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Figure 1. 3!'P NMR spectra!® of the axial methyl esters of the a-D-
glucopyranoside cyclic 4,6-phosphates derived from stereochemical
analysis of the a-D-glucopyranoside 6-['¢0,!70,'* 0] phosphates obtained
from the phosphomutase reaction of (R)- and (S)-['%0,'70,'%0]-
phosphonopyruvate (A and B, respectively).

Scheme II. Conversion of 5 to (R)-Thiophosphonopyruvate 6 with
Inversion (as Assumed in Ref 3) or to (S)-Thiophosphonopyruvate 8
via 7 with Overall Retention
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reaction proceeds with overall retention of the configuration at
phosphorus.

In contrast to these results, a recent report® has suggested that
the stereochemical course of the mutase reaction is inversion. This
study used 180 and sulfur to create the chirality at phosphorus,
and the substrate was therefore the ['80]phosphorothioate of
phosphonopyruvate. While there have been occasional concerns
that the use of phosphorothioates (as distinct from phosphates)
could give misleading stereochemical outcomes, we do not believe
this to be the cause of the discrepancy. The fact that phos-
phorothioate substrates have always been found to follow a ste-
reochemical course identical with that of their all-oxy parents!?
argues against such an explanation.!! It seems more likely that
the synthesis of chiral thiophosphonopyruvate reported in ref 3
included a step in which an unnoticed inversion at phosphorus
occurred. Thus the transformation of § (Scheme IT) was presumed
to go with inversion to 6, yet the free neighboring carboxylate in
5 can displace the ammonium leaving group to give 7, which then
hydrolyzes to 8. Such a well-precedented! double displacement
reaction would thus give 8 with overall retention, instead of 6 with

(10) Eckstein, F. Annu. Rev. Biochem. 1985, 54, 367.

(11) The fact that McQueney et al.> have mislabeled the configurations
of their chiral thiophosphoenolpyruvate products (according to the Cahn-
Ingold-Prelog rules) does not account for the error, provided that the proper
course of Frey’s analysis (in which, for example, pyruvate kinase catalyzes
the phosphorylation of the pro-S oxygen of ADPAS!?) was traced.

(12) Richard, J. P.; Ho, H.-T.; Frey, P. A, J. Am. Chem. Soc. 1978, 100,
7756. Frey, P. A. Adv. Enzymol. Relat. Areas Mol. Biol. 1989, 62, 119.

(13) See, e.g.: Clark, V. M.; Kirby, A. J. J. Am. Chem. Soc. 1963, 85,
3705. Benkovic, S. J; Schray, K. J. J. Am. Chem. Soc. 1969, 91, 5653.
Simons, S. S. J. Am. Chem. Soc. 1974, 96, 6492. Steffens, J. J.; Siewers, I.
J.; Benkovic, S. J. Biochemistry 1975, 14, 2431. Species analogous to 7 are
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inversion, as was assumed by McQueney et al.?

We conclude, therefore, that the phosphomutase proceeds with
overall retention and follows a mechanistic route that involves
either an unremarkable phospho-enzyme intermediate or, con-
ceivably, the intramolecular participation of the substrate’s car-
boxylate group.!
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Antivirall? and antitumor? activity associated with a wide
variety of structurally divergent modified nucleosides has stimu-
lated a great interest in the synthesis and biological activity of
new classes of nucleic acid compounds. We have been interested
in the synthesis® and activity!®16 of boron-containing antime-
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tabolites for a possible two-pronged attack on neoplastic tissues.
In addition to the direct inhibition of tumor growth, the preferential
localization of boron compounds in the neoplasm would allow the
use of boron-10 neutron capture therapy (BNCT)! for the de-
struction of tumor cells. In this communication, we report the
successful synthesis of a novel set of boronated 2’-deoxynucleosides
and preliminary data on their physical, biochemical, and phar-
macological properties.

