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1.747 (s, 3 H, C4-CHy), 2.902 (s, 5 H, NCH; + H,), 4.15 (m, 1 H,
Hjy), 4.26 (m, 1 H, Hy), 4.70 (m, 1 H, Hy.), 4.94 (m, 1 H, H,), 5.82
(d, 1 H, Hg»), 598 (d, 1 H, Hy), 6.42 (d, 1 H, Hy), 6.77 (brs, 1
H, H,), 7.00 (s, 1 H, Hy), 7.139 (s, 1 H, Hg); exact mass caled
345.1324, found 345.1330. Anal. (C;;H;4N;05) C, H, N.

Oxidation of 4 by Hydrogen Peroxide. To a solution of Hy,0,
(0.2 M) contained in a UV cuvette equilibrated at 22 °C was added
a solution of 4 to a final concentration of 5 X 10¢ M. The mixture
was thoroughly mixed and followed for the disappearance of the
dihydronicotinate absorbance max at 360 nm.

In Vitro Oxidation of 4 in Biological Media. A solution
of 4 (5 X 1075 M) in freshly prepared human plasma diluted with
an equal volume of 50 mM phosphate buffer, pH 7.4, was
maintained at 37 °C in a UV cuvette and the rate of disappearance
of the (dihydronicotinate) absorbance peak at 360 nm was de-
termined.

The rates of disappearance of 4 (5 X 10 M) in a mouse liver
(20 mg/mL) and mouse brain (40 mg/mL) homogenates in 50
mM phosphate buffer, pH 7.4, was determined similarly at 37
°C. The rate constant for the oxidation of 4 to 3 in both plasma
and tissues was determined from the slope of the log of the
disappearance curve.

In Vivo Administration of 4. Female BDF/1 mice (15) were
injected via the tail vein with 4 (25 mg/kg), which was first
dissolved in ethanol and then homogenized with 5% Tween 80
to yield a final mixture which contained 5% ethanol. Blood, brain,

and liver tissues were obtained at 1, 2, 3, 6, and 24 h postinjection.
Tissue homogenizations and HPLC studies were carried out as
described above. The half-lives of compound 4 in brain, liver,
and plasma were determined by calculating the negative slope
of the log of the disappearance of 3 following the intravenous
administration of 4.

In Vivo Administration of 1. The same straim of female mice
(3) received, via tail-vein injection, 25 mg/kg of 1 containing 100
uCi of [Me-3H]-1. After 1 h, the animals were sacrificed and the
weighed brains were homogenized in 5 volumes of 50% MeOH.
The supernatant layer, obtained after centrifugation of the
homogenate (10000g) for 20 min, was evaporated to dryness and
the residue dissolved in MeOH. Aliquots (900 uL) of the latter
solution were dissolved in 10 mL of ACS (Amersham Corp.) liquid
phosphor, and the level of radioactivity was monitored in a
scintillation spectrometer. It was determined from the data that
the brain contained 0.44 + 0.12 ug of 1/g of wet tissue.

TLC of homogenate on RP-18 plates (0.1 M NH,OAc—CH,CN,
80/20) gave a spot, containing >90% of the radioactivity, with
an R; identical with that of an authentic sample of unlabeled 1.
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A Novel Prodrug of an Impermeant Inhibitor of 3-Deoxy-D-manno-2-octulosonate
Cytidylyltransferase Has Antibacterial Activity

Daniel W. Norbeck,* William Rosenbrook, James B. Kramer, David J. Grampovnik, and Paul A. Lartey
Anti-infective Research Division, Abbott Laboratories, Abbott Park, Illinois 60064. Received July 22, 1988

Although 8-amino-2,6-anhydro-3,8-dideoxy-D-glycero-D-talo-octonic acid (2) is a potent inhibitor of 3-deoxy-D-
manno-octulosonate cytidylyltransferase (CMP-KDO synthetase), it is unable to reach its cytoplasmic target and
is therefore inactive as an antibacterial agent. However, esterification of 2 with 8-(hydroxymethyl)-1-naphthyl methyl
disulfide (8) generates a prodrug (12), which gains entry into bacterial cells. Intracellular reduction of the disulfide
leads to a rapid, intramolecular, displacement of the acid 2, which then inhibits the growth of Gram-negative bacteria

by interfering with the biosynthesis of lipopolysaccharide.

The molecular properties required for the effective de-
livery of an agent to its biological target are frequently
incompatible with the structural features necessary for
optimal activity at that target. This dichotomy can usually
be bridged by the development of a prodrug.! Regardless
of the goal—improved oral absorption, passage through
the blood-brain barrier, or intraocular delivery, for
example—the limiting factor is often the ability of a
molecule to penetrate lipid bilayers. Even apart from the
human host, this problem arises at a fundamental level in
the development of antibacterial agents that act at a cy-
toplasmic target.2

Compounds 12 and 2,2 for instance, are both potent (K;
= 12 uM and 4 uM, respectively) in vitro inhibitors of

(1) For areview of prodrugs, see: Bioreversible Carriers in Drug
Design: Theory and Application; Roche, E. E., Ed.; Pergamon
Press: New York, 1987.

