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A divergent route was developed to access 3-iodo- and
6-chloro-3-iodo-4(1H)-quinolones for further elaboration
via mono and/or sequential Suzuki-Miyaura cross-cou-
pling to generate novel and medicinally important 4(1H)-
quinolones. Copper- and palladium-catalyzed cyanations
were used to functionalize the 4-quinolone core further.

Substituted 4-quinolones are relevant for various medic-
inal applications including inhibition of tubulin formation,1

antimicrobial2 and antiviral therapies,3 antiallergy treatments,4

and cancer chemotherapies5 andare commonscaffolds found in

variousnaturalproducts.6 In thepastdecade, 4-quinoloneshave
resurfaced as antimalarial agents.7 Using in vitro activity assays
against erythrocytic stages of multidrug-resistant isolates and
clones of P. falciparum, Kyle, Manetsch, and Riscoe recently
demonstrated that 3-substituted 4(1H)-quinolone derivatives
display antimalarial activity at low to single-digit nanomolar
concentrations.7 Herein, we report a divergent synthetic proto-
col for the rapid preparation of functionalized 3-substituted
4(1H)- and 4(1alkyl)-quinolones.

Most routes to access 4-quinolones rely on traditional
reactions such as the Gould-Jacobs,8 Conrad-Limpach,9

Niementowski,10 or Camps cyclizations.11 However, these
transformations are limited by elevated reaction temperatures,
unsatisfactory yields, and poor regioselectivities. Furthermore,
several mild synthetic approaches focusing primarily on 2-sub-
stituted 4-quinolones have been developed utilizing transition
metal catalysis12 as well as base-promoted Camps cyclization of
N-(ketoaryl)amides.13 Among the entire repertoire of 4-quino-
lone syntheses, the Conrad-Limpach cyclization is the most
prevalent reaction for the preparation of 3-substituted 4-quino-
lones involving 2-substituted-β-ketoesters and anilines as start-
ing materials. Nevertheless, the cyclization step using sterically
hindered and/or acid-sensitive 2-substituted β-ketoesters com-
monly generates 3-substituted-4-quinolones in poor yields and
requires difficult purification protocols.

The need to access structurally diverse 3-aryl-4-quinolones, in
conjunctionwith the lackof a contemporary synthetic approach
to such compounds, motivated us to devise a reliable and
divergent synthetic route (Scheme1).Thekeystepofourmethod
involves substitution of the quinolone core at the 3-position
using a Suzuki-Miyaura cross-coupling. Strikingly, our
approach further demonstrates the utility of sequential
cross-couplings with dihalogenated quinolones culminat-
ing in the synthesis of structurally diverse analogues. The
quinolone intermediate is obtained by a combination
of easily synthesized or commercially available anilines and
ethyl acetoacetate cyclized through a high-yielding Conrad-
Limpach reaction (Scheme 1). Subsequent regioselective halo-
genation of the quinolone core provides the Suzuki-Miyaura

(1) (a) Kuo, S. C.; Lee, H. Z.; Juang, J. P.; Lin, Y. T.; Wu, T. S.; Chang,
J. J.; Lednicer, D.; Paull, K. D.; Lin, C. M.; et al. J. Med. Chem. 1993, 36,
1146–1156. (b) Li, L.;Wang,H.-K.; Kuo, S.-C.;Wu, T.-S.; Lednicer, D.; Lin,
C.M.; Hamel, E.; Lee, K.-H. J.Med. Chem. 1994, 37, 1126–1135. (c) Xia, Y.;
Yang, Z.-Y.; Xia, P.; Hackl, T.; Hamel, E.; Mauger, A.; Wu, J.-H.; Lee,
K.-H. J. Med. Chem. 2001, 44, 3932–3936.

(2) (a) Mitscher, L. A. Chem. Rev. 2005, 105, 559–592. (b) Sui, Z.;
Nguyen, V. N.; Altom, J.; Fernandez, J.; Hilliard, J. J.; Bernstein, J. I.;
Barrett, J. F.; Ohemeng, K. A. Eur. J. Med. Chem. 1999, 34, 381–387.

(3) (a) Cecchetti, V.; Parolin, C.; Moro, S.; Pecere, T.; Filipponi, E.;
Calistri, A.; Tabarrini, O.; Gatto, B.; Palumbo, M.; Fravolini, A.; Palu, G.
J. Med. Chem. 2000, 43, 3799–3802.

