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ABSTRACT: A scalable and operationally simple decarbox-
ylative trifluoromethylation of (hetero)arenes with easily
accessible C6F5I(OCOCF3)2 under photoredox catalysis has
been developed. This method is tolerant of various (hetero)-
arenes and functional groups. Notably, C6F5I is recycled from
the decarboxylation reaction and further used for the
preparation of C6F5I(OCOCF3)2. The combination of photoredox catalysis and hypervalent iodine reagent provides a practical
approach for the application of trifluoroacetic acid in trifluoromethylation reactions.
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The trifluoromethylated compounds have found wide
applications in materials, pharmaceuticals, and agro-

chemicals.1 Over the past decade, tremendous methods have
been developed for the incorporation of trifluoromethyl group
into organic molecules,2 using electrophilic,3 nucleophilic,4 and
radical5 trifluoromethylating reagents. Nonetheless, some of the
trifluoromethylating reagents employed in these reactions2−5

are cost-prohibitive or gaseous, which limits their application on
a large scale. Consequently, the development of new
trifluoromethylation reactions with inexpensive and easily
handled CF3 sources is highly desirable.
Because of low cost and the ease of handling,6 trifluoroacetic

acid (TFA) and its derivatives represent as attractive
trifluoromethylating reagents. The decarboxylative trifluorome-
thylation of TFA and trifluoroacetates has been extensively
studied.7−10 However, the decarboxylative reactions normally
require the electrochemical methods,7 stoichiometric transition-
metals and high temperature,8 or strong oxidants9 (see Scheme
1a). Recently, new advancements have been reported to make
the decarboxylative trifluoromethylation more generally appli-
cable. For example, Buchwald demonstrated that the
application of continuous flow technology could enable the
rapid and scalable trifluoromethylation of aryl halides with
CF3CO2K.

10a Zhang and co-workers reported a radical
trifluoromethylation of arenes with TFA under the conditions
of Ag2CO3/K2S2O8 at 120 °C.10b Very recently, Su and Li
realized a novel photocatalytic C−H trifluoromethylation of
(hetero)arenes with TFA using a Rh-modified TiO2 nano-
particles as a photocatalyst.10c However, these modifications

could not fundamentally solve the problems, such as high
temperature10a,b or strong oxidants.10b,c In 1990, Yoshida and
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Scheme 1. Trifluoromethylation Reactions Using TFA and
Its Derivatives
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co-workers disclosed an alternative decarboxylative trifluor-
omethylation of aromatic compounds with bis(trifluoroacetyl)
peroxide under mild conditions (Scheme 1b).11a This
decarboxylative strategy has recently been adopted by Bras̈e11b

and Sodeoka11c for radical trifluoromethylation of arenes and
alkenes using the reagent combination of trifluoroacetic
anhydride (TFAA)/urea−hydrogen peroxide (UHP). A sig-
nificant breakthrough of decarboxylative trifluoromethylation of
trifluoroacetic acid (TFA) and its derivatives was made by
Stephenson and co-workers.12 They demonstrated that the
pyridine N-oxide/TFAA adduct was used to promote a high-
yield and scalable trifluoromethylation reaction under photo-
redox catalysis (Scheme 1c). Despite the above achievements,
the development of new trifluoromethylation reactions with
TFA derivatives is still highly desirable.
Hypervalent iodine(III) reagents (HIRs) are widely used in

organic synthesis, because of their low toxicity, strong
electrophilicity, and valuable oxidizing properties.13 Recently,
hypervalent iodine(III) carboxylates have evolved as powerful
reagents to participate in the decarboxylative alkylation,
alkenylation, and acylation under transition-metal catalysis14

or visible-light photoredox catalysis.15 However, the decarbox-
ylative trifluoromethylation with hypervalent iodine(III)
trifluoroacetates (HITFAs) is largely ignored and remains a
challenge. In 1991, Togo and Yokoyama reported a
decarboxylative alkylation of heteroaromatic bases with
carboxylic acids in the presence of HITFAs.16a This work
clearly demonstrated that the decarboxylation of HITFAs for
the formation of a CF3 radical was much harder than that of the
nonfluorinated HIRs. Very recently, Maruoka described a
photolytically induced C−H difluoromethylation of hetero-
arenes with hypervalent iodine(III) difluoroacetates, but the
decarboxylative trifluoromethylation with 3,5-(t-Bu)2C6H3I-
(OCOCF3)2 was relatively inefficient.16b In continuation of
our research interest in visible-light-induced fluoroalkylation
reactions,17 herein, we disclose a scalable and operationally
simple decarboxylative trifluoromethylation of (hetero)arenes
with the commercially available C6F5I(OCOCF3)2 under
photoredox catalysis (Scheme 1d). This HIR is easily accessible
from C6F5I and TFA in the presence of oxone,18 and C6F5I
could be recycled from the decarboxylation reaction.
On the basis of visible-light-induced decarboxylation

reactions15 and our experience in decarboxylative hydro-
aryldifluoromethylation,17d we proposed a photoredox catalytic
cycle for decarboxylative trifluoromethylation. As shown in
Scheme 2, we assumed that photoredox catalyst (PC) involved
single electron transfer (SET) approaches could provide the
CF3 radial (via radical intermediates A and B), which could be
used for trifluoromethylation reactions. Importantly, the
reactivity and selectivity might be controlled by judicious
choice of proper HIRs and PCs.