(2) For a discussion of the transport of antibiotics into bacteria,
see: Chopra, 1.; Ball, P. Adv. Microb. Physiol. 1982, 23,
183-240.
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CMP-KDO synthetase (3-deoxy-D-manno-octulosonate
cytidylyltransferase), a key enzyme in the biosynthesis of

(3) (a) Rosenbrook, W.; Lartey, P. A,; Riley, D. A. U.S. Patents
4,613,590 and 4,613,589, 1986. (b) Lartey, P.; Riley, D.; Hallas,
R.; Rosenbrook, W.; Norbeck, D.; Grampovnik, D.; Kohlbren-
ner, W.; Wideburg, N.; Pernet, A. Abstracts of Papers, 193rd
National Meeting of the American Chemical Society, Denver,
CO; American Chemical Society: Washington, D.C., 1987;
MEDI 68. (c) Lartey, P.; Norbeck, D.; Tadanier, J.; Maring,
C.; Lee, C.-K.; Hallas, R.; Grampovnik, D.; Rosenbrook, W.;
Kramer, J.; Pernet, A. Abstracts of Papers, 193rd National
Meeting of the American Chemical Society, Denver, CO; Am-
erican Chemical Society: Washington, DC., 1987; MEDI 69.

0022-2623/89/1832-0625$01.50/0 © 1989 American Chemical Society
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the lipopolysaccharide (LPS) of Gram-negative bacteria.*5
Since temperature-induced inhibition of this enzyme in
temperature-sensitive mutants stops bacterial growth,?
compounds 1 and 2 might be expected to act as bacter-
iostatic agents. In fact, their antibacterial activity is
negligible. CMP-KDO synthetase is an intracellular en-
zyme, but the passage of radiolabeled 1 through the cy-
toplasmic membrane is insignificant.” To overcome this
problem, we® and others® have linked the amino acid 2
to various dipeptides to generate prodrugs such as 3 which

are delivered to their target by a bacterial oligopeptide
permease. Intracellular cleavage of the prodrug by ami-
nopeptidases then releases the inhibitor. In contrast to
the free acid, entry of the radiolabeled methyl ester of 1
into the cytoplasm is significant.” This observation sug-
gested an alternative to the peptide portage strategy' for
the uptake of impermeant molecules into bacterial cells.
Because esters of 1 or 2 do not inhibit CMP-KDO
synthetase, the success of this approach would hinge on

(4) For reviews of the biosynthesis of LPS, see: (a) Unger, F. M.
Adv. Carbohydr. 1981, 38, 323-388. (b) Bacterial Lipopoly-
saccharides: Structure, Synthesis, and Biological Activities;
Anderson, L., Unger, F. M., Eds.; ACS Symposium Series 231;
American Chemical Society: Washington, D.C., 1983. (c)
Bacterial Quter Membranes: Biogenesis and Functions; In-
ouye, M., Ed.; Wiley: New York, 1979,

(5) For approaches to the development of novel antiinfective
agents by the inhibition of KDO metabolism, see: (a) Norbeck,
D. W.; Kramer, J. B. Tetrahedron Lett. 1987, 773-776. (b)
Norbeck, D. W.; Kramer, J. B.; Lartey, P. A. J. Org. Chem.
1987, 52, 2175-2179, and references cited therein.

(6) (a) Rick, P. D.; Osborn, M. J. J. Biol. Chem. 1977, 252,
4895-4903. (b) Rick, P. D.; Fung, L. W.; Ho, C.; Osborn, M.
dJ. J. Biol. Chem. 1977, 252, 4904-4912,

(7) Tadanier, J. S.; Kohlbrenner, W. E,; Darveau, R. P., unpub-
lished results. )

(8) (a) Goldman, R.; Kohlbrenner, W.; Lartey, P.; Pernet, A. Na-
ture 1987, 329, 162-164. (b) Lartey, P.; Goldman, R.; Rosen-
brook, W.; Riley, D.; Hallas, R.; Maring, C.; Grampovnik, D.;
Fesik, S.; Fernandes, P. Program and Abstracts of the 27th
Interscience Conference on Antimicrobial Agents and Che-
motherapy, New York; American Society for Microbiology:
Washington, D.C., 1987; p 315. (c) Lartey, P.; Norbeck, D.;
Rosenbrook, W.; Hallas, R.; Grampovnik, D.; Goldman, R.;
Doran, C.; Capobianco, J.; Fernandes, P.; Pernet, A. Program
and Abstracts of the 27th Interscience Conference on Anti-
microbial Chemotherapy, New York; American Society for
Microbiology: Washington, D.C., 1987; p 316.

(9) Hammond, S. M.; Claesson, A.; Jansson, A. M.; Larsson, L.-G.;
Pring, B. G.; Town, C. M.; Ekstrom, B. Nature 1987, 327,
730-732. (b) Claesson, A.; Jansson, A. M.; Pring, B. G.; Ham-
mond, S. M.; Ekstrom, B. J. Med. Chem. 1987, 30, 2309-2313.

