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ABSTRACT: A Pd/Ag bimetallic system has been developed for the
decarboxylative allylation of ortho-nitrobenzoic esters in an intramolecular
fashion. In contrast to the typical sp’—sp® cross-coupling approach which
requires air and moisture sensitive preformed organometallic reagents, we
provide an alternative route to the synthesis of ortho-allyl nitroarenes from the
corresponding ortho-nitrobenzoic acid derivatives. The reaction proceeds
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through a mechanistically distinct decarboxylative metalation pathway. A
cooperative reactivity of palladium and silver is crucial for the reaction outcome.

Aromatic nitro compounds are useful intermediates for the
synthesis of agrochemicals, pharmaceuticals, dyes, photo-
reactive compounds, high energetic materials, radiopharma-
ceutical tracers, etc.' A facile reduction of the aromatic nitro
groups to their corresponding anilines provides common
starting materials for the syntheses of a plethora of N-
heterocycles and natural products.” Despite their interesting
properties, access to ortho-substituted nitroarenes is limited due
to inherent incompatibility with some organometallic reagents.’
To overcome this problem the Knochel group introduced an
elegant approach for the generation of nitro-containing
organometallics via I-Mg exchange.* However, this protocol
suffers from serious limitations such as the use of air and
moisture sensitive preformed organometallic reagents, highly
toxic copper(I)cyanide, and expensive organohalides. There-
fore, alternative routes to the synthesis of ortho-functionalized
nitroarenes using inexpensive, air and moisture stable starting
materials are in high demand.

Recently, increasing use of nitrobenzoic acid derivatives in
palladium-catalyzed decarboxylative cross-coupling reactions’
has also motivated us to explore the ortho-allylation reaction.
Although palladium-catalyzed decarboxylative sp*—sp® allylic
alkylation has been widely explored,® decarboxylative sp>—sp®
allylation is less studied.” In this vein, an activated coumarin
moiety furnished moderate to good yields of allylation product
and preferred sp’—sp> allylation® over the sp’—sp allylation.”
Decarboxylative allylation of electron-rich arenes also provided
poor yields of the desired products.”” Decarboxylative allylation
of a-oxocarboxylates resulted in af-unsaturated ketones
through alkene isomerization.”* The difficulty in decarbox-
ylative sp>—sp? allylation arises due to the fact that, in sp’—sp®
allylation, the incipient anion after decarboxylation is stabilized
by the proximal electron-withdrawing groups such as keto,®
ester,” nitro,™° cyano,11 sulfone,'? etc. Whereas, in the case of
sp’—sp® allylation, the anion on the sp>-carbon is highly
unstable and exhibits a high propensity toward protonation.
Therefore, selective spz—sp3 decarboxylative allylation in high
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yields is an extremely challenging task to achieve. To our
surprise, decarboxylative sp>—sp allylation of electron-deficient
arenes especially nitroarenes is not known. We hypothesized
that the nitro group at the ortho position could be beneficial in
decarboxylative allylation as it can stabilize the aryl anion which
is formed after decarboxylation.

We started optimization of the reaction conditions by heating
a mixture of ortho-nitrobenzoic acid and allyl bromide and a
catalytic amount of Pd(0) at 160 °C, but no allylation product
was formed. Switching to allyl acetate from allyl bromide
resulted in a trace amount of allylation product along with
nitrobenzene as a major product. We realized that the
carboxylic acid proton could be detrimental for the allylation
product formation and may lead to the undesired protonation
product. Therefore, the potassium salt of the corresponding
nitrobenzoic acid was employed, but unfortunately, no
allylation product was observed. Next, an allyl ester of the
corresponding acid was prepared and subjected to the
intramolecular decarboxylative allylation (Table 1). Interest-
ingly, all starting material was consumed and a mixture of
corresponding allyl and styrenyl products was isolated in
slightly improved yield (entry 18, Table 1). Still, the undesired
ortho-nitrobenzoic acid and nitrobenzene were formed
predominantly. The poor mass balance toward the allylation
product can be attributed due to decomposition of the z-allyl-
Pd species'® and double bond isomerization at elevated
temperature to generate the undesired styrenyl product.
Therefore, we decided to use the silver(I) salt as an additive
since it is known to promote decarboxylation at lower
temperature'® and decreases double bond isomerization.'®
Gratifyingly, yield was improved to 55% with the addition of
only 10 mol % of the silver carbonate (entry S, Table 1). After a
rigorous study varying the catalyst, ligand, solvent, and the
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Table 1. Optimization of the Reaction Conditions”