(4) (a) Clemence, F.; LeMartret, O.; Delevallee, F.; Benzoni, J.; Jouanen,
A.; Jouquey, S.; Mouren, M.; Deraedt, R. J. Med. Chem. 1988, 31, 1453–
1462. (b) Erickson, E. H.; Lappi, L. R.; Rice, T. K.; Swingle, K. F.; Van
Winkle, M. J. Med. Chem. 1978, 21, 984–988.

(5) (a) Hadjeri, M.; Peiller, E.-L.; Beney, C.; Deka, N.; Lawson, M. A.;
Dumontet, C.; Boumendjel, A. J. Med. Chem. 2004, 47, 4964–4970. (b)
Nakamura, S.;Kozuka,M.; Bastow,K. F.; Tokuda,H.;Nishino,H.; Suzuki,
M.; Tatsuzaki, J.; Morris Natschke, S. L.; Kuo, S.-C.; Lee, K.-H. Bioorg.
Med. Chem. 2005, 13, 4396–4401. (c) Xia, Y.; Yang, Z.-Y.; Xia, P.; Bastow,
K. F.; Nakanishi, Y.; Nampoothiri, P.; Hamel, E.; Brossi, A.; Lee, K.-H.
Bioorg. Med. Chem. Lett. 2003, 13, 2891–2893.

(6) (a) Michael, J. P.Nat. Prod. Rep. 2008, 25, 166–187. (b) Michael, J. P.
Nat. Prod. Rep. 1997, 14, 605–618.

(7) (a) Kyle, D. E.; Gerena, L.; Pitzer, K.; Gettyacamin, M. Poster at the
54th Annual Meeting of the American Society of Tropical Medicine and
Hygiene, November, 2005. (b)Winter, R.W.; Kelly, J. X.; Smilkstein,M. J.;
Dodean, R.; Hinrichs, D.; Riscoe, M. K. Exp. Parasitol. 2008, 118, 487–497.
(c) Cross,R.M.;Monastyrskyi, A.;Mutka, T. S.; Burrows, J.N.;Kyle,D. E.;
Manetsch, R. J. Med. Chem. 2010, 53, 7076–7094.

(8) (a)Gould, R.G., Jr.; Jacobs,W.A. J. Am.Chem. Soc. 1939, 61, 2890–
2895.

(9) (a) Conrad, M.; Limpach, L. Ber. 1887, 20, 944–959. (b) Manske,
R. H. F. Chem. Rev. 1942, 30, 113–144. (c) Staskun, B.; Israelstam, S. S.
J. Org. Chem. 1961, 26, 3191–3193.

(10) (a) Niementowski, S.; Orzechowski, B. Ber. 1895, 28, 2809–2822. (b)
Fuson, R. C.; Burness, D. M. J. Am. Chem. Soc. 1946, 68, 1270–1272.

(11) (a) Camps, R. Ber. 1899, 32, 3228–3234.
(12) (a) Bernini, R.; Cacchi, S.; Fabrizi, G.; Sferrazza, A. Synthesis 2009,

1209–1219. (b) Kalinin, V. N.; Shostakovskii, M. V.; Ponomarev, A. B.
Tetrahedron Lett. 1992, 33, 373–376. (c) Huang, J.; Chen, Y.; King Anthony,
O.; Dilmeghani, M.; Larsen Robert, D.; Faul Margaret, M.Org. Lett. 2008,
10, 2609–2612. (d) Zhao, T.-K.; Xu, B. Org. Lett. 2010, 12, 212–215.

(13) (a) Jones, C. P.; Anderson, K. W.; Buchwald, S. L. J. Org. Chem.
2007, 72, 7968–7973.

(14) (a) Renault, J.; Mailliet, P.; Renault, S.; Berlot, J. Synthesis 1977,
865–866. (b) See Supporting Information for the preparation of starting
materials.



J. Org. Chem. Vol. 75, No. 24, 2010 8655

Cross and Manetsch JOCNote

coupling precursor.14 These halides and their N-methyl ana-
logues couldbe directly subjected to cross-coupling conditions.

4(1-alkyl)-Quinolones have also found utility in medicinal
applications15 and their preparations have been explored.
Standard alkylation conditions were screened using the
group 1 and silver carbonates at various temperatures.
Heating of the reaction mixtures resulted in both lower
selectivities and yields due to reduction of the halide sub-
stituent to the 3-H-4-quinolone. Likewise, the use of cold
reaction conditions resulted in poor yields due to the de-
creased solubility of the quinolones at lower temperatures.
Ultimately, the use of Cs2CO3 in DMF at room temperature
provided excellent yields albeit with modest chemoselectiv-
ities (Table 1, entries 1-7).