(10) For a review of the peptide portage strategy, see: Ringrose, P.
S. Symp. Soc. Gen. Microbiol. 1985, 38, 219-266.
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Scheme II. Synthesis of a Novel Ester Prodrug®
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¢(a) n-BuLi, THF; (CH;0),; MeSS(0),Me; (b) Ac,0, DMAP,
CH,Cly; (c) (CHg),CO, H*-Resin; (d) Hy, Pd-C, MeOH; (e) (BO-
C);0, TEA, MeOH; (f) dihydropyran, PPTS, CH,Cl,; (g) LiOH,
H.0; H,0*; TEA; (h) 8, BOP-C|, TEA; (i) TFA, THF, H,0.

the development of esters that would deliver and then
release the warhead in the cytoplasm.

Initially, a series of simple esters of compound 1 was
evaluated in a toluene-permeabilized cell assay!! in which
both compounds 1 and 2 can be shown to inhibit the in-
corporation of radiolabeled KDO into LPS. Similar in-
hibition by the esters of 1 and 2 would thus serve as an
indirect assay for the hydrolysis of these esters to the
corresponding acid. However, of the esters of compound
1 evaluated (methyl, (methylthio)methyl, (pivaloyloxy)-
methyl, allyl, propargyl, butyl, benzyl, 2-(dimethyl-
amino)ethyl, [(tert-butyloxy)carbonyl]methyl, carboxy-
methyl, and the carboxamide and N-hydroxycarboxamide),
none were appreciably cleaved by the test organism Sal-
monella typhimurium during a 60-min assay. This di-
sapppointing result prompted us to conceive compounds
of the general formula 4 (Scheme I) as esters with a novel,
nonhydrolytic cleavage mechanism.

The design of this ester was predicated on both bio-
logical and chemical considerations. First, Gram-negative
bacteria are known to contain significant quantities of free
sulfhdyryl compounds,'? notably glutathione.!® Second,
disulfide exchange reactions are known to be facile, even
in the absence of enzymatic catalysis.!4!®* We anticipated
that these circumstances would lead to the rapid genera-
tion of the thiolate anion 5. Furthermore, as a consequence
of the well known “peri” effect in 1,8-disubstituted naph-

(11) Capobianco, J. O.; Darveau, R. P.; Goldman, R. C.; Lartey, P.
A.; Pernet, A. G. J. Bacteriol. 1987, 169, 4030-4035.

(12) (a) Fahey, R. C.; Brown, W. C.; Adams, W. B.; Worsham, M.
B. J. Bacteriol. 1978, 133, 1126-1129. (b) Loewen, P. C. Can.
J. Biochem. 1979, 57, 107-111. (c) Thomas, E. L. J. Bacteriol.
1984, 157, 240-246. (d) Owens, R. A.; Hartman, P. E. J. Bac-
teriol. 1986, 168, 109-114.

(13) For reviews on the biochemistry of glutathione and disulfide
exchange reactions, see: (a) Meister, A.; Anderson, M. E.
Annu. Rev. Biochem. 1983, 52, 711-760. (b) Holmgren, A.
Annu. Rev. Biochem. 1985, 54, 237-271. (c) Ziegler, D. M.
Annu. Rev. Biochem. 1985, 54, 305-329. (d) Methods in En-
zymology; Meister, A., Ed.; Academic: Orlando, FL, 1985; Vol.
113.

(14) (a) Fava, A.; Iliceto, A.; Camera, E. J. Am. Chem. Soc. 1957,
79, 833-838. (b) Freter, R.; Pohl, E. R.; Wilson, J. M.; Hupe,
D. d. J. Org. Chem. 1979, 44, 1771-1774.

(15) Disulfide linkages to cysteine have been used to effect peptide
portage of sulfhydryl-containing compounds into E. coli:
Boehm, J. C.; Kingsbury, W. D.; Perry, D.; Gilvarg, C. J. Biol.
Chem. 1983, 258, 14850-14855.
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thalenes,'® the disulfide exchange was expected to be
rendered irreversible by esterolytic dealkylation!” and at
a rate several orders of magnitude greater than that ob-
served in the intermolecular version of this reaction.!®

The synthesis of the required alcohol 8 from the easily
accessible 8-chloro-1-naphthalenethiol (7)!° was straight-
forward (Scheme II). Metalation of 7 with 2.0 equiv of
n-butyllithium in THF as described by Meinwald® gen-
erated a dianion, which was sequentially quenched with
dry paraformaldehyde and then methyl methanethio-
sulfonate to produce 8 in 68% yield. Condensation of 8
with acetic anhydride afforded the model ester 9.

The reaction of a 0.1 M solution of 9 in CDCl; with 2.0
equiv of n-propanethiol and triethylamine at room tem-
perature was monitored by NMR and TLC. Although the
ester was unchanged by the presence of triethylamine
alone, addition of n-propanethiol caused the gradual dis-
appearance of the methylene resonance of 9 at 5.90 ppm
and the emergence of a new singlet'at 4.76 ppm due to the
thioether 6.8 This conversion was 50% complete in 25
min. During the course of this transformation, two tran-
sient intermediates appeared on the TLC (silica gel, 1:1
ether/hexane) of the reaction mixture. The major inter-
mediate (R; = 0.39) was approximately equimolar to the
starting ester 9 (R; = 0.34) after 20 min and is probably
the propyl naphthyl disulfide. On the basis of its greater
polarity (R; = 0.07), we believe that the minor intermediate
is the triethylammonium thiolate of 5 (R = CHj). Since
this compound never constituted more than 5-10% of the
reaction mixture, its generation must be the rate-limiting
step in the ester cleavage. Formation of the thioether 6
(R; = 0.59) appears to be quantitative by TLC and NMR,
and the compound could be isolated by chromatography
as a white solid in 90% yield.