To test our hypothesis, 1,4-dichlorobenzene (1a) was chosen
as the model substrate to react with C6H5I(OCOCF3)2 (PIFA)
in the presence of Ru(bpz)3(PF6)2 in CH3CN under blue light-
emitting diodes (LEDs). To our disappointment, no trifluor-
omethylated product was detected (Table 1, entry 1).

Considering the fact that the introduction of fluorine atom(s)
or trifluoromethyl group into the aromatic ring of HIRs can
distinctly increase their oxidizability and solubility,19 we then
examined a series of fluorinated ArI(OCOCF3)2 (Table 1,
entries 2−5). To our delight, the desired reaction occurred
using fluorinated HIRs, and C6F5I(OCOCF3)2 (FPIFA) was
optimal to give the desired product 2a in 42% yield (Table 1,
entry 5). Switching Ru(bpz)3(PF6)2 to other PCs showed that
Ru(bpy)3(PF6)2 gave the highest yield (Table 1, entries 6−9).
When this reaction was performed in DMF or DCM, no
desired product was formed (Table 1, entries 10 and 11).
Furthermore, the addition of a base, such as CF3COONa or
KF, had no or little effect on the yield (Table 1, entries 12 and
13). Finally, decreasing the amount of FPIFA to 2.5 equiv
resulted in a comparable yield (Table 1, entry 14). The control
experiments showed that the blue LED irradiation was required
for this reaction (Table 1, entry 15). 2a was formed in low yield
in the absence of a PC (Table 1, entry 16), which is consistent
with the work of Marouka.16b,20

With the optimized reaction conditions in hand (Table 1,
entry 14), the scope of this photoredox-catalyzed decarbox-
ylative trifluoromethylation was investigated (see Scheme 3).
Various monosubstituted or disubstituted arenes bearing
different functional groups, such as halogen, acetyl, ester, tert-

Scheme 2. Decarboxylative Trifluoromethylation with
Hypervalent Iodine Trifluoroacetates

Table 1. Optimization of Reaction Conditionsa

entry photocatalyst ArI(OCOCF3)2 solvent
yield (%) of

2a-mono/2a-dib

1 Ru(bpz)3(PF6)2 PIFA CH3CN 0/0
2 Ru(bpz)3(PF6)2 HIR-1 CH3CN 11/0
3 Ru(bpz)3(PF6)2 HIR-2 CH3CN 23/0
4 Ru(bpz)3(PF6)2 HIR-3 CH3CN 16/0
5 Ru(bpz)3(PF6)2 FPIFA CH3CN 42/trace
6 Ru(bpm)3Cl2 FPIFA CH3CN 51/3
7 Ru(bpy)3(PF6)2 FPIFA CH3CN 60/12
8 Ir(ppy)3 FPIFA CH3CN 31/0
9 Ir(Fppy)3 FPIFA CH3CN 29/0
10 Ru(bpy)3(PF6)2 FPIFA DMF 0/0
11 Ru(bpy)3(PF6)2 FPIFA DCM 0/0
12c Ru(bpy)3(PF6)2 FPIFA CH3CN 60/12
13d Ru(bpy)3(PF6)2 FPIFA CH3CN 62/13
14e Ru(bpy)3(PF6)2 FPIFA CH3CN 62/15
15f Ru(bpy)3(PF6)2 FPIFA CH3CN 0/0
16 FPIFA CH3CN 8/0

aReaction conditions: 1a (0.1 mmol), ArI(OCOCF3)2 (0.3 mmol),
photocatalyst (0.002 mmol), solvent (1.5 mL), blue LEDs, under N2,
35 °C, 12 h. bYields determined by 19F NMR using trifluoromethox-
ybenzene as an internal standard. cCF3COONa (0.1 mmol). dKF (0.1
mmol). eFPIFA (0.25 mmol). fNo light.
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butyl, and nitrile, underwent this reaction to afford the
corresponding products in moderate to good yields (2a−2n).
In some cases, the trifluoromethylated products were obtained
as mixture of isomers, which is consistent with the general
radical trifluoromethylation of arenes.5a,10b,c Moreover, 1,3,5-
tricyanobenzene 1o was smoothly converted to the correspond-
ing trifluoromethylated products (2o). The extension of this
decarboxylative trifluoromethylation to heteroarenes was
delightfully successful. Electro-rich heteroarenes including
furans and thiophenes (1p−1s) were compatible with the
reaction conditions. Meanwhile, electron-deficient heteroarenes
(pyridines, pyrimidines, pyrazines, and thiazoles, 1t−1ab) were
also amenable to the reaction. Notably, the trifluoromethylation
of these heteroarenes exhibited excellent site-selectivity at the
electron-richer position (2t−2ab). Unfortunately, pyrroles and

