint,2 e.g. their relative ther- 
modynamic stability, (anti/non)aromaticity, acid-base 
property, and opportunistic  rearrangement^.^^^ 

We report here the synthesis and conformational studies 
of two regioisomeric ring-expanded xanthosine analogues 

(1) Roey, P. V.; Salerno, J. M.; Chu, C. K.; Schinazi, R. F. Proc. Natl. 
Acad. Scr. U.S.A.  1989, 86, 3929. 

(2) For a recent general review on seven-membered ring heterocycles, 
see: Hassenruck, K.; Martin, H. D. Synthesis 1988, 569-586. 

(3) (a) Hosmane, R. S.; Bhan, A. Heterocycles 1986, 24, 2743. (b) 
Hosmane, R. S.; Lim, B. B.; Summers, M. F.; Siriwardane, U.; Hosmane, 
N. S.; Chu, S. C. J. Org. Chem. 1988,53,5309. (c) Hosmane, R. S.; Lim, 
B. B.; Burnett, F. N. J.  Org. Chem. 1988,53,382. (d) Hosmane, R. S.; 
Lim, B. B. Synthesis 1988, 242. (e) Hosmane, R. S.; Bhan, A.; Rawer, 
M. E. J. Org. Chem. 1985,50, 5892. (0 Hosmane, R. S.; Bhan, A. Bio- 
chem. Biophys. Res. Commun. 1989, 265, 106. (9) Hosmane, R. s.; 
Bhadti, V. S.; Lim, B. B. Synthesis, in press. (h) For an alternative 
synthesis of these nucleosides, see: Hosmane, R. S.; Bhan, A. Nucleosides 
Nucleotides, in press. 
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1 and 2, their corresponding Y-mono- and -diphosphate 
derivatives, and their respective nucleotide homopolymers, 
all containing the 5:7-fused heterocyclic base system, im- 
idazo[4,5-e] [ 1 , 4 ] d i a ~ e p i n e . ~ ~ ~ ~ * ~ ~ ~ ~  In addition, the results 
of preliminary biological screening of 1 and 2 against a 
retrovirus are presented. The  determination of three di- 
mensional structures of 1 and 2 by X-ray crystallography 
aided not only in the intended conformational studies but 
also in verification of the regioisomeric and anomeric as- 
signments. Besides, in light of a number of alleged sev- 
en-membered ring heterocycles whose structures were later 
found to  be in structural confirmation of 1 and 
2 by single-crystal X-ray diffraction was especially war- 
ranted. 

0 

HO 
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To date, the only widely studied 5:7-fused nucleosides 
are the naturally occurring synergistic antitumor antibi- 
otics coformycin (3a)5a-C and pentostatin (2‘-deoxyco- 

(4) (a) Ivanov, E. I.; Bogatskii, A. V.; Zakharov, K. S. Dokl. Akad. 
Nauk SSSR. 1980, 255, 591. (b) Bridson, P. K.; Weirich, T. P. J. Het- 
erocycl. Chem. 1988,25,1179. (c) Peet, N. P. Synthesis 1984,1065 and 
the references cited therein. (d) Bridson, P. K.; Davis, R. A.; Renner, L. 
S. J. HeterocycE. Chem. 1985, 22, 753. (e) Peet, N. P.; Sunder, S. J. 
Heterocycl. Chem. 1984,21, 1807. (0 Bridson, P. K.; Lambert, S. J. J. 
Chem. SOC., Perkin Trans. 2 1990, 173. 

(5) (a) Ohno, M.; Yagisawa, N.; Shibahara, S.; Kondo, S.; Maeda, K.; 
Umezawa, H. J.  Am. Chem. SOC. 1974,96,4326. Umezawa, H.; Maeda, 
K.; Kondo, S. Ger. Offen. 2,453,649 (1975). (b) Glazer, R. I. Rev. Drug. 
Metab. Drug. Interact. 1980, 105, 3. (c) Hawkins, L. D.; Hanvey, J. C.; 
Boyd, F. L., Jr.; Baker, D. C.; Showalter, H. D. H. Nucleosides Nucleo- 
tides 1983,2,479. (d) Woo, P. W. K.; Dion, H. W.; Lange, S. M.; Law- 
rence, F. D.; Durham, L. J. J. Heterocycl. Chem. 1974,21,641. (e)  Baker, 
D. C.; Putt, S. R. J. Am. Chem. SOC. 1979,202,6127. (0 Chan, E.; Putt, 
S. R.; Showalter, H. D. H.; Baker, D. C. J. Org. Chem. 1982,47,3457. (9) 
Baker, D. C.; Putt, S. R.; Showalter, H. D. H. J. Heterocycl. Chem. 1983, 
20,629. (h) Hanvey, J. C.; Hardman, J. K.; Suhadolnik, R. J.; Baker, D. 
C. Biochemistry 1984, 23, 904. 
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Figure 1. ORTEP view of 1 showing the atom numbering scheme 
and thermal ellipsoids a t  the 30% probability level. 
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Figure 2. ORTEP view of 2 showing the atom numbering scheme 
and thermal ellipsoids at the 30% probability level. 

formycin, 3b)5d-h which contain the imidazo[4,5-d] [ 1,3]- 
diazepine ring system, their synthetic analogues containing 
either a modified sug& or a modified imidazole ring," and 
azepinomycin (4)-a non-nucleoside-which contains the 
title imidazo[4,5-e] [ 1,4]diazepine ring ~ k e l e t o n . ~  Other 

I 

3 4 

R = OH, Coformycin 
R = H, Penlostetin 

Azepinomycin 

examples of 5:7-fused heterocyclic systems include the 
recently synthesized imidazo[4,5-e] [ 1,2,4] triazepine3g and 

(6) (a) Acevedo, 0. L.; Krawczyk, S. H.; Townsend, L. B. Tetrahedron 
Lett. 1983,24,4789. (b) Acevedo, 0. L.; Krawczyk, S. H.; Townsend, L. 
B. J. HeterocycL Chem. 1985,22,349. (c) Acevedo, 0. L.; Krawczyk, S. 
H.; Townsend, L. B. J. Org. Chem. 1986, 51, 1050. 

(7) (a) Umezawa, H.; Takeuchi, T.; Iinuma, H.; Hamada, M.; Nishi- 
mura, S. J p n .  Kokai Tokyo Koho JP  58,159,494 [83,159,494]; Chem. 
Abstr. 1984, ZOO, 137362~. (b) Isshiki, K.; Takahashi, Y.; Iinuma, H.; 
Naganawe, H.; Umezawa, Y.; Takeuchi, T.; Umezawa, H.; Nishimura, S.; 
Okada, N.; Tatsuta, K. J. Antibiot. 1987, 40, 1461. (c) Fujii, T.; Saito, 
T.; Fujisawa, T. Heterocycles 1988, 27, 1163. 

(8) Agarwal, R. P.; Cha, S.; Crabtree, G. W.; Parks, R. E., Jr. Co- 
formycin and Deoxycoformycin: Tight-binding Inhibitors of Adenosine 
Deaminase. In Chemistry and Biology of Nucleosides and Nucleotides 
Harmon, R. E., Robins, R. K., Townsend, L. B., Eds.; Academic Press: 
New York, 1978; pp 159-197. 
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imidazo[4,5-e] [ 1,3]diazepine4* ring systems. The  co- 
formycins possess a tetrahedral geometry a t  the hydroxyl 
junction of their seven-membered ring and thus are con- 
sidered to  be transition state analogue inhibitors.* The  
title nucleo(s/t)ides, on the other hand, are structurally 
more comparable to the natural purine nucleo(s/t)ides, and 
as such can act as substrates or inhibitors of enzymes of 
nucleic acid metabolism. 

Results and Discussion 
Our synthesis 

(Scheme I) commenced with the reaction of the nitro- 
carboxyimidazole (5)3a*9J0 with thionyl chloride to obtain 
6a. Treatment of 6a with glycine methyl ester provided 
the corresponding amide 7, which was a suitable precursor 
for the target nucleosides 1 and 2. While the Vorbriiggen 
method" of ribosidation of 7 via silylation provided a single 
nucleoside (8), the method of Baddiley12 via silver salt13 
gave a mixture of two regioisomeric nucleosides 8 and 9 
in a ratio of 1.4:l. Although the two isomers should be 
differentiable by 'H NMR, based upon the a n t i ~ i p a t e d ~ ~  
enhanced deshielding effect of the nitro group on the im- 
idazole H-2 (resonance effect) and the anomeric H-1' (in- 
ductive effect) of 9 as compared with those of 8, the ob- 
served differences in chemical shifts were too small for 
either the H-2 (A6 = 0.02) or the H-1' (A6 = 0.22) to make 

The Synthesis of  nucleoside^.^^ 

(9) Allsebrook, W. E.; Gulland, J. M.; Story, L. F. J. Chem. SOC. 1942. 

(10) Mann, F. G.; Porter, J. W. G. J. Chem. SOC. 1945, 751. 
(11) (a) Vorbruggen, H.; Bennua, B. Chem. Ber. 1981,114,1279. (b) 

Vorbruggen, H.; Krolikiewicz, K.; Bennua, B. Chem. Ber. 1981,114,1234. 
(12) Baddiley, J.; Buchanan, J. G.; Hardy, F. E.; Stewart, J. J. Chem. 