Having established the mechanism and remarkable fa-
cility of this ester cleavage, we turned our attention to the
synthesis of the prodrug 12, in which the 8-amino function
was chosen to enhance inhibitory potency and water sol-
ubility. As summarized in Scheme 11, a series of standard
functional group manipulations on the azide 103" set the
stage for the BOP-C1* mediated esterification of the
carboxylate 11 with the alcohol 8. The stability of the
disulfide ester 12 to aqueous trifluoroacetic acid is sug-
gestive of circumstances (e.g., oligopeptide and oligo-
nucleotide synthesis) in which it could serve as a readily

(16) Strong interactions are observed in the X-ray structure of
electrophiles and nucleophiles juxtaposed on the 1 and 8 pos-
itions of the naphthalene framework: (a) Egli, M.; Wallis, J.
D.; Dunitz, J. D. Helv. Chim. Acta 1986, 69, 255-266. (b)
Schweizer, W. B.; Procter, G.; Kaftory, M.; Dunitz, J. D. Helv.
Chim. Acta 1978, 61, 2783-2808. A peri hydroxyl group is
reported to participate in the trifluoroacetolysis of naphthal-
enesulfonamides: (c) Mazaleyrat, J.-P.; Wakselman, M. Tet-
rahedron Lett. 1985, 6071-6074.

(17) (a) Sheehan, J. C.; Daves, G. D. J. Org. Chem. 1964, 29,
2006-2008. (b) Intramolecular versions of this reaction have
been explored: Ho., T. L. Synth. Commun. 1978, 8, 301-304.

(18) For discussions of the spectacular rate enhancements observed
in some intramolecular reactions, see: (a) Kirby, A. J. Adv.
Phys. Org. Chem. 1980, 17, 183. (b) Menger, F. M. Acc. Chem.
Res. 1985, 18, 128-134.

(19) Dikshit, V. K.; Tilan, B. D. Proc. Indian Acad. Sci. 1951, 334,
78-84.

(20) Meinwald, J.; Dauplaise, D.; Clardy, J. J. Am. Chem. Soc. 1977,
99, 7743-7744.

(21) (a) Folli, U.; larossi, D.; Taddei, F. J. Chem. Soc., Perkin
Trans. 2 1974, 933-937. (b) Neidlein, R.; Humburg, G. Chem.
Ber. 1979, 112, 349-354.

(22) Diago-Mesegver, J.; Palomo-Coll, A. L.; Fernandez-Lizarbe, J.
R.; Zugaza-Bilbao, A. Synthesis 1980, 547-551 (BOP-Cl =
N,N-bis[2-0x0-3-0xazolidinyl]phosphordiamidic chloride).
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removable protecting group.

Addition of the acetate salt of ester 12 to a suspension
of S. typhimurium caused a UV-active component iden-
tical by TLC with the thioether 6 to appear in the su-
pernatant within 10 min. Release of the acid 2 from 12
was verified by inhibition of the incorporation of radio-
active KDO into the LPS of the toluene-permeabilized!!
S. typhimurium. Although the rapidity of the cleavage
made quantitative data difficult to obtain, analysis of the
time dependence of this inhibition showed that the in-
hibitor was released from the disuifide ester at least several
times more rapidly than from the dipeptide derivative 3
(33 pmol/min/mg protein).% The antibacterial activity
of 12, however, was somewhat less than that of 3. In an
agar diffusion assay against S. typhimurium grown in a
MOPS? medium, 1 umol of the dipeptide prodrug applied
to a 6.0-mm disk gave rise to a 29-mm zone of inhibition;3
2 umol of the disulfide prodrug under the same conditions
produced a 17-mm zone of inhibition. Similarly, while
addition of 100 ug/mL of 3 to a growing suspension of S.
typhimurium induced bacteriostasis as measured by the
absorbance at 420 nm,? 200 ug/mL of 12 was required to
induce a comparable effect. The underivatized amino acid
2 exhibited no antibacterial activity in either assay.%®

Several experiments were conducted to confirm the
disulfide prodrug’s mode of action. First, nonspecific ef-
fects were ruled out by the lack of antibacterial activity
of the acetate 9 or the thioether 6, alone or in combination
with the amino acid 2. More conclusively, the disulfide
prodrug was shown to induce the accumulation of the same
lipid A precursors and side products observed in mutant
bacteria (kdsB) with a temperature-sensitive CMP-KDO
synthetase at the nonpermissive temperature.8+11:2¢ Since
the dipeptide 3 also induces these precursors, it is clear
that both prodrugs deliver the acid 2 to the cytoplasm and
then release it to inhibit CMP-KDO synthetase.

Although the peptide-based delivery system benefits
from active transport into the cytoplasm, these systems
are prone to mutation and the consequent emergence of
resistance.’®?® The disulfide ester, on the other hand,
presumably enters the cytoplasm via passive diffusion, a
relatively slow but difficult process to select against.
Further modification of the ester prodrug, particularly in
the naphthalene portion, should lead to a structure that
strikes the optimum compromise between the require-
ments for passage through the aqueous porin channels of
the outer membrane? and the lipid cytoplasmic mem-
brane.