o X X
5 mol % Pfj cat. COH H
o 10 mol % ligand
NO, x equiv Ag,CO;, NO+ ©iNO *@:NO
DMA, 12 h, 110 °C 2 2 2
1a 2a 2a' 2a"

entry Pd cat. ligand @ yield (%)% 2a:2a’:22""
1° Pd(PPhy), - 0 0 -
2° Pd(PPh,), 02 30 70:10:20
3¢ Pd(OAc), - 02 0 -
4° Pd(tfa), - 15 0 -
S Pd,dba, xantphos 0.1 S5 80:7:13
6 Pd,dba, dppf 0.1 S0 75:10:15
7 Pd,dba, rac-BINAP 0.1 63 73:7:20
8 Pd,dba, dppp 0.1 68 82:10:8
9 Pd,dba, dppp 0.5 72 85:6:9
10 Pd,dba, dppp 1.0 80 85:5:10
11 Pd,dba, dppp LS 90 94:0:6
12 Pd,dba, dppp 2.0 88 92:0:8
13 Pd,dba, dppe 1S 40 78:13:9
14 Pd,dba, dppb L5 50 80:12:8
15 Pd,dba, PCy, Ls 45 82:10:8
16 Pd,dba, xphos LS 60 77:13:10
174 Pd,dba, dppp 0 0 -
18°  Pd,dba, dppp 0 ss 30:43:27
19 Pd(th), dppp LS 48 63:27:10
20" Pd(tfa), - 3.0 7 -

“All reactions were carried out in 0.1 mmol scale, in DMA 0.06 M.
Yields refered to here are overall isolated yields, and product
distributions were determined by "H NMR of the crude product. 10
mol % of the Pd cat. was used. “100 mol % of the Pd,dba; and 200
mol % of the dppp were used. “The reaction was heated at 160 °C; a
mixture of allyl and styrenyl product was isolated. 0 mol % of
Pd(tfa),, DMF/DMSO (19:1), 120 °C.

amount of additive, the allylation product was isolated in
excellent yields using a combination of 5 mol % Pd,dba;, 10
mol % dppp with 1.5 equiv of Ag,CO; in DMA at 110 °C.
Under the optimized reaction conditions, we explored the
substrate scope for the decarboxylative allylation reaction
(Scheme 1). A variety of substituted nitroarenes allow the
formation of allylation products in good to excellent yields. A
careful study revealed that electron-donating substituents such
as p-OMe on o-nitrobenzoate favor allylation product formation
(2b, 2m, 2q, 2r, 2v, Scheme 1) and two m-OMe groups which
are electron-withdrawing in nature lower the yields to some
extent (2i, 2n, 2w, Scheme 1). However, yields of the allylation
products are decreased drastically with a substitution of three
adjacent —OMe groups due to low conversion, substantial
amounts of protonation product, and carboxylic acid formation
(2j, 20, 2u, Scheme 1). Substrates with an electron-deficient
substituent, e.g. 2,4-dinitro benzoic ester, resulted in a
decarboxylative protonation product only. Therefore, electron-
withdrawing substituents on the o-nitro-benzoate facilitate
decarboxylation but they decrease the ability of the aryl anion
to serve as a o-donor for the Pd(I)allyl cation. Halogen
substituents, such as Br, Cl, are compatible with the reaction
conditions (2d, 2e, Scheme 1) which may undergo further
cross-coupling reactions. In addition to the cross-couplings of
unsubstituted allyl esters, a variety of substituted and
functionalized allyl esters also underwent couplings to provide
allylation products (2k—2q, Scheme 1). Allyl esters from the
corresponding cinnamyl alcohols and its derivatives produced
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Scheme 1. Substrate Scope of Decarboxylative Allylation™®
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2v: 88% yield

2r: 87% yield

2s:86% yield 2u: 50% yield

2w: 85% yield

?All reactions were carried out in 0.3 mmol scale. * Yields refer to the
average of isolated yields of at least two experiments.

the linear product selectively (2r—2w, Scheme 1). However,
allyl esters that possess B-hydrogens such as crotyl, prenyl, 2-
cyclohexenyl esters preferentially formed conjugated dienes via
p-hydrogen elimination and a protonation product® (see
Supporting Information, Scheme 1). A selective reduction of
the nitro group afforded o-allyl aniline in excellent yields
(Supporting Information, Scheme 2).

