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Abstract: Synthesis of the metabolically stable analogue of thiazole-4-carboxamide adenine dinucleotide (B-
methylene-TAD) was achieved via the sequential monodeprotection of tetrabenzyl methylenebis(phosphonate)
after two rounds of Mitsunobu esterifications with the corresponding nucleoside components, tiazofurin and
adenosine. © 1999 Elsevier Science Ltd. All rights reserved.

2-B-D-Ribofuranosylthiazole-4-carboxamide (tiazofurin) is an oncolytic C-nucleoside with potent
inhibitory activity of the cellular enzyme, inosine 5’-monophosphate dehydrogenase (IMPD).? Tiazofurin
requires metabolic activation to the corresponding nicotinamide adenine dinucleotide (NAD) analogue, thiazole-
4-carboxamide adenine dinucleotide (TAD), to compete with the natural cofactor NAD.* However, TAD is
susceptible to cleavage by a unique phosphodiesterase present at high levels in tiazofurin-resistant tumors.’
Since accumulation of TAD, as regulated by its synthetic and degradative enzymes, appears to be an important
determinant for sensitivity to the drug, a hydrolytically resistant analogue of TAD was synthesized by
replacing the middle oxygen of the pyrophosphate unit with a methylene group (B-methylene-TAD).®
B-Methylene-TAD proved to be very stable and capable of producing the desired depletion of guanine

nucleotide pools in experimental tiazofurin-resistant P388 tumor cells.®
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B-Methylene-TAD was originally synthesized by the dicyclohexylcarbodiimide (DCC)-catalyzed
coupling of adenosine-5’-(c.,B-methylene)diphosphate (protected as the 2’,3’-O-ethoxymethylene acetal) with
tiazofurin (protected as the 2’,3"-O-isopropylidene ketal) in low yield.® This protocol and the more elegant and
efficient method developed later by Pankiewicz et al.,’ still require the purification of several key intermediates
by reversed-phase HPLC, thus limiting the capacity of these methods to small scale syntheses. We now wish to
report on a different approach that uses two rounds of Mitsunobu esterification starting from the partially
protected [[bis(benzyloxy)phosphoryljmethyl]phosphonic acid monobenzyl ester (8).® The key elements of
this approach are based on the significant work of Mioskowski et al. who described the selective
monodeprotection of phosphonate benzyl esters® and the ensuing successful Mitsunobu esterifications of these
monodeprotected substrates with conveniently protected nucleosides.*!°

Critical to the success of this approach was the availability of adequate amounts of tetrabenzyl
methylenebis(phosphonate) (1). This compound was first prepared according to published methods (Scheme
1)."" Sodium hypophosphite (2) was treated with paraformaldehyde to give hydroxymethylphosphonic acid and
immediately  chlorinated with thionyl chloride in pyridine to give the corresponding
chloromethyldichlorophosphonate (3). The latter was converted to dibenzylchloromethylphosphonate (4) and
following a Michaelis—Arbuzov reaction with tribenzyl phosphite, compound 1 was isolated in 10% overall
yield. We found a more convenient approach starting from dibenzyl bromomethylphosphonate (7), which was
conveniently prepared by the Pudovik reaction starting with dibenzyl phosphite (5) and paraformaldehyde.'?
The resulting dibenzyl hydroxymethylphosphonate (6) was easily converted to 7 under standard bromination
conditions (PPh;/CBry), and following the Michaelis~Arbuzov reaction of 7 with tribenzy! phosphite, 1 was
obtained in 23% overall yield. This latter method has several advantages in terms of ease of purification and mild

reaction conditions.

Scheme 1
fo) i. HCHO, cHCI ? ?
H_T ii. SOCL, pyridine _ Cl BnOH_  BnO
SR —————» CP_Cl ——» “"Sp_c
ONa 49 % overall cl 88% BnO
2 3 4 24%\ (BnO)P
(HCHOY, 37%
BnO ? cat. TEA _ BnO ? CBrs/PPhs  gpo ?
~ —_— ~ —_— ~
BnO g P\H 85 % BnO i P\/OH 73 % BnO~ P\/Bl’
5 6 7
i. DABCO
8o Toen ir_ 8ol T oH