Given the ubiquitous nature of free sulfhydryls in living
systems,'? potential applications of the disulfide ester 4
to the development of other prodrugs should not be ov-
erlooked.?” A single intraperitoneal injection of either the
ester 9 or its metabolite 6 caused minimal cute toxicity in
mice. While the LDj, of 6 was ~640 mg/kg, the LD, of
9 was >1000 mg/kg.

Experimental Section

'H NMR spectra were recorded at 300 MHz. Chemical shifts
are reported as values relative to tetramethylsilane (§ = 0.0) as
an internal standard. Data are reported as follows: chemical shift

(23) Neidhardt, F. C.; Block, D. L.; Smith, D. F. J. Bacteriol. 1974,
119, 736-747.

(24) Goldman, R. C.; Doran, C. C.; Capobianco, J. O. J. Bacteriol.
1988, 170, 2185-2191.

(25) Antonucci, T. K.; Oxender, D. L. TIBS 1985, 335-336.

(26) Nikaido, H.; Vaara, M. Microbiol. Rev. 1985, 49, 1-32.

(27) Prosultiamine and disulfiram are two commonly used disulfide
prodrugs. The Merck Index, 10th Ed.; Windholz, M., Ed;
Merck: Rahway, NJ, 1983.



628 Journal of Medicinal Chemistry, 1989, Vol. 32, No. 3

(multiplicity, integrated intensity, coupling constants, assignment).
Optical rotations were measured in 1-dm cells of 1-mL capacity
on a digitial polarimeter. Analytical thin layer chromatography
was conducted on precoated glass plates: silica gel 60 F-254, layer
thickness 0.25 mm, E. Merck and Co. Silica gel chromatography
utilized E. Merck silica gel 60 (70-230-mesh ASTM). Reaction
solvents were dried and distilled before use, and all reactions were
conducted under an inert atmosphere.

8-(Hydroxymethyl)-1-naphthyl Methyl Disulfide (8). To
a stirred solution of 4.00 g (20.5 mmol) of 8-chloro-1-
naphthalenethiol’® in 100 mL of THF under an argon atmosphere
at -34 °C was added 17.5 mL (45.5 mmol) of 2.60 M n-butyllithium
in hexanes over 1.5 min. After 10 min, the temperature had risen
to —27 °C, and 1.25 g (41.6 mmol) of dry, solid paraformaldehyde
was added in one portion. The temperature was allowed to
gradually rise to -1 °C over 60 min and then to 2 °C over the next
50 min. The reaction mixture was then recooled to ~60 °C, and
2.30 mL (22.3 mmol) of methyl methanethiolsulfonate was added
over 30 s. The cooling bath was then removed, and when the
temperature had reached 0 °C (30 min), the reaction mixture was
acidified with 100 mL of 2% (v/v) aqueous HOAc, extracted into
500 mL of Et,0, washed with 150 mL of saturated aqueous NaCl,
150 mL of 5% aqueous NaHCOj;, and 150 mL of saturated
aqueous NaCl, dried over MgSO,, and then evaporated under
reduced pressure. Chromatography of the residue on 300 g of
silica gel with 1:1 Et,O/hexane afforded 3.30 g (68%) of the title
compound (8) as an oil, judged to be at least 95% pure by TLC
and 'H NMR: R; = 0.37 (silica gel, 1:1 Et,0/hexane): IR (CDCly)
3605, 3530, 3065, 2960, 2920, 2900, 1595, 1570, 1500, 1390, 1170,
1000 cm™!; 'H NMR (CDCl,) 2.46 (s, 3 H, CH,S), 5.36 (s, 2 H,
CH,0), 7.46,7.49 (2dd, 2 H, J = 7.5 Hz, J’ = 4.5 Hz, H-3 and
H-6),7.66 (dd, 1 H,J =17.5,J'= 1.5 Hz),7.85(dd, 1 H,J = 4.5
Hz, J'= 1.5 Hz), 7.87 (dd, 1 H, J = 4.5 Hz, J’ = 1.5 Hz), 8.08 (dd,
1H,J =17.5Hz, J’' = 1.5 Hz); EI MS, m/z 236 M*, 188 (M -CH,S
- H)*, 171 (M - CH,S - H,0)*; exact mass caled for C,,H,,0S,
236.0330, found 236.0331.

