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Abstract An N-hydroxyphthalimide (NHPI) and tetrabutylammonium
iodide (TBAI) co-catalyzed oxidative coupling reaction of toluene deriv-
atives and alkenes has been disclosed. This method can serve as a new
strategy to access allylic ester using toluene derivatives as oxyacylating
reagent. This metal-free protocol also features the readily available
starting materials, broad substrate scope, and mild reaction conditions.

Key words oxyacylation, toluene derivatives, oxidative coupling,
allylic ester, metal-free

As a direct C–H functionalization method, cross-dehy-
drogenative coupling (CDC) reaction avoids the prefunc-
tionalization of starting materials and has emerged as a
fundamental and highly valuable tool in organic synthesis.1
It is therefore not surprising that many efforts have been
devoted to the development of new bond-forming strate-
gies with different hybrid C–H substrates using CDC reac-
tion in the past decades.2,3 On the other hand, allylic esters
are considered to be significant structural motifs that are
frequently found in many natural products and bioactive
molecules.4 Traditionally, these building blocks can be syn-
thesized through acylation of the corresponding allylic
alcohols with carboxylic acids or their derivatives in organ-
ic synthesis.5 However, these methods also suffered from
the limited substrate scope and harsh reaction conditions.
To overcome these drawbacks, the direct α-oxyacylation6 of
sp3 C–H bonds of alkenes through oxidative cross-coupling
has drawn much attention from synthetic community.7
Among them, the pioneering Kharasch–Sosnovsky reaction
(Scheme 1, a) that involves a Cu-catalyzed esterification of
an allylic C–H bond is considered as a classical method in

this area.8 After that, studies on the asymmetric version of
this reaction catalyzed by chiral copper salts were also well
documented.9 Furthermore, White and co-workers have
widely investigated the palladium-catalyzed synthesis of
allylic esters from carboxylic acids and monosubstituted
olefins via selective C–H bond oxidation (Scheme 1, b),10

which is believed to be a significant breakthrough. Follow-
ing these works, Wan and co-workers have also developed a
one-pot synthesis of allylic ester using aldehyde as the oxy-
acylating reagent (Scheme 1, c).11 This strategy combined
the aldehydes C–H oxidation and the Kharasch–Sosnovsky
reaction, thus offering a new route to allylic ester directly
from simple olefins and aldehydes. Of late, the Wan group
has also disclosed another metal-free synthesis of allylic es-
ter from carboxylic acid and alkene (Scheme 1, d).12 Al-
though much progress has been achieved, there is still a
continuing demand to develop novel and environmentally
benign methods for the synthesis of allylic esters in an effi-
cient manner.

In spite of their role as commonly used solvents, toluene
and its derivatives have found widely application in organic
synthesis as simplest and readily available starting materi-
als in nature.13,14 From a mechanistic point of view, toluene
derivatives can serve as benzyl precursor15 and acyl
source,16 which makes them widely used in a variety of car-
bon–carbon and carbon–heteroatom bond-forming reac-
tions. In the past years, we became interested in developing
novel transformations using toluene derivatives as versatile
building blocks.17 For instance, we have described a palladium-
catalyzed direct synthesis of Δ2-isoxazolines from toluene
derivatives and olefins.17a In addition, we have also devel-
oped a TBAI-catalyzed direct α-oxyacylation of carbonyl
compounds using simple toluene derivatives as efficient
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, A–E
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oxyacylating reagent.17b Most recently, we have just dis-
closed the coupling reaction of toluene derivatives with iso-
cyanides.17c As a continuation of our previous research,18

herein we wish to disclose a NHPI/TBAI-catalyzed oxidative
coupling reaction of alkene and toluene derivatives. To the
best of our knowledge, no such example has been reported
yet.

