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A versatile synthesis of 4-oxo-4,7-dihydrofuro[2,3-b]pyridine-5-carboxylate esters has been devel-
oped which has lead to the identification of a new series of non-nucleoside inhibitors of human
herpesvirus polymerases HCMV, HSV-1, EBV, and VZV with high specificity compared to human
DNA polymerases.

� 2008 Elsevier Ltd. All rights reserved.
NS

O O

N
H

R

Cl

N

OH

1b

N

N

O
1a
Infections by viruses of the Herpesvirus family lead to highly
debilitating or even life-threatening disease and pose a signifi-
cant threat to the general and especially the immunocompro-
mised population. Herpes simplex virus (HSV), human
cytomegalovirus (HCMV), Epstein–Barr virus (EBV), and vari-
cella-zoster virus (VZV) are the most widespread pathogens of
this family. Human cytomegalovirus is associated with clinical
symptoms such as pneumonia, retinitis, and graft rejection in
the immunocompromised, as well as congenital birth defects in
neonates.1 The existing therapies to treat HCMV infection are
hampered by the development of drug resistance and significant
drug-associated toxicities which limit their duration of use.2

Childhood vaccination has reduced the incidence of chickenpox
resulting from primary infection by varicella-zoster virus; how-
ever, reactivation of latent infection in the form of herpes zoster
(shingles) still represents a significant risk to the elderly and
those who are immunocompromised.3 Acyclovir, Famciclovir,
and Valacyclovir are prescribed for VZV infection though at high
doses due to their modest potency against the virus.3d Initial
infection by Epstein–Barr virus resulting in infectious mononu-
cleosis can have a profound personal impact, and there is a
strong association for the role of the virus in the development
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of post-transplant lymphoproliferative disease and lympho-
mas.1a,4 A well tolerated, broad-spectrum agent against herpesvi-
rus infection is unfortunately not currently available and would
constitute a significant break-through in this field.

Recently, we have described two novel series of 4-oxo-4,7-
dihydrothieno[2,3-b]pyridine-5-carboxamides (1a and 1b) which
were broad-spectrum inhibitors of herpesvirus polymerases, Fig-
ure 1.5 One focus of our SAR program was to explore alternative
bicyclic ring systems, and of specific interest was furo[2,3-b]pyr-
idine based on the bioisosteric replacement of sulfur for oxygen.
Initial efforts based on compound 1a (e.g., 7a, vide infra) were
disappointing due to poor observed antiviral activity as well as
the limited scope and scalability of existing syntheses to the
Figure 1. Representative 4-oxo-4,7-dihydrothieno[2,3-b]pyridine-based herpesvi-
rus DNA polymerase inhibitors.
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furo[2,3-b]pyridine ring system. The improved potency observed
with analogs such as 1b prompted us to reconsider this series
though overcoming the synthetic challenges were paramount.
Herein, we report the development of a versatile synthesis of
4-oxo-4,7-dihydrofuro[2,3-b]pyridine-5-carboxylate esters and
the realization of antiherpetic activity.

Compared to the analogous quinoline and thieno[2,3-b]pyri-
dine ring systems, there are relatively few syntheses of the 4-
oxo-4,7-dihydrofuro[2,3-b]pyridine-5-carboxylate scaffold in the
literature. Reported syntheses have utilized the Gould–Jacob
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Scheme 1. Synthesis of 4-oxo-4,7-dihydrofuro[2,3-b]pyridine ester 5a–h. Reagents
and conditions: (a) LDA, THF, �70 �C; C2Cl6, 82%; (b) CDI, THF; potassium ethyl
malonate, CH3CN, MgCl2, Et3N, 25 �C; (c) (EtO)3CH, Ac2O, 135 �C; (d) RNH2, THF,
25 �C; t-BuOK, 30–40 �C.

Table 1
HCMV polymerase and antiviral inhibition for compounds 9

Compound R HCMV polymerase
IC50

a (nM)
HCMV antiviral
IC50

a (nM)