232. 

SOC. 1959, 2893. 
(13) Haynes, L. J.; Newth, F. H. Adu. Carbohydr. Chem. 1955, 77,18. 
(14) (a) Kraut, J.; Jensen, L. H. Acta Crystallogr. 1963, 16, 79. (b) 

Sunderlingam, M. Acta Crystallogr. 1966,21,495. (c) Haschemeyer, A. 
E.; Sobell, H. M. Acta Crystallogr. 1965, 18, 525. 
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Table I. CD and UV Spectral Data of Ring-Expanded Nucleosides and Nucleotides, As Contrasted with Those of Xanthosine 
and Xanthosine 5'-Diphosphatea 

compound number UV A,,,--, nm e CD A,.,, nm 8, den [OIA,, (CD), cm2 deg/mol Ac 
xanthosine 
xanthosine 
5'-diphosphate 
1 
2 
13a 
14a 
13c 
14c 

262.5 

261 
263.5 
267.5 
264.5 
268 
254.5 
267.5 

9000 

9000 
7100 
7200 
7100 
7200 
7100 
7200 

spectra were obtained in distilled H 2 0  at 25 "C. 

definitive assignments. The  small differences may be due 
to the large deshielding caused by the combined mesomeric 
and inductive effects of the amide C = O  group on the H-2 
and H-1' of 8 as compared with 9. Likewise, the UV 
spectra of the two isomers were practically identical. 
Consequently, the two isomers were distinguished by un- 
equivocal synthesis of 8 from 6c and glycine methyl ester. 
The  structure of 6c, which was prepared by sequential 
Vorbruggen ribosidation of 5 (to 6b) and condensation with 
N-hydroxysuccinimide, was confirmed by conversion to the 
known nucleoside 1Ob.l2 The synthesis of the target nu- 
cleosides l and 2 was completed by sequential reactions 
involving reduction of 8 and 9 with P t 0 2 / H 2  to the cor- 
responding amino compounds, 1 la and 12a, and ring clo- 
sure with NaOMe/MeOH. This procedure also gave the 
ring open carboxylic acids l lb  and 12b, respectively, as 
side products. The UV spectra of 1 and 2 were very similar 
in neutral or near neutral pH (Ama = 265 nm; t N 7 X lo3) 
and both showed considerable bathochromic shifts in basic 
pH (Ax,,, 30 nm). 

Single-Crystal X-ray Analyses of Nucleosides 1 and 
2. The structures of 1 and 2 were confirmed by single- 
crystal X-ray diffraction analyses. The ORTEP views along 
with the employed atom numbering schemes are shown 
in Figures 1 and 2, respectively. As anticipated, the sev- 
en-membered ring in each is puckered. The  two lactam 
N - C ( 4 )  bonds deviate by about 25 f 3 O  from planarity, 
and the C(C=O) to C(C=O) torsional angle is 75 f 3'. 
An important structural difference between 1 and 2 lies 
in their respective baseribose conformational relationship: 
syn in 1 (@Jc,N = 149O),I5 and anti in 2 (@Jc,N = 19.90).15 
Another major distinction between the two regioisomers 
concerns their sugar pucker: while 1 possesses the 
C2'.endo-C3'.exo geometry, t ha t  of 2 is the opposite 
Cy.exo-C3'.endo. Finally, the glycosyl bond length of 1 (1.46 
A) is comparable to that  in purine nucleosides, whereas 
that of 2 (1.49 A) is closer to the one found in pyrimidine 
nucleosides. l6 

The syn conformation of 1 is stabilized by intramolecular 
hydrogen bonding between the 5'-hydroxyl group and the 
N4-H of the diazepine ring (5'-0.-HN = 1.92 A). This is 
unusual since, as a rule, the purine nucleosides, including 
xanthosine, assume an anti conformation in the crystal 
latticel4,l5 unless a bulky substituent16 such as bromine,17 
tert-butyl,le or an a -hydroxyis~propyl~~ group is attached 
to the imidazole ring a t  the C-8 position. Exceptions are 

(15) Organic Chemistry of Nucleic Acids; Kochetkov, N. K., Bu- 
dovskii, E. I., Ed.; Plenum Press: New York, 1971; Part A, pp 99-118. 

(16) Saenger, W. Principles of Nucleic Acid Structure; Springer- 
Verlag: New York, 1984; pp 69-78. 

(17) Tavale, S. S.; Sobell, H. M. J. Mol. Eiol. 1970, 48, 109. 
(18) Pless, R.; Dudycz, L.; Stolarski, R.; Shugar, D. Z. Naturforsch. C 

1978, 33, 902. 
(19) Birnbaum, G. I.; Shugar, D. Eiochim. Eiophys. Acta 1978, 517, 

500. 

265 -3.1 -1484 -0.45 

262 -5.7 -2892 -0.87 
253 40.3 15292 4.63 
268 5.6 5126 1.55 
252 -5.6 -4984 -1.51 
266 5.0 4854 1.47 
247 -15.70 -8093 -2.45 
267 5.7 5571 1.69 

Scheme I1 
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also known with nucleoside phosphates (nucleotides)20s21 
and sugars other than ribosides, e.g. arabinosides.= Forces 
leading to  the intramolecular hydrogen bonding and the 
consequent stability of the syn conformation remain to be 
determined. 

The most interesting aspect of the crystal structure of 
1 is its molecular packing array in the unit cell. The  
stereoscopic view reveals an intricate hydrogen bonding 
and stacking network of 12 identical molecules, vertically 
placed in two symmetric, helical-looking, coparallel rows, 
so as to  give an overall impression of a multitiered RNA 
single strand with its bases buried in the sugar backbone, 
and running in the 2'-5' direction. While there are several 
different intermolecular and intertier hydrogen bondings 
present in the unit cell in addition to  the intramolecular 
5'-0.-N4-H hydrogen bonding, it appears that the intertier 
interactions stabilizing the dimer are primarily hydro- 
phobic, and include 'IT-'IT stacking interactions of the het- 
erocyclic bases in the parallel strands. 

The Synthesis of Nucleotides. Nucleosides 1 and 2 
were converted into the corresponding nucleotide deriva- 
tives (Scheme 11), using classical chemical methods of 
p h o s p h o r y l a t i ~ n . ~ ~ - ~ ~  The  structures of the mono- and 

(20) (a) Young, D. W.; Tollin, P.; Wilson, H. R. Nature 1974,248,513. 
(b) Young, D. W.; Tollin, P.; Wilson, H. R. Acta Crystallogr. E 1974,30, 
2012. (c) Viswamitra, M. A.; Seshadri, T. P. Nature 1974, 252, 176. 

(21) (a) Wang, A. H.-J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.; 
van Boom, J. H.; van der Marel, G.; Rich, A. Nature 1979,282,680; (b) 
Arnott, S.; Chandrasekaran, R.; Birdsall, D. L.; Leslie, A. G. W.; Ratcliff, 
R. L. Nature 1980,283,743. 

(22) Sanghvi, Y. S.; Larson, S. B.; Willis, R. C.; Robins, R. K.; Re- 
vankar, G. R. J. Med. Chem. 1989, 32, 945. 

(23) Scheit, K. H. Nucleotide Analogs: Synthesis and Biological 
Function; John Wiley: New York, 1980; pp 195-218. 
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13c 

1 6  

diphosphates were established by UV, 'H NMR, and 31P 
NMR spectroscopy. The observed values for the 31P 
chemical shifts correlate well with those reported for lin- 
benzo-AMP and lin-benzo-ADP, with 85% H3P04 as 
reference.26 

The CD Spectra of Nucleosides and Nucleotides. 
Conformations in Solution. As indicated by values of 
molar ellipticity [e] in their respective CD spectra in water 
(Table I), the nucleoside 1 exhibits a significant change 
in conformation in going from nucleoside to nucleotides, 
whereas 2 does not seem to be affected during the same 
transformation. The marked CD spectral change observed 
in the transition, 1 - 13a, may be due either to a parallel 
change in the syn 2 anti conformational e q u i l i b r i ~ m , ' ~ ~ ~ ~  
or as described in a recent paper,27h due simply to a large 
change in glycosyl torsional angle with no effect on the 
overall conformational equilibrium. I t  is more likely, 
however, tha t  the geometric constraint imposed by the 
phosphate group leads to  the loss of the intramolecular 
hydrogen bond upon conversion of 1 to nucleotide 13a or 
13c, consequently resulting in an increased population of 
the anti conformer. By contrast, the conformation of 2, 
which is presumably restricted to the anti orientation due 
to the otherwise severe interactions between the oxygen 
atoms of the furanose ring (0-4') and the C-8 carbonyl 
group, does not alter upon conversion to the corresponding 
nucleotides, and thus, the [B] values remain reasonably 
constant for 2, 14a, and 14c. 

The 'H NMR spectrum (DMSO-de) of 2 clearly reveals 
the two NH signals (CH2N7-H as a triplet a t  6 8.06 and a 
sharp N4-H singlet a t  6 10.78). The spectrum of 1, on the 
other hand, shows only the N7-H signal, a triplet a t  6 7.82. 
Further attempts were not, however, made to determine 

(24) Petrie, C. R. 111; Revankar, G. R.; Dalley, N. K.; George, R. D.; 
McKernan, P. A.; Hamill, R. L.; Robins, R. K. J .  Med. Chem. 1986,29, 
268. 