benzopyrroles were not visible for this protocol. In the case of
quinoxalines (1ac and 1ad), the trifluoromethylation took place
at the C-5 position or both C-5 and C-8 positions (2ac and
2ad), whereas the trifluoromethylation occurred at the C-5 or
C-6 position in Baran’s CF3SO2Na/t-BuOOH system.5b The
structure of compounds 2aa, 2ab-b, and 2ac-di were confirmed
by X-ray analysis (see the Supporting Information). Finally, we
extended the substrate scope to styrenes. Treatment of styrenes
(1ae−1ag) with FPIFA (1.1 equiv) under the standard reaction
conditions afforded the aminotrifluoromethylated products
(2ae−2ag) in moderate to good yields.21

To extend the application of this reaction, we then examined
the analogous fluoroalkylation reactions with HIRs. Several
C6F5I(OCORf)2 (HIR-4, HIR-5, HIR-6) were synthesized22

and subjected to the C−H fluoroalkylation of (hetero)arenes.
To our delight, these reactions proceeded smoothly under the
standard conditions, resulting in the pentafluoroethylated,
heptafluoropropylated, and difluoromethylated products
(2ah−2al) in moderate yields (see Scheme 4). Unlike the

trifluoromethylation reactions, perfluoroalkylation reactions
only afforded monosubstituted products, probably because of
the higher electronegativity of the perfluoroalkyl group.23

To demonstrate the scalability of the present photocatalytic
reaction, the decarboxylative trifluoromethylation of 1v with
FPIFA was carried out on a 10.0 mmol scale (see Scheme 5).
The desired product 2v was isolated in 63% yield (1.3 g), which
was slightly inferior to the corresponding reaction presented in
Scheme 3. Simultaneously, pentafluoroiodobenzene was
recycled in 78% yield (5.7 g) and could be used for the
preparation of FPIFA (see the Supporting Information).

Scheme 3. Substrate Scope of Decarboxylative
Trifluoromethylation with FPIFAa

aReaction conditions: 1 (0.5 mmol), FPIFA (1.25 mmol), Ru-
(bpy)3(PF6)2 (0.01 mmol), CH3CN (7.5 mL), blue LEDs, 35 °C,
under N2, 12 h, isolated yields. The isomer ratio was determined by
19F NMR using trifluoromethoxybenzene as an internal standard.
bYields determined by 19F NMR using trifluoromethoxybenzene as an
internal standard. cFPIFA (0.55 mmol).

Scheme 4. Substrate Scope of Decarboxylative
Perfluoroalkylation Reactiona

aReaction conditions: 1 (0.5 mmol), C6F5I(OCORf)2 (1.25 mmol),
Ru(bpy)3(PF6)2 (0.01 mmol), CH3CN (7.5 mL), blue LEDs, 35 °C,
under N2, 12 h, isolated yields. bYields determined by 19F NMR using
trifluoromethoxybenzene as an internal standard.

Scheme 5. A Gram-Scale Decarboxylative
Trifluoromethylation Reaction
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On the basis of the results given in Table 1, as well as
previous reports,15,17d a plausible reaction mechanism is
proposed in Scheme 6. First, irradiation of Ru(bpy)3

2+ with

visible light gives the excited-state *Ru(bpy)3
2+. Then, SET

oxidation of *Ru(bpy)3
2+ [E1/2(Ru

II*/RuIII) = −0.81 V vs SCE
in CH3CN]

24 by FPIFA (Epc = −0.08 V vs SCE in CH3CN; see
the Supporting Information) affords Ru(bpy)3

3+ and the
iodanyl radical A. The Stern−Volmer fluorescence quenching
studies confirmed that FPIFA could quench *Ru(bpy)3

2+

effectively (see Figure 1). Subsequently, intermediate A

undergoes a homolytic scission of the I−O bond to generate
pentafluoroiodobenzene and a trifluoroacetoxy radical B. In this
step, the difference of the calculated I−O bond homolytic
dissociation enthalpy between intermediates A and A′ (see
Scheme 7) reveals that the radical intermediate A′ from PIFA is
harder to process via homolytic scission, which partly interprets
why PIFA could not undergo decarboxylative trifluoromethy-
lation reaction (Table 1, entry 1). The resulting radical B
extrudes CO2 to generate the CF3 radical, which is then added
to arenes 1 for the formation of intermediate D. Radical D
might be oxidized by Ru(bpy)3