> Pl
BnO” """0Bn 97% BnO~ > ~0Bn
1 8



H. Ikeda et al. / Bioorg. Med. Chem. Lett. 9 (1999) 3069-3074 3071

The effective assembly of B-methylene-TAD (Scheme 2) relied on the selective monodeprotection of
tetrabenzyl methylenebis(phosphonate), which was accomplished in the presence of equimolar amounts of
1,4-diazabicyclo[2,2,2]octane (DABCO) in refluxing toluene to give 8.2 This allowed the ensuing Mitsunobu
esterification of 8 with 2’,3’-O-isopropylidenetiazofurin.”® Initially, the reaction in toluene gave a very poor
yield of coupling product 9 (8%) due to the poor solubility of 8 in that solvent. When a mixture of toluene/THF
was used, the yield of 9 increased to 58%. Due to the chirality of the proximal phosphorous to tiazofurin, 9 was
obtained as a mixture of diastereoisomers. The selective deprotection methodology worked extremely well again
with 9 as a substrate to give 10 quantitatively. Possibly, the steric hindrance caused by the tiazofurin moiety
directed the selective debenzylation of the distal phosphonate benzyl ester. Surprisingly, the second Mitsunobu
esterification with 2’,3’-O-isopropylidene-N®-dimethylaminomethyleneadenosine proceeded in better yield than
the first Mitsunobu coupling giving the fully protected B-methylene-TAD precursor 11 in 72% yield after
column chromatography. Final hydrogenolysis of 11 over Pd/C in EtOH under acidic conditions removed
simultaneously all protective groups to give the final polar product B-methylene-TAD (52%) after purification
by reversed-phase HPLC.®
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Experimental

General. All chemical reagents were commercially available. Column chromatography was performed on silica
gel 60, 230400 mesh (E. Merck). TLC was performed on Analtech Uniplates silica gel GF. 'H- and *C NMR
were recorded on a Bruker AC 250 spectrometer and referenced to TMS. Positive-ion fast-atom bombardment
mass spectra (FABMS) were obtained on a VG 7070E mass spectrometer at an accelerating voltage of 6 KV and
a resolution of 2000. Glycerol was used as the sample matrix and ionization was effected by a beam of xenon
atoms. Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA.

Dibenzyl (Hydroxymethyl)phosphonate (6)

A mixture of dibenzyl phosphite (5, 104.8 g, 0.4 mol), paraformaldehyde (12.0 g, 0.4 mol) and triethylamine
(4.0 g, 0.04 mol) was heated for 5 min at 130 °C. After cooling, the crude mixture was flash-chromatographed
directly on silica gel and eluted sequentially with 0 — 2% EtOH/CH,Cl,. The fractions containing the desired
product were collected, evaporated, and repurified by flash chromatography with 0 — 1% EtOH/Et,0 to give 6
(98.8 g, 85%) as an oil; 'H NMR (CDCl3+D,0) § 7.31 (s, 10H, Ph), 5.34 (m, 4H, 2 x PhCH,0), 3.88 (d, Jyp =
5.7 Hz, 2H, CH;0H); *C NMR (CDCl3+D,0) § 136.30, 136.29, 128.79, 128.71, 128.18, 68.25, 68.15, 57.4 (d,
Jep = 160.8 Hz).

Dibenzyl (Bromomethyl)phosphonate (7)

To a solution of 6 (58.4 g, 0.2 mol) and CBr, (79.6 g, 0.24 mol) in anhydrous CH;CN (400 mL) was added
triphenylphosphine (55.2 g, 0.21 mol) and stirred for 15 h at room temperature. The reaction mixture was
evaporated and the residue was flash-chromatographed on silica gel (50 — 100% Et,O/hexanes to give 7 (52.1 g,
73%) as an oil; "H NMR (CDCls) & 7.33 (s, 10H, Ph), 5.08 (m, 4H, 2 x PhCH,0), 3.19 (d, Jup = 9.8 Hz, 2H,
CH,Br); ®C NMR (CDCls) § 135.75, 135.66, 128.62, 128.06, 68.84, 68.74, 18.07 (d, Jop = 158.6 Hz). Anal.
calcd for C;sH;¢BrO;P (355.171): C, 50.73; H, 4.53. Found: C, 50.60; H, 4.60.

Tetrabenzyl Methylenebis(phosphonate) (1)

A mixture of 7 (21.3 g, 0.06 mol) and tribenzyl phosphite (21.0 g, 0.12 mol) was heated for 2 h at 140 °C under
vacuum (ca. 1 mm Hg). During the reaction, one must efficiently remove the benzyl bromide by-product by
distilling it off as soon as it is formed. Use of a heat gun and a heating tape to avoid condensation of the benzyl
bromide back to the reaction vessel is necessary for the reaction to succeed. An additional amount of
tribenzylphosphite (10.5 g, 0.06 mol) was added and heated once more under the same conditions. The crude
mixture was directly applied to a silica gel column and flash-chromatographed first with 30 — 100%
hexanes/EtOAc to give 1 (6.02 g, 37%) as an oil; 'H NMR (CDCl;) 6 7.28 (s, 20H, Ph), 5.01 (dd, J = 8.7, 2.5
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Hz, 8H, 4 x PhCH,0), 2.49 (t, Jgp = 21.1 Hz, 2H, PCH,P). This product was identical in all respects to the
material reported by Mioskowski et al.?

