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Synthesis of Fluorenones from Aromatic Aldoxime Ethers and Aryl
Halides by Palladium-Catalyzed Dual C—H Activation and Heck

Cyclization**

Vedhagiri S. Thirunavukkarasu, Kanniyappan Parthasarathy, and Chien-Hong Cheng*

Recently, directing-group-assisted activation of ortho aro-
matic C—H bonds, and subsequent C—C bond formation by
coupling with organic halides or organometallic reagents have
been reported.'! A variety of directing groups, such as acetyl,
acetamino, carboxylic acid, oxazolyl, pyridyl, and imino
moieties have been used for C—H bond activation.”! Aside
from the above functional groups, a few examples have been
reported using oximes as directing groups for C—H bond
activation. Thus, Bezsoudnova and Ryabov reported the
isolation of an ortho-palladated aryl oxime from benzalde-
hyde oximes and a palladium complex.”! Sanford and co-
workers reported a palladium-catalyzed O-methyl oxime-
directed activation of sp> and sp’ C—H bonds, followed by
oxygenation with ozone and PhI(OAc),.**" In 2006, Che and
co-workers reported the ortho amidation of O-methyl oxime
by palladium-catalyzed C—H activation/nitrene insertion.*!
Very recently, we reported a rhodium-catalyzed chelation-
assisted C—H activation of a,f3-unsaturated ketoxime and the
reaction with alkynes, which afforded substituted pyridine
derivatives in good-to-excellent yields.”)

The oxidative Heck cyclization is a synthetically useful
carbon—carbon bond-forming reaction catalyzed by transi-
tion-metal complexes.”! Moritani and Fujiwara first reported
an intermolecular oxidative Heck cyclization reaction of
benzene with activated olefins.? In 2004, Stoltz and co-
workers reported a palladium-catalyzed synthesis of func-
tionalized benzofurans and dihydrobenzofurans by direct
intramolecular oxidative Heck cyclization of allyl phenyl
ether.® Recently, Tanaka and co-workers developed a
palladium-catalyzed Heck-type cyclization of oxime ethers
that leads to the formation of 3-indolinone derivatives.” In
this context, an intermolecular version of Heck cyclization
reactions of carbon-nitrogen double bonds is extremely
limited. Our continued efforts in metal-catalyzed C—H bond
activation and cyclization reactions"”! prompted us to explore
the reaction of aromatic aldoxime ethers with aryl iodides.
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Herein, we report a new palladium-catalyzed synthesis of
functionalized 9-fluorenone derivatives from aromatic aldox-
ime ethers and aryl iodides, with two distinct steps, C—H
activation and oxidative Heck cyclization, in one pot.

Treatment of benzaldehyde oxime ether 1a and iodoben-
zene (2a) with Pd(OAc), (10 mol % ) and Ag,O (1 equivalent)
in trifluoroacetic acid (TFA) at 120°C for 36 h afforded a
mixture of fluorenone oxime ether 3 A and fluorenone 3ain a
78:22 ratio, in 95% combined yield. The mixture was then
hydrolyzed to give 3a in 90 % yield (Table 1, entry 1).

The presence of a silver salt was crucial to the reaction.
Various silver salts were examined to investigate the effect on
the product yield. Among them, Ag,O gave the best results,
and afforded 3a in 90% yield. Other silver salts including
AgOAc, Ag,CO;, Ag(O,CCF;) and AgOTT( are less effective,
giving 3a in 53, 36, 27, and 18% yields, respectively.
Replacing the silver salt with NaOAc led to no formation of
the expected product 3a. The effect of solvents was also vital
to the catalytic reaction. Reaction in TFA gave the best
results, affording 3a in 90% yield. Acetic acid was also
effective, giving 3a in 53 % yield. Other solvents, such as 1,2-
dichloroethane, dimethylsulfoxide, N,N-dimethylformamide,
and toluene, were totally ineffective for the catalytic reaction.

