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Transition-Metal-Free Alkoxycarbonylation of Aryl Halides**
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Transition-metal-catalyzed carbonylation involving CO gas is
a very important and fundamental chemical transformation,
which not only extends the carbon chain length, but also
introduces a synthetically versatile carbonyl group. Since the
pioneering work of Heck and co-workers,!""? transition-metal-
catalyzed alkoxycarbonylation of organic halides with CO to
afford esters has shown synthetic potential, and been applied
in some chemical syntheses during the past several decades
(Scheme 1).57 Besides, transition metals, especially palla-
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Scheme 1. Approach to alkoxycarbonylation.

dium- and manganese-catalyzed radical alkoxycarbonylation
of alkyl iodides under photoirradiation conditions have also
been developed to be an efficient approach towards the
synthesis of carboxylic acid esters.**) However, there are still
some challenges such as the turnover numbers and turnover
frequencies, which hinder its wide industrial application.
Generally, low-valent-metal catalysts such as palladium(0)
are required to activate the C—X bond, whereas the strong
binding ability of CO towards low-valent metals deactivate
the catalyst, which present a challenge in this transformation.
Therefore, discovering a practical alternative to transition-
metal-catalyzed carbonylation and opening a new avenue for
the carbonylation by utilizing CO gas is highly desirable.
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Transition-metal-free processes have recently attracted
more and more attention from the synthetic community, and
we thought that it might serve as an alternative route to
addressing the above-mentioned challenge (Scheme 1). The
key challenge of this idea is to determine how to activate C—X
without the help of transition-metal catalysts. Radical activa-
tion could be an option. Recently, transition-metal-free
coupling reactions of aryl halides with arenes and alkenes
have been developed, and the combination of MOfBu and
bidentate nitrogen ligands was employed to initiate the aryl
radical by single-electron transfer (SET).!'*?? Obviously, if
aryl radicals were formed, the insertion of CO would produce
the acyl radical and further generate a carboxylic derivative.
Although known since the 1950s,% the potential of radical
carbonylation in chemical synthesis has not received a great
deal of attention, and in fact, only a few nice results have been
reported to date. These results usually involve a xenon
photolytic system or AIBN/tin hydride mediated radical-
chain reaction employing alkyl iodides as substrates.”*>" To
the best of our knowledge, there is no example of employing
a transition-metal-free process in alkoxycarbonylation of aryl
halides. Herein, we disclose a protocol for accessing fert-butyl
benzoates through the transition-metal-free alkoxycarbony-
lation of aryl halides.

Our experiment was initiated by treating 4-iodotoluene
(1a) with KOrBu in the presence of a high pressure CO
(Table 1). By optimizing various reaction parameters, the best
results were obtained with the combination of 40 mol % 1,10-
phenanthroline and 4 equivalents of KOrBu in benzene at
90°C under 60 atm CO (Table 1, entry 1). With these reaction
conditions, a 75% yield of tert-butyl-4-methylbenzoate (2a)
was obtained after 24 hours with a biaryl by-product origi-
nating from C—H arylation with the solvent (benzene). The
choice of base was essential for the reaction. NaOrBu and
LiOrBu were inefficient for this transformation (Table 1,
entries 2 and 3). Using 1,10-phenanthroline as additive gave
the highest yield, whereas other additives such as 2,9-
dimethyl-1,10-phenanthroline, DMEDA, and TMEDA
showed less or no efficiency in terms of chemical yields
(Table 1, entries 4-6). The use of 1,4-dioxane or DME as
a solvent decreased the yield dramatically (Table 1, entries 7
and 8). When benzene was replaced by DMF, only 7% yield of
2a was obtained (Table 1, entry 9). A lower loading of the
additive led to a decreased yield whereas no reaction occurred
in the absence of 1,10-phenanthroline (Table 1, entries 10 and
11). Lowering the CO pressure decreased the yield, whereas
higher CO pressures showed no improvement (Table 1,
entry 12 and 13).