(25) Moffatt, J. G.; Khorana, H. G. J .  Am. Chem. Soc. 1961,83,649. 
(26) Leonard, N. J.; Scopes, D. I. C.; VanDerLijn, P.; Barrio, J. R. 

Biochemistry 1978, 17, 3677. 
(27) (a) Jaworski, A.; Ekiel, I.; Shugar, D. J.  Am. Chem. Soc. 1978,100, 

4357. (b) Dugas, H.; Blackburn, B. J.; Robins, R. K.; Deslauriers, R.; 
Smith, I. C. P. J .  Am. Chem. SOC. 1971,93,3468. (c) Schweizer, M. P.; 
Witkowski, J. T.; Robins, R. K. J. Am. Chem. Soc. 1971, 93, 277. (d) 
Miles, D. W.; Townsend, L. B.; Robins, M. J.; Robins, R. K.; Inskeep, W. 
H.; Eyring, H. J .  Am. Chem. Soc. 1971, 93, 1600. (e) Klimke, G.; Lude- 
mann, H.-D.; Townsend, L. B. 2. Naturforsch. C 1979,34,653. (0 Miles, 
D. W.; Townsend, L. B.; Miles, D. L.; Eyring, H. Proc. Nut. Acad. Sci. 
U.S.A. 1979, 76, 553. (g) Schweizer, M. P.; Banta, E. G.; Witkowski, J. 
T.; Robins, R. K. J .  Am. Chem. SOC. 1973,95,3770. (h) Yoshimura, Y.; 
Matsuda, A.; Ueda, T. Chem. Pharm. Bull. 1989,37, 660. 
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Figure 3. (a) Absorbancetemperature profiie of p o l y [ t M P ]  (16) 
[5.7 X M). 
Absorbance was monitored at 267.5 nm. (b) First derivative plot 
of Figure 3a above. 

if the missing N4-H of 1 was involved in intramolecular 
hydrogen bonding as in the solid state or was simply ex- 
changing with solvent molecules or with adventitious water 
(3/4H20) present in the crystals of 1 (see the Experimental 
Section). 

The Synthesis of Homopolymers. The homopolymers 
poiy[l-MP] (15) and its isomer poly[kMP] (16) were 
prepared (Scheme 111) by treating the respective di- 
phosphates 13c and 14c with the primer-independent 
polynucleotide phosphorylase from E. coli in the presence 
of Mn+2.28 The extent of polymerization was determined 
(see the Experimental Section) by the assessment of (a) 
the inorganic phosphate release from the polymerization 

(b) the ultraviolet absorbance of the extensively 
dialyzed product, and (c) the lengths of the homopolymers 
by gel e l ec t rophores i~ .~~  

The Secondary Structure of Homopolymers. As 
considerable hyperchromic effect is observed upon increase 
in temperature, homopolymer 16 appears to possess sig- 
nificant secondary structure. In the low ionic strength 
(-0.01) buffer, there was a small decrease in absorbance 
when the temperature was lowered from ambient to below 
10 "C. This became more obvious when NaCl was added 
to test solutions. At 0.1 M NaC1, the absorbance-tem- 
perature profiles showed a hyperchromic effect of about 
12% with an apparent T,  of -10 "C. At  0.5 M NaC1, 
there was a further increase in percent hyperchromicity 
(17%) and T,  (-13 "C), as well as a t  1.0 M NaCl (23% 
and 14.5 "C, respectively). Parallel control experiments 
with poly(X) reproduced the expected T,s (27 "C a t  0.1 
M NaC1; 38 "C a t  0.5 M NaC1).31 

Since the melting temperature of 16 seemed to be 
strongly dependent on ionic strength, the effect of stoi- 

M(p)] in the presence of spermine ( 5  x 

(28) (a) Jones, A. S .  Synthetic Analogues of Nucleic Acids-A Review. 
Int. J.  Biol. Macromol. 1979,1,194-207. (b) Karpel, R. L.; Levin, V. Y.; 
Haley, B. E. J. Biol. Chem. 1987,262,9359. (c) Leonard, N. J.; Scopes, 
D. I. C.; VanDerLijn, P.; Barrio, J. R. Biochemistry 1978, 17, 3677. (d) 
Cartwright, I. L.; Hutchinson, D. W. Nucleic Acids Res.1980, 8, 1675. 

(29) Thach, R. E.; Newburger, M. R. Research Techniques in Bio- 
chemistry and Molecular Biology; W .  A. Benjamin: Menlo Park, 1972; 

(30) Harrison, B.; Zimmerman, S. B. Nucleic Acids Res. 1984,12,8235. 
(31) Michelson, A. M.; Monny, C. Biochim. Biophys. Acta 1966,129, 

pp 26-30. 

460. 
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leukemia virus (MuLV) reverse transcriptase in tissue 
culture systems.32 While 1 showed no activity, tha t  of 2 
was significant and was comparable to  (or slightly better 
than) tha t  of interferon a t  the same dosage level. At a 
dosage of 0.01 pg/mL, 2 rendered 86% protection against 
MuLV infection. Under the same experimental conditions 
and dosage level, the cytotoxicity of 2 was also considerably 
(24%) less than that of interferon. 

240 260 200 300 320 
nm 

M(p) 16; A2,6.2 X 
Figure 4. Circular dichroism spectra of poly[ I-MP] (15) and 
poly[%-MP] (16): A l ,  6.6 X M(p) 16 
with 6.0 X M spermine. B1, 8.9 X 10" M(p) 15; B2, 8.5 X 

M(p) 15 with 6.0 X M spermine. 

chiometric levels of spermine, a cation with a charge of +4, 
was assessed. When aliquots of spermine were added to 
the solutions of 16 in low ionic strength buffer a t  room 
temperature or below, there was an immediate hypo- 
chromic change. In the  presence of stoichiometric levels 
of spermine, 16 displays a very broad absorbance-tem- 
perature profile, with a T, of N 40 "C and hyperchrom- 
icity of N 30-35%, indicating the presence of intrastrand 
secondary structure (Figure 3). The  extent of hyper- 
chromicity is probably maximal, since in the presence of 
spermine, a significant increase in absorbance occurred 
only above 10 "C. Parallel melting experiments of poly(U) 
in the presence of spermine showed the expected abrupt 
absorbance change at  the T, (26 "C), characteristic of the 
poly(U)-poly(U) double helix. 

The results with homopolymer 15, by contrast, gave little 
indication of secondary structure without spermine, and 
even with spermine the T, (-28 "C) and hyperchromicity 
(17% or less) were lower than those observed for 16. 

The above findings on secondary structures of 15 and 
16 were corroborated by their CD spectra (Figure 4). In 
low ionic strength buffer, 16 showed a prominant Cotton 
effect with a maximum a t  283 nm, crossover a t  271, and 
a minimum a t  260 nm. Upon addition of stoichiometric 
levels of spermine, there was a significant change in the 
spectrum with a doubling of the absolute value of the 
minimum (see Figure 4A), a reduction and a shift of the 
maximum (to 290 nm), and a shift of the crossover to 282 
nm. The perturbation of the CD spectrum correlates well 
with the hypochromic effect observed upon addition of 
spermine and is suggestive of a helical structure. By 
contrast, the CD spectra of 15 is relatively unperturbed 
by the  addition of spermine (Figure 4B), which is in 
agreement with the small effect of this cation on the UV 
absorbance-temperature profiles of 15 mentioned above. 

Preliminary Biological Screening of 1 and 2. Nu- 
cleosides l and 2 were screened for activity against murine 

Conclusions 
Ring-expanded nucleoside 1 exhibits an unusual pre- 

dominantly syn baseribose conformation both in the solid 
state and in solution, locked by strong intramolecular 
hydrogen bonding. It crystallizes in a pseudohelical mo- 
lecular packing array dictated by a complex network of 
hydrogen bonding and stacking interactions. The  con- 
formation of isomeric 2, on the other hand, is anti both 
as a solid and in solution. The  sugar pucker geometry in 
1 is C2'.endo-C3'.exo, whereas tha t  in 2 is the opposite 
C1'.exo-C3t.endo. The  5'-diphosphates of both 1 and 2 are 
substrates for E. coli polynucleotide phosphorylase, the 
yield of the homopolymer being higher with the latter 
diphosphate. Homopolymer 16 also revealed significant 
internal secondary structure which was apparently absent 
in isomeric 15. While 1 is devoid of antiretroviral activity, 
2 is as active as and less toxic than interferon. Whether 
or not the observed activity of 2 or the inactivity of 1 has 
any bearing on the correspondingly observed presence or 
absence of anti base-sugar conformation, C2'.exo-CS'-endo 
sugar pucker, helical structure/stability, and the relative 
ease of enzymic polymerization is yet too premature to 
conclude. Our contemplated studies on the  N4-methyl 
analogue of 1, whose bulky methyl substituent is antici- 
pated to  force the base-ribose conformation to  an  anti 
orientation, may throw further light on this subject. 