Scheme 2. Decarboxylative Allylations of Benzofuran-2-
Carboxylates

o<~

5 mol % Pd,dbag R

10 mol % dppp W
o

LA ALLELA. .
1.5 equiv Ag,CO3
2x: R=H, 53% vyield

DMA 0.06 M
110°C,12 h >
2y: R = Ph, 60% yield

Subsequently, several heteroaromatic carboxylic esters were
tested under the reaction conditions. Unfortunately, nitrogen-
containing heterocycles such as indole and pyridine-2-
carboxylic esters did not furnish any desired product. However,
benzofuran-2-carboxylic esters furnished an allylation product
in good to moderate yields (Scheme 2).
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Next, we turned our attention toward gaining insight into the
reaction mechanism. After oxidative addition of palladium(0) to
the allyl ester 1a the reaction may proceed in three distinct
pathways. In path a, the solvent-separated ion 6pa1r may
undergo decarboxylation via a two-electron process™ followed
by carbopalladation to generate 1a” which is converted to the
desired product after reductive elimination. Whereas, in path b,
a silver-assisted decarboxylation via an anionic route can
generate the arylsilver species la’ which can undergo
transmetalation with palladium followed by reductive elimi-
nation to furnish an allylation product. Alternatively, this silver-
assisted decarboxylation may proceed via a Hunsdiecker-type
free radical pathway as depicted in path ¢ (Scheme 3). The
ortho-nitro group can stabilize to either the organosilver(I) or
organopalladium(II) prior to and after decarboxylation through
coordination.

Scheme 4. Crossover Experiment

o
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NO2 reaction

_conditions

@ﬁﬁ

corresponding ortho-nitrobenzoic acid may form and undergo
Ag(1)-assisted decarboxylation to afford the corresponding aryl-
Ag species 1a’. A transmetalation between an aryl-Ag and #-
allyl-Pd complex generates an aryl-Pd species 1a”. Finally,
reductive elimination yields the desired allylation product and

the Pd(0) to complete the catalytic cycle (Scheme 5).
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To elucidate, several control experiments were performed.
Heating the reaction mixture at 110 °C without any silver salt
resulted in only nitrobenzoic acid. Even a stoichiometric
amount of palladium also failed to promote decarboxylation at
this temperature (entry 17, Table 1), whereas heating the
reaction mixture at 160 °C with a catalytic amount of palladium
afforded the desired product albeit in low yield (entry 18, Table
1). On the other hand, when ortho-nitro benzoic acid was
heated at 110 °C only with the silver carbonate the
nitrobenzene was formed indicating silver-assisted decarbox-
ylation. To elucidate further, the reaction was carried out under
the standard reaction conditions in the presence of 1.0 equiv of
TEMPO, a radical scavenger. Almost the same yield of 2a as
under the standard conditions (84%) was obtained, which rules
out the radical mechanism as shown in path c. When Pd(II)/
Ag(I) was used in lieu of Pd(0)/Ag(I), only starting material
was recovered which indicates that Pd(0) is essential to initiate
the reaction (entry 20, Table 1). An extensive crossover was
also observed between two structurally disparate allyl esters,
which is supportive evidence that the solvent-separated ion
pairs are formed and undergo all possible combinations to
provide the crossover products (Scheme 4).