3+ (path a in Scheme 6) and/or

FPIFA (path b in Scheme 6) to afford the corresponding cation
E. Finally, intermediate E undergoes deprotonation or
nucleophilic attack to give the desired products (2).
To compare the current photoredox catalysis decarboxylation

trifluoromethylation protocol with Maruoka’s photolysis
difluoromethylation without photocatalyst,16b the DFT calcu-
lations of the I−O bond dissociation enthalpy of PFIPA and
3,5-(t-Bu)2C6H3I(OCOCF2H)2 (HIR-7)16b were conducted.
As shown in Scheme 8, the calculated I−O bond homolytic

dissociation enthalpy of FPIFA (ΔH = 51.0 kcal/mol) is much
higher than that of CF2H-containing HIR-7 (ΔH = 28.5 kcal/
mol). These results explain why a photocatalyst was required
for the formation of intermediate A from FPIFA (see Scheme
6).
In conclusion, we have developed a practical visible-light-

induced decarboxylative trifluoromethylation of (hetero)arenes
using the easily accessible FPIFA as the trifluoromethylating
reagent. This method is tolerant of various (hetero)arenes and
functional groups. The combination of photoredox catalysis
and HIRs provides a practical approach for the application of
TFA as a trifluoromethyl source.
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Scheme 6. Proposed Reaction Mechanism

Figure 1. Ru(bpy)3(PF6)2 emission quenching with FPIFA and 1a.

Scheme 7. DFT-Calculated I−O Bond Dissociation Enthalpy
for Intermediates A and A′ in CH3CN (M062X/6-311+
+G**)

Scheme 8. DFT-Calculated I−O Bond Dissociation Enthalpy
for FPIFA and HIR-7 in CH3CN (M062X/6-311++G**)
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(6) Loṕez, S. E.; Salazar, J. J. Fluorine Chem. 2013, 156, 73−100.
(7) (a) Brookes, C. J.; Coe, P. L.; Owen, D. M.; Pedler, A. E.; Tatlow,
J. C. J. Chem. Soc., Chem. Commun. 1974, 323−324. (b) Renaud, R. N.;
Champagne, P. J.; Savard, M. Can. J. Chem. 1979, 57, 2617−2620.
(c) Depecker, C.; Marzouk, H.; Trevin, S.; Devynck, J. New J. Chem.
1999, 23, 739−742. (d) Arai, K.; Watts, K.; Wirth, T. ChemistryOpen
2014, 3, 23−28.
(8) For recent examples, see: (a) Langlois, B. R.; Roques, N. J.
Fluorine Chem. 2007, 128, 1318−1325. (b) McReynolds, K. A.; Lewis,
R. S.; Ackerman, L. K. G.; Dubinina, G. G.; Brennessel, W. W.; Vicic,
D. A. J. Fluorine Chem. 2010, 131, 1108−1112. (c) Li, Y.; Chen, T.;
Wang, H.; Zhang, R.; Jin, K.; Wang, X.; Duan, C. Synlett 2011, 2011,
1713−1716. (d) Schareina, T.; Wu, X.-F.; Zapf, A.; Cotte,́ A.; Gotta,
M.; Beller, M. Top. Catal. 2012, 55, 426−431. (e) Lin, X.; Hou, C.; Li,
H.; Weng, Z. Chem.Eur. J. 2016, 22, 2075−2084.
(9) (a) Tanabe, Y.; Matsuo, N.; Ohno, N. J. Org. Chem. 1988, 53,
4582−4585. (b) Lai, C.; Mallouk, T. E. J. Chem. Soc., Chem. Commun.
1993, 1359−1361.
(10) (a) Chen, M.; Buchwald, S. L. Angew. Chem., Int. Ed. 2013, 52,
11628−11631. (b) Shi, G.; Shao, C.; Pan, S.; Yu, J.; Zhang, Y. Org.
Lett. 2015, 17, 38−41. (c) Lin, J.; Li, Z.; Kan, J.; Huang, S.; Su, W.; Li,
Y. Nat. Commun. 2017, 8, 14353.
(11) (a) Sawada, H.; Nakayama, M.; Yoshida, M.; Yoshida, T.;
Kamigata, N. J. Fluorine Chem. 1990, 46, 423−431. (b) Zhong, S.;
Hafner, A.; Hussal, C.; Nieger, M.; Brase, S. RSC Adv. 2015, 5, 6255−
6258. (c) Kawamura, S.; Sodeoka, M. Angew. Chem., Int. Ed. 2016, 55,
8740−8743.
(12) (a) Beatty, J. W.; Douglas, J. J.; Cole, K. P.; Stephenson, C. R. J.
Nat. Commun. 2015, 6, 7919. (b) Beatty, J. W.; Douglas, J. J.; Miller,

