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Adenosine Deaminase Inhibitors. Synthesis and Biological Evaluation of
4-Amino-1-(2(S)-hydroxy-3(R)-nonyl)-1 H-imidazo[4,5-c]pyridine
(3-Deaza-(+)-EHNA) and Certain C1’ Derivatives'
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The synthesis of the title compound (15) and its 1’-fluoro (14) and 1’-hydroxy (12) derivatives is
described. Key intermediate 10 was obtained by two routes through condensation of (2R,3R)-
3-amino-1,2-O-isopropylidene-1,2-nonanediol (8) with either 2,4-dichloro- or 4-chloro-3-nitropy-
ridine. When assayed as adenosine deaminase inhibitors, 15 was found to be almost twice as active
as its racemate. While hydroxylation at the 1’-position resulted in an 80-fold decrease in activity,
the 1’-fluoro derivative proved to have activity comparable to that of 3-deaza-(+)-EHNA.

Introduction

Adenosine deaminase (ADA, adenosine aminohydrolase,
EC 3.5.4.4) hydrolyzes adenosine and 2'-deoxyadenosine
to inosine and 2’-deoxyinosine, respectively, and inacti-
vates a number of antiviral and cancer chemotherapeutic
adenosine analogs.!? In ADA deficiency, catabolism of
2'-deoxyadenosine is blocked and a severe combined
immunodeficiency disease (SCID) is caused by the accu-
mulation of deoxy-ATP.34 Consequently, inhibition of
ADA can prevent inactivation of clinically useful adenosine
analogs, and the administration of 2’-deoxycoformycin (1,
dCF) mimics ADA deficiency for the treatment of lym-
phoproliferative disorders.>® Another potential benefit
of ADA inhibition is protection of injured tissues. Both
cerebral and myocardial ischemia result in the release of
adenosine, which appears to limit the extent of degener-
ation.”® Two potent and selective ADA inhibitors, namely,
dCF? and erythro-9-(2-hydroxy-3-nonyl)adenine (2,
EHNA)®-11 were found to protect against myocardial
ischemia/reperfusion injury in animal models. These ef-
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fects and other physiological roles of adenosine!? have
continued tostimulate interestin the development of ADA
inhibitors.1314 Due to the immunosuppressive effects of
irreversible ADA inhibition, most applications of ade-
nosinergic therapy would call for a reversible inhibitor.

An understanding of ADA interaction with a tight-
binding transition-state inhibitor was recently provided
by X-ray analysis.l® However, an ADA complex with a
semi-tight-binding inhibitor such as EHNA has not yet

t Taken, in part, from Harriman, G. C. B. Ph.D. Dissertation, The
University of Rhode Island, Kingston, RI, 1991.
® Abstract published in Advance ACS Abstracts, December 15, 1993.
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been described. The ADA X-ray structure revealed a
hydrogen bond between Gly-84 and purine N3 that is
postulated to help orient C6 and stabilize the transition
state for hydrolytic deamination. Deletion of N3 in
adenosine causes loss of substrate activity.!® Because
EHNA and related 9-substituted adenines are not sub-
strates for ADA and because modifications at the 6-position
of 9-alkyladenines are detrimental to binding although
they enhance the affinity of adenosine,!” the 6-position of
EHNA is believed to orient away from the catalytic
region.’® The change in position appears to reduce the
importance of N3 to binding, and indeed, 3-deaza-EHNA
is also a semi-tight-binding inhibitor of ADA.2® This and
our earlier observation that N3 participates in intramo-
lecular displacement of reactive substituents at C1’ 22make
the preparation of ADA inhibitors from 3-deaza-EHNA
derivatives an attractive goal.

In our previous work, we investigated the structure-
activity relationship (SAR) requirements of the 2’-hydroxyl
and the adjacent binding sites of EHNA.20 Qur efforts to
introduce a fluorine atom at C1’ were thwarted by
intramolecular cyclization involving N3. We now report
the synthesis and the ADA inhibitory activity of a series
of optically active 3-deaza-EHNA analogs whose chirality
is derived from L-ascorbic acid.2!