Experimental Section 
Multiplicity of 13C NMR signals is based on off-resonance 'H 

decoupled spectra. Unless stated otherwise, the reported mass 
spectral fragments are for the E1 mode. CI mass spectra were 
obtained by using either methane or isobutane as the reagent gas. 
CD spectra were recorded using pathlengths of 1 mm for nu- 
cleosides and nucleotides and l cm for polynucleotides. X-ray 
crystal structure analyses were performed at the Department of 
Chemistry, Southern Methodist University, Dallas, TX. Dry 
solvents were prepared as follows: methanol, ether, toluene, and 
xylene were distilled over sodium metal; acetonitrile was distilled 
from CaH,, followed by distillation from PzO5; DMF and DMSO 
were distilled at reduced pressure from CaH,; THF was first dried 
over KOH and then distilled over sodium. All dry solvents were 
stored over 3- or 4-A molecular sieves. 

5(4)-Nitro-l(3)H-imidazole-4(5)-carboxylic Acid Chloride 
(6a). In a flame-dried three-neck round-bottom flask, fitted with 
a guard tube, was placed 5"*9*10 (5 g, 31.8 mmol). Thionyl chloride 
(20 mL, 0.27 mol) was introduced through a serum cap, and the 
reaction mixture was heated to 50 "C with continuous stirring 
for 24 h. The compound never went into solution but as the 
reaction progressed the color became dark yellow. It was rotary 
evaporated under anhydrous conditions, and the residue was 
coevaporated with dry toluene three times, when a highly hy- 
groscopic yellow powder of 6a was obtained. Without further 
purification, it was employed for the next step. 
4-Nitro- 1-(2,3,5-tri-O -benzoyl-B-D-ribofuranosyl)- 

imidazole-5-carboxylic Acid (6b). Prepared from 5, using the 
Vorbruggen procedure of ribosidation" as described for compound 

(32) Biological screening was carried out by Dr. John Bilello of the 
Veterans Administration Hospital, Baltimore, MD, and his assitance in 
this regard is gratefully acknowledged. The murine systems employed 
for assays include LP-BM5, a mixture of ecotropic and MCF murine 
leukemia virus (MuLV), and Cas-Br-M. 
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8 below. It was recrystallized from EtOH-ligroin, yield >90%, 
mp 197-199 OC: 'H NMR (Me2SO-d6) 6 8.03-7.43 (m, 16 H, CH 
of imidazole + 3 OBz), 6.47-6.46 (d, J C H ~ H  = 4.0 Hz, 1 H, 
anomeric CH), 6.10-6.08 (dd, 1 H, ribose CH), 5.93-5.90 (dd, 1 
H, ribose H), 4.80-4.70 (m, 3 H, ribose CH and CHz); IR (KBr) 
3778-3482,1722,1712,1618 cm-I; W (MeOH) h- 282 nm, 275.5, 
229.5. 
N-Succinimidyl4-Nitro-1-(2,3,5-tri- 0-benzoyl-8-D-ribo- 

furanosyl)imidazole-5-carboxylate (6c). A mixture of 6b (0.5 
g, 0.82 mmol), dry THF (80 mL), and dry CH3CN (20 mL) was 
stirred, under N2, at room temperature. Dicyclohexyl carbodiide 
(175 mg, 0.84 mmol) was added, and the stirring continued to form 
a clear solution. N-Hydroxysuccinimide (94 mg, 0.82 mmol) was 
introduced, and the reaction mixture was continued to stir for 
2 h. TLC [silica gel, acetoneCHC1, (1:1)] indicated the formation 
of a new compound which moved faster than the starting material. 
The precipitated dicyclohexylurea (DCU) was filtered in vacuo, 
using anhydrous conditions. The fiitrate was equally divided into 
two portions, stored under anhydrous conditions, and used directly 
in the next step. A portion of this was used to prepare 8 and the 
other to prepare loa. 

5( 4)-Nitro-4( 5)- (N-( (met hoxycarbony1)met hy1)carbamo- 
y1)-l(3)H-imidazole (7). Crude compound 6a obtained above 
was placed in a three-neck round-bottom flask, maintained under 
Nz. Dry CH3CN (15 mL) was added, followed by the addition 
of a cold CHZClP solution of glycine methyl ester (3 g, 33 mmol), 
which was freshly liberated from the corresponding hydrochloride 
salt in 20 mL of CHzClz by treatment with triethylamine at 0 "C. 
The color changed to dark brown immediately after the addition. 
The reaction mixture was stirred at room temperature for 10 h. 
Some solid had separated. The mixture was evaporated to dryness 
on a rotary evaporator, and the residue was dissolved in boiling 
MeOH (100 mL), treated with decolorizing charcoal, and filtered. 
Concentration and cooling of the filtrate afforded a solid which 
was recrystallized from MeOH as off-white shining crystals of 7, 
yield 76%, mp 221-223 OC: 'H NMR (MezSO-d6) 6 9.22-9.20 (t, 
J N H x H  = 4.5 Hz, 1 H, NH, exchangeable with D20), 7.88 (s,1 
H, imidazole CHI; 4.11 (d, JcH2-NH = 5.5 Hz, 2 H, CHZ), 3.67 (s, 
3 H, OMe); IR (KBr), 3318, 1732, 1656, 1510, 1508 cm-'; mass 
spectrum, m / e  228 (M+), 197,169,140; UV (MeOH) A- 303 nm. 
Anal. Calcd for C7H8N405: C, 36.85; H, 3.53; N, 24.56. Found: 
36.76; H, 3.55; N, 24.48. 

5 4  N-( (Methoxycarbonyl)methyl)carbamoyl)-4-nitro-l- 
(2,3,5-tri-O-benzoyl-~-~ribofuranosyl)imidazole (8). Method 
A. Ribosidation of 7, Using the Vorbruggen Procedure." 
A mixture of 7 (1 g, 4.3 mmol), 1-0-acetyl-2,3,5-tri-O-benzoyl-fl- 
D-ribofuranose (2.21 g, 4.3 mmol), and freshly distilled dry ace- 
tonitrile (30 mL), contained in a dry three-neck flask, maintained 
under N,, was stirred at room temperature for 30 min. Freshly 
distilled 1,1,1,3,3,3-hexamethyldisilazane (HMDS) (1.3 mL, 6 
mmol) was introduced through a syringe needle, and the reaction 
mixture was stirred for 20 min. Chlorotrimethylsilane (CTMS) 
(0.9 mL, 7 "01) was introduced when the reaction turned milky, 
followed by the addition of freshly distilled trifluoromethane- 
sulfonic acid (0.7 mL, 7.9 mmol) when the reaction became clear. 
The stirring was continued for another h. TLC of the reaction 
mixture [silica gel, toluene-H20-acetic acid (5:1:5)] showed 
complete consumption of the starting material and the formation 
of a new short-wave W-absorbing product. The reaction mixture 
was transferred to a 500-mL beaker, 100 mL of dry CH2C12 was 
added, followed by a saturated aqueous solution of NaHCO3 It 
was stirred for 10 min and transferred to a separating funnel. The 
organic layer was separated, washed with saturated NaCl solution, 
dried over anhydrous sodium sulfate for 3 h, and filtered in vacuo, 
and the filtrate evaporated to dryness. The thick frothy oil 
obtained was dissolved in boiling EtOH, and when cooled white 
shining crystals of 8 separated out. It was recrystallized from 
boiling EtOH to obtain an analytical sample, yield 82%, mp 
154-156 "C: 'H NMR (Me2SO-d6) b 9.68-9.58 (t, J N H ~ H  = 5.6 
Hz, 1 H, NH, exchangeable with D20), 8.40 (s, 1 H, imidazole CH), 
8.10-7.34 (m, 15 H, 3 OBz), 6.46-6.39 (d, J C H x H  = 5.6 Hz, 1 H, 
anomeric CH), 6.21-5.95 (m, 2 H, ribose CH's), 4.91-4.73 (m, 3 
H, ribose CH2 + CH), 4.13-3.06 (d, J C H  NH = 5.6 Hz, 2 H, 
side-chain CH2), 3.62 (s, 3 H, OMe); IR ( K h )  3358, 1752, 1732, 
1722, 1714, 1708, 1660, 1560, 1460 cm-'; UV (MeOH) A,,, 282, 
275, 230 nm. Anal. Calcd for C33H28N4012: C, 58.92; H, 4.16; 
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N, 8.32. Found: C, 58.85; H, 4.22; N, 8.29. 
Method B. Reaction of 6c with Glycine Methyl Ester. One 

of the two portions of the filtrate containing 6c (vide supra) was 
placed in a dry 100-mL flask, protected from moisture (N2), and 
equipped with a magnetic stirrer. Glycine methyl ester (0.3 g, 
3.3 mmol), freshly liberated from the corresponding hydrochloride 
salt by treatment with triethylamine at  0 "C in CH2ClZ, was 
introduced through a syringe needle. The reaction mixture was 
stirred at room temperature for 2 h and rotary evaporated to 
dryness, and the residue was recrystallized two times from EtOH 
to obtain 8 as a white, fluffy solid, yield 49% (based on 6b), mp 
153-156 "C. The spectral data of this compound were identical 
with those of 8 prepared by method A above. 