Cyanoborane adducts of 2’-deoxynucleosides, specifically 2’-
deoxyguanosine-N7-cyanoborane (3a), 2’-deoxyinosine-N7-
cyanoborane (3b), 2’-deoxyadenosine-N1-cyanoborane (3c), and
2’-deoxycytidine-N3-cyanoborane (3d), were prepared by an ex-
change reaction of triphenylphosphine-cyanoborane!8
(Ph;PBH,CN) with 3/,5’-O-protected nucleosides according to
Scheme I. The 3’- and 5'-hydroxy groups were protected as silyl
ethers by reaction with excess chlorotriisopropylsilane!®? at room
temperature in DMF in the presence of imidazole. In addition
to the protection, the use of bulky silyl groups imparts an added
important feature: it solubilizes these nucleosides in organic
solvents,!>20 thereby permitting the exchange reaction. The ex-
change was carried out in anhydrous THF at reflux temperature
using 2 equiv of Ph;PBH,CN. No increase in the amount of
product could be observed (by TLC) after 2-3 h, although sub-
stantial amounts of reactants were present. The major products
were purified by flash chromatography. The yields obtained were
72% for the guanine derivative (2a), 59% for the adenine derivative
(2¢), 46% for the cytosine derivative (2d), and 26% for the hy-
poxanthine derivative (2b). While the first three adducts were
readily purified, 2b was obtained only in ca. 95% purity (by 'H
NMR). Attempts to prepare the boron-substituted thymidine
derivative from le by exchange reaction with Ph;PBH,CN gave
no desired product.

Deprotection?! of boronated nucleosides 2a-d with Bu,NF to
give 3a~d was complete within 0.5 h. Purification was achieved
by flash chromatography, followed by crystallization from
MeOH/Et,0. Satisfactory (within £0.25%) C, H, N analyses
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were obtained for the final compounds. The yields ranged from
44% for 3d to 55% for 3b.

The incomplete nature of the exchange reaction may be at-
tributed to the establishment of an equilibrium as shown in eq
1. This was confirmed by the formation of 1a and Ph,PBH,CN

nucleoside + Ph;PBH,CN = nucleoside-BH,CN + Ph;P (1)

upon reaction of 2a with Ph;P in refluxing THF. The lack of
reaction with 1e is probably due to its low basicity and the absence
of a less hindered two-coordinate nitrogen for thymidine. Thus,
steric factors are indicated as an important component of the
stability of the Lewis acid cyanoborane adducts with the various
purine and pyrimidine bases.

The site of boron coordination was determined by "N NMR
spectroscopy. On a JEOL FX90Q instrument, no peak was ob-
served for the coordinated nitrogen (in both coupled and decoupled
spectra) due to quadrupole broadening by boron. The absence
of peaks for N7 of Gua* and Ino*, N1 of Ade*, and N3 of Cyt*
indicated these nitrogens to be the site of BH,CN coordination.
When 1SN NMR spectra of 2a and 2d were obtained on a GE
GNS00 system, the above quadrupole effect was not observed.
In this case, upfield shifts of 56.6 ppm for N7 of Gua* and 50.1
ppm for N3 of Cyt* confirmed the assignments. The shifts upon
boronation are qualitatively similar to but lower than those ob-
served upon protonation®? (ca. 65-70 ppm). The coordination site
in Gua* and Ino* is away from the sites required for Watson-
Crick base pairing and should not affect pairing to a large extent.
Variable-temperature 'H NMR studies? on the Gua*-Cyt base
pair indeed show the H bonding to be approximately as strong
as in a normal Gua-Cyt base pair. The coordination at N1 in Ade*
and N3 in Cyt*, however, should completely disrupt the base
pairing, and if incorporated into DNA, these nucleosides may lead
to inhibition of replication.

All compounds have been characterized by various spectroscopic
techniques. Detailed interpretations of these data will be published
separately. By HPLC, compounds 3a, 3b, and 3d in aqueous
medium (0.01 M TEAACc) are >94% stable over a period of 168
h. Compound 3b, however, is >50% decomposed during this
period. The good stability of 3a, 3¢, and 3d in aqueous medium
makes these compounds suitable for pharmacological testing. In
preliminary studies? on the antitumor activity, compounds 3¢ and
3d showed potent activity in T molt-3 and human colorectal
adenocarcinoma screens.

In summary, we have prepared a set of novel boronated nu-
cleosides. These compounds are hydrolytically stable, and pre-
liminary results show that some of these modified nucleosides
possess potent antitumor activity. It remains to be tested whether
these compounds will preferentially localize in the neoplasm,
making it susceptible to BNCT.

Further, it is useful to compare boronated nucleosides with
alkylated nucleosides. Addition of BH,R or CH,R on the ring
nitrogen yields adducts of similar geometry and size, yet alkylation
results in a positively charged species, while boronation gives a
neutral adduct. In the latter, cancellation of formal N* and B~
changes may yield adducts of greater stability. Thus, boronation
may serve as a model for alkylation, providing insight into the
biological action of alkylated nucleosides.
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