Chemistry

The synthesis of the target compounds depended upon
the preparation of key intermediate 10 (Scheme 1). Two
routes were followed starting with the condensation of
amine 32! with either 2,4-dichloro-22 or 4-chloro-3-nitro-
pyridine23# (4 and 5). Compound 6 was obtained by a
literature procedure.?? Catalytic hydrogenation of 6 gave
3-aminopyridine 8 in good yield. This, upon treatment
with triethyl orthoformate and a catalytic amount of
concentrated HC, produced 4-chloroimidazo([4,5-¢]pyri-
dine 10in quantitative yield. Formation of the orthoformyl
ester is precedented.?®

In the second route, condensation of amine 3 with 5
afforded 7 in 75% yield. Treatment of 7 with stannous
chloride in concentrated HCI resulted in simultaneous
reduction of the nitro group, chlorination at C2, and
cleavage of the isopropylidene ring to give 9 in 69% yield.
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a(a) 3 — 6, EtzN, MeNO,, reflux, 44%; (b) 3 — 7, n-BuzN,
n-CsH;10H, 70 °C, 75%; (c) 6 — 8, Hy/PtOy, EtOH, 756%; (d) 7 —
9,SnCl,, HC1,90°C,69%; (¢) HC(OEt)3, HC1,95 % ; (f) 95% HNNH,,
reflux, 12 h; (g) Ra Ni, H;0, 67%; (h) H* resin, EtOH, room
temperature, 95%; (i) PhgP, DIAD, C¢Hg, A, 77%; () 13 — 14,
pyr(HF),,, pyrn, room temperature —35°C, 45 %; (k) 13 — 15, LiAlH,,
THF, 0 °C, 37%.

Conversion of 9 to 10 proceeded under the identical
reaction conditions described earlier. It is worth men-
tioning that the second route proved to be preferable to
the first since compound 10 was obtained in higher overall
yield (52% vs 33%).

Completion of the synthesis is also outlined in Scheme
1. Displacement of the 4-chloro group of 10 with hydrazine
followed by Ra Ni-2800 reduction gave 11. Water was
found to be the solvent of choice in this reaction since the
use of alcohols resulted in difficult filtration of the catalyst.
Product 11 contained Ni which was removed by chelation
with ethylenediamine. Hydrolysis of the ortho ester was
accomplished with Amberlite IR-120 H* resin in 95%
EtOH followed by the addition of saturated methanolic
ammonia to give diol 12. Epoxide 13 was obtained from
diol 12 by the Mitsunobu reaction.?? The 'H NMR
spectrum of 13 clearly showed a typical AMX pattern
associated with monosubstituted epoxides.Z6 Two target
compounds, namely, fluorohydrin 14 and the 3-deaza
analog of (+)-EHNA 15, were then prepared from epoxide
13. The former was obtained by treatment of 13 with
pyridine polythydrogen fluoride)?’” and the latter by
reduction with LAH. The introduction of fluorine in 14
at the 1’-position is evidenced by ¥F NMR which shows
atripletJ =47 Hzat 6-108.511. Analysis of the'H NMR
spectrum showed the diastereotopic 1’-methylene protons
as two doublets of a doublet of doublets centered at § 4.23
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Table 1. Inhibition of Adenosine Deaminase

compound K M)
12 497
14 4.7
15 6.2

and 4.38 with geminal and H-F coupling constants of 9.9
and 47 Hz, respectively. The 1/,2’-vicinal coupling con-
stants were 4.0 and 5.1 Hz.

Results and Discussion

The K; values for inhibition of calf intestinal ADA by
3-deaza-(+)-EHNA and its C1’ derivatives are presented
in Table 1. 3-Deaza-(+)-EHNA (15) inhibited ADA with
a K; of 6.2 nM, a value that is approximately one-half that
reported for the racemic mixture (10 nM).1® This result
is consistent with our prior finding that the potent
inhibitory activity of racemic EHNA resides in the (+)-
form.? Also, as noted above, the 3-position of adenine
plays a minimal role in EHNA binding, and the K; value
for 3-deaza-(+)-EHNA is only 3-fold higher than the 2
nM value for (+)-EHNA.28