Based on these observations, we presumed that the reaction
may proceed through path a at an elevated temperature vs path
b under a Pd/Ag bimetallic system at a lower temperature.
Initially, palladium(0) undergoes an oxidative addition to the
allyl ester la to form a s-allyl-Pd complex and an ortho-
nitrobenzoate anion. Subsequently, a silver salt of the
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Scheme S. Plausible Catalytic Cycle for the Decarboxylative
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Finally, to demonstrate the role of the nitro group in
decarboxylative allylation, we synthesized diallyl ester 3a where
both ester groups are ortho to the nitro group and its
corresponding regioisomer 3b where one allyl ester group is at
the ortho position and the other one is at the meta position.
Under slightly modified reaction conditions, 3a afforded a
diallylation product in good yield via double decarboxylative
allylations, whereas 3b afforded the monoallylation along with
the decarboxylative protonation product at the ortho position
leaving the meta allyl ester intact (Scheme 6). Similarly, para-
nitro benzoic ester was inactive under the reaction conditions.
Presumably, the nitro group at the ortho position has a dual role
in decarboxylation. First, it can coordinate to either the Ag(I)
or PA(II) prior to and after decarboxylation. This is particularly
important for “post-decarboxylation” acting as a C/O bidentate

Scheme 6. Selective Decarboxylative Allylation of Nitro
Benzoic Esters

N 0 No,0 (F 10mol%Pddba; Ny no, (7
20 mol % dppp
o o 3.0 equiv Ag,CO3
DMA (0.06 M)
0
3a 10°C12h 4a; 64% yield
NGB! 10 mol % Pd,db 1
_ mol % Pdydbas P
O/\/ 20 mol % dppp
O\/\ 3.0 equiv Ag2CO3 0\/\
DMA (0.06 M)
110°C,12h
3b 4b: 53% yield
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ligand to form a relatively stable S-membered palladacycle.
Second, it imparts a strong inductive effect that stabilizes the
incipient anion which leads to rapid decarboxylation followed
by allylation.

In conclusion, we have developed a Pd/Ag bimetallic system
for the decarboxylative sp>—sp® allylation of ortho-nitrobenzoic
esters in an intramolecular fashion. A synergistic effect of
palladium and silver was observed in this decarboxylative
allylation. Mechanistic studies suggest that silver-assisted
decarboxylation occurs in an anionic pathway at the presented
reaction conditions which lead to an allylation product via
transmetalation and reductive elimination.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures, spectroscopic data, 'H and *C NMR
spectra for all synthesized compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: rjana@iicb.res.in.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by CSIR, Govt. of India, miND;
Grant No. BSC 0115. The authors would like to thank the
reviewers for their valuable comments and suggestions to
improve the quality of the paper.

B REFERENCES

(1) (a) The Nitro Group in Organic Synthesis; Ono, N., Ed.; Wiley-
VCH: New York, 2001. (b) Hoogenraad, M.; ven der Linden, J. B,;
Smith, A. A. Org. Process Res. Dev. 2004, 8, 469—476.

(2) For nitro reduction, see: (a) Tafesh, A. M.; Weiguny, J. Chem.
Rev. 1996, 96, 2035—2052. (b) Westerhaus, F. A.; Jagadeesh, R. V;
Wienhofer, G.; Pohl, M.-M,; Radnik, J.; Surkus, A.-E.; Rabeah, J;
Junge, K; Junge, H.; Nielsen, M.; Briickner, A.; Beller, M. Nat. Chem.
2013, 5, 537—543. For N-heterocycle synthesis, see: (c) Quintero, L.
M. A; Palma, A,; Nogueras, M.; Cobo, J. Synthesis 2012, 44, 3765—
3782. For natural product synthesis, see: (d) Fu, L. J. Heterocycl.
Chem. 2010, 26, 433—480.

(3) (a) Severin, T. Angew. Chem. 1958, 70, 164—16S. (b) Bartoli, G.;
Palmieri, G.; Bosco, M.; Dalpozzo, R. Tetrahedron Lett. 1989, 30,
2129-2132. (c) Dobson, D. R;; Gilmore, J.; Long, D. A. Synlett 1992,
79—80. (d) Ricci, A.; Fochi, M. Angew. Chem., Int. Ed. 2003, 42, 1444—
1446.

(4) (a) Sapountzis, I; Knochel, P. Angew. Chem., Int. Ed. 2002, 41,
1610—1611. (b) Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel,
F. E; Kopp, F.; Korn, T.; Sapountzis, I; Vu, V. A. Angew. Chem., Int.
Ed. 2003, 42, 4302—4320. (c) Sapountzis, L; Dube, H,; Lewis, R;
Gommermann, N.; Knochel, P. J. Org. Chem. 20083, 70, 2445—2454.