Method C. Ribosidation of 7 by the Silver Salt Method.l2 
This procedure, which gave a mixture of 8 and 9, is described 
below. 

4 4  N-( (Methoxycarbonyl)methyl)carbamoyl)-5-nitro- 1- 
(2,3,5-tri-O-benzoyl-~-~-ribofuranosyl)imidazole (9). (i) 
Silver Salt of 7. Compound 7 (1.5 g, 6.5 mmol) was dissolved 
in a mixture of EtOH-H20 (l:l, 100 mL) by warming in a 5WmL 
Erlenmeyer flask. A solution of AgN03 (1.3 g, 7.6 mmol) in 70 
mL of hot EtOH was added dropwise to the clear solution of 7 
in aqueous EtOH, when a light yellow precipitate was formed. 
The acidic solution (pH 2) was neutralized with dilute NH,OH 
and then boiled in a water bath at 60-65 "C for 2 h. Celite (3.5 
g) was added with constant stirring, and the reaction mixture was 
cooled in a ice water-salt bath. The solid was filtered and washed 
consecutively with 100 mL each of HzO, EtOH, and Et20. The 
yellow solid cake was air-dried and then dried in a vacuum oven 
over P205 for 96 h. Dry weight of the yellow powder including 
the Celite was 5.3 g. 

(ii) Ribosidation. In a dry three-neck flask, fitted with a 
distillation set-up and a guard tube (anhydrous CaClZ + CaSO,), 
was placed the above Ag salt of 7 mixed with Celite (5.3 g). Dry 
xylenes (freshly distilled over Na metal) (100 mL) was added, and 
the reaction mixture was heated to boiling with vigorous stirring. 
Distillation was continued until 50 mL of xylenes was collected 
in the receiving flask and discarded. This was done to azeotrope 
any moisture present in the salt-Celite mixture and to ensure dry 
reaction conditions. The distillation set was then replaced with 
a reflux condenser equipped with a guard tube. Freshly prepared 
l-chloro-2,3,5-tri-O-benzoyl-~-ribofuranose~ (6.6 mmol) in xylenes 
(20 mL) was introduced through a syringe needle, and the reaction 
mixture was refluxed for 4 h. TLC [silica gel, toluene-acetic 
acid-H20 (5:5:1)] showed the formation of two distinctly UV- 
absorbing compounds, the faster moving having the same R as 
8. The light brown reaction mixture was cooled and filtered to 
remove inorganic salts, and the precipitate was washed with excess 
CH2C12. The organic filtrate was successively washed with 30% 
aqueous KI and H20 and then dried over anhydrous sodium 
sulfate overnight. Rotary evaporation yielded a viscous yellow 
oil, which was dissolved in hot EtOH and cooled. On cooling, a 
crystalline solid separated which was collected by filtration in 
vacuo and identified as 8 (38%). The EtOH filtrate, as revealed 
by TLC, contained mainly 9 along with traces of 8. The filtrate 
was evaporated to dryness, and the residue was purified by flash 
chromatography on silica gel (40-63 pm), using a mixture of 
toluene-EtOAc (81) as the eluting solvent. Compound 9 was 
obtained as a light yellow foam, yield 27%, mp 68-78 OC: 'H NMR 
(MezSO-d6) d 8.87-8.84 (t, J N H ~ H ~  = 6.1 Hz, 1 H, NH, ex- 
changeable with D20), 8.42 (s, 1 H, imidazole CH), 8.03-7.30 (m, 
15 H, 3 OBz), 6.68-6.64 (d, J C H x H  = 3.2 Hz, 1 H, anomeric CH), 
6.15-5.91 (m, 2 H, ribose CH's), 4.90-4.70 (m, 3 H, ribose CH2 
+ CH), 4.06-3.98 (d, J C H  NH = 6.1 Hz, 2 H, side-chain CHz), 3.66 
(s,3 H, OMe); IR (KBr) !$400,1732,1714,1632 cm-'; UV (MeOH) 
A- 281.5 nm, 274.5,229.5. Anal. Calcd for C33H&012: c ,  58.92; 
H, 4.16; N, 8.32. Found: C, 58.84; H, 4.22; N, 8.26. 

4-Nitro-1-(2,3,5-tri-O -benzoyl-p-D-ribofuranosyl)- 
imidazole-5-carboxamide (loa). One of the two portions of the 
filtrate containing 6c, described above, was placed into a dry 
two-neck flask, maintained at 0 "C, under anhydrous conditions 

(33)Thomas, H. J.; Johnson, J. A.; Fitzgibbon, W. E., Jr.; Clayton, S. 
J.; Baker, B. R. In Synthetic Procedures in Nucleic Acid Chemistry; 
Zorbach, W. W., Tipson, R. S., Eds.; John Wiley & Sons: New York, 1968, 
Vol. 1, p 249. 
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(N,). Ammonia gas was bubbled into the solution for 3 min, and 
the reaction mixture was stirred at 0 "C for 1 h. It was rotary 
evaporated to dryness, the residue was triturated with CH&N 
and filtered to remove the precipitated non-UV-absorbing solid, 
and the filtrate was once again evaporated to dryness. The residue 
was purified by flash chromatography on silica gel (40-63 pm), 
using toluene-EtOAc (8:3) as the eluting solvent. A white solid 
obtained was recrystallized from EtOH-petroleum ether (40-60 
"C) into shiny white crystals of loa, yield 73% (based on 6b), mp 
105-108 "C: 'H NMR (MezSO-d6) 6 8.47 (s, 1 H, exchangeable 
with D20, amide NH), 8.30 (s, 1 H, imidazole CH), 8.27 (s, 1 H, 
exchangeable with D20, amide NH), 8.03-7.15 (m, 15 H, 3 OBz), 
6.37-6.36 (d, J C H X H  = 5.0 Hz, 1 H, anomeric CH), 6.09-6.07 (dd, 
1 H, ribose CH), 5.90-5.88 (dd, 1 H, ribose CH), 4.89-4.88 (m, 
1 H, ribose CH), 4.79-4.70 (m, 2 H, ribose CH,); IR (KBr) 3390, 
1732, 1720, 1624 cm-'; UV (MeOH) A,, (MeOH) 281 nm, 275, 
230. 
4-Nitro- l-~-~-ribofuranosylimidazole-5-carboxamide (lob). 

Ammonia gas was bubbled for 5 min into a two-neck flask con- 
taining dry MeOH (25 mL) at 0 "C. Compound 10a (150 mg, 0.25 
mmol) was added, and the reaction mixture was stirred at room 
temperature for 24 h. It was evaporated to dryness, and the 
residue was recrystallized from MeOH into white crystals of lob, 
yield 63%, mp 175-177 "C (lit.I2 mp 175-177 "C): 'H NMR 
(MezSO-d6) 6 8.38 (s, 1 H, exchangeable with D,O, amide NH), 
8.26 (s, 1 H, imidazole CH), 8.17 (s, 1 H, exchangeable with D,O, 
amide NH), 5.63 (s, 1 H, exchangeable with D20, OH of ribose), 
5.56-5.55 (d, JCH-CH = 5.0 Hz, 1 H, anomeric CH), 5.23-5.22 (d, 
1 H, exchangeable with D20, OH of ribose), 5.12-5.11 (m, 1 H, 
exchangeable with D20, OH of ribose), 4.28-4.26 (m, 1 H, ribose 
CH), 4.09-4.07 (m, 1 H, ribose CH), 3.94 (s, 1 H, ribose OH), 
3.69-3.56 (m, 2 H, ribose CH,); IR (KBr) 3445,1684,1500 cm-'; 
UV (H20) A,,, 295 nm, (pH 0.7) 295, (pH 12.5) 300.5. 

4-Amino-5-(N-( (methoxycarbonyl)methyl)carbamoyl)- 
1-(2,3,5-tri-O-benzoyl-~-~-ribofuranosyl)imidazole (1 la). A 
mixture of compound 8 (1.0 g, 1.4 mmol), absolute MeOH (60 mL), 
and PtO, monohydrate (100 mg) was hydrogenated in a Parr 
hydrogenator a t  40 psi for 45 min. The reaction mixture was 
filtered twice over Celite, and the filtrate was evaporated to 
dryness. The residue was triturated with Et,O, and the precip- 
itated dirty yellow solid was recrystallized from CH,CN-hexanes 
to give lla, yield 64%, mp 75-78 "C: 'H NMR (Me.#O-d,) 6 8.34 
(s, 1 H, imidazole CH), 7.99-7.41 (m, 16 H, 3 OBz + NH), 6.73-6.65 
(d, J C H x H  = 4.0 Hz, 1 H, anomeric CH), 5.96-5.94 (m, 1 H, ribose 
CH), 5.84-5.82 (m, 1 H, ribose CH), 5.37-5.35 (br s, 2 H, NH2, 
exchangeable with D,O), 4.75-4.63 (m, 3 H, ribose CH and CH,), 
4.0-3.9 (d, JCH2-NH = 5.0 Hz, 2 H, side-chain CH2), 3.65 (s, 3 H, 
OMe); IR (KBr) 3366,1718-1740, 1700 cm-'; UV (MeOH) A,, 
275 nm. 230, (DH 13) 273.5, (uH 0.8) 273, 230.5. Anal. Calcd for 
C33H30N40,0~1j4H20: C, 61.68; H, 4.71; N, 8.72. Found: C, 61.25; 
H, 4.75; N, 8.65. 
5-Amino-4-( N-( (met hoxycarbony1)met hy1)carbamoyl)- 