R.; McAtee, R. C.; Cole, K. P.; Stephenson, C. R. J. Chem. 2016, 1,
456−472.
(13) For selected reviews, see: (a) Zhdankin, V. V. Hypervalent
Iodine Chemistry: Preparation, Structure and Synthetic Applications of
Polyvalent Iodine Compounds; Wiley: Chichester, U.K., 2013.
(b) Varvoglis, A. Chem. Soc. Rev. 1981, 10, 377−407. (c) Frohn, H.-
J.; Hirschberg, M. E.; Wenda, A.; Bardin, V. V. J. Fluorine Chem. 2008,
129, 459−473. (d) Yoshimura, A.; Zhdankin, V. V. Chem. Rev. 2016,
116, 3328−3435. (e) Wang, X.; Studer, A. Acc. Chem. Res. 2017, 50,
1712−1724. (f) Sreenithya, A.; Surya, K.; Sunoj, R. B. WIREs: Comput.
Mol. Sci. 2017, 7, e1299.
(14) (a) Wang, Y.; Zhang, L.; Yang, Y.; Zhang, P.; Du, Z.; Wang, C. J.
Am. Chem. Soc. 2013, 135, 18048−18051. (b) Huang, X.; Liu, W.;
Hooker, J. M.; Groves, J. T. Angew. Chem., Int. Ed. 2015, 54, 5241−
5245. (c) Zhu, R.; Buchwald, S. L. J. Am. Chem. Soc. 2015, 137, 8069−
8077. (d) Liu, Z.-J.; Lu, X.; Wang, G.; Li, L.; Jiang, W.-T.; Wang, Y.-D.;
Xiao, B.; Fu, Y. J. Am. Chem. Soc. 2016, 138, 9714−9719. (e) Wang, Z.;
Kanai, M.; Kuninobu, Y. Org. Lett. 2017, 19, 2398−2401.
(15) (a) Xie, J.; Xu, P.; Li, H.; Xue, Q.; Jin, H.; Cheng, Y.; Zhu, C.
Chem. Commun. 2013, 49, 5672−5674. (b) He, Z.; Bae, M.; Wu, J.;
Jamison, T. F. Angew. Chem., Int. Ed. 2014, 53, 14451−14455.
(c) Huang, H.; Jia, K.; Chen, Y. Angew. Chem., Int. Ed. 2015, 54,
1881−1884. (d) Huang, H.; Zhang, G.; Chen, Y. Angew. Chem., Int. Ed.
2015, 54, 7872−7876. (e) Tan, H.; Li, H.; Ji, W.; Wang, L. Angew.
Chem., Int. Ed. 2015, 54, 8374−8377. (f) Paul, A.; Chatterjee, D.;
Rajkamal; Halder, T.; Banerjee, S.; Yadav, S. Tetrahedron Lett. 2015,
56, 2496−2499. (g) Ji, W.; Tan, H.; Wang, M.; Li, P.; Wang, L. Chem.
Commun. 2016, 52, 1462−1465. (h) Yang, S.; Tan, H.; Ji, W.; Zhang,
X.; Li, P.; Wang, L. Adv. Synth. Catal. 2017, 359, 443−453. (i) Zhang,
J.-J.; Cheng, Y.-B.; Duan, X.-H. Chin. J. Chem. 2017, 35, 311−315.
(16) (a) Togo, H.; Aoki, M.; Yokoyama, M. Tetrahedron Lett. 1991,
32, 6559−6562. (b) Sakamoto, R.; Kashiwagi, H.; Maruoka, K. Org.
Lett. 2017, 19, 5126−5129.
(17) (a) Lin, Q.-Y.; Xu, X.-H.; Zhang, K.; Qing, F.-L. Angew. Chem.,
Int. Ed. 2016, 55, 1479−1483. (b) Lin, Q.-Y.; Ran, Y.; Xu, X.-H.; Qing,
F.-L. Org. Lett. 2016, 18, 2419−2422. (c) Yu, W.; Xu, X.-H.; Qing, F.-
L. Org. Lett. 2016, 18, 5130−5133. (d) Yang, B.; Xu, X.-H.; Qing, F.-L.
Org. Lett. 2016, 18, 5956−5959.
(18) (a) Harayama, Y.; Yoshida, M.; Kamimura, D.; Wada, Y.; Kita,
Y. Chem.Eur. J. 2006, 12, 4893−4899. (b) Zagulyaeva, A. A.;
Yusubov, M. S.; Zhdankin, V. V. J. Org. Chem. 2010, 75, 2119−2122.
(c) Konnick, M. M.; Hashiguchi, B. G.; Devarajan, D.; Boaz, N. C.;
Gunnoe, T. B.; Groves, J. T.; Gunsalus, N.; Ess, D. H.; Periana, R. A.
Angew. Chem., Int. Ed. 2014, 53, 10490−10494.
(19) (a) Richardson, R. D.; Zayed, J. M.; Altermann, S.; Smith, D.;
Wirth, T. Angew. Chem., Int. Ed. 2007, 46, 6529−6532. (b) Schaf̈er, S.;
Wirth, T. Angew. Chem., Int. Ed. 2010, 49, 2786−2789. (c) Jia, K.; Pan,
Y.; Chen, Y. Angew. Chem., Int. Ed. 2017, 56, 2478−2481.
(20) Sakamoto, R.; Inada, T.; Selvakumar, S.; Moteki, S. A.; Maruoka,
K. Chem. Commun. 2016, 52, 3758−3761.
(21) (a) Yasu, Y.; Koike, T.; Akita, M. Org. Lett. 2013, 15, 2136−
2139. (b) Dagousset, G.; Carboni, A.; Magnier, E.; Masson, G. Org.
Lett. 2014, 16, 4340−4343. (c) Koike, T.; Akita, M. Acc. Chem. Res.
2016, 49, 1937−1945. (d) Jarrige, L.; Carboni, A.; Dagousset, G.;
Levitre, G.; Magnier, E.; Masson, G. Org. Lett. 2016, 18, 2906−2909.
(22) Schmeisser, M.; Dahmen, K.; Sartori, P. Chem. Ber. 1967, 100,
1633−1637.
(23) Dolbier, W. R., Jr. Chem. Rev. 1996, 96, 1557−1584.
(24) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev.
2013, 113, 5322−5363.