8-(Acetoxymethyl)-1-naphthyl Methyl Disulfide (9). To
a stirred solution of 2.00 g (8.46 mmol) of the above alcohol (8)
in 50 mL of dry CH,Cl,; at 0 °C were added 1.04 g (8.51 mmol)
of 4-(dimethylamino)pyridine and then 0.96 mL (10.2 mmol) of
acetic anhydride. The reaction mixture was then allowed to warm
to room temperature, and after 1 h was diluted with 100 mL of
CH,Cl,, washed with 2 X 25 mL of saturated aqueous NaCl, dried
over MgSO,, and concentrated under reduced pressure. Chro-
matography of the residue on 150 g of silica gel with toluene
afforded 2.21 g (94%) of the title compound (9) as an oil, judged
to be at least 95% pure by TLC and 'H NMR: R; = 0.34 (silica
gel, 1;:1 Et,0/hexane); IR (CDCly) 3065, 2920, 1740, 1595, 1570,
1500, 1430, 1385, 1365, 1245, 1235, 1025 cm™; 'H NMR (CDCl,)
2.15 (s, 3 H, CH3CO), 2.41 (s, 3 H, CH;S), 5.91 (s, 2 H, CH,0),
7.47(2dd,2H,J =J’'=17.5 Hz, H-3 and H-6), 7.61 (dd, 1 H, J
=75Hz J =1.5Hz),7.86,7.88(2dd,2H,J =75Hz,J' =15
Hz),8.09 (dd, 1 H,J = 7.5 Hz, J’ = 1.5 Hz); EIMS, m/z 278 M*,
188 (M - CHyS - COCHy)*, 171 (M - CH,S - HOAc)*; exact mass
caled for C4H,,0,S, 278.0435, found, 278.0427.

2H-Naphtho[1,8-be Jthiophene (6). To a stirred solution of
604 mg (2.17 mmol) of the above acetate (9) in 20 mL of dry
CH,Cl, at room temperature were added 1.00 mL (13.5 mmol)
of ethanethiol and 0.70 mL (5.1 mmol) of Et;N. After 30 min,
the reaction mixture was concentrated under reduced pressure.
Chromatography of the residue on 60 g of silica gel with hexane
afforded 336 mg (90%) of the title compound (6) as an amorphous
white solid, judged to be greater than 95% pure by TLC and 'H
NMR: R; = 0.59 (silica gel, 1:1 Et,0/hexane); IR (CDCl,) 3060,
2920, 1580, 1490, 1360, 1200, 1070 cm™!; 'H NMR (CDCly) 4.78
(s,2H,CH,), 720 (d,1H,J =75Hz2),7.33(dd, 1 H,J=J’'=
75Hz2),735(dd, 1 H,J =75Hz,J' =1Hz),742(d,1 H,J =
7.5 Hz), 7.44 (dd, 1 H,J = J’' = 7.5 Hz), 760 (dd, 1 H,J = 7.5
Hz, J’= 1.0 Hz); EI MS, m/z 172 M*, exact mass caled for C;;HgS
172.0347, found 172.0324.

Methyl N-[(1,1-Dimethylethoxy)carbonyl]-8-amino-2,6-
anhydro-3,8-dideoxy-4,5-0-(1-methylethylidene)-D-glycero -
D-talo-octonate. To a stirred solution of 1.69 g (6.47 mmol) of
methyl 2,6-anhydro-8-azido-3,8-dideoxy-p-glycero-D-talo-octonate
(10) (R; = 0.28, silica gel, 9:1 CH,Cl,/MeOH) in 100 mL of dry
acetone at room temperature was added 3.4 g of dry Dowex HCR-S
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(H*) resin. After 4 h, the reaction mixture was filtered into 50
mL of 5% aqueous NaHCO3;. The acetone was then removed
under reduced pressure, and the remaining aqueous phase was
extracted with 2 X 150 mL of CH,Cl,. The combined organic
phases was dried over MgSO, and concentrated under reduced
pressure to afford 1.55 g (80%) of the acetonide as a syrup ho-
mogeneous by TLC (R; = 0.70, silica gel, 9:1 CH,Cl,/MeOH).
Then 1.50 g (4.98 mmol) of the acetonide was dissolved in 75 mL
of dry MeOH at room temperature and stirred under a hydrogen
atmosphere (balloon) over 320 mg of 5% Pd on carbon. After
3 h, the reaction was degassed with nitrogen, and then the catalyst
was removed with a 0.5-um filter. Concentration of the resulting
solution under reduced pressure afforded 1.37 g (100%) of the
amine (R; = 0.20, silica gel, 80:20:1 CH,Cl,/MeOH/15M NH,OH)
as a white foam. To a solution of 522 mg (1.89 mmol) of this amine
in 40 mL of dry MeOH at room temperature were added 0.26 mL
(1.9 mmol) of Et;N and then 465 mg (2.13 mmol) of di-tert-butyl
dicarbonate. After 1 h, the reaction mixture was concentrated
under reduced pressure. Chromatography of the residue on 80
g silica gel with 1:1 EtOAc/hexane afforded 638 mg (90%) of the
title compound as a white foam: R; = 0.14 (silica gel, 1:1 Et-
OAc/hexane); [a]% +23.8° (¢ 3.10, CHCly); IR (CDCly) 3445, 2980,
2935, 1740, 1680, 1505, 1450, 1435, 1375, 1365, 1275, 1250, 1200,
1160, 1120, 1065 cm™; 'H NMR (CDCl;) 1.37, 1.48 (2s, 6 H,
(CH,),C), 1.46 (s, 9 H, (CH3)5C), 1.84 (ddd, 1 H, J = 14 Hz, J’
=11 Hz, J” = 3 Hz, H-3), 2.33 (ddd, 1 H, J = 14 Hz, J’ = 6 Hz,
J” =3 Hz, H-3), 3.33 (ddd, 1 H, J = 15 Hz, J' = J” = 5 Hz, H-8),
3.50 (dd, 1 H, J = 9 Hz, J’ = 1.5 Hz, H-6), 3.68 (ddd, 1 H, J =
15 Hz, J’ = 8 Hz, J” = 2 Hz, H-8), 3.72 (d, 1 H, J = 5 Hz, OH),
3.77 (s, 3 H, OCHjy), 3.87 (dddd, 1t H, J = 9 Hz, J’ = J”" = 5 Hz,
J"" =2 Hz, H-7),4.45 (dd, 1 H, J = 8 Hz, J’ = 1.5 Hz, H-5), 4.56
(dd, 1 H,J = 11 Hz, J’ = 6 Hz, H-2), 459 (ddd, J = 8 Hz, J’' =
J” =3 Hz, H-4), 5.71 (bdd, 1 H, J = 8 Hz, J’ = 5 Hz, NH); EI
MS, m/z 376 (M + H)*, 360 (M- CHj)™*.