1-(2,3,5-tri-O-benzoyl-~-~-ribofuranosyl)~m~dazole (12a). 
Prepared from 9, using the procedure described above for 1 la, 
except for the following changes: Evaporation of the alcoholic 
filtrate yielded a light yellow foam, which was purified by flash 
chromatography [silica gel (40-63 pm), CHC1,-MeOH (391)] into 
an off-white foam which was crystallized from a minimum volume 
of 2-propanol, 40-43%, sinters at 85 "C and melts at 93-95 "C: 
'H NMR (MezSO-d6) 6 8.0-7.42 (m, 17 H, one H exchangeable 
with D20,  NHCH, + imidazole CH + 3 OBz), 6.30-6.23 (d, 1 H, 
anomeric CH), 6.10-5.27 (m, 4 H, two H exchangeable with D20, 
NH2 + two ribose CH's), 4.74 (m, 3 H, ribose CH + CHp), 3.94-3.87 
(d, J c H ~ ~  = 5.6 Hz, 2 H, CHZ), 3.61 (s, 3 H, OMe); IR (KBr) 3400, 
1730,1640,1584 cm-'; UV (MeOH) A,, 267.5 nm, 230, (pH 0.69) 
273,231, (pH 13) 272,228. Anal. Calcd for C,HaN4010: C, 61.68 
H, 4.71; N, 8.72. Found: C, 62.06; H, 4.98; N, 8.32. 
4,5,7,8-Tetrahydro-6H-3-8-~-ribofuranosylimidazo[ 4,5- 

e][ 1,4]diazepine-5,8-dione (1) and 5-Amino-4-(N-(carboxy- 
methy1)carbamoyl)-1-8-D-ribofuranosylimidazole (12b). Dry 
MeOH (25 mL), which was freshly distilled over sodium, was 
introduced in a three-neck flask, maintained under a stream of 
NO. Freshly cut sodium (100 mg, 4.3 mg-atom) was added with 
stirring to form a clear solution. Compound 12a (1.0 g, 1.5 mmol) 
was added in portions, and the reaction mixture was heated at 
reflux for 48 h. TLC [silica gel, CHC1,-MeOH (3:2)] indicated 

the formation of two new W-absorbing compounds. The reaction 
mixture was cooled, neutralized with CH3C02H or 1 N HCl, and 
evaporated to dryness. The residue was purified by flash chro- 
matography on silica gel (40-63 pm), employing (a) CHC13-MeOH 
(4: l )  to collect the fast eluting 1, followed by (b) CHC1,-MeOH 
(1: l )  to collect the slower eluting 12b. 

Compound 1 was recrystallized from CHC13-MeOH as white 
crystals, yield 52%, mp >170 "C dec: 'H NMR (MezSO-d6) 6 7.87 
(s, 1 H, imidazole CH), 7.82 (t, J N H X H z  = 5.4 Hz, 1 H, NH, 
exchangeable with D20), 5.66-5.65 (d, JCH<H = 6 Hz, 1 H, 
anomeric CH), 5.21-5.20 (d, J OHXH = 4.5 Hz, 1 H, ribose OH, 
exchangeable with D20), 4.23-4.20 (t, J m x H  = 5.45 Hz, 1 H, ribose 
CH), 4.06-4.05 (d, J o H x H  = 3.5 Hz, 1 H, ribose OH, exchangeable 
with D20), 4.07-4.04 (dd, J O H e H  = 4.5 and 3.5 Hz, 1 H, ribose 
OH, exchangeable with D20), 3.93-3.91 (dd, J C H x H  = 3 Hz, 1 H, 
ribose CH), 3.67-3.56 (m, 5 H, ribose (CH + CH2) + ring CHJ; 
13C NMR (MeaO-d6) 6 168.95 (s, C=O), 164.50 (s, C=O), 134.02 
(d, imidazole C-2), 131.89 (s, junctional C next to 7-ring NH), 
122.44 (s, junctional C next to 7-ring C=O), 88.06 (d, ribose CH), 
85.44 (d, ribose CH), 74.31 (d, ribose CH), 70.01 (d, ribose CH), 
60.83 (t, ribose CH,), 45.59 (t, ring CH,); IR (KBr) 3360-2700 (br), 
1690, 1640 cm-'; UV A, (pH 6.1) 263 nm ( e  7.1 X lo3), (pH 13.2) 
294 (8 X 109,247 (9.2 X 10% Anal. Calcd for CllH14N406~3/4H20: 
C, 42.38; H, 5.01; N, 17.97: Found: C, 42.32; H, 5.02; N, 17.99. 

Compound 12b was isolated as the sodium salt and recrys- 
tallized from acetonitrile into a white powder: yield 29%; 'H NMR 
(Me2SO-d6) 6 7.45-7.44 (t, JNHXH~ = 4.2 Hz, 1 H, NH, ex- 
changeable with D20), 7.32 (s, 1 H, imidazole CH), 5.8 (br s, 2 
H, NH,, exchangeable with D20), 5.46-5.44 (d, J C H x H  = 4.8 Hz, 
1 H, anomeric CH), 5.3-5.15 (br, 3 H, 3 OH, exchangeable with 
D,O), 4.27-4.24 (t, 1 H, ribose CH), 4.04-4.02 (m, 1 H, ribose CH), 
3.88-3.87 (m, 1 H, ribose CH), 3.71-3.69 (d, J C H  NH = 4.2 Hz, 2 
H, side-chain CH,), 3.57-3.56 (m, 2 H, ribose 6H2); IR (KBr) 
3400-3100 (br), 1630-1560 (br) cm-'; UV A,, (pH 6.8) 266 (t 12.9 
X lo3), (pH 12.5) 266.5 (12.8 X lo3), (pH 0.7) 269.5 (10.2 X lo3). 
Anal. Calcd for CllHI5N40,Na: C, 39.08; H, 4.97; N, 16.08. Found: 
C, 39.01; H, 4.46: N, 16.56. 
4,5,7,8-Tetrahydro-6H- l-~-~-ribofuranosylimidazo[4,5- 

e ] [ 1,4]diazepine-5,8-dione (2) and 5-Amino-4- (N- (carboxy- 
methyl)carbamoyl)-l-i3-D-ribofuranosylimidazole (11 b). 
These two compounds were obtained from lla, following the 
procedure described above for 12a - 1 + 12b. 

Compound 2 was recrystallized from CHC1,-MeOH as shiny 
white crystals, yield 62%, mp 275-278 "C: 'H NMR (Me2SO-d,) 
6 10.78 (s, 1 H, NH, exchangeable with D20), 8.24 (5, 1 H, imidazole 
CH), 8.07-8.05 (t, JNH<H2 = 5.2 Hz, 1 H, NH, exchangeable with 
D20), 6.21-6.20 (d, JcHxH = 4.0 Hz, 1 H, anomeric CH), 5.43-5.42 
(d, JOH<H = 5.2 Hz, 1 H, ribose OH, exchangeable with D20), 
5.078-5.065 (d, JOH<H = 5.2 Hz, 1 H, ribose OH, exchangeable 
with D20), 5.05-5.04 (d, J O H x H  = 5.6 Hz, 1 H, ribose OH, ex- 
changeable with D20), 4.10-4.08 (m, 1 H, ribose CHI, 4.04-4.03 
(m, 1 H, ribose CH), 3.87-3.85 (m, 1 H, ribose CHI, 3.71-3.67 (m, 
2 H, CH,), 3.66-3.56 (m, 2 H, CH,); NMR (Me2SO-d6) 6 168.65 
(9, C=O), 161.85 (s, C=O), 143.18 (s, junctional C next to 7-ring 
NH), 137.75 (d, imidazole C-2), 110.82 (s, junctional C next to 
7-ring C=O), 89.24 (d, ribose CH), 84.20 (d, ribose CH), 75.58 
(d, ribose CH), 68.97 (d, ribose CH), 60.24 (t, ribose CH,), 45.84 
(t, ring CH,); IR (KBr) 3500-3000 (br), 1682,1632 cm-'; UV A, 
(pH 7.2) 267.5 nm ( e  7.2 X lo3), (pH 12.8) 294 (8 X lo3), (pH 0.69) 
263.5 (7.6 X lo3). Anal. Calcd for C11H14N406: C, 44.25; H, 4.69; 
N, 18.77: Found: C, 44.27; H, 4.79; N, 18.73. 