ACS Catalysis Letter

DOI: 10.1021/acscatal.7b03990
ACS Catal. 2018, 8, 2839−2843

2843

http://dx.doi.org/10.1021/acscatal.7b03990
http://pubs.acs.org/action/showLinks?crossref=10.1055%2Fs-0030-1260930&citationId=p_n_68_1
http://pubs.acs.org/action/showLinks?pmid=25131994&crossref=10.1002%2Fanie.201406185&coi=1%3ACAS%3A528%3ADC%252BC2cXhtlejurjI&citationId=p_n_158_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-1139%2800%2982927-9&coi=1%3ACAS%3A528%3ADyaK3cXkvFOju7o%253D&citationId=p_n_85_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.accounts.6b00268&coi=1%3ACAS%3A528%3ADC%252BC28XhsVSlu7nO&citationId=p_n_175_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjo00254a033&coi=1%3ACAS%3A528%3ADyaL1cXlt12mtb0%253D&citationId=p_n_75_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjm1013693&coi=1%3ACAS%3A528%3ADC%252BC3MXjsVCnu7o%253D&citationId=p_n_7_1
http://pubs.acs.org/action/showLinks?pmid=28121070&crossref=10.1002%2Fanie.201611897&coi=1%3ACAS%3A528%3ADC%252BC2sXhs1ems7k%253D&citationId=p_n_165_1
http://pubs.acs.org/action/showLinks?pmid=26258541&crossref=10.1038%2Fncomms8919&coi=1%3ACAS%3A528%3ADC%252BC2MXhsVKhtbrI&citationId=p_n_92_1
http://pubs.acs.org/action/showLinks?pmid=26258541&crossref=10.1038%2Fncomms8919&coi=1%3ACAS%3A528%3ADC%252BC2MXhsVKhtbrI&citationId=p_n_92_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fol503189j&coi=1%3ACAS%3A528%3ADC%252BC2cXitFOgsrfF&citationId=p_n_82_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fol503189j&coi=1%3ACAS%3A528%3ADC%252BC2cXitFOgsrfF&citationId=p_n_82_1
http://pubs.acs.org/action/showLinks?crossref=10.1139%2Fv79-423&coi=1%3ACAS%3A528%3ADyaE1MXls1Gmsbo%253D&citationId=p_n_55_1
http://pubs.acs.org/action/showLinks?pmid=26669499&crossref=10.1002%2Fanie.201509282&coi=1%3ACAS%3A528%3ADC%252BC2MXitVWqtL7J&citationId=p_n_145_1
http://pubs.acs.org/action/showLinks?pmid=26669499&crossref=10.1002%2Fanie.201509282&coi=1%3ACAS%3A528%3ADC%252BC2MXitVWqtL7J&citationId=p_n_145_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.7b00923&coi=1%3ACAS%3A528%3ADC%252BC2sXmsFajt7w%253D&citationId=p_n_118_1
http://pubs.acs.org/action/showLinks?pmid=26756573&crossref=10.1002%2Fchem.201504306&coi=1%3ACAS%3A528%3ADC%252BC28XnsF2ruw%253D%253D&citationId=p_n_72_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadsc.201400370&coi=1%3ACAS%3A528%3ADC%252BC2cXht1GqsLnI&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadsc.201600721&coi=1%3ACAS%3A528%3ADC%252BC2sXht1Ohsb0%253D&citationId=p_n_135_1
http://pubs.acs.org/action/showLinks?pmid=23873766&crossref=10.1002%2Fanie.201206566&coi=1%3ACAS%3A528%3ADC%252BC3sXhtFCrs7bI&citationId=p_n_18_1
http://pubs.acs.org/action/showLinks?pmid=25504966&crossref=10.1002%2Fanie.201410176&coi=1%3ACAS%3A528%3ADC%252BC2cXitVyhtrjI&citationId=p_n_125_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.7b02416&coi=1%3ACAS%3A528%3ADC%252BC2sXhsVKksbfP&citationId=p_n_142_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fejoc.201101535&coi=1%3ACAS%3A528%3ADC%252BC38Xksl2rtw%253D%253D&citationId=p_n_25_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.7b02416&coi=1%3ACAS%3A528%3ADC%252BC2sXhsVKksbfP&citationId=p_n_142_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.chemrev.5b00547&coi=1%3ACAS%3A528%3ADC%252BC28Xit1aksrg%253D&citationId=p_n_105_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BC3cXotV2isro%253D&citationId=p_n_32_1