Screening of appropriate Suzuki-Miyaura conditions
applicable to our substituted quinolones commenced with a
study of different catalyst systems and solvents. The choice
to use SPHOS as the ligand and K3PO4 as the base was
suggested by previous and extensive work of Buchwald16

et al. Couplings using quinolones 1a and the standard catalyst
Pd(PPh3)4 furnished quinolone 2a in good yields (Table 2,
entry 1).However, reactionswere completed in less timeusing a
Pd/SPHOS system and resulted in higher yields of the 3-sub-
stituted quinolones (Table 2, entries 2-4). When applying the
same conditions to aquinolonewith an iodo- substituent rather
than a bromo- substituent, an improvement in yield was
obtained (Table 2, entry 5). The use of toluene as solvent for the

N-methylated quinolone substrates was found to be superior,
whereas the couplings with 4(1H)-quinolones required DMF
for complete conversion, although resulting in modest yields
(entry 6 and 7). Similarly, 6-chloro-N-methyl-quinolones re-
quired theuseofDMFasa solvent, and2-butanolwas found to
be suboptimal (entry 8 and 9).

Next, the substrate scope of the coupling reaction was
studied in detail. Couplings with various phenylboronic acids
with both N-methylated 3-bromo- and 3-iodo-quinolones
(Table 3, entries 1 and 2) resulted in 92% and 95% yields of
quinolones, respectively. DMF was required for the less
soluble 4(1H)-quinolone (entry 3), providing a 72% yield.
Halides were efficiently coupled with electron-rich boronic
acids (entries 4-6) in a short amount of time. 4-Methoxyphe-
nyl boronic acid was also reacted with N-methyl- and N-H-3-
bromo-6-fluoro-quinolones (entries 7 and 8), furnishing the
corresponding products in 95% and 73% yields, respectively.
Sterically hindered boronic acids were coupled smoothly with
electron-deficient and electron-neutral quinolones (entries 9
and 10). meta-Substituted arylboronic acids (entries 11-14)
including 3-(dimethylcarbamoyl)phenylboronic acid (entries
13 and 14) provided yields of 95% and 65% for both the
N-alkyl- and theN-H-quinolone. A fluorinated quinolonewas
cross-coupledwith 4-fluorophenyl boronic acid (entries 15 and
16) in 81% and 73% yields.

Although furan-2-boronic acids have been reported to be
problematic with the Pd/SPHOS catalyst/ligand system,
Molander and co-workers realized these problematic couplings
by the use of 2-furanyl organotrifluoroborates.17 Strikingly, the
substitution of N-methyl- and N-H-4-quinolones with furan-
2-boronic acids provided the desired products in 97%and 75%
yields, respectively (Table 3, entries 19 and 20). Finally,
E-phenylethenylboronic acid (entry 25) was installed at the
3-position in excellent yields with a trans:cis ratio of 12:1.
Conveniently, this set of conditions was effective for coupling
our quinolones with all of the major subclasses of substrates
including heteroaryl, both electron-rich and -deficient, alkenyl,

SCHEME 1. Sequential Pd-Catalyzed Cross-Coupling of Iodo-

chloro Quinolones

TABLE 1. Methylation of Halo-quinolones

entry R X time (h) % yield (a:b)

1 6-H Br 8 99 1.67:1
2 6-H I 12 95 2.37:1
3 6-F Br 16 94 2.05:1
4 6-Cl I 12 97 3.20:1
5 6-0 Me Br 14 99 2.51:1
6 6-Me I 19 85 1.95:1
7 5,7-diCl I 15 90 12.0:1

TABLE 2. Optimization of Cross-Coupling Conditions

entry R R0 X Pd/ligand solvent % yielda

1 H Me Br Pd(PPh3)4 toluene 85
2 H Me Br Pd2(dba)3/SPHOSc toluene 92
3 H Me Br Pd2(dba)3/XPHOSd toluene 90
4 H Me Br Pd(OAc)2/SPHOS toluene 88
5 H Me I Pd2(dba)3/SPHOS toluenee 95
6 H H I Pd2(dba)3/SPHOS toluene <25
7 H H I Pd2(dba)3/SPHOS DMFe 72b

8 6-Cl Me I Pd2(dba)3/SPHOS 2-butanole 50b

9 6-Cl Me I Pd2(dba)3/SPHOS DMFe 85b

aReaction conditions: 1a (0.4 mmol), Pd source (4 mol %), ligand
(8 mol%), K3PO4 (2 equiv), PhB(OH)2 (1.5 equiv), solvent (3 mL), 80 �C.
b110 �C. cSPHOS (2-dicyclohexylphosphino-20,60-dimethoxy-1,10-biphenyl.
dXPHOS (2-(dicyclohexylphosphino)-20,40,60-tri-isopropyl-1,10-biphenyl.
eSolvent (1 mL).
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fluorinated, andpyridyl, aswell as stericallyhindered substrates
(Table 3).