We began our reaction optimization using cyclohexene
1a and toluene2a as model substrates. In the presence of
catalytic amount of N-hydroxyphthalimide (NHPI), heating
the mixture in toluene afforded product 3a in 46% yield (Ta-
ble 1, entry 1). The screening of solvents was then conduct-
ed. The employment of MeCN slightly increased the yield of
3a to 52% (Table 1, entry 2), whereas using other solvent in-
cluding DCE and PhCl did not bring any improvement with
respect to the yield of 3a (Table 1, entries 3–5). Also, no de-
sired product was detected when reactions were conducted
in other solvents such as DMSO and DMF (Table 1, entries
6–8). To our delight, the yield of 3a was increased to 61%
when a new NHPI/TBAI catalyst system was applied (Table
1, entry 10). In sharp contrast, the direct use of tetrabu-
tylammonium iodide (TBAI) as single catalyst led to nega-
tive result (Table 1, entry 13). Several experiments using
TBHP as oxidant were also carried out subsequently, which
brought no improvement on the reaction performance (Ta-
ble 1, entries 14–16).

With the optimized conditions in hand, we then focused
our attention to the scope and limitation of this oxidative
reaction. As shown in Scheme 2, a series of toluene deriva-
tives 2 having electron-donating and electron-deficient
groups at the aromatic ring was used to react with cyclo-
hexene 1a. Substrates 2 containing substituents such as
tert-butyl, methoxyl, methyl, chloro, bromo, fluoro groups

were proven to be effective partners to yield the corre-
sponding products 3b–m. In sharp contrast, the presence of
a strong electron-withdrawing group seemed to be unfa-
vorable to the formation of product 3. Only trace amount of
product 3n was isolated when the nitro group was present.
Furthermore, no desired product was detected when sub-
strate containing a pyridyl group was used.

After a broad arylmethane substrate scope has been es-
tablished, the possibility of substituted alkenes having an
α-H were next examined. As shown in Scheme 3, a substi-
tuted cyclohexene 1b bearing a phenyl group was firstly
used to react with toluene 1a to produce 4a. Next, the allyl-
ic hexane 1c and allylic benzene 1d were proven to be com-
patible reaction partners to afford 4b and4c. It was also
worthy to note that another interesting reaction took place
when no external alkene was added. In such case, products
4e–g were obtained in which toluene and its derivatives be-
haved as benzyl and oxo-acylating reagent in one reaction.
In contrast, no desired product was detected when a het-
eroatom, such as oxygen or nitrogen, was present at the al-
lylic position of alkene.

Scheme 1  Representative examples on the synthesis of allylic esters 
from alkene and other starting materials
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(b) Pd-catalyzed example with carboxylic acid

(d) Metal-free example  on synthesis of allylic ester

(c) One-pot synthesis starting from aldehyde

Table 1  Optimization of the Reaction Conditionsa

Entry Catalyst Oxidantb Solvent Yield (%)c

 1 NHPI O2 toluene 46

 2 NHPI O2 MeCN 52

 3 NHPI O2 DCE 37

 4 NHPI O2 EtOAc 24

 5 NHPI O2 PhCl 32

 6 NHPI O2 DMSO  0

 7 NHPI O2 DMF  0

 8 NHPI O2 DMAc  0

 9 NHPI O2 dioxane 30

10 NHPI/TBAI O2 MeCN 61

11d NHPI/TBAB O2 MeCN 54

12e NHPI/TEBAC O2 MeCN 49

13 TBAI O2 MeCN  0

14 NHPI/TBAI TBHP MeCN 19

15 NHPI TBHP MeCN  0

16 TBAI TBHP MeCN 26
aUntil otherwise noted, all reactions were carried out with cyclohexene 1a 
(1 mmol), toluene 2a (3 mmol), catalyst (10 mol%), oxygen balloon, sol-
vent (8 mL), 75 °C for 6–12 h.
b TBHP (6.0 equiv) was added.
cIsolated yields.
dTBAB = tetrabutylammonium bromide.
eTEBAC = benzyltriethylammonium chloride.

+
O

O

1a 2a 3a

conditions
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Several mechanistic experiments were next carried out
to have more insight into the present oxidative coupling re-
action. As shown in Scheme 4, the coupling reaction was
completely inhibited when excessive radical scavenger
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) was added
to the mixture of 1a and 2a under optimized conditions
(Scheme 4, eq. 1), therefore suggesting a free radical pro-
cess. Furthermore, the reaction of benzaldehyde 5 and cy-
clohexene 1a worked well to yield 3a in 75% yield (Scheme
4, eq. 2). This result also indicated that aldehyde was possi-
ble reaction intermediate. Finally, benzoic acid 6 was also
used to experience the optimized conditions. In such case,
product 3a was also isolated in good performance (Scheme
4, eq. 3).