With the above optimized reaction conditions, a variety of
aryl iodides were tested (Table 2). Aryl iodides substituted
with a methyl group afforded the corresponding esters in
moderate to good yields (Table 2, entries 1-3). The position of
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Table 1: Transition-metal-free alkoxycarbonylation of 1a: Effects of

reaction parameters.”!
@—l * KOtBu OCOZtBu

1,10-phenanthroline
- -

CO, benzene
1a 90°C, 24 h 2a
Entry Variation from standard conditions Yield [%]®
1 none 75
2 NaOtBu, instead of KOtBu 2
3 LiOtBu, instead of KOtBu 0
4 L1, instead of 1,10-phenanthroline 1
5 DMEDA, instead of 1,10-phenanthroline 27
6 TMEDA, instead of 1,10-phenanthroline 3
7 1,4-dioxane, instead of benzene 27
8 DME, instead of benzene 29
9 DMF, instead of benzene 7
10 20 mol% 1,10-phenanthroline 57
11 without 1,10-phenanthroline 0
12 40 atm CO 49
13 80 atm CO 75

[a] Standard reaction conditions: Ta (0.5 mmol), 1,10-phenanthroline
(40 mol %), KOtBu (4 equiv), 60 atm CO, benzene (2.0 mL), 90°C, 24 h.
[b] The yield was determined by GC analysis by using dibenzofuran as an
internal standard. L1=2,9-dimethyl-1,10-phenanthroline. DME=1,2-
dimethoxyethane, DMEDA = N,N'-dimethylethanediamine,

DME = N,N'-dimethylformamide, TMEDA = tetramethylethylenedia-
mine.

Table 2: Transition-metal-free alkoxycarbonylation of different aryl iodides.?
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employed while using benzene as solvent, the corresponding
esters were obtained in poor yields along with high yields of
biaryl by-products.

According to the previous published results, electron-
deficient benzene derivatives are less-reactive nucleophiles in
transition-metal-free C—H arylation reactions.™”! After fur-
ther optimization, we found that the replacement of benzene
with benzotrifluoride at higher temperature could address the
aforementioned problem. Furthermore, we investigated the
carbonylation of a range of aryl iodides using benzotrifluoride
as the solvent. In general, substrates bearing both electron-
donating and electron-withdrawing substituents worked well
under the modified reaction conditions. The alkoxycarbony-
lation of aryl iodides bearing methoxy groups produced the
esters in moderate to good yields (Table 2, entries 4-6).
Iodobenzene reacted well, thus giving the desired ester in
a satisfying yield (Table 2, entry 7). The reaction of aryl
iodides containing fert-butyl and phenyl groups produced the
esters 2h and 2iin 63 % and 65 % yield, respectively (Table 2,
entries 8 and 9). Surprisingly, an ester group was tolerated
under the basic conditions (Table 2, entry 10). Halogen
substituents such as Cl could also be tolerated, and provide
the possibility for additional product functionalization
(Table 2, entries 11 and 12). In a similar manner, a-naphthyl
and B-naphthyl esters were obtained in moderate to good
yields (Table 2, entries 13 and 14).
To our delight, heteroaryl iodides
could also be carbonylated to form

R = ; —

: )—1 + CO + KoBu b::?]:ezzn::oz":i R\\ )=COstBu the  corresponding heterocyclic
' ' esters (Table 2, entries 15 and 16).
1 2 We also employed 4-bromotoluene
Enty 2 Product Yield [9%]"! Enty 2 Product Yield (%] (3) in this transition-metal-free
alkoxycarbonylation, and 2a was
1 2a OCO?IB“ 72 9 2i PhOCOQ'B” 65 obtained in 20 % yield (Scheme 2).
To gather further insight into
2 2b @—COztBu 65 10 2j ’B“OZC@C°2’B“ 531 our novel transition-metal-free
alkoxycarbonylation, radical scav-
3 2¢ @_COZtBu 77 . 2k OCOzIBu 5414 epgers, such as TEMPO and 1,1-
diphenylethylene, were employed
in the reaction of 1a (Table 3). As
4 2d MeO‘Q_COZtB” 81 12 21 @—COZIBU 36 a result, the reactions were com-
Moo COyBu pletely shut down, which could
’ ' indicate that this transformation

> 2e @“COZ’B“ 63° 13 2m 80° involved radical intermediates.
OMe CO,tBu Moreover, electron paramag-
6 2f C}—COQIBU 60 14 2n 621 netic resonance (EPR) experiments
BUOLC were conducted to reveal some
@—co . q m a insight into the mechanism. When
7 2 2 >8 15 20 65 the benzotrifluoride solvent alone
1BUO,GC was tested, no signals were
observed (see Figure S1 in the Sup-
8 2h tBUO_COZtBU 63 16 2p N 751 porting Information). KOrBu or
Me 1,10-phenanthroline in benzotri-