[8-(Methyldithio)-1-naphthyllmethyl 8-Amino-2,6-
anhydro-3,8-dideoxy-D-glycero-D-talo-octonate (12). To a
stirred solution of 408 mg (1.08 mmol) of the above alcohol in 5.0
mL of CH,Cl, at room temperature were added 0.49 mL (5.4
mmol) of dihydropyran and 27 mg (0.11 mmol) of pyridinium
p-toluenesulfonate. After 3 h, the reaction mixture was diluted
with 50 mL of Et,0, washed with 2 X 25 mL of 50% saturated
aqueous NaCl, dried over MgSO,, and concentrated under reduced
pressure. Chromatography of the residue on 40 g of silica gel with
3:7 EtOAc/hexane afforded 407 mg (82%) of the THP ether as
an approximately 1:1 mixture of diastereomers (R; = 0.14, 0.09;
silica gel, 1:3 EtOAc/hexane). To a solution of 395 mg (0.859
mmol) of this ester in 5.0 mL of MeOH at room temperature was
added 1.89 mL (0.945 mmol) of 0.5 N aqueous LiOH. After 1 h,
the reaction mixture was diluted with 100 mL of cold CH,Cl, and
then washed with 50 mL of saturated aqueous NaCl maintained
at pH 3 with dilute H,SO,. The organic phase was separated,
and the aqueous phase was quickly extracted with an additional
50 mL of CH,Cl,. The combined organic extracts were briefly
dried over MgSO,, filtered, treated with 0.395 mL (2.83 mmol)
of Et3N, and then concentrated under reduced pressure to afford
443 mg (94%) of the triethylammonium carboxylate salt 11 as
a white solid.

To a solution of 385 mg (0.705 mmol) of this salt and 200 mg
(0.846 mmol) of the alcohol (8) in 7.0 mL of THF at room tem-
perature was added 0.197 mL (1.41 mmol) of EtzN and 269 mg
(1.06 mmol) of N,N-bis(2-0x0-3-oxazolidinyl)phosphordiamidic
chloride in one portion. After 24 h, the reaction was diluted with
75 mL of EtOAc and washed with 2 X 20 mL of 90% saturated
aqueous NaCl. The combined aqueous phases were extracted with
50 mL of EtOAc, and the combined organic phases were dried
over MgS0, and concentrated under reduced pressure. Chro-
matography of the residue on 50 g of silica gel with 15:85 Et-
OAc/hexane afforded 372 mg (79%) of the ester (12) as a syrup,
which appeared to be homogeneous by TLC: R; = 0.13 (silica gel,
1:3 EtOAc/hexane); IR (CDCly) 3365, 2980, 2940, 1735, 1700, 1515,
1365, 1245, 1080, 1060 cm™; DCI-NH3; MS, m/z 664 (M + H)*,
580 (M - CsHg0)*. To a stirred solution of 372 mg (0.560 mmol)
of the above ester in 1.0 mL of THF was added 20 mL of 2 N
aqueous trifluoroacetic acid. After 3 days at room temperature,
the reaction mixture was frozen and the solvent removed by
lyophilization. Chromatography of the residue on 30 g of silica
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gel with 25:70:30:0.2 MeOH/CHCl;/H,0/HOAc afforded 112 mg
(40%) of the amino ester, judged to be 90% pure by TLC and
NMR. Rechromatography of a portion of this material as before
raised the purity to greater than 95%, and these samples were
used for biological testing: R; = 0.14 (silica gel, 25:70:3.0:0.1
MeOH/CHCl;/H,0/HOAc); IR (KBR pellet) 3420, 2920, 1735,
1685, 1570, 1420, 1205, 1185, 1130, 1060, 1010, 820, 765 cm™. 'H
NMR (500 MHz, D,0, HOD = 4.80 ppm) 2.08 (ddd, 1 H,J = J’
=13 Hz, J” = 7 Hz, H-3ax), 2.19 (dd, 1 H, J = 13 Hz, J’ = 5 Hz,
H-3eq), 2.43 (s, 3 H, SCH,), 2.46 (dd, 1 H, J = 13 Hz, J’ = 8 Hz,
H-8),2.97(dd, 1 H,J = 13 Hz, J'= 4 Hz, H-8),3.49 (d, 1 H, J

