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for HPLC analysis, HPLC analysis showed three product peaks. The
largest peak, accounting for 86% of the product, was 8. The other two
peaks, accounting for 14% of the product, were the two diastereomers of
7-[( N-acetyl-L-cysteinyl)thio]-7-deoxydaunomycinone (11), as proven by
coinjection with authentic samples® onto the HPLC and purity analyses
with a UV-vis diode array detector. The ratio of the two diastereomers
was 1:2. When daunomycin was reduced at pH 7 with 0.4 mol equiv of
NADPH and ferredoxin reductase at ambient temperature in the pres-
ence of a 60-fold excess of N-acetyl-L-cysteine, the ratio of the diaste-
reomers of 11 was 1:2.6.3

A similar experiment was run for 20 h using the exact same procedure
with deuterated solvents and a 250-fold excess of N-acetyl-L-cysteine.
HPLC analysis using method B showed 95% § and 5% 11. Additionally,
only the isomer formed in the highest proportion above was detected.

Experiment To Trap N-Acetyl-L-cysteine with Isomer A of 3 in the
Presence of 1a at pH 7.4 under Anaerobic Conditions Using Deuterated
Solvents, To a 3-mL volumetric flask were added 0.54 mg of isomer A
of 3(9.36 X 1077 mol) and deuterium oxide, which had been adjusted
to an apparent pH of 3 with DCI. To a 10-mL volumetric flask were
added 65.5 mg of N-acetyl-L-cysteine (4.01 X 107 mol), 0.300 g of
Tris-HCI (1.90 X 1073 mol), 0.0489 g of Tris (4.04 X 10~ mol), and D,0.

To a 5-mL volumetric flask were added 1.76 mg of daunomycin hydro-
chloride (3.12 X 10" mol) and the Tris-buffered N-acetyl-L-cysteine
solution. With a syringe, 1.0 mL of the solution of 3 (3.12 X 1077 mol)
was transferred to the center compartment of the three-compartment cell,
and 2.0 mL of the pH 7.4 buffered daunomycin—N-acetyl-L-cysteine
solution (1.25 X 1076 mol of daunomycin hydrochloride, 8.02 X 1075 mol
of N-acetyl-L-cysteine) was transferred to a second compartment. The
solutions were freeze—thaw degassed, equilibrated to 25.0 °C, and then
mixed. HPLC analysis after 2 h showed three product peaks in addition
to unreacted daunomycin. Of the total anthracyclines present, 11% was
5, 23% was the diastereomers of 11 in a ratio of 1:3.9, and 66% was 1a.
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Abstract: 9-(5,5-Difluoro-5-phosphonopentyl)guanine (3) was synthesized as a potential multisubstrate analogue inhibitor
of purine nucleoside phosphorylase (EC 2.4.2.1, PNP). At pH 7.4, 3 has a K; value 18-, 26-, 25-, and 5.5-fold lower than
that of the nonfluorinated analogue 9-(5-phosphonopentyl)guanine (2) regarding PNP from human erythrocyte, rat erythrocyte,
calf spleen, and Escherichia coli, respectively. Further studies with human erythrocytic PNP show that at pH 6.2 the difference
in K, value is more pronounced (K;;/Ki3 is 96), and at pH 8.8, where 2 and 3 are both essentially present in the unprotonated
form, the ratio is 8. The superiority of the difluorophosphonate 3 over the phosphonate 2 is explained by electronic as well

as by steric effects.