[a] Reaction conditions: 1 (0.5 mmol), 1,10-phenanthroline (40 mol %), KOtBu (4 equiv), 60 atm CO,
benzene (2.0 mL), 90°C, 24 h. [b] Yield of isolated product. [c] Benzotrifluoride (2.0 mL), 105°C.

substituent seems to have no influence on the product yield.
However, when aryl iodides bearing other substituents were
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fluoride also did not show a signal
in the EPR spectra (Figures 1a and
b). No EPR signal was observed for
the mixture of 1a and KOrBu in
benzotrifluoride (Figure 1c¢), and the EPR spectrum of the
mixture of 1la, KOrBu, and 1,10-phenanthroline displayed
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Scheme 2. Transition-metal-free alkoxycarbonylation of aryl bromide.

Table 3: Radical-trapping experiments.?!

~®~| * KOtBu

1,10-phenanthroline

CO, benzene
1a 90°C, 24 h 2a
Scavenger Yield [%]®
none 75
TEMPO (1 equiv) 0
1,1-diphenylethylene (1 equiv) 0

[a] Reaction conditions: Ta (0.5 mmol), 1,10-phenanthroline (40 mol %),
KOtBu (4 equiv), scavenger (1 equiv), 60 atm CO, benzene (2.0 mL),
90°C, 24 h. [b] Yield determined by GC analysis. TEMPO = (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl.

a) b)
benzotrifluoride q . benzotrifluoride
KOBU —— — 8 8 8 phenanthroline ———>
105 °C 105 °C
I\. i i
v | I i kAl
S
' ! I
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g g
°) d) ] KoB 40 mol% phenanthroline
1 . . + _——
1a + Koy —Penzotrifluoride 2 “ " benzotrifluoride, 105 °C
105 °C
| | 9=2.0030
1 ‘ /1
ST VPN
’ \ e T ] ‘
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Figure 1. EPR spectra (X band, 9.4 GHz, RT).

a resonance characteristic of an organic radical with an
absorption maximum at g =2.0030 (Figure 1d). The obtained
EPR results confirmed the participation of radicals in the
reaction system.

According to the previous reports and above results,
a radical-chain reaction mechanism is proposed
(Scheme 3).' An aryl halide radical anion is generated
from Ar—X by SET in the presence of 1,10-phenanthroline/
KOrBu and converted into an aryl radical upon elimination of
X". The aryl radical reacts with CO to afford an acyl radical,
which further reacts with tBuO~ to give the ester radical
anion. Then, another SET from the ester radical anion to Ar—
X gives product and regenerates an aryl halide radical anion.
The reaction is terminated by the formation of product from
the ester radical anion by SET in the presence of 1,10-
phenanthroline/KO7Bu.
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1,10-phenanthroline, KOtBu

initiation Ar—X SET [Ar—X]
propagation [Ar—X]"T —— Are + X
Are —co . _//O
Ar—
o _
Aar—4 —BuO [ArCO,tBu]*~
[ArCO,tBul"~ —AX ArCO,tBu + [Ar—X]""
fermination [ArCOfBul" 1,10-phenanthroline, KOtBu ArCO,tBuU

SET

Scheme 3. Proposed mechanism.

In conclusion, we have developed the first transition-
metal-free alkoxycarbonylation of aryl halides. Moreover,
a variety of functional groups were tolerated and heteroaryl
iodides were suitable substrates. This transformation provides
an effective and practical protocol towards the synthesis of
tert-butyl benzoates. Preliminary mechanism studies revealed
the participation of radicals in the reaction system. Additional
exploration of the substrate scope and mechanistic studies,
especially EPR investigations, are currently underway and
will be reported in due course.

Experimental Section

General procedure: In an oven-dried autoclave tube, 1,10-phenan-
throline (40 mol%), KOrBu (4 equiv), and 1 (0.5 mmol) were
combined. Benzene (or benzotrifluoride; 2.0 mL) was added to the
tube, which was then put in the autoclave. The system was evacuated
and refilled with CO three times, and the system pressure was
retained at 60 atm. The autoclave was stirred at 90°C (105°C for
benzotrifluoride) for 24 h and then cooled to room temperature and
depressurized. The reaction mixture was quenched by water and
extracted with CH,Cl, three times. The combined organic layers were
dried over anhydrous Na,SO, and evaporated under vacuum. The
desired products were obtained in the corresponding yields after
purification by flash chromatography on silica gel with petroleum and
ethyl acetate (100:1).