On the basis of the aforementioned mechanistic obser-
vation, a plausible mechanism is depicted in Scheme 5 to
explain this oxidative coupling reaction. The beginning of
this reaction involves the homolysis of NHPI to the PINO

radical.19 Then the benzyl radical A is generated in the pres-
ence of PINO radical. Next, The in situ formed benzyl radical
A is trapped by O2 to afford the peroxide radical B, which
then eliminates a hydroxyl radical to produce benzaldehyde
intermediate. In the presence of O2, benzaldehyde is further
oxidized to benzoic acid,20 which then reacts with the
hydroxyl radical to yield acyloxy radical C. Finally, the cou-
pling of C and D essentially yields the final product.21

Scheme 2  Scope of the reaction with respect to the arylmethane sub-
strate. Reagents and conditions: cyclohexene 1a (1 mmol), arylmethane 
2 (3 mmol), TBAI (10 mol%), NHPI (10 mol%), O2 balloon, 75 °C in MeCN 
(8 mL). Isolated yields after silica gel chromatography.
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Scheme 3  Reagents and conditions: alkene 1 (1 mmol), toluene 2a (3 
mmol), TBAI (10 mol%), NHPI (10 mol%), O2 balloon, 75 °C in MeCN (8 
mL). Isolated yields after silica gel chromatography.
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Scheme 4  Preliminary mechanistic studies
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Scheme 5  Proposed mechanism

In conclusion, a NHPI/TBAI co-catalyzed oxidative cou-
pling of alkene and toluene derivatives has been dis-
closed.22 This protocol allows for the synthesis of allylic
ester in an efficient manner. The present strategy still have
several distinguished features: (i) metal-free oxidation con-
ditions; (ii) the employment of toluene and its derivatives
as readily available oxo-acylating precursors; (iii) the use of
molecular oxygen as green oxidant, which meets the re-
quirement of green chemistry; and (iv) milder reaction con-
ditions. In this light, this method has potential to be further
applied.

Funding Information

We thank the National Natural Science Foundation of China (Nos:
21472121, 21272148) for financial support. ()

Acknowledgement

We thank Dr. H. Deng (Laboratory for Microstructures, Shanghai
University) for NMR spectroscopy.

Supporting Information

Supporting information for this article is available online at
https://doi.org/10.1055/s-0036-1591748. Supporting InformationSupporting Information

References and Notes

(1) For reviews, see: (a) Girard, S. A.; Knauber, T.; Li, C.-J. Angew.
Chem. Int. Ed. 2014, 53, 74. (b) Li, C.-J. Acc. Chem. Res. 2009, 42,
335. (c) Ashenhurst, J. A. Chem. Soc. Rev. 2010, 39, 540.
(d) Scheuermann, C. J. Chem. Asian J. 2010, 5, 436.

(2) (a) Li, Z.; Bohle, D. S.; Li, C.-J. Proc. Natl. Acad. Sci. U.S.A. 2006,
103, 8928. (b) Lin, S.; Song, C.-X.; Cai, G.-X.; Wang, W.-H.; Shi,
Z.-J. J. Am. Chem. Soc. 2008, 130, 12901. (c) Meng, Z.; Sun, S.;
Yuan, H.; Lou, H.; Liu, L. Angew. Chem. Int. Ed. 2014, 53, 543.
(d) Young, A. J.; White, M. C. J. Am. Chem. Soc. 2008, 130, 14090.
(e) Sun, S.; Li, C.; Floreancig, P. E.; Lou, H.; Liu, L. Org. Lett. 2015,
17, 1684. (f) Zhao, S.; Yuan, J.; Li, Y.-C.; Shi, B.-F. Chem. Commun.
2015, 51, 12823.