6-Chloro-3-aryl-4-quinolones (Table 3, entries 9 and
17-24) were studied to highlight the divergent nature of this
synthetic route further by taking advantage of the reactivity
differences between the iodo and chloro substituents. The
3-position could be subjected to Suzuki-Miyaura coupling
followed by a subsequent coupling with a different boronic
acid at the 6-position, providing the capability of building
complex 4-quinolones. 3-Phenyl-6-chloroquinolones were

coupled with 4-fluorophenylboronic acid smoothly in 94%
yields for the N-methylated and in 72% yields with N-H-
quinolone (Table 4, entries 1 and 2). 3-Phenyl-6-chloroquino-
lone was next coupled with 4-(hydroxymethyl)phenylboronic
acid (entries 3 and 4) in good yields for both amino forms.
3-Furanyl-6-chloro quinolones reacted well in the N-methyl
form with a 92% yield for phenylboronic acid (entry 5) and
91% for the sterically encumbered 2,5-dimethylphenylboronic
acid (entry 7). The free N-H containing 3-furanyl-6-chloro
quinolones only produced modest yields when coupled with
phenyl and dimethylphenylboronic acids (entries 6 and 8) of
41% and 47%, respectively. 3-Pyrimidine-6-chloro-4-quino-
lone (entry 9) was coupled with 3-pyridylboronic acid in 88%
yield to generate a 3-pyrimidine-6-pyridyl-4-quinolone hetero-
cycle.

To build in additional avenues for diversity, we explored
the possibilities of installing cyano groups at both the 3- and
6-positions (Table 5, entries 1 and 2). 6-Chloro-3-cyano-
quinolones could provide an intermediate to diversify the
benzenoid ring of the quinolone while enabling a potential
transformation to a 3-carboxylate group similar to cipro-
floxacin. An extension of the method developed by Eli Lilly
using a Pd/dppf catalyst with Zn0 as the in situ reductant18

efficiently transformed the 6-chloro-4-quinolone to 3-furan-
yl-6-cyano quinolone (Table 5, entry 1) in high yields. The
same conditions failed to catalyze the cyanation of 3-iodo-
quinolone. Previous work shows that many palladium-cat-
alyzed methods proceed with only low to moderate yields of
the product.19 Ultimately, switching to a copper iodide/
DMEDA system20 with sodium cyanide resulted in cyana-
tion of the 3-position with excellent yields (Table 5, entry 2).

TABLE 3. Scope 3-Halo-4-quinolone Cross-Couplings

aDMF, 1.5 equiv of ArB(OH)2, 110 �C. b2-Butanol, 1.5 equiv of
ArB(OH)2, 110 �C. cDMF, 3.5 equiv of ArB(OH)2, 110 �C. dDMF, 2.0
equivofArB(OH)2, 85 �C. eToluene, 2.0 equivofArB(OH)2.

fDMF,5 equiv
of ArB(OH)2, 110 �C.

TABLE 4. Scope of 6-Chloro-4-quinolone Cross-Couplings

a3.5 equiv of Ar0B(OH)2.
bToluene. c2 equiv of Ar0B(OH)2.

d100 �C.
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In summary, using the Pd/SPHOS catalyst/ligand system,
we have designed and optimized a divergent synthetic
route to structurally diverse 3-aryl-4-quinolones resulting
in medicinally important heterocyclic scaffolds. A 6-chloro-
3-iodo-quinolonewas used as a core intermediate to diversify
the quinolone scaffold via mono or sequential Suzuki-
Miyaura cross-couplings including fluoro, pyridyl, sterically
hindered, heteroaryl, electron-rich, and electron-poor sub-
strates. In addition, iodo-4-quinolones were subjected to
cyanations via Pd-catalysis, and chloro-4-quinolones were
transformed by copper catalysis. Ongoing efforts at prepar-
ing 3-aryl-4-quinolones via this route led to the identification
of several analogues displaying antimalarial activity in the
nanomolar range.21