Under similar reaction conditions to those for the reaction
of 1a with 2a, various para-substituted aryl iodides 2b-d were
treated with aldoxime ether 1a, to give the corresponding
substituted fluorenone derivatives. 4-lodotoluene (2b)
afforded 3b in 72% yield (Table 1, entry 2). Electron-with-
drawing aryl iodides, such as 4-nitroiodobenzene 2 ¢ and ethyl
4-iodobenzoate 2d, provided functionalized 9-fluorenones 3¢
and 3d in 84 and 86 % yields, respectively (Table 1, entries 3
and 4). Meta-substituted aryl iodides 2e and 2 f also reacted
smoothly with 1a, in a highly regioselective fashion, to give 3e
and 3 f, respectively, in slightly lower yields (Table 1, entries 5
and 6). Both of these reactions demonstrate interesting meta
substitution effects. There are two possible C-H bond
activation sites, at C2 and C6 of 3-iodotoluene (2e) and 3-
iodonitrobenzene (2f), but only the products resulting from
C—H bond activation at C6 were formed. The steric effect of
the meta substituent for the C—H bond activation at C2 likely
accounts for the absence of the other regioisomer in both of
these cases. 4-Methylbenzaldehyde oxime ether (1b) reacted
with 2a and 2b to give 3e and 3g in 77 and 73% yield,
respectively (Table 1, entries 7 and 8). The present catalytic
reaction is also compatible with nitro, chloro, and fluoro
substituents on the aromatic ring of oxime ethers 1. Thus, the
reaction of 4-nitro-, 4-chloro-, and 4-fluorobenzaldehyde
oxime ethers (1c-e) with 2a gave substituted fluorenones
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Table 1: Results of the reaction of aromatic aldoxime ethers with aryl ~ Table 1: (Continued)
halides."
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N [a] Reaction conditions unless otherwise stated: aldoxime ether 1
4 ©/ Ta 2d 0.0 coogr  3d 86 (1.0 mmol), aryl iodide 2 (5-6 equiv), Pd(OAc), (10mol%), Ag,0
(1.0 mmol) and CF,CO,H (2.0 mL), 120°C, 36 h. Following filtration,
N’OMe o] the filtrate was treated with concentrated HCl (2.0 mL), 100°C, & h.
I [b] E/Z ratio >95:5. [c] Yield of isolated product.
5 ©) 1a 2e O'O 3e 65
0
IN,OMe .
6 ©/ Ta 2f O O 3f 63 3£ 3h, and 3k in 72-82 % yield (Table 1, entries 9, 10, and 13).
NO, The reaction of 4-chloro- and 4-fluorobenzaldehyde oxime
N-OMe o ether with other aryl iodides also proceeded smoothly to give
; | b 2a 0.0 3e 77 the corresponding substituted fluorenones in good yield
(Table 1, entries 11, 12, and 14). Interestingly, the ortho-
.OMe o substituted substrate 2-fluorobenzaldehyde oxime ether 1f
2 N b 2b ' 30 73 also reacted smoothly with 2a to give product 3m in 74 %
/@2 O O g yield (Table 1, entry 15). For 3-bromobenzaldehyde oxime

ether (1g), the reaction with 2a proceeded in a regioselective

IN’CWIe i manner, to give 3n in 73% yield (Table 1, entry 16). Oxime
9 /@2 1c 2a O'O 3f 82 ether 1h, bearing a phenyl substituent, is also compatible with
ON ON the reaction with 2a, providing 30 in 79% yield (Table 1,
_OMe 0 entry 17). Finally, the reaction of 2-naphthaldehyde oxime
¥ . ether (1i) with 2a afforded benzofluorenone 3p in 76 % yield.
10 /@2 1d 2a O O 3h 78 In this reaction, there are two possible C—H bond activation
a cl sites at C2 and C6 of 1g. However, activation occurs only at
IN‘O'\"e 8 C6, most likely owing to the steric effect of the fused aromatic