(3) (a) Liang, Y.-F.; Jiao, N. Angew. Chem., Int. Ed. 2014, 53, 548.
(b) Tsang, A. S.-K.; Kapat, A.; Schoenebeck, F. J. Am. Chem. Soc.
2016, 138, 518. (c) Liu, Z. Q.; Zhao, L.; Shang, X.; Cui, Z. Org. Lett.
2012, 14, 3218. (d) Zhao, J. C.; Fang, H.; Zhou, W.; Han, J. L.; Pan,
Y. J. Org. Chem. 2014, 79, 3847. (e) Su, X. B.; Surry, D. S.; Spandl,
R. J.; Spring, D. R. Org. Lett. 2008, 10, 2593.

(4) (a) Quang, D. N.; Hashimoto, T.; Stadler, M.; Asakawa, Y. J. Nat.
Prod. 2004, 67, 1152. (b) Ankisetty, S.; ElSohly, H. N.; Li, X.-C.;
Khan, S. I.; Tekwani, B. L.; Smillie, T.; Walker, L. J. Nat. Prod.
2006, 69, 692. (c) Covell, D. J.; Vermeulen, N. A.; Labenz, N. A.;
White, M. C. Angew. Chem. Int. Ed. 2006, 45, 8217. (d) Jogalekar,
A. S.; Kriel, F. H.; Shi, Q.; Cornett, B.; Cicero, D.; Snyder, J. P. J. Med.
Chem. 2010, 53, 155. (e) Saito, T.; Fuwa, H.; Sasaki, M. Org. Lett.
2009, 11, 5274.

(5) (a) Xiang, J.; Orita, A.; Otera, J. Angew. Chem. Int. Ed. 2002, 41,
4117. (b) Zhang, L.; Luo, Y.; Fan, R.; Wu, J. Green Chem. 2007, 9,
1022. (c) Mohan, K. V. K.; Narender, N.; Kulkarni, S. J. Green
Chem. 2006, 8, 368. (d) Meyer, M. E.; Ferreira, E. M.; Stoltz, B. M.
Chem. Commun. 2006, 1316.

CH3

NHPI PINO

N

O

O

OH N

O

O

O
H

O2, heat

PINO

O2

O O

OH

PINO

O

H O

OH

OH

O

O

H2O

O

O

O2

H
H

TBAI
A

B

5

6

C

D

© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, A–E



E

C. Li et al. LetterSyn  lett

D
ow

nl
oa

de
d 

by
: Q

ue
en

's
 U

ni
ve

rs
ity

 B
el

fa
st

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
(6) (a) Ochiai, M.; Takeuchi, Y.; Katayama, T.; Sueda, T.; Miyamoto,
K. J. Am. Chem. Soc. 2005, 127, 12244. (b) Dohi, T.; Maruyama,
A.; Yoshimura, M.; Morimoto, K.; Tohma, H.; Kita, Y. Angew.
Chem. Int. Ed. 2005, 44, 6193. (c) Uyanik, M.; Yasui, T.; Ishihara,
K. Bioorg. Med. Chem. Lett. 2009, 19, 3848.

(7) (a) Guo, S.; Yu, J.-T.; Dai, Q.; Yang, H.; Cheng, J. Chem. Commun.
2014, 50, 6240. (b) Du, J.; Zhang, X.; Sun, X.; Wang, L. Chem.
Commun. 2015, 51, 4372.

(8) (a) Kharasch, M. S.; Sosnovsky, G. N.; Yang, C. J. Am. Chem. Soc.
1959, 81, 5819. (b) Andrus, M. B.; Lashley, J. C. Tetrahedron
2002, 58, 845. (c) Eames, J.; Watkinson, M. Angew. Chem. Int. Ed.
2001, 40, 3567.

(9) (a) Eames, J.; Watkinson, M. Angew. Chem. Int. Ed. 2001, 40,
3567. (b) Zhang, B.; Zhu, S. F.; Zhou, Q. L. Tetrahedron Lett. 2013,
54, 2665. (c) Tan, Q.; Hayashi, M. Adv. Synth. Catal. 2008, 350,
2639. (d) Zhou, Z.; Andrus, M. B. Tetrahedron Lett. 2012, 53,
4518.