http://pubs.acs.org/action/showLinks?pmid=25736895&crossref=10.1002%2Fanie.201500399&coi=1%3ACAS%3A528%3ADC%252BC2MXkvF2mtLY%253D&citationId=p_n_112_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2FC4RA13430C&coi=1%3ACAS%3A528%3ADC%252BC2cXitFehtLfL&citationId=p_n_87_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.6b01257&coi=1%3ACAS%3A528%3ADC%252BC28XpsVCltr8%253D&citationId=p_n_177_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fc39930001359&coi=1%3ACAS%3A528%3ADyaK2cXhs1emtrc%253D&citationId=p_n_77_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr4002879&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFegsb7I&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?pmid=28165474&crossref=10.1038%2Fncomms14353&coi=1%3ACAS%3A528%3ADC%252BC2sXitlCltbg%253D&citationId=p_n_84_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADyaK1MXkt1ahur8%253D&citationId=p_n_57_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.6b00935&coi=1%3ACAS%3A528%3ADC%252BC28XntVShtLY%253D&citationId=p_n_147_1
http://pubs.acs.org/action/showLinks?pmid=26497950&crossref=10.1002%2Ftcr.201500215&coi=1%3ACAS%3A528%3ADC%252BC2MXhslansb7P&citationId=p_n_47_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fcjoc.201600729&coi=1%3ACAS%3A528%3ADC%252BC2sXjtl2jt7w%253D&citationId=p_n_137_1
http://pubs.acs.org/action/showLinks?pmid=26497950&crossref=10.1002%2Ftcr.201500215&coi=1%3ACAS%3A528%3ADC%252BC2MXhslansb7P&citationId=p_n_47_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2007.08.001&coi=1%3ACAS%3A528%3ADC%252BD2sXhtFShs7vN&citationId=p_n_64_1
http://pubs.acs.org/action/showLinks?pmid=16604566&crossref=10.1002%2Fchem.200501635&coi=1%3ACAS%3A528%3ADC%252BD28Xmtlyjt7s%253D&citationId=p_n_154_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2007.08.001&coi=1%3ACAS%3A528%3ADC%252BD2sXhtFShs7vN&citationId=p_n_64_1
http://pubs.acs.org/action/showLinks?pmid=26014919&crossref=10.1002%2Fanie.201502369&coi=1%3ACAS%3A528%3ADC%252BC2MXptFerurw%253D&citationId=p_n_127_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fol4006272&coi=1%3ACAS%3A528%3ADC%252BC3sXmt1ylur8%253D&citationId=p_n_171_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr500223h&coi=1%3ACAS%3A528%3ADC%252BC2cXhsVWltL7F&citationId=p_n_27_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F352760393X&citationId=p_n_3_1
http://pubs.acs.org/action/showLinks?pmid=17645277&crossref=10.1002%2Fanie.200702313&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVOju77L&citationId=p_n_161_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.accounts.7b00148&coi=1%3ACAS%3A528%3ADC%252BC2sXhtVWqtL%252FN&citationId=p_n_107_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.6b03092&coi=1%3ACAS%3A528%3ADC%252BC28XhslOqs7zI&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Far4003202&coi=1%3ACAS%3A528%3ADC%252BC2cXmvFChtb4%253D&citationId=p_n_34_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.6b03092&coi=1%3ACAS%3A528%3ADC%252BC28XhslOqs7zI&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjacs.5b04821&coi=1%3ACAS%3A528%3ADC%252BC2MXhtVagu7%252FF&citationId=p_n_114_1
http://pubs.acs.org/action/showLinks?pmid=21844378&crossref=10.1073%2Fpnas.1109059108&coi=1%3ACAS%3A528%3ADC%252BC3MXhtFCltbjN&citationId=p_n_41_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.tetlet.2015.03.107&coi=1%3ACAS%3A528%3ADC%252BC2MXlvVektLY%253D&citationId=p_n_131_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr9408991&coi=1%3ACAS%3A528%3ADyaK2sXisF2mu74%253D&citationId=p_n_14_1
http://pubs.acs.org/action/showLinks?pmid=23682360&crossref=10.1039%2Fc3cc42672f&coi=1%3ACAS%3A528%3ADC%252BC3sXosVemsL8%253D&citationId=p_n_121_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9781118341155&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9781118341155&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F9781118341155&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?pmid=27254318&crossref=10.1002%2Fanie.201604127&coi=1%3ACAS%3A528%3ADC%252BC28XptVyrtro%253D&citationId=p_n_89_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fcs9811000377&coi=1%3ACAS%3A528%3ADyaL38Xkt1egtLs%253D&citationId=p_n_101_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr300503r&coi=1%3ACAS%3A528%3ADC%252BC3sXktFKgtLc%253D&citationId=p_n_186_1