Compound llb was obtained as a sodium salt and recrystallized 
as an off-white powder from CH3CN-MeOH, yield 27%, mp > 
180 "C (slow dec): 'H NMR (MezSO-d,) 6 7.72 (s, 1 H, imidazole 
CH), 7.60-7.58 (t, JNH<H2 = 5 Hz, 1 H, NH, exchangeable with 
D20),  5.75-5.74 (d, J C H X H  = 5.5 Hz, 1 H, anomeric CH), 5.6-5.4 
(br, 2 H, NH,, exchangeable with D,O), 5.3-5.0 (br, 3 H, 3 OH, 
exchangeable with D20), 4.15-4.13 (m, 1 H, ribose CHI, 4.0-3.9 
(m, 1 H, ribose CH), 3.82-3.81 (m, 1 H, ribose CH), 3.78-3.77 (d, 
JCH2-NH = 5 Hz, 2 H, side-chain CHJ, 3.66-3.53 (m, 2 H, ribose 
CH,); IR (KBr) 3460-3120 (br), 1650,1635 cm-'; UV (H20) A, 
272.5 nm, (pH 12.1) 273, (pH 0.6) 268.5, 245.5. Anal. Calcd for 
CllH15N407NaJ/4H20: C, 38.50; H, 4.55; N, 16.33. Found: C, 
38.47; H, 4.93; N, 16.34. 
Disodium 4,5,7,8-Tetrahydro-5,8-dioxo-6H-3-~-~-ribo- 

furanosylimidazo[4,5-e][ 1,4]diazepine-5'-phosphate (13a). 



Ring-Expanded Nucleosides, Nucleotides, and Homopolymers 

Compound 1 (100 mg, 0.3 mmol) was placed in a flame-dried 
10-mL round-bottom flask. Freshly distilled trimethyl phosphate 
(3 mL) was added, and the flask was sealed with a serum cap and 
immersed in an ice-salt bath. When the temperature reached 
0 “C, freshly distilled POC13 (0.11 mL, 1.18 mmol) was introduced, 
when a clear solution was formed. The solution was stirred at 
0 “C for 2 h. TLC [silica gel, CH3CN-0.1 M NH4Cl (73)] indicated 
the complete conversion into a new, slow-moving, short-wave 
UV-absorbing compound. The reaction mixture was poured over 
crushed ice (10 g), and the aqueous solution was extracted with 
ether (3 x 10 mL) to remove excess trimethyl phosphate. The 
pH of the aqueous solution was further adjusted to 2.5 with 1 N 
NaOH. The resultant solution was applied to a column of ac- 
tivated carbon (Darco, 12-20 mesh, 30 g). The column was washed 
with distilled HzO until the eluate was salt free (tested with 
AgNOJ. It was further eluted with a mixture of EtOH-H,O- 
NH,OH (10101). The UV-absorbing fractions were pooled and 
evaporated to a small volume which was then passed through an 
ion-exchange column (Dowex, H+ form, 50x8-100, 30 g). The 
column was washed with HzO until no more UV-absorbing 
fractions could be detected in the eluate. The appropriate 
fractions were pooled and concentrated to 512 mL. This was 
passed through a second ion-exchange column (Dowex, Na+ form, 
50x8-100, 30 g). As before, the column was washed with HzO, 
UV-absorbing fractions were pooled and rotary evaporated to 
dryness. The residue was triturated with MeOH, and the sepa- 
rated solid was filtered in vacuo and dried in a vacuum oven to 
obtain 13a as an off-white powder, yield 68%: ‘H NMR (D,O) 
6 8.15 (s, 1 H, imidazole CH), 5.74 (s, 1 H, anomeric CH), 4.41 
(s, 1 H, ribose CH), 4.32 (s, 1 H, ribose CH), 4.08 (s, 1 H, ribose 
CH), 3.98,3.91 (2 s, 4 H, ribose CH2 + ring CH,); 31P NMR (D,O, 
ref std = a-P of ADP) 6 12.01 (s); IR (KBr) 3500-3000 (br),1700, 
1650 cm-’; UV (H,O) A,,, 264 nm, (pH >lo) 284, 249. 

Disodium 4,5,7,8-Tetrahydro-5,8-dioxo-6H-l-@-~-ribo- 
furanosylimidazo[4,5-e][ 1,4]diazepine-5’-phosphate (14a). 
This compound was prepared from 2 by following the procedure 
described above for 13a. It was obtained as a pale yellow solid, 
yield 70%: ‘H NMR (DzO) 6 8.38 (s, 1 H, imidazole CH), 6.28 
(9, 1 H, anomeric CH), 4.52 (s, 1 H, ribose CH), 4.42 (s, 1 H, ribose 
CH), 4.28 (s, 1 H, ribose CH), 4.09-4,02 (dd, 2 H, ribose CH,), 
3.94 (s, 2 H, ring CH,); 31P NMR (D,O), ref std = a-P of ADP) 
6 11.73 (s); IR (KBr) 3700-3000 (br), 1686,1654 cm-’; UV (H,O) 
A,, 267.5 nm, (pH 12.5) 294.5. 

Sodium 4,5,7,8-Tetrahydro-5,8-dioxo-6H-3-@-~-ribo- 
furanosylimidazo[4,5-e I[ 1,4]diazepine-5’-phosphoro- 
morpholidate (13b). The 5’-monophosphate (13a) (the free acid 
obtained from the initial Dowex H+ ion-exchange column, as 
described above) (200 mg, 0.52 mmol) was dissolved in a mixture 
of H,O (2 mL) and tert-butyl alcohol (2 mL), and the solution 
was transferred to a 50-mL three-neck flask, fitted with a reflux 
condenser, serum caps, and a magnetic stirrer. To this was added 
0.3 mL (3 mmol) of morpholine through a syringe needle. The 
reaction mixture was heated to reflux. A solution of dicyclohexyl 
cmbcdiimide (DCC) (0.6 g, 2.9 mmol) in 3 mL of tert-butyl alcohol 
was added dropwise over a period of 3 h from the top of the 
condenser (to avoid distillation of morpholine during the addition). 
The reaction was monitored by TLC [silica gel, isobutyric acid- 
H,O-NH40H (66:33:1)]. After 15 h, a new UV-absorbing com- 
pound was detected, which moved faster than the starting ma- 
terial. The reaction mixture was cooled and filtered to remove 
1,3-dicyclohexylurea (DCU), and the filtrate was partially evap- 
orated to remove tert-butyl alcohol. The residual DCU was 
removed by extraction with Et20 (3 x 10 mL). The aqueous layer 
was evaporated to dryness using a Kugelrohr apparatus, and the 
residue was coevaporated with dry pyridine (3 X 10 mL), when 
a yellow glassy solid was obtained. It was stored in a vacuum oven 
and was used directly for the next step without further purifi- 
cation. 

Sodium 4,5,7,8-Tetrahydro-5,8-dioxo-6H-l-@-~-ribo- 
furanosylimidazo[ 4,5-e I[ 1,4]diazepine-5’-phosphoro- 
morpholidate (14b). Prepared using the procedure described 
above for 13b. 

Trisodium 4,5,7,8-Tetrahydro-5,8-dioxo-6H-3-&~-ribo- 
furanosylimidazo[ 4,5-e][ 1,4]diazepine-5’-diphosphate ( 13c). 
(A) Preparation of Tri-n -butylammonium Phosphate. The 
cation exchange resin, Dowex 50W-X8-100 (H+ form, -50 g), was 
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washed with 6 N HCl(300 mL) and filtered in vacuo. Washing 
was repeated until the filtrate was clear. Then it was washed with 
water (200 mL) and packed into a column 89 a slurry in H20. The 
column was washed thoroughly with water until the pH of the 
eluate was neutral. Aqueous pyridine (lo%, 150 mL) was run 
through the column. There was a noticeable color change from 
dark to light as the column went into the pyridinium form. The 
pH of the eluate was basic, indicating complete conversion. The 
column was washed with excess HzO until the pH of the eluate 
was neutral. A solution of NaH2P04.H,0 (0.5 g) in 5 mL of 
distilled HzO was passed through the Dowex column (pyridinium 
form) using H,O as the eluant. All the UV-absorbing fractions 
were pooled and evaporated to dryness. A stoichiometric amount 
(1:l equiv) of fresh tri-n-butylamine (freshly distilled from KOH) 
was added to the residue, and the mixture stirred for 1 h and then 
evaporated by azeotroping with dry pyridine (3 X 10 mL). The 
residue was stored in a vacuum oven until further use. 