It hasbeen postulated that the 1’-methyl group of EHNA
associates with-a specific methyl-binding packet.2® De-
letion or hydroxylation of this carbon atom causes re-
spective 23- and 28-fold reductions in (+)-EHNA poten-
cy.2 The C1’-hydroxy.derivative 12 proved to be 80-fold
less potent than 3-deaza-(+)-EHNA. Therefore, the
3-deaza modification may alter the orientation of the
9-substituent in such a way that a C1’-hydroxyl causes an
additional 3-fold greater loss of affinity than is seen for
the same modification with (+)-EHNA. On the other
hand, fluorination at C1’ of 3-deaza-(+)-EHNA yielded a
derivative, 14, with a 4.7 nM inhibition constant. This
compound, which has similar or slightly greater affinity
than 8-deaza-(+)-EHNA, and erythro-9-(2(S),9-dihydroxy-
3(R)-nonyl)adenine (9-hydroxy-(+)-EHNA)3 are the most
potent (+)-EHNA analogs reported to date.

Experimental Section

Melting points were determined on a Buchi 535 melting point
apparatus and are uncorrected. The 'H NMR spectra were
recorded on a Varian EM-390 or a Bruker AM-300 spectrometer
if so indicated. The chemical shifts are expressed in parts per
million with respect to tetramethylsilane. Opticalrotations were
obtained with a Perkin-Elmer Model 141 digital readout pola-
rimeter. Silica gel (Davison, grade H, 230-425 mesh), suitable
for flash column chromatography, was purchased from Fisher
Scientific. Thin-layer chromatography was run on precoated
(0.2-mm) silica gel 60-F254 plates manufactured by EM Science,
Inc., and short-wave UV light (254 nm) was used to detect the
UV-absorbing spots. Visualization by charring with 50% sulfuric
acid followed by heating was used to detect those compounds
that were not UV active. Elemental analyses were performed by
MHW Laboratories, Phoenix, AZ.

2-Chloro-4-[(1,2(R)-dihydroxy-1,2-O-isopropylidene-3(R)-
nonyl)amino]-3-nitropyridine (8). To a stirred solution of
2,4-dichloro-3-nitropyridine (4) (471 mg, 2.44 mmoly and tri-
ethylamine (0.34 mL, 2.44 mmol) in anhydrous nitromethane
(15 mL) was added 3 (450 mg, 2.10 mmol). The reaction mixture
was heated at reflux for 1 h. The solvent was removed, and pure
6 (345 mg, 44% yield) was obtained by silica gel flash chroma-
tography eluting with ethyl acetate-hexanes (1:10): [«¢]%*p-12.86°
(c 2.10, EtOH); *H NMR (CDCl;) 5 0.83 (¢, J = 6 Hz, 3 H), 1.00-
1.84 (m, 16 H), 8.53-3.82 (m, 2 H), 3.87-4.35 (m, 2 H), 6.16-6.40
(bd, J = 9 Hz, 1 H, D,0O exchangeable), 6.73 (d, J = 6.7 Hz, 1
H),7.93 (d,J = 6.7 Hz, 1 H). Anal. (C7yH26CIN;3O,) C, H, N, Cl.