Experimental Section

Procedure for 3-Halo-4-quinolone Cross-Couplings. In a
flame-dried Schlenk tube backfilled with argon (3�) a mixture
of 3-iodo-1,2-dimethylquinolin-4(1H)-one (100 mg, 0.4 mmol),
phenylboronic acid (97 mg, 0.59 mmol), K3PO4 (168 mg, 0.79
mmol), Pd2(dba)3 (14.5 mg, 0.016 mmol), and SPHOS (13 mg,
0.032 mmol) was heated to 80 �C in toluene (1 mL) for 45 min.
The reaction was cooled to room temperature and then diluted
with 20 mL of chloroform and 20 mL of methanol, and this
mixture was brought to a boil and then filtered over a pad of
Celite. The eluentwas concentrated under reduced pressure, and
the residual oil was purified via flash chromatography on silica
gel (hexanes/EtOAc gradient) to provide the title compound in
95% yield (94 mg) as an off-white solid, mp = 208-210 �C.
Characterization data for Table 3, entry 2: 1HNMR (400MHz,
CDCl3) δ 8.46 (dd, J=8.0, 1.5, 1H), 7.61 (dd, J=9.4, 7.8, 1H),
7.48 (d, J = 8.6, 1H), 7.40-7.27 (m, 4H), 7.24-7.17 (m, 2H),
3.75 (s, 3H), 2.31 (s, 3H). 13C NMR (101MHz, CDCl3) δ 176.1,
148.5,141.6, 137.3, 132.14, 131.1, 128.5, 127.5, 127.2, 126.4,

125.3, 124.6, 123.3,115.3, 35.3, 20.2. HRMS (ESI) calcd for
C17H15NO [M þ H]þ 250.12264, found 250.12372.

Procedure for 6-Chloro-4-quinolone Cross-Couplings. In a
flame-dried Schlenk tube backfilled with argon (3�), a mixture
of 6-chloro-2-methyl-3-phenylquinolin-4(1H)-one (100 mg,
0.37 mmol), 4-(hydroxymethyl)phenylboronic acid (197 mg,
1.29 mmol), K3PO4 (158 mg,0.74 mmol), Pd2(dba)3 (17 mg,
0.019 mmol), and SPHOS (23 mg, 0.056 mmol) was heated to
110 �C inDMF (1mL) for 21 h. The reactionwas cooled to room
temperature and then diluted with 20 mL of chloroform and
20mL of methanol. This mixture was brought to a boil and then
filtered over a pad of Celite, an additional 10 mL of boiling
DMF was then poured over the pad, and the combined eluent
was concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica gel (DCM/
MeOH gradient) to provide the title compound in 73% yield
(92 mg) as a light yellow solid, mp = 341-344 �C. Character-
ization data for Table 4, entry 4: 1HNMR (400MHz,DMSO) δ
11.73 (s, 1H), 8.32 (s, 1H), 7.97 (d, J=8.5 Hz, 1H), 7.66 (dd, J=
20.1, 8.2 Hz, 3H), 7.41 (dd, J=14.9, 7.6 Hz, 4H), 7.29 (dd, J=
19.8, 7.2 Hz, 3H), 5.23 (s, 1H), 4.55 (s, 2H), 2.24 (s, 3H). 13C
NMR (101 MHz, DMSO) δ 174.9, 146.5, 141.7, 138.6, 137.9,
136.2, 134.5, 131.0, 130.1, 127.8, 127.2, 126.5, 126.2, 124.6,
122.5, 121.0, 118.4, 62.6, 18.9. HRMS (ESI) calcd for
C23H20NO2 [M þ H]þ 342.14886, found 342.14981.

Procedure for 6-Chloro-4-quinolone Cross-Couplings. To a
flame-dried Schlenk tube backfilled with argon (3�) was added
a mixture of 6-chloro-3-iodo-1,2-dimethylquinolin-4(1H)-one (100
mg, 0.3 mmol), CuI (6 mg, 0.03 mmol), DMEDA (32 μL, 0.3
mmol), and sodium cyanide (18 mg, 0.36 mmol). The reaction was
heated to 90 �C in toluene (1mL) for 23 h. The reactionwas cooled
to room temperature, diluted with 20 mL of chloroform, filtered
through a pad of Celite, and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel
(EtOAC/MeOH 5%) to provide 6-chloro-1,2-dimethyl-4-oxo-1,4-
dihydroquinoline-3-carbonitrile in 90% yield (63 mgs) as a light
brown solid,mp=255-256 �C.Characterizationdata forTable 5,
entry 2: 1H NMR (400MHz, DMSO) δ 8.06 (d, J=2.4 Hz, 1H),
7.97 (d,J=9.2Hz, 1H), 7.86 (dd,J=9.2, 2.4Hz, 1H), 3.82 (s, 3H),
2.74 (s, 3H). 13C NMR (101 MHz, DMSO) δ 172.7, 159.9, 139.4,
133.3, 130.1, 126.0, 124.1, 120.4, 116.8, 96.0, 36.5, 21.0.
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