(B) Reaction with 5’-Phosphoromorpholidate (13b). In a 
dry 10-mL round-bottom flask, tri-n-butylammonium phosphate 
(0.6 g) was dried by azeotroping with dry pyridine (3 X 5 mL). 
A solution of dry phosphoromorpholidate (13b), prepared as 
described above, in dry DMF (5 mL) was introduced. The flask 
was stoppered with a serum cap, and the reaction mixture was 
stirred at room temperature for 72 h. DMF was removed on a 
Kugelrohr apparatus equipped with a vacuum pump. The residue 
was dissolved in 0.05 M triethylammonium bicarbonate (TEAB) 
buffer (3 mL). The solution was loaded onto a DEAE cellulose 
column which was preequilibrated successively with 0.5 M TEAB 
buffer for 24 h, HzO for 24 h, and finally with 0.05 M buffer for 
24 h. The column was eluted with a gradient of TEAB (0.05-0.40 
M). The diphosphate was eluted with 0.35-0.4 M buffer. The 
appropriate fractions were pooled and evaporated to dryness. The 
residual oily mass was coevaporated to dryness with MeOH (3 
X 10 mL). The residue was dissolved in 3 mL of HzO, and the 
solution was passed through a column packed with 50 g of Dowex 
50x8-100 ion-exchange resin (Na+ form). The column was eluted 
with H,O, and UV-absorbing fractions were pooled and evaporated 
to dryness when a solid was obtained. It was triturated with 
MeOH and filtered to obtain 13c as an off-white solid, yield = 
35%: ‘H NMR (DzO) 6 7.84 (s, 1 H, imidazole CH), 5.62-5.61 
(d, JCHXH = 4 Hz, 1 H, anomeric CH), 4.42-4.41 (d, J C H X H  = 4.5 
Hz, 1 H, ribose CH), 4.38-4.37 (d, JCHXH = 4.0 Hz, 1 H, ribose 
CH), 4.12 (s, 1 H, ribose CH), 4.05-4.03 (dd, 1 H, CH of 5’-CH,), 
3.96-3.94 (dd, 1 H, CH of 5’-CHJ, 3.62 (s, 2 H, ring CHJ; 31P NMR 
(DzO, ref std = a-P of ADP) 6 0.38 (d, 2Jp+p = 18.1 Hz, 0-P), 

254.5, (pH 12.5) 292.5, 247.5 nm. 
Trisodium 4,5,7,8-Tetrahydr0-5,8-dioxo-6H-l-/3-~-ribo- 

furanosylimidazo[4,5-e][ 1,4]diazepine-5’-diphosphate (14c). 
Prepared from 14b according to the procedure described above 
for 13c. It was obtained as a white solid, yield 38%: ‘H NMR 
(D,O) 6 8.30 (9, 1 H, imidazole CH), 6.29-6.28 (d, J C H X H  = 2 Hz, 
1 H, anomeric CH), 4.51-4.49 (m, 2 H, two ribose CHs), 4.29-4.28 
(m, 1 H, ribose CH), 4.26 (s, 2 H, ribose CH2), 3.9 (s, 2 H, ring 
CH,); 31P NMR (D,O, ref std = a-P of ADP) 6 0.24 (d, 2 J p - ~ p  

267.5 nm, (pH 12.2) 295.5 nm. 
Poly[l-MP] (15) and Poly[t-MP] (16). These were pre- 

pared2* from the respective nucleoside 5’-diphosphate, 13c and 
14c, using the primer-independent E. coli polynucleotide phos- 
phorylase (Sigma). As a control, parallel polymerization exper- 
iments were performed with xanthosine 5’-diphosphate. Generally, 
a polymerization mixture of 50 pL consisted of 20 mM nucleoside 
diphosphate, 0.1 M Tris-HC1 (pH 9.0), 7 mM MnCl,, 0.01 M 
P-mercaptoethanol, and 0.2 units of PNPase (4 units/mL final 
concentration). This mixture was then incubated at 37 “C for 
periods up to 65 h. The mixture was diluted with an equal volume 
of 1:3 v/v isoamyl alcohol/chloroform. After slow gentle shaking 
by hand, the mixture was spun in a microfuge for 2 min, and the 
aqueous layer containing the polynucleotide was collected by 
pipetting and resubjected to the above extraction process for a 
total of three or four times. The extracted polynucleotide was 
then exhaustively dialyzed vs successive 1000-mL changes (con- 
sisting of 2 X 500 mL changes each) of (i) 0.5 M NaCl, 10”’ M 
EDTA, 0.01 M Tris-HC1 (pH 7.6), (ii) 0.5 M NaC1,O.Ol M Tris.HC1 
(pH 7.6), (iii) 0.1 M NaCl, 0.01 M Tris.HC1 (pH 7.6), (iv) 0.01 M 

4.68 (d, ‘Jp+p = 18.0 Hz, @-P); UV (HZO) A,, (PH 7) 263 sh, 

= 25.0 Hz, a-P), 4.48 (d, ‘Jp+p = 25.0 Hz, P-P); UV (HZO) A,, 
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NaCl, 0.01 M Tris-HC1 (pH 7.6). The molecular weight cut off 
of the dialysis membrane was 12000-14000 Da. 

The extent of polymerization was determined by the following 
methods: (a) Colorimetric assessment of the release of inorganic 
phosphate from the polymerization reaction (prior to extraction), 
which is equimolar to the nucleoside diphosphate reacted, was 
made at  820 nm by reaction with 0.25% ammonium molybdate 
in 190 ascorbic acid, 1 N H2S04, using KH2POI as a standard.29 
The data indicated that about 60% of 13c reacted to for? 15, 
comparable to the extent of reaction obtained with XDP or ADP. 
(b) The ultraviolet absorption spectrum of the dialyzed product, 
and the number of absorbance units at A,, were compared with 
those of the starting material. The yield of nondialyzable, UV- 
absorbing material (based on A265 units) ranged between 7 and 
12% for 15 and 15 and 20% for 16, assuming the same extinction 
coefficient for polynucleotide residue as for mononucleotides. (c) 
The lengths of 15 and 16 were estimated by their electrophoretic 
mobilities on denaturing polyacrylamide gels containing 11.4% 
acrylamide, 0.6% bisacrylamide, 28.8% urea in TBE buffer (0.05 
M Tris, 0.05 M boric acid, and 0.001 M Na2EDTA). After 
electrophoresis, the gels were stained with ethidium bromide. Gel 
electrophoresis indicated that the material was clearly polymeric, 
electrophoresing as a broad band whose mobility was comparable 
to poly(xanthy1ic acid), and was less than the xylene cyano1 dye 
marker, which runs comparably to a 55-mer of poly(A).30 Relative 
to poly(X), 16 was stained poorly by ethidium bromide, and 15 
was not visualizable by this method. 

The polymerization process and the extraction procedures 
employed had no adverse effect on the integrity of the polymeric 
material as indicated by (a) the qualitative absorbance spectrum 
of the homopolymer which was identical to that of the monomer, 
except for the possible hyperchromic effect, and (b) the TLC 
mobility [silica gel, CHC1,-MeOH (3:2)] of the product of digestion 
of homopolymer 16 with ribonuclease A, snake venom phospho- 
diesterase, and alkaline phosphatase,2M which was indistin- 
guishable from that of the corresponding nucleoside monomer 
2. 

Absorbance-Temperatwe Profiles. Teflon-stoppered micro 
quartz cuvettes containing 100 p L  of test solutions were placed 
in a Gilford 2400-2 spectrophotometer designed to raise the 
temperature a t  a constant rate, which was 25 "C/h in these 
experiments. Temperature was continually monitored by means 
of a calibrated thermistor (Yellow Springs Instruments) inserted 
through a narrow hole in the stopper of the reference cuvette. 
Absorbance was usually monitored at the polynucleotide's 
wavelength of maximum absorbance. The buffer in all experi- 
ments was 0.01 M phosphate/Na+, 0.1 mM EDTA, pH 7.0, with 
additions of NaCl or spermine as indicated. In order to assure 
attainment of equilibrium, homopolymer-spermine solutions to 
be melted were allowed to incubate overnight at 4 "C prior to 
determination of Tm. 

Single-Crystal X-ray Diffraction Analyses of Compounds 
1 and 2. Suitable crystals were grown through slow crystallization 
from the appropriate solvents (see pertinent experimental data 
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above). The unit cell dimensions were obtained by a least-squares 
f i t  of 25 centered reflections in the range of 10" < 20 < 25". 
Intensity data were collected by using a 8/20 scan type in the range 
of 3" < 20 < 55". Three standard reflections monitored after every 
100 reflections did not show any significant change in intensity 
during data collections. Intensities were corrected for decay and 
Lorentz polarization effects but not for absorption. The structure 
was solved and all non-hydrogen atoms were found by using results 
of SHELXTL-p~us.3~ After several cycles of refinements using 
SHELX~~/SHELXTL-PLUS~*~ the positions of hydrogen atoms were 
located on difference Fourier maps, and included in the final 
refinement with isotropic thermal parameters, and with geome- 
trical constraints for CH2 and CH protons. Refinement proceeded 
to converge by minimizing the function xw(lFol - IFc1)2, where 
the weight, w, is u(F)-~. The discrepancy indices R = CIIFoI - 
IFcII/CIFol~ and R, = [E3w(lF0l - IFc1)2/~w(lFo1)21'/2 are presented 
below. 

Crystallographic Data. A. Compound 1: CllH14N406, M ,  
= 298.29, space group P212121, orthorhombic, a = 5.6226 (13) 8, 
b = 13.956 (5) A, c = 15.803 (9) A, V = 1240 (9) A3, Z = 4, D,  = 
1.60 g ~ m - ~ ,  (Mo K a )  = 0.71073 A, p = 0.12 mm-'. Final R = 
3.83%, R, = 3.94% for 1162 unique reflections with 123u(I)  = 
1108. 

B. Compound 2: CllH .&Os, M ,  = 298.29, space group P2*, 
monoclinic, a = 5.043 (2) A, b = 7.315 (3) A, c = 16.825 (6) A, p 
= 94.93 (3)", V = 618.3 (4) A3, 2 = 2, D, = 1.60 g ~ m - ~ ,  (Mo K a )  
= 0.710 73 A, p = 0.12 mm-'. Final R = 3.0370, R, = 4.35% for 
1547 unique reflections with I>3u(I) = 1444. 
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