[[Bis(benzyloxy)phosphoryljmethyl]phosphonic Acid Monobenzyl Ester (8)

A stirred solution of 1 (1.07 g, 2.0 mmol) and DABCO (0.224 g, 2.0 mmol) in toluene (30 mL) was refluxed for
2 h under argon. The solvent was removed under vacuum and the residue was treated dropwise with aqueous
HCI (37%, 400 puL). The mixture was extracted with EtOAc (20 mL) and the organic layer was dried (Na,SOy4)
and evaporated under vacuum to give 8 (0.89 g, 100 %) as an oil; 'H NMR (CDCl3) § 7.40-7.20 (m, 15H,. Ph),
5.05 (d, J=12.0 Hz, 2H, PhCH,0), 4.95 (d, /= 12.0 Hz, 4 H, 2 x PhCH,0), 2.57 (1, Jp = 21.3 Hz, 2H). This
product was identical in all respects to the material reported by Mioskowski et al.®

Tiazofurin Coupling

Compound 8 (2.22 g, S mmol) was previously refluxed in benzene using a Dean—Stark trap to remove moisture.
A solution of 8, 2’,3’-O-isopropylidene-protected tiazofurin (2.25 g, 7.5 mmol) and triphenylphosphine (1.94 g,
7.5 mmol) in a mixture of benzene (15 mL) and THF (30 mL) was cooled to 0 °C over an ice bath and kept
under argon before it was treated dropwise with diisopropy! azodicarboxylate (DIAD, 1.76 mL, 7.5 mmol). The
reaction mixture was stirred for 30 min at 0 °C and for 2 h at room temperature. MeOH (10 mL) was added and
the solution was stirred for 5 min. The mixture was evaporated to dryness and the residue was purified by silica
gel flash chromatography (3 — 5% EtOH/CH,CL,) to give 9 as a mixture of diastereoisomers (2.11 g, 58%); "H
NMR (CDCl;) 8 8.02 and 8.00 (singlets, 1H, tiazofurin H-5), 7.40-7.20 (singlets, 15H, Ph), 5.95 (br s, 2H,
CONHy,), 5.15 (doublets, J = 3.8 Hz, 1H, H-1"), 5.10-4.85 (m, 6H, 3 x PhCH,0), 4.75 (m, 1H, H-3"), 4.67 (m,
1H, H-2'), 4.30 (m, 1H, H-4"), 4.10 (m, 2H, H-5'a,b), 2.45 (triplets, 2H, PCH,P), 1.55, 1.35, and 1.30 (singlets,
6H, 2 x.CH3). A solution of 9 (1.61 mg, 3 mmol) and DABCO (0.336 g, 3 mmol) in toluene (6 mL) was refluxed
for 2 h and then reduced to dryness. The residue was dissolved in water (10 mL) and treated with 1 N HCI (ca.
180 uL, 1 equiv). The resulting mixture was extracted with EtOAc (20 mL) and the organic layer was evaporated
and dried under vacuum to give 10 (1.31 g, 98%) as an amorphous powder. Anal. calcd for C,7;H3,N,0,0P>S
(638.125): C, 50.79; H, 5.05. Found: C, 50.50; H, 5.08.

B-Methylene-TAD Assembly

A solution of 10 (1.29 g, 2 mmol), 2’,3’-O-isopropylidene-N°-dimethylaminomethyleneadenosine (1.46 g, 4
mmol) and triphenylphosphine (1.06 g, 4 mmol) in THF (100 mL) was treated with diisopropyl
azodicarboxylate (952 pL, 4 mmol) and stirred at room temperature for 15 h. The reaction mixture was
evaporated and the residue was purified by flash chromatography (5 — 15% EtOH/CH,Cl,) to give 11 (1.39 g,
72%) as a yellowish powder; 'H NMR (CDCls) § 9.00 (singlets, adenine H-2), 8.65 (singlets, adenine H-8),
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8.20 and 8.10 (singlets, 1H, tiazofurin H-5), 7.40-7.20 (singlets, 10H, Ph), 6.30 (doublets, 1H, adenosine H-1"),
5.50—4.00 (multiplets), 3.25 (singlets, 6H, (CH3),N), 2.45 (triplets, 2H, PCH,P), 1.65 (singlets, 6H, 2 x CHj);
FABMS m/z (relative intensity) 983 (MH", 46). Anal. caled for C43Hs57N30,3P,S,H,0 (1000.301): C, 50.61; H,
5.50; N, 11.00. Found: C, 50.58; H, 5.22; N, 10.91. Hydrogenolysis of 11 (49 mg, 0.05 mmol) over 10% Pd/C
(ca. 20 mg) in EtOH (1 mL) and water (5 mL) under acidic conditions (TFA, 5 mL) afforded crude B-methylene-
TAD. This material was further purified by reversed-phase HPLC using a 1%/min linear gradient (0 — 100%,

H,0 — CH;CN, including 0.05% TFA) to give a single peak that matched an authentic sample of -methylene-
TAD (17 mg, 52% yield).
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