1 Q) 1d 2b 0.0 3i 70 ring.
cl ci Based on known metal-catalyzed directing-group-assisted
oMe o C—H bond activation and Heck cyclization reactions,*”* a
¥ mechanism for the present palladium-catalyzed cyclization of
12 /@2 1d 2d COOEt 3j 80 aldoxime ether 1a with iodobenzene 2a has been proposed,

ci

Q

involving two different catalytic cycles (Scheme 1). In the first
cycle, coordination of 1a to the Pd" species is followed by an
ortho C—H bond activation to form a five-membered pallada-
cycle 4 and the release of a proton. Oxidative addition of
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Scheme 1. Proposed mechanism for the reaction of benzaldoxime ethers with aryl
iodides Some ligands on palladium intermediates are omitted for clarity.

iodobenzene to 4 gives palladium(IV) intermediate 5. Sub-
sequent reductive elimination leads to ortho-arylated product
6a and Pd". In the second catalytic cycle, the coordination of
6a to palladium(II) followed by C—H bond activation gives
seven-membered palladacycle 7. Subsequent intramolecular
insertion of the C=N group into the Pd—-aryl bond to produce
intermediate 8, followed by p-H elimination affords com-
pound 3A and Pd’. The latter is reoxidized to Pd" by silver
ions in the solution.

The proposed mechanism is supported by the isolation of
intermediate 4. Heating of 1a in the presence of one
equivalent of Pd(OAc), and Ag,0O in TFA led to the
formation of the anionic palladacycle 4 in 77 % yield. This
complex was characterized by 'H NMR, *C NMR, and IR
spectroscopy. In addition, the structure was further elucidated
by single-crystal X-ray diffraction (Figure 1). The reaction of
4 with iodobenzene in TFA at 120°C for 3 h afforded the
fluorenone oxime ether 3A in 83 % yield [Eq. (1)].

_ | NOMe
\
F,CCO; O,CCF,
4 3A 83%

Further evidence supporting the proposed mechanism for
the catalytic reaction was the isolation of 2-(4-nitrophenyl)-
benzaldehyde O-methyl oxime (6¢) in 52% yield from the
reaction of 1a and 2¢, under the standard catalytic reaction
conditions shown in Table 1, except that the solution was
heated for only six hours. To further prove that compound 6 is
an intermediate in the catalytic reaction, 6a was prepared
separately,’® and examined under various conditions. Firstly,
6a was treated with palladium acetate (10 mol%) and
silver(I) oxide (1 equivalent) in TFA at 120°C for 18h,
affording Heck cyclization product 3A in 87% yield
[Eq. (2)]. The same reaction, carried out in the absence of
silver oxide, afforded 3A in 8% yield. Product 3 A was not
formed by treatment of 6 a with one equivalent of silver oxide
in the absence of palladium acetate in TFA. The above results
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indicate that both palladium acetate and silver
oxide are required for the conversion of intermedi-
ate 6 into product 3, and also that silver(I) acts as an
oxidant to regenerate the Pd" active catalyst.
Whereas the role of silver oxide is not entirely
clear, it seems to perform three separate functions
in the present catalytic reaction. In addition to its
status as an oxidant, oxidizing Pd’ to Pd", it acts as a
halide scavenger, removing iodide from palla-

4 dium(IV) complex 5, facilitating reductive elimina-

PhI tion."¥ Thirdly, it acts as a base to remove protons

released from the reaction. In addition, the use of
Ag" as an oxidant for the oxidation of Pd’ species is
known.['

In summary, we have successfully developed a
new efficient palladium-catalyzed synthesis of 9-

Figure 1. ORTEP representation of palladacycle 4. Thermal ellipsoids
are set at 50% probability.

S OMe  Pd(0Ac), 10% N-OMe
Ag,0, 1 equiv
o @
CF,COH
6a: R=H 3A:R=H, 87%
6c: R=NO,

fluorenone derivatives, from the reaction of substituted
benzaldehyde oxime ethers with aryl halides. This trans-
formation involves an unprecedented one-pot dual C—H
activation and oxidative Heck cyclization. The proposed
mechanism is strongly supported by the isolation of an anionic
palladacycle 4 and an intermediate organic compound 6c.