Purine nucleoside phosphorylase (EC 2.4.2.1; PNP), a key
enzyme in the purine salvage pathway,! is believed to be a target
for the design of immunosuppresive agents.2 PNP inhibitors might
also be useful in the treatment of T-cell leukemia, gout,? and some
parasitic diseases.> PNP catalyzes the reversible phosphorolysis
of guanosine and inosine nucleosides (or deoxynucleosides) to their
respective free base and ribose 1-phosphate (or deoxyribose 1-
phosphate). This reaction proceeds via a ternary complex of
enzyme, nucleoside, and orthophosphate.! Based on the finding
that the diphosphate derivative of acyclovir (1, Chart I) is a very
potent inhibitor of the human enzyme* (K; = 8.7 nM, when
determined in the presence of | mM orthophosphate), metabol-
ically stable “multisubstrate” acyclic nucleotide analogues con-
taining a purine and a phosphate-like moiety such as 9-
phosphonoalky! derivatives of hypoxanthine and guanine have been

(1) Parks, R, E., Jr.; Agarwal, R. P. In The Enzymes, 3rd ed.; Boyer, P.
D., Ed.; Academic Press: New York, 1972; Vol. 7, pp 483-514.
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bertsen, R. B.; Sircar, J. C. In Comprehensive Medicinal Chemistry, Sammes,
P. G., Ed.; Pergamon Press: Oxford, 1990; Vol. 2, pp 443-480. (c) Stoeckler,
J. D.; Ealick, S. E.; Bugg, C. E.; Parks, R. E., Jr. Fed. Proc., Fed. Am Soc.
Exp. Biol. 1986, 25, 2773-2778.

(3) Dadonna, P. E.; Wiesmann, W. P.; Milhouse, W.; Chern, J.-W.;
Townsend, L. B.; Hershfield, M. S.; Webster, H. K. J. Biol, Chem. 1986, 261,
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designed and synthesized.>® The most potent inhibitor of human
crythrocytic PNP in this series was 9-(5-phosphonopentyl)guanine
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Table I. Comparison of Inhibition Constants of 2 and 3 for PNP
from Various Sources

Halazy et al.

Table II. Inhibition Constants for Human Erythrocytic PNP. Effect
of pH

K, nM K" nM
PNP source 2 3 KiZ/Ki3 pH 2 3 KiZ/KiJ
human erythrocyte 320 £ 15 18 £ 3 18 6.2 385 %15 4% | 96
rat erythrocyte 905 = 40 35 %2 26 6.8 270 £ 25 7x1 38
calf spleen 400 % 80 16 2 25 7.4 320 15 18 %3 18
Escherichia coli 82 %5 15%2 5.5 8.2 400 % 40 322 12
8.8 410 £ 40 537 8

7K; was determined at pH 7.4, in the presence of | mM P;.

(2) but its K; value was reported® to be 170 nM. Since PNP is
not a rate-limiting enzyme and has a very high activity in humans,
a biologically active inhibitor requires a K; value in the 107%-107
M range,” and therefore, the previously described inhibitors might
not be sufficiently potent in that respect.

Recently, it had been suggested by Blackburn and Kent’ that
a-fluoro- and «,c-difluoroalkanephosphonates should mimic
phosphate esters better than the corresponding phosphonates. This
assumption was based on both electronic and steric considerations.
So far, however, attempts to exploit the potential of fluoro-
phosphonates as substrates or inhibitors of enzymes have not lead
to any significant improvement versus nonfluorinated phospho-
nates.®

In this paper, we report the synthesis of 9-(5,5-difluoro-5-
phosphonopentyl)guanine (3) and compare phosphonates 2 and
3 as inhibitors of PNP from four different origins.

Results and Discussion

The synthetic access to 3 is depicted in Scheme I.  9-(5,5-
Difluoro-5-phosphonopentyl)guanine (3) was prepared in four steps
from diethyl difluorolithiomethanephosphonate (generated by
reacting diethyl difluoromethanephosphonate® (4) with lithium
diisopropylamide at =78 °C in THF). Condensation with an excess
(2.5 equiv) of 1,4-dijodobutane at =78 °C gave the expected iodo
derivative 5 in 40% yield. The purine adduct 6 was regioselectively
(>95%) obtained by reacting 2-amino-6-chloropurine (a pro-
guanine derivative) with the intermediate 5 in anhydrous DMF
containing potassium carbonate (20 °C, 24 h, 65% yield). The
transformation of 6 into the final product 3 was achieved through
removal of the phosphonate ethyl groups [(TMS)Br, CH,Cl,;
H,0, CH,CN] and aqueous acid hydrolysis (1 N, HCI, 100 °C,
18 h). The final product 3 was obtained in a pure form after
recrystallization from water (60% yield).