(5) For reviews, see: (a) Goossen, L. J.; Collet, F.; Goossen, C. Israel
J. Chem. 2010, 50, 617—629. (b) Rodriguez, N.; Goossen, L. J. Chem.
Soc. Rev. 2011, 40, 5030—5048. (c) Dzik, W. L; Lange, P. P.; Goofien,
L. J. Chem. Sci. 2012, 3, 2671-2678. For cross-couplings, see:
(d) GooBen, L. J.; Deng, G; Levy, L. M. Science 2006, 313, 662—664.
(e) Waetzig, S. R; Tunge, J. A. J. Am. Chem. Soc. 2007, 129, 14860—
14861. (f) Goossen, L. J.; Rodriguez, N.; Melzer, B.; Linder, C.; Deng,
G.; Levy, L. M. J. Am. Chem. Soc. 2007, 129, 4824—4833. (g) Goofen,
L. J; Zimmermann, B.; Knauber, T. Angew. Chem., Int. Ed. 2008, 47,
7103—7106. (h) Goossen, L. J.; Rodriguez, N.; Linder, C. J. Am. Chem.
Soc. 2008, 130, 15248—15249. (i) Duan, Z.; Ranjit, S.; Zhang, P.; Liu,

X. Chem.—Eur. J. 2009, 15, 3666—3669. (j) Wanga, Z.; Dinga, Q;
Hea, X.; Wua, J. Tetrahedron 2009, 65, 4635—4638. (k) Gooflen, L. J.;
Rodriguez, N.; Lange, P. P.; Linder, C. Angew. Chem., Int. Ed. 2010, 49,
1111-1114. (1) Luo, J; Ly, Y;; Liu, S; Liu, J.; Deng, G.-J. Adv. Synth.
Catal. 2011, 353, 2604—2608. (m) Zhang, Y.; Patel, S.; Mainolfi, N.
Chem. Sci. 2012, 3, 3196—3199. (n) Zhou, J.; Wu, G.; Zhang, M.; Jie,
X.; Su, W. Chem.—Eur. ]. 2012, 18, 8032—8036. (o) Hu, P.; Shang, Y.;
Su, W. Angew. Chem,, Int. Ed. 2012, 51, 5945—5949. (p) Bhadra, S.;
Dzik, W. L; Goossen, L. J. J. Am. Chem. Soc. 2012, 134, 9938—9941.
(q) Song, B.; Knauber, T.; Goofien, L. J. Angew. Chem., Int. Ed. 2013,
$2,2954—2958. (r) Tang, J.; Gooflen, L. J. Org. Lett. 2014, 16, 2664—
2667. For decarboxylative Heck reactions, see: (s) Myers, A. G;
Tanaka, D.; Mannion, M. R. J. Am. Chem. Soc. 2002, 124, 11250—
11251. (t) Fu, Z; Huang, S.; Su, W.; Hong, M. Org. Lett. 2010, 12,
4992—499S.