Experimental Section

General procedure for the palladium-catalyzed synthesis of 9-
fluorenone derivatives: In a sealed tube under a N, atmosphere,
trifluoroacetic acid (2.0 mL), aldoxime ether 1 (1.00 mmol), and aryl
iodide 2 (5-6 equivalents) were added to Pd(OAc), (22 mg,
0.010 mmol) and silver(I) oxide (231 mg, 1.00 mmol), and the reaction
mixture was stirred at 120°C for 36 h. The mixture was filtered

Angew. Chem. Int. Ed. 2008, 47, 9462-9465


http://www.angewandte.org

through a short celite pad, which was washed with dichloromethane
several times. The filtrate was concentrated in vacuo. Concentrated
hydrochloric acid (2.0 mL) was added to the residue and the resultant
mixture was kept at 100°C for 8 h. After completion of the reaction,
the mixture was cooled, diluted with dichloromethane (80 mL),
filtered to remove solids, and then concentrated in vacuo. Purification
by column chromatograph on silica gel (eluent: hexane/EtOAc 9:1)
gave the corresponding pure 9-fluorenone product 3a-p.

Received: August 22, 2008
Published online: October 31, 2008

Keywords: C—H activation - cyclization - Heck reaction - oximes -
palladium

[1] For reviews on C—H activations, see: a) V. Ritleng, C. Sirlin, M.
Pfeffer, Chem. Rev. 2002, 102, 1731; b) C.-H. Jun, C. W. Moon,
D.-Y. Lee, Chem. Eur. J. 2002, 8, 2423; c) A. R. Dick, M. S.
Sanford, Tetrahedron 2006, 62, 2439; d) D. R. Stuart, K. Fagnou,
Science 2007, 316, 1172.
a) A. Lazareva, O. Daugulis, Org. Lett. 2006, 8, 5211; b) V. G.
Zaitsev, O. Daugulis, J. Am. Chem. Soc. 2005, 127, 4156; c) D.
Kalyani, N. R. Deprez, L. V. Desai, M. S. Sanford, J. Am. Chem.
Soc. 2005, 127, 7330; d) A. R. Dick, K. L. Hull, M. S. Sanford, J.
Am. Chem. Soc. 2004, 126, 2300; e) R. Giri, X. Chen, J.-Q. Yu,
Angew. Chem. 2005, 117, 2150; Angew. Chem. Int. Ed. 2005, 44,
2112; f) S. Yanagisawa, T. Sudo, R. Noyori, K. Itami, J. Am.
Chem. Soc. 2000, 128, 11748.
[3] E.Y. Bezsoudnova, A. D. Ryabov, J. Organomet. Chem. 2001,
622, 38.
[4] Palladium-catalyzed O-methyl oxime as a directing group see:
a) L. V. Desai, L. K. Hull, S. M. Sanford, J. Am. Chem. Soc. 2004,

2

—

Angewandte

126, 9542; b) L. V. Desai, H. A. Malik, S. M. Sanford, Org. Lett.
2006, 8, 1141; c¢) H.-Y. Thu, W.-Y. Yu, C.-M. Che, J. Am. Chem.
Soc. 2006, 128, 9048.

[5] K. Parthasarathy, M. Jeganmohan, C.-H. Cheng, Org. Lett. 2008,
10, 325.

[6] a) R. F. Heck, Synlett 2006, 2855; b) N. T. S. Phan, M. Van Der
Sluys, C. W. Jones, Adv. Synth. Catal. 2006, 348, 609; c) M. Dams,
D. E. De Vos, S. Celen, P. A. Jacobs, Angew. Chem. 2003, 115,
3636; Angew. Chem. Int. Ed. 2003, 42, 3512.

[7] a) I. Moritani, Y. Fujiwara, Tetrahedron Lett. 1967, 8,1119;b) Y.
Fujiwara, 1. Moritani, S. Danno, R. Asano, S. Teranishi, J. Am.
Chem. Soc. 1969, 91, 7166; c) Y. Fujiwara, R. Asano, I. Moritani,
S. Teranishi, J. Org. Chem. 1976, 41, 1681; d) C. Jia, W. Lu, T.
Kitamura, Y. Fujiwara, Org. Lett. 1999, 1, 2097; ¢) C. Jia, T.
Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34, 633.