9-(5-Phosphonopentyl)guanine (2) was prepared from 2-
amino-6-chloropurine according to a published method.’

The two compounds 2 and 3 were found to inhibit PNP pre-
pared from human erythrocytes, rat erythrocytes, calf spleen, and
Escherichia coli.. Inhibition was competitive with inosine as
variable substrate. Apparent inhibition constants (K;) obtained
for 2 and 3 at pH 7.4, with orthophosphate concentration fixed
at 1 mM, are listed in Table I.  As shown for nonfluorinated
phosphonates,*® inhibition decreased with increasing concentrations
of orthophosphate. At 50 mM orthophosphate, K| values of 3 were
increased 20- to 40-fold. These results are in agreement with 3
being a multisubstrate analogue inhibitor. The results in Table
I demonstrate the importance of fluorine substituents, the fluo-
rinated compound 3 having a K; value 5- to 26-fold lower than
that of the nonfluorinated compound. It is worth noting that
similar results were obtained by comparing 9-(7,7-difluoro-7-
phosphonoheptyl)guanine (7) and 9-(7-phosphonoheptyl)guanine’
(8) as inhibitors of the four PNP; for instance, the K; values for

(5) Nakamura, C. E.; Chu, S.-H.; Stoeckler, J. D.; Parks, R. E., Jr. Bio-
chem. Pharmacol. 1986, 35, 133-136.
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cleosides Nucleotides 1989, 8, 1039-1040.

(7) Blackburn, G. M.; Kent, D. E. J. Chem. Soc., Perkin Trans. | 1986,
913-917.

(8) (a) Stremler, K. E.; Poulter, C. D. J. Am. Chem. Soc. 1987, 109,
5542-5544. (b) Biller, S. A.; Forster, C.; Gordon, E. M.; Harrity, T; Scott,
W. A.; Ciosek, C. P, Jr. J. Med. Chem. 1988, 31, 1869-1871. (c¢) Chambers,
R. D.; Jouhari, R.; O'Hagan, D. Tetrahedron 1989, 45, 5101-5108.

(9) Obayashi, M.; Ito, E.; Matsui, K.; Kondo, K. Tetrahedron Lett. 1982,
23, 2323-2326.

9K; was determined in the presence of | mM P,

the human erythrocytic enzyme were found to be 0.1 and 1 uM
for compounds 7 and 8, respectively. The difference between K;
values of 2 and 3 was even more pronounced when the inhibition
study was performed at low pH value, as shown in Table II. The
marked difference in the K value for 2 and 3 at low pH is ex-
plained by the second dissociation constant!® of 3 (pK,, = 5.3),
which is lower than the one of 2 (pK,, = 7.2). However, these
pK,, values do not explain the difference in K; values at high pH.
For example, at pH 8.8, while both compounds should be essen-
tially present in the unprotonated form, 3 has an 8-times higher
affinity than 2 for the human enzyme (Table II). These data,
as well as similar results observed with the three other enzymes
(data not shown), demonstrate that factors other than acidity are
responsible for the higher affinity of 3 toward PNP. Such factors
might be the good steric resemblance of the fluorophosphonate
moiety to a phosphate ester,” the formation of hydrogen bonds
between the fluorine atoms and the enzyme,'' or both.

Conclusions

In conclusion, we think that these data represent the first clear
evidence of the superiority of a difluorophosphonate derivative
over a phosphonate as an enzyme inhibitor and support the the-
oretical assumptions of Blackburn and co-workers.”!® This seems
to be a general result since we observed such a superiority for four
PNP, which differ in many respects.""'> Work is in progress in
our laboratories to extend the interesting properties of fluoro-
phosphonates to the design of “multisubstrate” analogue inhibitors
of other enzymes accepting phosphate or a phosphate derivative
as one of the substrates.