= 8 Hz, H-6), 3.78 (ddd, 1 H, J = 13 Hz, J' = 5 Hz J”' = 2.5 Hz,
H-4),3.90 (ddd, 1 H,J = J’= 8 Hz, J” =4 Hz, H-7),3.96 (d, 1
H,J = 2.5 Hz, H-5), 4.74 (d, 1 H, J = 7 Hz, H-2), 5.96, 6.04 (2
d,2H,J =13 Hz, ArCH,), 7.61, 7.615 (2t,2 H,J = J’' = 7.5 Hz,
Ar-H-3 and Ar-H-6), 7.73, 8.07,8.09,8.17 (4 d, 4 H, J = 7.5 Hz);
positive FAB MS (NBA), m/z 440 (M + H)*; exact mass caled
for CapHyNOgS, 440.1202, found 440.1208.
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A novel and direct synthesis of the antiviral and antitumor agent 4-amino-8-(8-D-ribofuranosylamino)pyrimido-
[5,4-d]pyrimidine (ARPP, 8) and its a-anomer (11) has been developed. Treatment of 2,4,6,8-tetrachloro-
pyrimido[5,4-d]pyrimidine (1) with 2,3-O-isopropylidene-D-ribofuranosylamine gave an anomeric mixture of
2,4,6-trichloro-8-(2,3-O-isopropylidene-3- and -a-D-ribofuranosylamino)pyrimido[5,4-d]pyrimidines (3 and 4) in a
ratio of 1.0:0.7. A nucleophilic displacement of the 4-chloro group of 3 and 4 with NH; furnished 4-amino-2,6-
dichloro-8-[(2,3-0-isopropylidene-3-D-ribofuranosyl)amino]pyrimido[5,4-d]pyrimidine (6) and its a-anomer (9),
respectively. Catalytic hydrogenation of 6 and 9, followed by deisopropylidenation gave ARPP (8) and the a-anomer
11, respectively. Similarly, 3 and 4 have been transformed to 4-methoxy-8-(8-D-ribofuranosylamino)pyrimido-
[5,4-d]pyrimidine (MRPP, 14) and its a-anomer (17). Application of this procedure to 3 with NH,Me or NHMe,
resulted in the synthesis of 4-(methylamino)- and 4-(dimethylamino)-8-(8-p-ribofuranosylamino)pyrimido(5,4-d]-
pyrimidine (24 and 27, respectively). A synthesis of 8-(3-D-ribofuranosylamino)pyrimido[5,4-d]pyrimidin-4(3H)-one
(21) has also been accomplished from 3 in three steps. Selective hydrogenation of 6 furnished 4-amino-6-chloro-
8-[(2,3-0-isopropylidene-g3-D-ribofuranosyl)amino] pyrimido[5,4-d]pyrimidine (36), the structure of which was established
by single-crystal X-ray diffraction analysis. Deisopropylidenation of 36 gave 6-chloro-ARPP (37). Extended treatment
of 36 with NH; furnished 4,6-diamino-8-[(2,3-O-isopropylidene-g-D-ribofuranosyl)amino]pyrimido[5,4-d]pyrimidine
(34), which on deisopropylidenation gave 6-amino-ARPP (35). An unambiguous synthesis of 34 and 36 has also
been accomplished by the reaction of 4,6,8-trichloropyrimido[5,4-d]pyrimidine (28) with 2, followed by the treatment
with NH;. Nucleophilic displacement studies with 1, 6, and 28 indicated the reactivity of the halogens in these
compounds is in the order of 8 > 4 > 6 > 2. The structures of 3 and 9 have been assigned on the basis of '"H NMR
data and further confirmed by single-crystal X-ray diffraction analysis. The exocyclic aminonucleosides synthesized
during this study were tested for their activity against several RNA and DNA viruses in vitro and against L1210,
WI-L2, and LoVo/L in cell culture. The effect of these compounds on the de novo nucleic acid biosynthesis has
been studied. Compound 14 (MRPP) exhibited enhanced activity against L1210 in vivo, when compared to ARPP
(8).

and purine nucleoside analogues showing potent antiviral
and antitumor activity has uncovered a number of new
potential targets.'® The pyrimido[5,4-d]pyrimidine ring
system has attracted considerable attention in recent years
as the deaza analogue of the naturally occurring antibiotics
toxoflavin and fervenulin.?® Dipyridamole, a pyrimido-
[5,4-d]pyrimidine derivative, has shown coronary vasodi-
lator properties.® The synthesis of the naturally occurring
exocyclic aminonucleoside clitocine has recently been re-
ported from our laboratory.” The synthesis® and the

biological properties? of an unusual exocyclic amino-
nucleoside, 4-amino-8-(8-D-ribofuranosylamino)pyrimido-
[5,4-d]pyrimidine (ARPP, 8) has also been reported from
our laboratory. ARPP has shown broad-spectrum antiviral
activity against both DNA and RNA viruses in cell culture
by inhibiting viral protein synthesis.’® ARPP exhibited
immunosuppressive activity and inhibited the growth of
L1210 leukemia in mice.? Molecular mechanics calcula-
tions of ARPP and certain related nucleosides'! showed
that their conformational behavior is very similar even
when groups like chloro or amino are introduced at pos-
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