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Abstract—A detailed study directed towards metabolic stability optimization of the alkoxy substituents on the catechol moiety of
CDP-840 is reported. Replacement of the methoxy and cyclopentyloxy substituents by cyclobutyloxy and/or difluromethoxy groups
resulted in the discovery of potent and selective PDE4 inhibitors where the formation of reactive metabolites that could covalently
bind to microsomal protein was significantly reduced or eliminated. © 2002 Elsevier Science Ltd. All rights reserved.

Cyclic nucleotide phosphodiesterases (PDEs) constitute
a broad family of enzymes responsible for the hydrolysis
and consequent deactivation of the second messengers
cAMP and cGMP.! There is strong evidence that cAMP
plays a central role in regulating the function of inflam-
matory,? immune and airway smooth muscle cells.? The
PDE4 enzymes have received particular attention due to
the fact that they are particularly abundant in these
cells.* Selective PDE4 inhibitors therefore could become
promising therapeutic agents for the treatment of
asthma and a wide range of other inflammatory dis-
eases.” A number of them have entered clinical trials,
the first generation being exemplified by Rolipram®
(1) and the most advanced one in clinical trials being
Ariflo™ 7 (2).
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We already reported that the PDE4 inhibitor CDP-840
(3), known to significantly reduce the bronchoconstric-
tion induced by antigen in asthmatic patients® was

*Corresponding author. Tel.: +1-514-428-3431; fax: +1-514-428-
4900; e-mail: nathalie_chauret@merck.com (N. Chauret)

found to be extensively metabolized in vitro with a
concomitant short half-life in vivo.” Several sites of
metabolism were identified which included p-hydroxyl-
ation of the phenyl ring, glucuronidation of the pyridine
moiety and oxidation at the methoxy and cyclopentyl-
oxy catechol moieties. We had shown that simple
modification of the phenyl ring, such as the introduction
of a para substituent, improved the metabolism profile
of CDP-840 by reducing metabolism and species differ-
ences in metabolic profiles.” We report here the results
of a study directed towards the optimization of the
catechol moiety using the p-hexafluorocarbinol analo-
gue 4 as a model compound. Our strategy was to replace
the alkoxy substituents to avoid dealkylation knowing
that phenol-type metabolites can generate quinones
such as those reported with o-methyl-dopa!® and tro-
glitazone.!!

L-791943

Reactive intermediates, including quinones, have been
shown to covalently bind to proteins and this phenom-
enon has been associated to toxic events such as acute
toxicity'? or idiosyncratic reactions.!> As we modified
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the catechol moiety to prevent covalent binding to pro-
teins, we also wanted to preserve the potency of the
PDE4 inhibitors. The SAR for compounds with differ-
ent substituents on the catechol moiety has been reported
in a previous publication.'

Compound 4 was synthesized as shown in Scheme 1.
The fluorinated carbinol portion was introduced from
hexafluoroacetone and 4-bromophenyl lithium. The use
of the chiral sultam auxiliary allowed excellent control
of the absolute stereochemistry during the conjugate
1,4-addition of the Grignard reagent derived from 8
onto intermediate 9'° to give a mixture to two diaste-
reoisomers 10. Removal of the chiral auxiliary and final
deprotection afforded compound 4.

Compound 5 was synthesized following the same route
as already described for the preparation of 6.'4 The
radioactive analogues (18-20) of racemic 4 and of 5-6
were prepared by tritiation of the corresponding 3,5-
dichloropyridine derivatives 15-17. These were in turn
synthesized by applying the chemistry, as shown in
Scheme 2, to different starting benzaldehydes. Radio-
labeled L-791943'4 was prepared from the oxidation of
20 at the pyridine ring to yield the pyridine- N-oxide.

Another radiolabeled version of compound 4 was pre-
pared where the tritium was placed on the catechol ring
(22). This compound was prepared by electrophilic
iodination of 4 to give the iodo derivative 21. Tritiation
of the latter provided the desired analogue 22 (Scheme 3).