(10) (a) Chen, M. S.; White, M. C. J. Am. Chem. Soc. 2004, 126, 1346.
(b) Chen, M. S.; Prabagaran, N.; Labenz, N. A.; White, M. C. J. Am.
Chem. Soc. 2005, 127, 6970. (c) Delcamp, J. H.; White, M. C. J. Am.
Chem. Soc. 2006, 128, 15076. (d) Covell, D. J.; White, M. C.
Angew. Chem. Int. Ed. 2008, 47, 6448. (e) Stang, E. M.; White, M.
C. Nat. Chem. 2009, 1, 547. (f) Stang, E. M.; White, M. C. Angew.
Chem. Int. Ed. 2011, 50, 2094.

(11) Wei, W.; Zhang, C.; Xu, Y.; Wan, X. Chem. Commun. 2011, 47,
10827.

(12) Shi, E.; Shao, Y.; Chen, S.; Hu, H.; Liu, Z.; Zhang, J.; Wan, X. Org.
Lett. 2012, 14, 3384.

(13) (a) Li, X.-H.; Wang, X.; Antonietti, M. ACS Catal. 2012, 2, 2082.
(b) Wang, P.; Minegishi, T.; Ma, G.; Takanabe, K.; Satou, Y.;
Maekawa, S.; Kobori, Y.; Kubota, J.; Domen, K. J. Am. Chem. Soc.
2012, 134, 2469. (c) Zhou, W.; Zhang, L.; Jiao, N. Angew. Chem.
Int. Ed. 2009, 48, 7094.

(14) (a) Piou, T.; Neuville, L.; Zhu, J. Angew. Chem. Int. Ed. 2012, 51,
11561. (b) Piou, T.; Bunescu, A.; Wang, Q.; Neuville, L.; Zhu, J.
Angew. Chem. Int. Ed. 2013, 52, 12385. (c) Guo, L.-N.; Wang, S.;
Duan, X.-H.; Zhou, S.-L. Chem. Commun. 2015, 51, 4803.
(d) Zhou, S.-L.; Guo, L.-N.; Wang, S.; Duan, X.-H. Chem. Commun.
2014, 50, 3589. (e) Zhou, S.-L.; Guo, L.-N.; Wang, H.; Duan, X.-H.
Chem. Eur. J. 2013, 19, 12970.

(15) (a) Aihara, Y.; Tobisu, M.; Fukumoto, Y.; Chatani, N. J. Am. Chem.
Soc. 2014, 136, 15509. (b) Xie, P.; Xie, Y.; Qian, B.; Zhou, H.; Xia,
C.; Huang, H. J. Am. Chem. Soc. 2012, 134, 9902. (c) Liang, Y.-F.;
Li, X.; Wang, X.; Yan, Y.; Feng, P.; Jiao, N. ACS Catal. 2015, 5,
1956. (d) Rout, S. K.; Guin, S.; Ghara, K. K.; Banerjee, A.; Patel, B.
K. Org. Lett. 2012, 14, 3982. (e) Liu, H.; Laurenczy, G.; Yan, N.;
Dyson, P. J. Chem. Commun. 2014, 50, 341.

(16) (a) Rout, S. K.; Guin, S.; Banerjee, A.; Khatun, N.; Gogoi, A.; Patel,
B. K. Org. Lett. 2013, 15, 4106. (b) Guin, S.; Rout, S. K.; Banerjee,
A.; Nandi, S.; Patel, B. K. Org. Lett. 2012, 14, 5294. (c) Yin, Z.; Sun,

P. J. Org. Chem. 2012, 77, 11339. (d) Wu, Y.; Choy, P. Y.; Mao, F.;
Kwong, F. Y. Chem. Commun. 2013, 49, 689. (e) Xu, Z.; Xiang, B.;
Sun, P. RSC Adv. 2013, 3, 1679. (f) Wu, Y.; Feng, L.-J.; Lu, X.;
Kwong, F. Y.; Luo, H.-B. Chem. Commun. 2013, 49, 689.