Experimental Section

Reagents. All chemical reagents are from Janssen Chimica (Beerse,
Belgium). They were used without further purification.

General Methods., Melting points were obtained on a Buchi SMP-20
melting point apparatus and are uncorrected. Proton and fluorine NMR
spectra were recorded on either a Varian EM390 spectrometer (90 MHz)
or a Bruker instrument (360 MHz). Chemical shifts are reported in §
units, parts per million (ppm) downfield from TMS for 'H NMR and
from trifluoroacetic acid or hexafluorobenzene for '°F NMR. Mass
spectra were recorded on a Finnigan TSQ46 apparatus. Thin-layer
chromatography was performed on silica gel 60F-254 plates (Merck;
0.2-mm layer). Flash column chromatography utilized silica gel 60 as
the solid phase (230-400 mesh) from E. Merck laboratories.

5-lodo-1,1-difluoro-1-(diethylphosphono) pentane (5). To a solution of
diisopropylamine (12.62 g, 125 mmol) in dry THF (80 mL) was slowly
added at 0 °C 76.4 mL of 1.57 N a-butyllithium in hexane (120 mmol),
and the solution was stirred at 0 °C for 30 min under argon. To this
solution was added at -=78 °C a solution of dicthy! difluoromethane-
phosphonate (22.56 g, 120 mmol) in 100 ml of THF. After stirring for
40 min at =78 °C, 93 g of cold 1,4-diiodobutane (300 mmol) was rapidly

(10) pK,, values of 2 and 3 were determined by using the linear relationship
between pK,, and the *'P NMR chemical shift in D,O at pH 8.5 according
to: Blackburn, M.; Brown, D.; Martin, S. J.; Parratt, M. J. J. Chem. Soc.,
Perkin Trans. 1 1987, 181-186.

(11) The possible importance of fluorine hydrogen bonding with proton-
donating substituents at the active site of enzymes had been already suggested
by: Imperiali, B.; Abeles, R. H. Biochemistry 1986, 25, 3760-3767. And
demonstrated by: Takahashi, L. H.; Radhakrishnan, R.; Rosenfield, R. E.,
Jr.; Meyer, E. F., Jr; Trainor, D. A, J. Am. Chem. Soc. 1989, 111,
3368-3374.

(12) (a) Agarwal, K. C.; Agarwal, R. P.; Stoeckler, J. D.; Parks, R. E.,
Jr. Biochemistry 1975, 14, 719-84. (b) Jensen, K. F. Eur. J. Biochem. 1976,
61,377-386. (c) Bzowska, A.; Kulikowska, E.; Shugar, D. Z. Naturforsch.
1990, 45C, 59-70.
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added and the mixture was stirred at =78 °C for 4 h and slowly warmed
t0 20 °C. The reaction mixture was then poured into saturated aqueous
ammonium chloride and THF was evaporated under reduced pressure.
The residue was extracted three times with ethyl acetate (150 mL X 3).
The combined organic phases were washed with brine, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residual oil was purified
by flash chromatography using petroleum ether and increasing amounts
of ethyl acetate as eluents to give 5 (17.7 g, 40%) as a pale yellow oil 'H
NMR (CDCl;) 6 4.30 (m, 4 H), 3.25 (t, 2 H), 1.65-2.4 (m, 6 H), 1.40
(t, 6 H); °F NMR (CDCl,, C4H; as reference) § 51 (dt, Jy—r = 21 Hz,
Jr_p = 112 Hz); MS (CI, NHj) m/z 388 (MNH,*), 371 (MH™), 262.