4-[(1,2(R)-Dihydroxy-1,2- O-isopropylidene-3(R)-nonyl)-
amino]-3-nitropyridine (7). To a stirred solution of 4-chloro-
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3-nitropyridine (3) in tributylamine (3.34 mL, 14.0 mmol) was
added 3 (3.11 g, 14.0 mmol) in anhydrous pentanol (20 mL). The
reaction mixture was stirred at 70°Cfor 10h. Pure7 was obtained
as a viscous orange gum (3.54 g, 75% yield) by silica gel flash
chromatography eluting with ethyl acetate~hexanes (1:1): [«]?'p
-27.23° (¢ 2.81, EtOH); TH NMR (CDCly) 6 0.82 (¢, J = 4.5 Hz,
3 H), 1.08-1.88 (m, 16 H), 3.70-4.37 (m, 4 H), 6.90 (d, J = 6 Hz,
1 H), 8.11 d, J = 9.0 Hz, 1 H, D,0O exchangeable), 8.20 (d, J =
6.0 Hz, 1 H), 9.12 (s, 1 H). Anal. (C,sH»N;304) C, H, N.
3-Amino-2-chloro-4-[(1,2(R)-dihydroxy-1,2(R)- O-isopro-
pylidene-3(R)-nonyl)amino]pyridine (8). A solutionof6 (225
mg, 0.605 mmol) in absolute ethanol (50 mL) was hydrogenated
over PtO; at atmospheric pressure for 1 h. Thereaction mixture
was filtered, and the solvent was removed. The residue was
purified by silica gel flash chromatography eluting with ethyl
acetate—hexanes (2:3) to give pure 8 as a gum (154 mg, 75%
yield): [a]%%p +8.46° (¢ 2.25, EtOH); 'H NMR (CDCl3) 5 0.86 (2,
J = 6 Hz, 3 H), 1.00-1.78 (m, 14 H), 3.33-4.26 (m, 8 H, 2 D,O
exchangeable), 4.34-4.56 (bd, J = 9Hz, 1 H, D;0 exchangeable),
6.50(d,J =6.7Hz,1H),7.66 (d,J =6.7Hz,1 H). Anal. (C;7Hzs-
CINgO2) C, H, N, CL
3-Amino-2-chloro-4-[(1,2(R)-dihydroxy-3(R)-nonyl)ami-
no]pyridine (9). SnCl; (2.84 g, 15 mmol) was carefully added
in small portions (effervescence) to a solution of 7 (1.01 g, 2.99
mmol) in concentrated HCl (10 mL) at 90 °C and heating was
continued for 0.5 h. After the addition of H;O (50 mL) at 5 °C,
the reaction mixture was evaporated to dryness. To the residue
was added saturated methanolic ammonia until a precipitate
formed. This was followed by an additional 10 mL of saturated
methanolic ammonia. The solution was stored at 5 °C for 12 h
and then filtered through Celite. The solvent was removed, and
10 mL of 10% HCl was added to the residue, which was passed
through a Dowex 50W-H* resin column eluting with H,O (300
mL) followed by saturated methanolic ammonia (300 mL). Basic
fractions containing 9 (620 mg, 69% yield) were combined to
give a tan solid upon removal of the solvent: mp 85.4-86.5 °C;
[e]?p + 24.62° (¢ 1.95, EtOH); 'H NMR (300 MHz, DMSO-dg)
50.82 (t,J = 6 Hz, 3 H), 1.10-1.72 (m, 10 H), 3.28-3.55 (m, 4 H),
4.55 (s, 1 H, DO exchangeable), 4.72 (s, 1 H, D;0 exchangeable),
4.78 (s, 2 H, D,0 exchangeable), 5.33 (d, J = 8.4 Hz, 1 H, D,0
exchangeable), 6.42 (d, J = 5.4 Hz, 1 H), 7.36 (d, J = 5.4 Hz, 1
H). Anal. (C,;HxCIN;O,) C, H, N, ClL
4-Chloro-1-[1,2(R)-dihydroxy-1,2-O-(ethoxymethylene)-
3(R)-nonyl]-1H-imidazo[4,5-c]pyridine (10). To a stirred
solution of 8 (1.19 g, 3.47 mmol) in triethyl orthoformate (TEOF,
25 mL) was added concentrated HCI (0.05 mL). The reaction
mixture was stirred at room temperature for 24 h. TEOF was
removed, and pure 8 (1.31 g, 95% yield) was obtained by silica
gel flash chromatography eluting with ethyl acetate~hexanes (2:
3): 'H NMR (CDCly) 6 0.80 (¢, J = 6.5 Hz, 3 H), 0.91-1.38 (m,
11 H), 1.82-2.22 (m, 2 H), 3.38-4.73 (m, 6 H), 5.73 and 5.78 (s,
1 H), 732, J =6Hz 1H),801and 8.04 (s,1 H),8.19 d, J
=6 HZ, 1 H) Anal. (ClngsClNaos) C, H, N, ClL
4-Amino-1-[1,2-(R)-dihydroxy-1,2- O-(ethoxymethylene)-
3(R)-nonyl]-1H-imidazo[4,5-c]pyridine (11). A solution of
95% hydrazine (50 mL) and 10 (1.69 g, 4.59 mmol) was heated
atreflux for 12h. Excesshydrazine was removed, and theresidue
was treated with Ra Ni-2800 (2 g, wet weight) in H,O (50 mL)
and refluxed 1 h. The reaction mixture was filtered hot through
a Celite pad and washed with hot water. The Celite pad was
then washed with CH;Cl,. The residues from both filtrates were
combined and heated at 50 °C in ethylenediamine (EDA, 5 mL)