Initial in vitro metabolism studies were carried out in
rat hepatocytes using standard procedures.® Briefly,
compounds were incubated at a concentration of 50 pM
with 10° cells for 3 h at 37°C. HPLC analysis of the
incubations of 4 revealed the presence of eight metabolites,
as shown in Figure 1.
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Scheme 1. Reagents and conditions: (a) n-BuLi, Et,0O, —78°C;
(CF3),CO, (b) i-Pr,NEt, SEMCI, CH,Cl,; (¢c) Mg, 8, THF, then 9,
0°C; (d) n-PrSLi, THF, 0°C to rt; (e) LiOH, THF, H,O; (f) TBAF,

Based on HPLC/MS,® five metabolites of 4 were shown
to be associated with dealkylation on the catechol moi-
ety (desmethylation with or without subsequent glucu-
ronidation and descyclopentylation with or without
subsequent sulfation or glucuronidation). The presence
of these metabolites were previously reported for CDP-
840° and Rolipram,'!® two compounds containing
methoxy and cyclopentyloxy subtituents on the catechol
moiety. The other metabolites were identified as
hydroxy on the cyclopentyl, O-glucuronide at the car-
binol moiety and N-oxide pyridine, as indicated in
Figure 2.

Radiolabeled 4, made by tritiation at the catechol moi-
ety (22) or at the pyridine ring (18), was used to assess
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Scheme 2. Reagents and conditions: (a) CHsl, K,CO;, DMF; (b)
Cs,CO;3, CsHoBr, DMF, heat; (¢) CCIF,COOMe, Cs,CO;, DMF; (d)
C4H;Br, Cs,CO3, DMF; or repeat (c); (¢) 8, Mg, THF, then benzal-
dehyde 12, 13 or 14, 0°C; (f) SOCl,, i-Pr,NEt, toluene; (g) KHMDS,
HMPA, ethyl 3,5-dichloro-4-pyridylacetate, THF, —30 to 25°C; (h)
NaOH, THF, EtOH, 60°C; HCI aq; (i) TBAF, THF; (j) 10% Pd/C,
0.2 atm 3H,, EtOAc, MeOH.
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Scheme 3. Reagents and conditions: (a) NIS, CHCl;, TFA; (b) 10%
Pd/C, 0.2 atm *H,, EtOAc, Et;N, MeOH.
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Figure 1. HPLC chromatogram of rat hepatocyte incubates of (a) 4
(b) 5 and (c) 6 (Peaks identified with @ are related to dealkylation of

the catechol moiety, with 4 are pyridine N-oxide, with O are carbinol
O-glucoronide with ¢ are hydroxylation on the cyclohexyl or cyclo-

MeO

HO,C
O
HO -—
HO OH Fa

Fs

Figure 2. Metabolic pathways not involving dealkylation.

the potential to cause covalent protein adducts upon
metabolism. The in vitro metabolism studies with 3H 4
were performed in rat microsomes according to a pub-
lished procedure.!” Briefly, H compounds (10 pM)
were incubated with 2.5 mg of microsomal proteins
containing a NADPH-regenerating system for 1 h at
37°C. Reactions were stopped by adding acetonitrile,
mixtures were centrifuged. Supernatants obtained were
analyzed by HPLC with radiometric detection. Protein
pellets were extracted until negligible radioactivity
counts were found in the washes. The pellets were solu-
bilized before counting. The difference between the
amounts of radioactivity found in the protein pellet
obtained from the incubations under oxidative condi-
tions versus control incubations (no NADPH or heat
deactivated microsomes) are indicated in Table 1. From
these data, it was clear that, upon metabolism, 18 and
22 formed intermediates that were covalently binding to
microsomal proteins.

Knowing that 4 underwent extensive metabolism at the
catechol moiety, it was speculated that the reactive
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Figure 3. Potential mechanisms leading to reactive p and o quinones.

Table 1. Covalent binding of *H compounds to microsomal protein

Compd % Covalent binding®
22 3.1+0.8 (n=4)
18 29+0.7 (n=4)
19 0.45+£0.05 (n=2)
20 <0.05 (n=2)
L-791943 <0.05 (n=2)

“Expressed as a percentage of the difference in radioactivity in the
protein pellet obtained under oxidative versus control incubations
over the total radioactivity in incubations (average of n experiments
performed in triplicate).

intermediates were para or ortho quinone-type metabolites
as shown in Figure 3.