[8] a) E. M. Ferreira, B. M. Stoltz, J. Am. Chem. Soc. 2003, 125,
9578; b) H. Zhang, E. M. Ferreira, B. M. Stoltz, Angew. Chem.
2004, 116, 6270; Angew. Chem. Int. Ed. 2004, 43, 6144.

[9] H. Ohno, A. Aso, Y. Kadoh, N. Fujii, T. Tanaka, Angew. Chem.
2007, 119, 6441; Angew. Chem. Int. Ed. 2007, 46, 6325.

[10] a) S. Bhuvaneswari, M. Jeganmohan, C.-H. Cheng, Org. Lett.
2006, 8, 5581; b) T. T. Jayanth, C.-H. Cheng, Chem. Commun.
2006, 894; c) P. Shukla, C.-H. Cheng, Org. Lett. 2006, 8, 2867.

[11] a) K. R. Roesch, R. C. Larock, Org. Lert. 1999, 1, 1551; b) A.
Takeda, S. Kamijo, Y. Yamamoto, J. Am. Chem. Soc. 2000, 122,
5662.

[12] E. Portela-Cubillo, J. S. Scott, J. C. H. Walton, J. Org. Chem.
2008, 73, 5558.

[13] N. Lebrasseur, I. Larrosa, J. Am. Chem. Soc. 2008, 130, 2926, and
references therein.

[14] a) S. H. Cho, S. J. Hwang, S. Chang, J. Am. Chem. Soc. 2008, 130,
9254; b) X. Chen, C. E. Googhue, J. Q. Yu, J. Am. Chem. Soc.
2006, 128, 12634.

Angew. Chem. Int. Ed. 2008, 47, 9462 -9465

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

9465


http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1021/ol061919b
http://dx.doi.org/10.1021/ja050366h
http://dx.doi.org/10.1021/ja051402f
http://dx.doi.org/10.1021/ja051402f
http://dx.doi.org/10.1021/ja031543m
http://dx.doi.org/10.1021/ja031543m
http://dx.doi.org/10.1002/ange.200462884
http://dx.doi.org/10.1002/anie.200462884
http://dx.doi.org/10.1002/anie.200462884
http://dx.doi.org/10.1021/ja064500p
http://dx.doi.org/10.1021/ja064500p
http://dx.doi.org/10.1016/S0022-328X(00)00825-1
http://dx.doi.org/10.1016/S0022-328X(00)00825-1
http://dx.doi.org/10.1021/ja046831c
http://dx.doi.org/10.1021/ja046831c
http://dx.doi.org/10.1021/ol0530272
http://dx.doi.org/10.1021/ol0530272
http://dx.doi.org/10.1021/ja062856v
http://dx.doi.org/10.1021/ja062856v
http://dx.doi.org/10.1021/ol7028367
http://dx.doi.org/10.1021/ol7028367
http://dx.doi.org/10.1055/s-2006-951536
http://dx.doi.org/10.1002/adsc.200505473
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1002/anie.200351524
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/jo00872a002
http://dx.doi.org/10.1021/ol991148u
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1002/ange.200461294
http://dx.doi.org/10.1002/ange.200461294
http://dx.doi.org/10.1002/anie.200461294
http://dx.doi.org/10.1002/ange.200701868
http://dx.doi.org/10.1002/ange.200701868
http://dx.doi.org/10.1002/anie.200701868
http://dx.doi.org/10.1021/ol0622918
http://dx.doi.org/10.1021/ol0622918
http://dx.doi.org/10.1039/b515846j
http://dx.doi.org/10.1039/b515846j
http://dx.doi.org/10.1021/ol061051p
http://dx.doi.org/10.1021/ol9901873
http://dx.doi.org/10.1021/ja000390p
http://dx.doi.org/10.1021/ja000390p
http://dx.doi.org/10.1021/jo800847h
http://dx.doi.org/10.1021/jo800847h
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja0646747
http://dx.doi.org/10.1021/ja0646747
http://www.angewandte.org