Received: August 13, 2012
Revised: September 17, 2012
Published online: November 5, 2012

Keywords: arenes - carbonylation - electron transfer - radicals -
synthetic methods

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] A. Schoenberg, I. Bartoletti, R. F. Heck, J. Org. Chem. 1974, 39,
3318-3326.

[2] A. Schoenberg, R. F. Heck, J. Org. Chem. 1974, 39, 3327-3331.

[3] A. Brennfiihrer, H. Neumann, M. Beller, Angew. Chem. 2009,
121, 4176 -4196; Angew. Chem. Int. Ed. 2009, 48, 4114-4133.

[4] X.-F. Wu, H. Neumann, M. Beller, Chem. Soc. Rev. 2011, 40,
4986 —5009.

[5] R. Skoda-Foldes, L. Kollar, Curr. Org. Chem. 2002, 6, 1097 -
1119.

[6] M. Beller, B. Cornils, C. D. Frohning, C. W. Kohlpaintner, J. Mol.
Catal. A 1995, 104, 17-85.

[7] C.FE.J. Barnard, Organometallics 2008, 27, 5402 —5422.

[8] T. Fukuyama, S. Nishitani, T. Inouye, K. Morimoto, I. Ryu, Org.
Lett. 2006, 8, 1383 —1386.

[9] T. Kondo, Y. Tsuji, Y. Watanabe, Tetrahedron Lett. 1988, 29,
3833 -3836.

Angew. Chem. 2012, 124, 1271012713


http://dx.doi.org/10.1021/jo00937a003
http://dx.doi.org/10.1021/jo00937a003
http://dx.doi.org/10.1021/jo00937a004
http://dx.doi.org/10.1002/ange.200900013
http://dx.doi.org/10.1002/ange.200900013
http://dx.doi.org/10.1002/anie.200900013
http://dx.doi.org/10.1039/c1cs15109f
http://dx.doi.org/10.1039/c1cs15109f
http://dx.doi.org/10.1021/om800549q
http://dx.doi.org/10.1021/ol060123+
http://dx.doi.org/10.1021/ol060123+
http://dx.doi.org/10.1016/S0040-4039(00)82127-9
http://dx.doi.org/10.1016/S0040-4039(00)82127-9
http://www.angewandte.de

[10] T. Kondo, Y. Sone, Y. Tsuji, Y. Watanabe, J. Organomet. Chem.
1994, 473, 163 -173.

[11] U. Jahn, Top. Curr. Chem. 2012, 320, 121 -189.

[12] U. Jahn, Top. Curr. Chem. 2012, 320, 191 -322.

[13] U. Jahn, Top. Curr. Chem. 2012, 320, 323 -451.

[14] E. Shirakawa, K.-I. Itoh, T. Higashino, T. Hayashi, J. Am. Chem.
Soc. 2010, 132, 15537-15539.

[15] W. Liu, H. Cao, H. Zhang, H. Zhang, K. H. Chung, C. He, H.
Wang, F. Y. Kwong, A. Lei, J. Am. Chem. Soc. 2010, 132, 16737 -
16740.

[16] C.-L. Sun, H. Li, D.-G. Yu, M. Yu, X. Zhou, X.-Y. Lu, K. Huang,
S.-F. Zheng, B.-J. Li, Z.-J. Shi, Nat. Chem. 2010, 2, 1044 —1049.

[17] C.-L. Sun, Y.-F. Gu, B. Wang, Z.-J. Shi, Chem. Eur. J. 2011, 17,
10844 -10847.

[18] S. Yanagisawa, K. Itami, ChemCatChem 2011, 3, 827 - 829.

[19] E. Shirakawa, T. Hayashi, Chem. Lett. 2012, 41, 130-134.

[20] S. Yanagisawa, K. Ueda, T. Taniguchi, K. Itami, Org. Lett. 2008,
10, 4673 - 4676.

[21] E. Shirakawa, X. Zhang, T. Hayashi, Angew. Chem. 2011, 123,
4767-4770; Angew. Chem. Int. Ed. 2011, 50, 4671 —4674.