9a CH3 76 (±5) 26 (±10)
9b CH2CH3 510 700
9c C3H5 420 1200
9d CH2CH2CH3 1120
9e Phenyl 830
9f Pyridin-2-yl 140 50 (±10)
9g CH2CH2Ph 690
9h CH2CH2N(C2H5)2 3920

a Values are means of at least two experiments where standard deviation is given
in parentheses, see Table 4 for reference compounds.
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Scheme 2. Synthesis of 4-oxo-4,7-dihydrofuro[2,3-b]pyridine amides 9a–h. Reagents
chlorobenzylamine, ethylene glycol, 130 �C; (c) ethylchloroformate, CHCl3; (d) (R)-1-(2-
cyclization consisting of condensation of a 2-aminofuran with
ethoxyethylene malonate followed by thermal ring closure.6 In
fact, 2-aminofuran is not a viable precursor for this chemistry
due to its intrinsic instability,7 and syntheses have only been
successful starting from 2-aminofurans bearing strongly electron
withdrawing substituents at the 5-position (e.g., CO2CH3). For
our purposes we needed a route to access the Gould–Jacob prod-
uct derived from 2-aminofuran and preferably avoiding the high
temperature (240 �C) cyclization required for this chemistry. A
general and versatile synthesis of quinolone antibacterials has
been described, which relies on an intramolecular SNAryl substi-
tution of an electron deficient fluorobenzene by an enamine to
construct the pyridinone ring.8 A similar approach has been re-
ported to thieno[2,3-b]pyridin-4-ones utilizing 2-chlorothiophene
derivatives.9 To our knowledge this approach has not been ap-
plied to the synthesis of furo[2,3-b]pyridin-4-ones, and we envi-
sioned that such an approach would address the limitations of
the existing Gould–Jacob route. Chlorination of the lithium dian-
ion derived from 3-furoic acid (2) with hexachloroethane affor-
ded 2-chloro-3-furoic acid (3), Scheme 1.10 The magnesium
enolate of ethyl malonate was then acylated with the imidazo-
lide of 3 to provide b-ketoester 4.11 The condensation of 4 with
triethylorthoformate and acetic anhydride provided the 3-eth-
oxypropenoate which underwent facile addition of amines
(RNH2, Table 1) to afford the corresponding enamine with elim-
ination of ethanol.12 Pyridinone ring closure was then affected
by the addition of potassium tert-butoxide to yield furo[2,3-
b]pyridin-4-one esters 5a–h in 30–67% yield from compound 3.
The above sequence allows for the introduction of a wide range
of functionality to the N7-position in an effective one-pot, three-
step procedure.

Following the precedent of Mannich elaboration of the C2-posi-
tion established in the thienopyridine series5 and further sup-
ported by the increased relative rate of electrophilic aromatic
substitution for furan compared to thiophene,13 a similar strategy
in the furopyridine series was explored. Indeed furopyridines 5a–
h reacted with 4-methylenemorpholin-4-ium chloride14 in aceto-
nitrile at 60 �C to provide 6a–h in good yields, Scheme 2. The reg-
iochemistry of addition was confirmed by single crystal X-ray.15

Subsequent direct transformation to the corresponding 4-chloro-
benzylamides 7a–h followed by treatment with ethylchlorofor-
mate provided the alkylchlorides 8a–h which were reacted with
(R)-1-(2-furyl)-2-(methylamino)ethanol16 to afford compounds
9a–h.

Compounds 9a–h were assayed for their ability to inhibit the
incorporation of 3H-labeled nucleotide into template-primer by
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and conditions: (a) 4-methylenemorpholin-4-ium chloride, CH3CN, 60 �C; (b) 4-
furyl)-2-(methylamino)ethanol, DMF, i-Pr2EtN, 90 �C.



Figure 2. Representation of benzylamide binding pocket based on docking of
compound 9a into crystal structure of HSV-1 DNA polymerase (Ref. 18).
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purified HCMV DNA polymerase using a scintillation proximity
assay and for antiviral activity in an HCMV plaque reduction as-
say, Table 1.17 Polymerase inhibition was noticeably sensitive to
the nature of the N7-substituent with methyl (9a) and pyrimi-
din-2-yl (9f) being the best suggesting the potential for a steric
clash above or below the ring plane in this region. This would be
consistent with a binding model in which the furopyridine ring
system stacks between the polymerase and the DNA duplex.18

Overall, methyl substitution (9a) imparted the best combination
of potency and aqueous solubility (60 lM) which was a marked
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Scheme 3. Synthesis of amides 11a–f. Reagents and conditions: (a) ethylchloro-
formate, CHCl3, 38%; (b) (R)-1-(2-furyl)-2-(methylamino)ethanol, DMF, i-Pr2EtN,
90 �C, 72%; (c) benzylamine, ethylene glycol, 130 �C.