for 0.5 h. Excess EDA was removed, and pure 11 (1.10 g, 67%
yield) was obtained as a gum by silica gel flash chromatography
eluting with MeOH-EtOAc (1:50): H NMR (CDCl;) 5 0.78 (¢,
J = 6.5 Hz, 3 H), 0.92-1.39 (m, 11 H), 1.74-2.21 (m, 2 H), 3.33-
4.65 (m, 6 H), 5.76 (s, 1 H), 5.98 (b s, 2 H, D20 exchangeable),
6.65 (d, J = 6.0 Hz, 1 H), 7.74 (d, J = 6.0 Hz, 1 H), 7.82 (s, 1 H).
Anal. (CsHysN4O3) C, H, N.
4-Amino-1-(1,2(R)-dihydroxy-3(R)-nonyl)-1 H-imidazo-
[4,5-c]pyridine (12). A solution of 11 (589 mg, 1.69 mmol) in
95% EtOH was stirred with Amberlite IR-120 H* resin (1.0 g)
at room temperature for 12 h. Methanolic ammonia (25 mL)
was then added, and stirring was continued for 12 h. Filtration
and removal of the solvent gave pure 12 as a gum (470 mg, 95%
yield): [a]%p+18.10° (¢ 2.10,EtOH); ' H NMR (300 MHz, DMSO-
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dg) 5 0.77 (¢, J = 6 Hz, 3 H), 0.84-0.96 (m, 1 H), 0.98-1.22 (m,
7 H), 1.89-2.07 (m, 2 H), 3.14-3.30 (m, 2 H), 3.68-3.78 (m, 1 H),
4.27-4.34 (m, 1 H), 4.71 (b s, 1 H, D;0 exchangeable), 5.23 (b s,
1 H, D,0 exchangeable), 5.13 (b s, 2 H, D;O exchangeable), 6.74
d,J =6.0Hz,1H),7.62(d,J =6.0Hz, 1 H), 8.09 (s, 1 H). Anal.
(CisH%N,O2) C, H, N.
4-Amino-1-(1,2(R)-epoxy-3(R)-nonyl)-1 H-imidazo[4,5-c]-
pyridine (13). To a stirred solution of 12 (148 mg, 0.506 mmol)
and triphenylphosphine (146 mg, 0.557 mmol) in_anhydrous
benzene (10 mL) was added diisopropyl azodicarboxylate (0.11
mL, 0.558 mmol). The reaction mixture was heated at reflux for
1 h. The solvent was removed and pure 13 (89 mg, 73% yield)
and 12 (18 mg, 12%) were obtained by silica gel flash chroma-
tography eluting with MeOH-EtOAc (1:33): mp 201 °Cdec; [«]%p
+35.35° (¢ 0.775, CH,Clz); 'TH NMR (CDCly) 6 0.84 (¢, JJ = 6.5 Hz,
3 H), 0.98-1.42 (m, 8 H), 1.62-2.20 (m, 2 H), 2.52-2.69 (dd, J =
4.5 and 3.0 Hz, 1 H), 2.80 (dd, J = 4.5 Hz, 1 H), 3.20-3.35 (m,
1H), 3.93-4.25 (dd, J = 4.5 and 3.0 Hz, 1 H), 5.4 0 (b s, 2 H, D,O
exchangeable), 6.70 (d, J = 6 Hz, 1 H), 7.72 (s, 1 H), 7.79 (d, J
=6 Hz, 1 H). Anal. (C,;sH;:NO-H;0) C, H, N.
4-Amino-1-(1-fluoro-2(S)-hydroxy-3(R)-nonyl)-1 H-imida-
zo[4,5-c]pyridine (14). To a cold (-78 °Cy stirred solution of
pyridine poly(hydrogen fluoride) (1 mL) was added 13 (50 mg,
0.182 mmol) in anhydrous pyridine (1 mL). Thereaction mixture
was stirred at room temperature for 2 h followed by an additional
2hat385°C. Thereaction was terminated by the careful addition
of a saturated aqueous sodium bicarbonate solution until
effervescence ended. The reaction mixture was extracted with
CH,(Cl; and purified by silica gel flash chromatography eluting
with MeOH-EtOAc (3:97) to give 14 (24 mg, 456% yield) as a
colorless foam: mp 49.5-51.7 °C; [a]%p +27.87° (¢ 1.05, EtOAc);
1H NMR (500 MHz, CDCly) 6 0.82 (¢, J = 6.7 Hz, 3 H), 1.07-1.28
(m, 8 H), 2.03-2.17 (m, 2 H), 4.12-4.16 (m, 1 H), 4.23 (ddd, 2Jxr
= 47.0, Jyem = 9.8, and J,;; = 5.18 Hz), 4.27-4.31 (m, 1H), 4.38
(ddd, %/gr = 47.0, Jgem = 9.8, and J ;. = 4.0 Hz), 5.63 (b s, 3 H,
D0 exchangeable), 6.68 (d, J = 6 Hz, 1 H), 7.59 d, J = 6 Hz,
1 H), 7.89 (s, 1 H). Anal. (C;sHsN,OF) C, H, N.
4-Amino-1-(2(S)-hydroxy-3(R)-nonyl)-1 H-imidazo[4,5-c]-
pyridine (3-Deaza-(+)-EHNA) (15). To a cold (0 °C) stirred
solution of lithium aluminum hydride (50 mg, 1.5 mmol) in
anhydrous THF (1 mL) was added 13 (40 mg, 0.146 mmol) in
anhydrous THF (5 mL). Water (0.5 mL) was carefully added,
and the reaction mixture was filtered and evaporated. Pure 15
(15 mg, 37% yield) was obtained as a gum by flash chromatog-
raphy eluting with MeOH-EtOAc (1:20): [a]%p +22.77° (¢ 1.00,
EtOAc); 'H NMR (CDCly) 4 0.80 (¢, J = 6.5 Hz, 3 H), 0.97-1.41
(m, 11 H), 1.58-2.20 (m, 2 H), 3.86-4.37 (m, 3 H, 1 D,O
exchangeable), 5.32 (b s, 2 H, D,0 exchangeable), 6.65 (d, J =
gHz, 1H),7.65(d,J=6Hz,1H),7.76 (s,1 H). Anal. (C;sH2N,O)
, H, N.