[22] E. Shirakawa, Y. Hayashi, K.-i. Itoh, R. Watabe, N. Uchiyama,
W. Konagaya, S. Masui, T. Hayashi, Angew. Chem. 2012, 124,
222-225; Angew. Chem. Int. Ed. 2012, 51, 218 -221.

Angewandte

[23] M. M. Brubaker, D. D. Coffman, H. H. Hoehn, J. Am. Chem.
Soc. 1952, 74, 1509-1515.

[24] I. Ryu, K. Kusano, A. Ogawa, N. Kambe, N. Sonoda, J. Am.
Chem. Soc. 1990, 112, 1295-1297.

[25] I. Ryu, N. Sonoda, Angew. Chem. 1996, 108, 1140-1157; Angew.
Chem. Int. Ed. Engl. 1996, 35, 1050-1066.

[26] I. Ryu, Chem. Soc. Rev. 2001, 30, 16-25.

[27] I. Ryu, K. Kusano, N. Masumi, H. Yamazaki, A. Ogawa, N.
Sonoda, Tetrahedron Lett. 1990, 31, 6887 —6890.

[28] S. Kim, K.-C. Lim, S. Kim, I. Ryu, Adyv. Synth. Catal. 2007, 349,
527-530, and references therein.

[29] S. Kobayashi, T. Kinoshita, T. Kawamoto, M. Wada, H. Kuroda,
A. Masuyama, I. Ryu, J. Org. Chem. 2011, 76, 7096—7103, and
references therein.

[30] S. Kobayashi, T. Kawamoto, S. Uehara, T. Fukuyama, I. Ryu,
Org. Lett. 2010, 12, 1548 -1551, and references therein.

[31] A. Studer, D. P. Curran, Angew. Chem. 2011, 123, 5122-5127,
Angew. Chem. Int. Ed. 2011, 50, 5018 -5022.

[32] D.E. Pearson, C. A. Buehler, Chem. Rev. 1974, 74, 45-86.

[33] C. Chatgilialoglu, D. Crich, M. Komatsu, I. Ryu, Chem. Rev.
1999, 99, 1991 -2070.

Angew. Chem. 2012, 124, 12710-12713

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

12713


http://dx.doi.org/10.1016/0022-328X(94)80117-7
http://dx.doi.org/10.1016/0022-328X(94)80117-7
http://dx.doi.org/10.1021/ja1080822
http://dx.doi.org/10.1021/ja1080822
http://dx.doi.org/10.1021/ja103050x
http://dx.doi.org/10.1021/ja103050x
http://dx.doi.org/10.1038/nchem.862
http://dx.doi.org/10.1002/chem.201101562
http://dx.doi.org/10.1002/chem.201101562
http://dx.doi.org/10.1002/cctc.201000431
http://dx.doi.org/10.1246/cl.2012.130
http://dx.doi.org/10.1021/ol8019764
http://dx.doi.org/10.1021/ol8019764
http://dx.doi.org/10.1002/ange.201008220
http://dx.doi.org/10.1002/ange.201008220
http://dx.doi.org/10.1002/anie.201008220
http://dx.doi.org/10.1002/ange.201106086
http://dx.doi.org/10.1002/ange.201106086
http://dx.doi.org/10.1002/anie.201106086
http://dx.doi.org/10.1021/ja01126a047
http://dx.doi.org/10.1021/ja01126a047
http://dx.doi.org/10.1021/ja00159a088
http://dx.doi.org/10.1021/ja00159a088
http://dx.doi.org/10.1002/ange.19961081005
http://dx.doi.org/10.1002/anie.199610501
http://dx.doi.org/10.1002/anie.199610501
http://dx.doi.org/10.1039/a904591k
http://dx.doi.org/10.1016/S0040-4039(00)97198-3
http://dx.doi.org/10.1002/adsc.200600500
http://dx.doi.org/10.1002/adsc.200600500
http://dx.doi.org/10.1021/jo201064h
http://dx.doi.org/10.1021/ol1002847
http://dx.doi.org/10.1002/ange.201101597
http://dx.doi.org/10.1002/anie.201101597
http://dx.doi.org/10.1021/cr60287a004
http://dx.doi.org/10.1021/cr9601425
http://dx.doi.org/10.1021/cr9601425
http://www.angewandte.de