The formation of the phenol leading to para-quinone
was not detected but its formation was suggested based
on the HPLC analysis of the supernatant obtained from
the oxidative incubations of 22 (tritiated at the catechol
moiety). A radioactive peak was detected at the solvent
front. Injection of tritiated water also resulted in a peak
eluting at the solvent front. This observation supported
that, upon metabolism, the tritium was lost to form tri-
tiated water, likely through an oxidation at the carbon
para to the cyclopentoxyl. This early peak was not
detected in the supernatants obtained from the incu-
bations of 18 (tritiated at the pyridine position). There
was also evidence that tritiated water was formed in
vivo. The analysis of plasma samples obtained from rats
dosed with 22 radiolabeled at the catechol moiety (5
mg/kg of 22, 50 pCi per rat) showed that up to 60% of
the total radioactivity detected in plasma samples (24 h
time point) could be distilled. No radioactivity could be
distilled in control plasma samples spiked with 22.
These in vivo findings supported the role of metabolism
in the release of tritiated water and in the formation of
phenol that could lead to the para-quinone.

The chemistry efforts were directed toward the synthesis
of analogues designed to reduce metabolism at the
catechol moiety while maintaining the PDE4 potency.
Difluoromethyl group as a replacement of the catechol
diethylether had been reported by other groups'® and
used in our SAR.!* In addition, we had found that the
replacement of the cyclopentyl by a cyclobutyl sig-
nificantly improved the potency of the PDE4 inhibitors
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[40-fold more potent on the human whole blood assay!'#
(222 nM for the O-cyclobutyl vs 8211 nM for the
O-cyclopentyl analogue)]. Therefore, the metabolism
profile of the promising analogues 5 and 6 in rat hepa-
tocytes was compared to 4. From the HPLC analysis of
the incubates (Fig. 1), 5 and 6 were found to be meta-
bolically more stable than 4 (10% metabolism as com-
pared to 30%). HPLC/MS analysis indicated that two
minor peaks in the incubates of 5 originated from the
dealkylation of the cyclobutyloxy moiety. The other
metabolites were related to the hydroxylation on the
cyclobutyl, the glucuronidation of the carbinol moiety
and oxidation of the pyridine, analogous to what was
observed for 4. Regarding compound 6, the O-glucu-
ronide of the carbinol and N-oxidation of the pyridine
were observed but no metabolites derived from the
catechol moiety were found. The N-oxide metabolite
was identified as L-791,943.'% Compounds 5, 6, and
L-791943 were tritiated at the pyridine moiety and
incubated in rat microsomes to address covalent binding
to proteins. As indicated in Table 1, the levels of cova-
lent binding due to metabolism were significantly
reduced with 19 while there was none observed with 20
or 3H L-791943. These results support the hypothesis
that metabolic stability of the alkoxy substituents of the
catechol prevents the formation of reactive quinone
intermediates responsible for covalent binding.

In conclusion, formation of reactive metabolites that
can covalently bind to microsomal protein were identi-
fied with the p-hexafluorocarbinol analogue of CDP-
840. Metabolic liability of the alkoxy substituents
makes the catechol moiety susceptible for further oxi-
dation and thus potential source of reactive inter-
mediates. Stable catechol moieties were introduced and
these significantly reduced or eliminated the covalent
binding. In addition, these new analogues exhibited
excellent PDE4 potency and improved pharmaco-
kinetics.'* These findings had a significant impact on the
synthetic efforts as many PDE4 inhibitors synthesized in
our laboratory now bear the stable difluoromethoxy
moiety.

References and Notes

1. (a) Yussa, K.; Kanoh, Y.; Okumura, K.; Omori, K. Eur. J.
Biochem. 2001, 268, 168. (b) Soderling, S. H.; Beavo, J. 4.
Curr. Opin. Cell. Biol. 2000, 12, 174.

2. (a) Kuehl, F. A.; Zanetti, M. E.; Soderman, D. D.; Miller,

D. K.; Ham, E. A. Am. Rev. Respir. Dis. 1987, 136, 210. (b)
Souness, J. E.; Aldous, D.; Sargent, C. Immunopharmacology
2000, 47, 127.