(17) (a) Li, C. L.; Deng, H. M.; Li, C. J.; Jia, X. S.; Li, J. Org. Lett. 2015, 17,
5718. (b) Li, C. L.; Jin, T.; Zhang, X.; Li, C. J.; Jia, X. S.; Li, J. Org.
Lett. 2016, 18, 1916. (c) Liu, Z. Q.; Zhang, X. L.; Li, J. X.; Li, F.; Li,
C. J.; Jia, X. S.; Li, J. Org. Lett. 2016, 18, 4052. (d) Li, C. L.; Deng, H.
M.; Jin, T.; Liu, Z. Q.; Jiang, R.; Li, C. J.; Jia, X. S.; Li, J. Synthesis
2017, 49, 4350.

(18) (a) Cheng, G. S.; Deng, H. M.; He, X.; Gao, Y.; Li, C. J.; Jia, X.; Li, J.
Eur. J. Org. Chem. 2017, 2017, 4507. (b) Jiang, H.; Tian, Y. M.;
Tian, L. M.; Li, J. RSC Adv. 2017, 7, 32300. (c) Tang, Z. Z.; Liu, Z.;
An, Y.; Jiang, R. L.; Zhang, X. L.; Li, C. J.; Jia, X. S.; Li, J. J. Org. Chem.
2016, 81, 9158. (d) Tian, Y. M.; Tian, L. M.; Li, C. J.; Jia, X. S.; Li, J.
Org. Lett. 2016, 18, 840. (e) Tian, Y. M.; Tian, L. M.; He, X.; Li, C. J.;
Jia, X. S.; Li, J. Org. Lett. 2015, 17, 4874. (f) Su, S. K.; Li, C. J.; Jia, X.
S.; Li, J. Chem. Eur. J. 2014, 20, 5905.

(19) (a) Pan, Y.; Feng, P.; Zheng, Q.-Z.; Liang, Y.-F.; Lu, J.-F.; Cui, Y.;
Jiao, N. Angew. Chem. Int. Ed. 2013, 52, 5827. (b) Shu, Z.; Ye, Y.;
Deng, Y.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2013, 52,
10573.

(20) During our investigation, a little amount of benzoic acid can be
detected in most runs under the optimized conditions. And a
large amount of benzoic acid can be obtained in the absence of
alkene.

(21) Another mechanism involving the addition of acyloxy radical to
alkenes followed by H-elimilation is also possible. See: Li, X.; Xu,
X.; Zhou, C. Chem. Commun. 2012, 48, 12240.

(22) Experimental Procedure and Characterization Data
A 50 mL three-necked round-bottom flask equipped with a
magnetic stir bar was charged with toluene derivatives 2 (3.0
mmol), olefin 1 (1.0 mmol), NHPI (16.3 mg, 10 mol%), and Bu4NI
(36.9 mg, 10 mol%) in MeCN (8 mL) at room temperature. O2
was bubbled into the mixture at 75 °C for 6–12 h. After the reac-
tion was completed, it was monitored by TLC. The resulting
solution was poured into NaCl (15 mL), extracted with DCM
(twice). The combined organic layers were dried over anhy-
drous Na2SO4 and solvents were removed in vacuo. The residue
was purified by PLC Silica gel plate (eluent: petroleum
ether/ethyl acetate = 30:1) to give the desired product.
Compound 3a: 123 mg, 61% yield; colorless oil. 1H NMR (400
MHz, CDCl3): δ = 8.07–8.05 (m, 2 H), 7.56–7.52 (m, 1 H), 7.44–
7.41 (m, 2 H), 6.02–5.98 (m, 1 H), 5.86–5.82 (m, 1 H), 5.52–5.51
(m, 1 H), 2.17–2.10 (m, 1 H), 2.08–2.02 (m, 2 H), 1.94–1.92 (m, 2
H),1.74–1.61 (m, 1 H) ppm. 13C NMR (100 MHz, CDCl3): δ =
166.2, 132.8, 132.7, 130.8, 129.6, 128.3, 125.7, 68.6, 28.4, 24.9,
18.9 ppm.
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