Biological Evaluation. The analogs were tested asinhibitors
of calf intestinal mucosa ADA. Deamination of ader.osine to
inosine at 30 °C was measured directly from the decrease in
absorbance at 265nM.3132 ADA (type VI), adenosine, and bovine
albumin (fraction V) were purchased from Sigma Chemical Co.
(St.Louis, MO). The enzyme wasdiluted into astabilizing buffer
of 50 mM potassium phosphate, pH 7.0, containing 1 mg/mL
bovine albumin. Varying concentrations of analogs were pre-
incubated for 5 min with 0.1 mL of ADA in a total volume of 0.9
mL of phosphate buffer. Thispermitted the association reaction
between the enzyme and a semi-tight-binding inhibitor to reach
a steady state.33 Reactions were started by the addition of 0.1
mL of substrate (final concentrations: 0.0083 unit/mL ADA, 38
uM adenosine, 50 mM phosphate). The K; values were deter-
mined from nonlinear regression analysis of the velocity vs
inhibitor concentration (I) curves using the Enzfitter computer
program (Elsevier-BIOSOFT) for the equation v = v,— vol/[Ki(1
+ S/Ku) + I1, where v, is the reaction rate in the absence of
inhibitor. The K. for adenosine, determined at 10-72 uM
concentrations under identical conditions, was 25 uM.
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