3. Torphy, T. J. Agents Actions Suppl. 1988, 23, S37.

4. (a) Torphy, T. J. Am. J. Respir. Crit. Care Med. 1998, 157,
351. (b) Barnes, P. J. Nature 1999, 402, B31.

5. (a) Huang, Z.; Ducharme, Y.; Macdonald, D.; Robichaud,
A. Curr. Opin. Chem. Biol. 2001, 5, 432. (b) Martin, T. J.
Idrugs 2001, 4, 312. (c¢) Nell, H.; Louw, C.; Leichtl, S.; Rath-
geb, F.; Neuhauser, M.; Bardin, P. G. Am. J. Respir. Crit.
Care Med. 2000 161, A200. (d) Timmer, W.; Leclerc, V.; Bir-
raux, G.; Neuhauser, M.; Hatzelmann, A.; Bethke, T.; Wurst,
W. Am. J. Respir. Crit. Care Med. 2000, 161, A505.

6. Barnette, M. S.; Underwood, D. C. Curr. Opin. Pulm. Med.
2000, 6, 164.

7. (a) Torphy, T. J.; Barnette, M. S.; Underwood, D. C;
Griswold, D. E.; Christensen, S. B.; Murdoch, R. D.; Nieman,
R. B.; Compton, C. H. Pulm. Pharmacol. Ther. 1999, 12, 131.
(b) Compton, C. H.; Gubb, J.; Cedar, E.; Nieman, R. B
Amit, O.; Brambilla, C.; Ayres, J. Am. J. Respir. Care Med.
1999, 159, A806.

8. Harbinson, P. L.; MacLeod, D.; Hawksworth, R.; O’Toole,
S.; Sullivan, P. J.; Heath, P.; Kilfeather, S.; Page, C. P.; Cost-
ello, J.; Holgate, S. T.; Lee, T. H. Eur. Respir. J. 1997, 10,
1008.

9. Li, C.; Chauret, N.; Trimble, L. A.; Nicoll-Griffith, D. A_;
Silva, J. M.; Macdonald, D.; Perrier, H.; Yergey, J.; Parton,
T.; Alexander, R. P.; Warrellow, G. J. Drug Metab. Dispos.
2001, 29, 232.

10. Dybing, E.; Nelson, S. D.; Mitchell, J. R.; Sasame, H. A.;
Gillette, J. R. Mol. Pharmacol. 1976, 12, 911.

11. He, K.; Woolf, T. F.; Kindt, E. K.; Fielder, A. E.; Talaat,
R. E. Biochem. Pharmacol. 2001, 62, 191.

12. Nelson, S.; Pearson, P. G. Annu. Rev. Pharmacol. Toxicol.
1990, 30, 169.

13. Knowles, S. R.; Uetrecht, J.; Shear, N. H. Lancet 2000,
356, 1587.

14. Guay, D.; Hamel, P.; Blouin, M.; Brideau, C.; Chang C.
C.; Chauret, N.; Ducharme Y; Frenette, R.; Friesen R. W_;
Huang, Z.; Girard, M.; Jones, T.; Laliberte, F.; Li, C.; Mas-
son, P.; MacAuliffe, M.; Piechuta, H.; Young, R.; Girard, Y.
Biooorg. Med. Chem. Lett. 2002, 12, 1457.

15. Alexander, R. P.; Warrellow, G. J.; Graham, J.; Head,
J. C.; Boyd, E. C.; Porter, J. R. WO Patent 9517386; Chem.
Abstr. 1995, 124, 29604.

16. Krause, W.; Kuehne, G. Xenobiotica 1993, 23, 1277.

17. Chauret, N.; Nicoll-Griffith, D. A.; Friesen, R.; Li, C,;
Trimble, L. A.; Dube, D.; Fortin, R.; Girard, Y.; Yergey, J.
Drug Metab. Dispos. 1995, 23, 1325.

18. (a) Barnette, M. S.; Manning, C. D.; Cieslinski, L. B.;
Burman, M.; Christensen, S. B.; Torphy, T. J. JPET 1995,
273, 674. (b) Grous, M.; Christensen, S. B.; Burman, M.;
Cieslinski, L.; Huang, L.; Torphy, T. J.; Barnette, M. S.
Pharmacol. Rev. Commun. 1997, 9, 237.