2-Amino-6-chloro-9-[5,5-diftuoro-5- (diethylphosphono) pentyl]purine
(6). Anhydrous potassium carbonate (66 mmol, 9.1 g) was added to a
stirred suspension of 2-amino-6-chloropurine (6.1 g, 36 mmol) and 5-
iodo-1,1-difluoro-1-(diethylphosphono) pentane (5; 12.2 g, 33 mmol) in
65 mL of anhydrous DMF at 20 °C under argon. The reaction mixture
was stirred at 20 °C for 22 h, filtered over Celite, and evaporated under
reduced pressure. The crude residue was purified by flash chromatog-
raphy on silica gel using ethyl acetate as eluent to give 6 (8.4 g, 62%: 'H
NMR (CD;0D) & 8.1 (s, Hyg), 4.9 (s, NH,), 4.25 (m, 4 H), 4.15 (4,
CH,N), 2.15 (m, CH,CF,), 1.95 (m, CH,), 1.55 (m, CH,), 1.3 (t, 6 H,
OCH,CH,;); 'F NMR (CD;0D; C¢F; as reference) § 52.5 (dt, Jr_y =
19 Hz, Jpp = 111 Hz); MS (Cl, NH;) m/z 412 (MH*). Anal. Calcd
for C\4H,NCIF,PO;: C, 40.83; H, 5.14; N, 17.00. Found: C, 40.46;
H, 5.21; N, 16.97.

9-(5,5-Diftuoro-5-phosphonopentyl)guanine (3). Bromotrimethylsilane
(9 g, 59 mmol) was added dropwise to a stirred solution of 6 (6 g, 14.6
mmol) in 80 mL of anhydrous dichloromethane at 20 °C under argon.
The reaction mixture was stirred at 20 °C for 44 h and evaporated under
reduced pressure. The residue was dissolved in anhydrous acetonitrile,
and a pale yellow precipitate was obtained upon addition of | mL of
water. The solid was collected by filtration giving 5.4 g of product, which
was suspended in 50 mL of 1 N HCl and heated at 95 °C for 18 h. The
reaction mixture was evaporated under reduced pressure; the residue
obtained was dissolved in boiling water and crystallized on cooling, giving
4.6 g of 3 (93% yield from 6): mp 260 °C; TLC, R, = 0.44 (EtOH/17%
NH,OH, 60/40); 'H NMR (D,0, NaOD) 6 8.3 (s, Hy), 4.2 (t, CH,N),
2.15 (m, CH,CF,), 1.95 (m, CH,), 1.65 (m, CH,); *F NMR (D,0,
NaOD, CF,CO,H as reference) 6 -36.6 (dt, Je_p = 97 Hz, Jy_pr = 20
Hz); MS (FAB, xenon) m/z 338 (MHY), 185, Anal. Calcd for
CgH 4 FoNsOP-HCL: C, 32.14; H, 4.04; N, 18.74. Found: C, 31.75;
H, 4.39; N, 18.32.

9-(7,7-Difluoro-7-phosphonoheptyl)guanine (7). 9-(7,7-Difluoro-7-
phosphonoheptyl)guanine was obtained from diethyl difluoromethane-

phosphonate, 1,6-diiodohexane, and 6-chloroguanine according to the
procedure described for the preparation of 3. However, in this case, the
final product was obtained in a pure form by recrystallizationina | M
water solution of triethylammonium bicarbonate. 7: mp 280 °C; TLC,
R;=0.49 (ETOH/17% NH,OH, 60/40); 'H NMR (D,0, NaOD) 5 7.8
(s, Hg), 4.05 (1, CH,N), 2.03 (m, CH,CF,), 1.75 (m, CH,), 1.45 (m,
CH,), 1.3 (m, 2 CH,); ?F NMR (D,0, NaOD, CF;CO,- as reference)
5 -36.6 (dt, Ju_s = 21 Hz, Jrp = 89 Hz); MS (FAB, xenon) m/z 366
(MH*). Anal. Calcd for C,,H,sF,NsOP: C, 39.46; H, 4.97; N, 19.17.
Found: C, 39.36; H, 5.08; N, 18.64.