Table 2
HCMV polymerase inhibition for compounds 11

Compound X Y HCMV polymerase IC50
a (nM)

9a Cl H 76 (±5)
11a Br H 340 (±80)
11b F H 610
11c F F 1020
11d CH3 H 3140
11e CF3 H 6450
11f H H 11,400

a Values are means of at least two experiments where standard deviation is given
in parentheses, see Table 4 for reference compounds.
improvement over the corresponding thienopyridine analog
(0.4 lM).5b

Further refinements to the benzylamide and aminoalcohol
substituent were next explored. Docking of compound 9a into
the previously reported crystal structure of HSV-1 DNA poly-
merase18 revealed that the 4-chlorobenzylamide substituent fits
into a well-defined pocket partially border by valine 823, Figure
2. We had previously established that mutation of this residue
conveys resistance to related quinolone and thienopyridine
antivirals suggesting that this pocket plays a critical role in
compound binding.5a,19 A small bulge at the end of the pocket
nicely accommodates the chlorine substituent found in 9a. To
determine if chlorine was the optimal substituent, ester 10
was condensed with several 4- and 3,4-substituted benzylam-
ines to provide compounds 11a–f, Scheme 3. Indeed, the chlo-
rine substituent contributes substantially to the polymerase
inhibition of 9a as compared to benzyl alone 11f while alterna-
tive substituents at the 4-position (Br, F, CH3, and CF3) re-
mained inferior to chloride itself, Table 2. Compound 8a was
alkylated with a variety of N-methylaminoalcohols, Scheme 4.
Most promising were compounds 12a–c each substituted by a
six-membered nitrogen heterocycle, which showed good HCMV
polymerase inhibition and antiviral activity, Table 3. Further
profiling of compounds 9a and 12a indicated that both com-
pounds were broad-spectrum inhibitors of herpesvirus poly-
merases including HCMV, HSV, and VZV, while not being
active against human DNA polymerases (a, c, and d), Table 4.
Broad-spectrum herpes antiviral activity was also demonstrated
with potencies comparable to thienopyridine 1b. Compound 9a
demonstrated good oral bioavailability in rat (67%) and in dog
(76%).20

By applying SAR learnings from previous thieno[2,3-b]pyri-
dine herpesvirus polymerase inhibitors, furo[2,3-b]pyridine
analogs have been identified demonstrating comparable po-
tency to their progenitors with improved aqueous solubility.
Compound 9a exhibited broad-spectrum herpes antiviral activ-
ity superior to that of available therapies with respect to
HCMV, VZV, and EBV. The full optimization of this chemical
series was made possible by the development of a practical
synthesis of 4-oxo-4,7-dihydrofuro[2,3-b]pyridine-5-carboxyl-
ate esters.
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Scheme 4. Synthesis of amides 12a–c. Reagents and conditions: (a) i-Pr2EtN, DMF,
R0CH(OH)CH2NH(CH3), 90 �C.

Table 3
HCMV polymerase and antiviral inhibition for compounds 12

Compound R0 HCMV polymerase
IC50 (nM)a

HCMV antiviral
IC50

a (nM)

9a 2-Furyl 76 (±5) 26 (±10)
12a Pyridin-2-yl 220 (±80) 170 (±20)
12b Pyrimidin-2-yl 170 360 (±5)
12c Pyrazin-2-yl 220 28 (±15)

a Values are means of at least two experiments where standard deviation is given
in parentheses, see Table 4 for reference compounds.



Table 4
Broad-spectrum activity of 9a and 12a compared to that of 4-oxo-4,7-dihydrothieno[2,3-b]pyridine 1b, and established therapies

Compound Polymerase IC50
a (nM) Antiviral IC50

a,b (nM) CC50
c

HCMV HSV-1 VZV a/c/d HCMV HSV-1 VZV EBV (lM)

1b 61 (±1) 76 21 >20,000 100 3000 2 200 >100
9a 76 (±5) 220 78 >20,000 26 (±10) 4300 20 400 >100
12a 220 (±80) 350 100 >20,000 170 (±20) 5400 90 nd >100
Ganciclovir 1300 nd nd nd >100
Acyclovir >20,000 2100 8100 6900 >100
Foscarnet 2,500 nd nd <280 (c)
Aphidicolin 487 (±74) 438 (±136) 473 (±90) 2600 (a)
AZT-TPd 22,100 3300 5800 2300 (d)

a Values are means of at least two experiments where standard deviation is given in parentheses (nd = not determined).
b Determined by plaque reduction assay (HCMV, Davis strain; HSV-1, KOS strain; VZV, Webster strain).
c CC50, 50% cellular cytotoxicity in HFF cells derived from single determination, Ref. 21.
d AZT-TP = zidovudine triphosphate.
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