(6) For recent reviews, see: (a) Trost, B. M.; Crawley, M. L. Chem.
Rev. 2003, 103, 2921—2943. (b) Weaver, J. D.; Recio, A, III;
Grenning, A. J.; Tunge, J. A. Chem. Rev. 2011, 111, 1846—1913. For
allylic sp3—sp3 alkylations, see: (c) Nakamura, M.; Hajra, A.; Endo, K;
Nakamura, E. Angew. Chem,, Int. Ed. 2008, 44, 7248—7251. (d) You,
S-L; Dai, L-X. Angew. Chem, Int. Ed. 2006, 45, 5246—5248.
(e) Burger, E. C.; Tunge, J. A. J. Am. Chem. Soc. 2006, 128, 10002—
10003. (f) Waetzig, S. R.; Rayabarapu, D. K.; Weaver, J. D.; Tunge, J.
A. Angew. Chem,, Int. Ed. 2006, 45, 4977—4980. (g) Waetzig, S. R;
Tunge, J. A. J. Am. Chem. Soc. 2007, 129, 4138-4139.
(h) Chattopadhyay, K; Jana, R.;; Day, V. W.; Douglas, J. T.; Tunge,
J. A. Org. Lett. 2010, 12, 3042—304S. (i) Jana, R; Partridge, J. J;
Tunge, J. A. Angew. Chem,, Int. Ed. 2011, 50, 5157—5161. (j) Behenna,
D. C,; Liu, Y,; Yurino, T.; Kim, J.; White, D. E.; Virgil, S. C; Stoltz, B.
M. Nat. Chem. 2012, 4, 130—133. (k) Trost, B. M.; Osipov, M. Angew.
Chem., Int. Ed. 2013, 52, 9176—9181. (1) Li, Z.; Zhang, S; Wu, S,;
Shen, X.; Zou, L; Wang, F; Li, X,; Peng, F.; Zhang, H.; Shao, Z.
Angew. Chem., Int. Ed. 2013, 52, 4117—4121. (m) Gartshore, C. J;
Lupton, D. W. Angew. Chem., Int. Ed. 2013, 52, 4113—4116.
(n) Ghosh, S.; Bhunia, S.; Kakde, B. N.; De, S.; Bisai, A. Chem.
Commun. 2014, 50, 2434—2437.

(7) (a) Jana, R; Trivedi, R.; Tunge, J. A. Org. Lett. 2009, 11, 3434—
3436. (b) Wang, J.; Cui, Z.; Zhang, Y.; Li, H.; Wua, L.-M,; Liu, Z. Org.
Biomol. Chem. 2011, 9, 663—666. (c) Rodriguez, N.; Manjolinho, F.;
Griinberg, M. F,; Gooflen, L. J. Chem.—Eur. J. 2011, 17, 13688—
13691.

(8) Tsuda, T.; Chujo, Y.; Nishi, S.-i; Tawara, K.; Saegusa, T. J. Am.
Chem. Soc. 1980, 102, 6381—6384.

(9) Imao, D.; Itoi, A,; Yamazaki, A,; Shirakura, M.; Ohtoshi, R;;
Ogata, K;; Ohmori, Y.; Ohta, T.; Ito, Y. J. Org. Chem. 2007, 72, 1652—
1658.

(10) (a) Tsuji, J; Yamada, T.; Minami, L; Yuhara, M; Nisar, M.;
Shimizu, L J. Org. Chem. 2007, 52, 2988—2995S. (b) Grenning, A. J;
Tunge, J. A. Org. Lett. 2010, 12, 740—742. (c) Schmitt, M.; Grenning,
A. J; Tunge, J. A. Tetrahedron Lett. 2012, 53, 4494—4497.

(11) Recio, A., III; Tunge, J. A. Org. Lett. 2009, 11, 5630—5633.

(12) (a) Weaver, J. D.; Ka, B. J.; Morris, D. K; Thompson, W,;
Tunge, J. A. J. Am. Chem. Soc. 2010, 132, 12179—12181. (b) Shibata,
N.; Fukushi, K;; Furukawa, T.; Suzuki, S.; Tokunaga, E.; Cahard, D.
Org. Lett. 2012, 14, 5366—5369.

(13) Domrachev, G. A; Varyukhin, V. A.; Nesterov, B. A. React.
Kinet. Catal. Lett. 1983, 22, 281—283.

(14) GooBen, L. J.; Lange, P. P.; Rodriguez, N.; Linder, C. Chem.—
Eur. J. 2010, 16, 3906—3909.

(15) (a) Fields, H. F.; Khan, A. K; Sabat, M.; Chruma, J. J. Org. Lett.
2008, 10, 5131—5134. (b) Larock, R. C.; Gong, W. H. J. Org. Chem.
1989, 54, 2047—2050. (c) Abelman, M. M.; Oh, T.; Overman, L. E. J.
Org. Chem. 1987, 52, 4130—4133.

(16) Li, Z.; Jiang, Y.-Y.; Yeagley, A. A;; Bour, J. P.; Liu, L.; Chruma, J.
J; Fu, Y. Chem.—Eur. J. 2012, 18, 14527—14538.

dx.doi.org/10.1021/0l5017349 | Org. Lett. 2014, 16, 3934—3937


http://pubs.acs.org
mailto:rjana@iicb.res.in