Enzymes and Assays. PNP from human erythrocytes, calf spleen, and
E. coli were purchased from Sigma Chemical Co., St. Louis, MO. PNP
from rat crythrocyte was partially purified according to a published
method.!3  With inosine as substrate, PNP activity was determined
spectrophotometrically by a xanthine oxidase coupled assay.!* The
increase in absorbance at 293 nm was monitored with a Beckman DU-7
spectrophotometer. The typical assay contained 0.1 M HEPES/NaOH
buffer, pH 7.4, 0.04 unit of xanthine oxidase (Boehringer Mannheim
GmbH, West Germany), | mM (or 50 mM) sodium phosphate, appro-
priate concentrations of inosine (Sigma), and PNP in a total volume of
1.0 mL at 37 °C. Under these conditions, in the presence of 50 mM
sodium phosphate, the specific activities of the four PNP, expressed as
micromoles per minute per milligram of protein, were found to be 44
(human erythrocytes), 3.5 (rat erythrocytes), 1 16 (calf spleen), and 24
(E. coli).

Inhibition of PNP was measured at five concentrations of inosine and
six concentrations of inhibitor. K; values were determined by using a
Dixon plot and a computer program developed in-house for linear re-
gression analysis. It was determined that the inhibitors do not affect
xanthine oxidase activity in the assay. For pH dependence studies, a
three-component buffer system was used instead of HEPES. This buffer
system! consisted of 0.052 M MES, 0.051 M TAPSO, 0. M di-
ethanolamine, and HCI. The ionic strength of this mixture was 0.1 %
0.01 M between pH 6.0 and 8.9.!%

Registry No. 2, 104495-32-1; 3, 130434-88-7; 4, 1478-53-1; §,
130434-89-8; 6, 130434-90-1; 7, 130434-91-2; 8, 130434-92-3; PNP,
9030-21-1; I(CH,)4l, 628-21-7; 1(CH,)¢l, 629-09-4; 2-amino-6-chloro-
purine, 10310-21-1.
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Analysis of the Structures, Infrared Spectra, and Raman
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Abstract: Extensive ab initio calculations are reported for the optimized geometries of the methyl, ethyl, isopropyl, and tert-butyl
radicals. In addition, vibrational frequencies and infrared and Raman intensities are computed and compared with experimental
infrared spectra of the series of radicals. The theoretical calculations are used to assign experimental vibrational spectra and

clucidate the radical structure.

Introduction

Alkyl radicals are perhaps the simplest but yet some of the most
reactive organic radicals. They play a central role in the petroleum
industry! and are reactive intermediates in the production of many
commercial polymers.2 As reactive intermediates they also play
essential roles in polymer degradation,® thus determining the
stability of many materials such as coatings and lubricants toward

*Present address: IBM Heidelberg Scientific Center, Institute for Su-
percomputing and Applied Mathematics, Tiergartenstrasse 15, D-6900
Heidelberg, West Germany.

heat, light, and high-energy radiation.

Alkyl radicals thus have been the focus of active research in
many industrial and academic laboratories. Studies have ranged
from gas-phase kinetics for bond fission processes,* spectroscopic

(1) Leathard, D. A.; Purnell, J. H, Paraffin Pyrolysis. In Annual Reviews
of Physical Chemistry, Eyring, H., Christensen, C. J., Johnston, H. S., Eds.;
Annual Reviews: Palo Alto, CA, 1970; p 197.

(2) Hoyle, C. E., Kinstle, J. F., Eds. Radiation Curing of Polymeric
glgterlgasls; ACS Symp. Ser. 417, American Chemical Society: Washington,

, 1 k

(3) Schnabel, W. Polymer Degradation: Principles and Practical Ap-
plications; Macmillan Publishing Company, Inc.: New York, 1981.
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