http://pubs.acs.org/action/showLinks?pmid=24688891&crossref=10.1002%2Fopen.201300039&coi=1%3ACAS%3A528%3ADC%252BC2cXjt1yqt7k%253D&citationId=p_n_59_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.orglett.6b02580&coi=1%3ACAS%3A528%3ADC%252BC28XhsFWqsLfI&citationId=p_n_149_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr941142c&coi=1%3ACAS%3A528%3ADyaK28XktFOqsb4%253D&citationId=p_n_183_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2010.04.005&coi=1%3ACAS%3A528%3ADC%252BC3cXhtlKmt7vF&citationId=p_n_66_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjo902733f&coi=1%3ACAS%3A528%3ADC%252BC3cXitV2hs7w%253D&citationId=p_n_156_1
http://pubs.acs.org/action/showLinks?pmid=22158245&crossref=10.1038%2Fnature10647&coi=1%3ACAS%3A528%3ADC%252BC3MXhsF2jt73P&citationId=p_n_39_1
http://pubs.acs.org/action/showLinks?pmid=26031476&crossref=10.1002%2Fanie.201503479&coi=1%3ACAS%3A528%3ADC%252BC2MXpt1aqtLs%253D&citationId=p_n_129_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fol5021477&coi=1%3ACAS%3A528%3ADC%252BC2cXht12gu7nM&citationId=p_n_173_1
http://pubs.acs.org/action/showLinks?pmid=26031476&crossref=10.1002%2Fanie.201503479&coi=1%3ACAS%3A528%3ADC%252BC2MXpt1aqtLs%253D&citationId=p_n_129_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fol5021477&coi=1%3ACAS%3A528%3ADC%252BC2cXht12gu7nM&citationId=p_n_173_1
http://pubs.acs.org/action/showLinks?pmid=17901324&crossref=10.1126%2Fscience.1131943&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?pmid=20235257&crossref=10.1002%2Fanie.200907134&citationId=p_n_163_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fcber.19671000531&coi=1%3ACAS%3A528%3ADyaF2sXktFWgs78%253D&citationId=p_n_180_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fwcms.1299&citationId=p_n_109_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr400473a&coi=1%3ACAS%3A528%3ADC%252BC2cXmslSru74%253D&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fwcms.1299&citationId=p_n_109_1
http://pubs.acs.org/action/showLinks?pmid=24038907&crossref=10.1002%2Fanie.201306094&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlyrs7%252FF&citationId=p_n_80_1
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fc39740000323&coi=1%3ACAS%3A528%3ADyaE2cXkvVGhsr8%253D&citationId=p_n_53_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjacs.6b05788&coi=1%3ACAS%3A528%3ADC%252BC28XhtFymu7%252FL&citationId=p_n_116_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2Fs11244-012-9824-0&coi=1%3ACAS%3A528%3ADC%252BC38XpvV2rsr8%253D&citationId=p_n_70_1
http://pubs.acs.org/action/showLinks?pmid=23201691&crossref=10.1038%2Fnature11680&coi=1%3ACAS%3A528%3ADC%252BC38XhslyntrzP&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?pmid=26649450&crossref=10.1039%2FC5CC08253F&coi=1%3ACAS%3A528%3ADC%252BC2MXhvFajs7vM&citationId=p_n_133_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr800221v&coi=1%3ACAS%3A528%3ADC%252BD1cXhtlSms7rL&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?pmid=26649450&crossref=10.1039%2FC5CC08253F&coi=1%3ACAS%3A528%3ADC%252BC2MXhvFajs7vM&citationId=p_n_133_1
http://pubs.acs.org/action/showLinks?pmid=25347967&crossref=10.1002%2Fanie.201408522&coi=1%3ACAS%3A528%3ADC%252BC2cXitFaitbfF&citationId=p_n_123_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2013.09.004&citationId=p_n_50_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0040-4039%2891%2980221-Q&coi=1%3ACAS%3A528%3ADyaK38XosVSruw%253D%253D&citationId=p_n_140_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr941149u&coi=1%3ACAS%3A528%3ADyaK28XktFOqsb0%253D&citationId=p_n_23_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2008.04.001&coi=1%3ACAS%3A528%3ADC%252BD1cXmvV2jur8%253D&citationId=p_n_103_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Far700149s&coi=1%3ACAS%3A528%3ADC%252BD2sXpt12itro%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fcr500368h&coi=1%3ACAS%3A528%3ADC%252BC2MXhvVehur8%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja410195j&coi=1%3ACAS%3A528%3ADC%252BC3sXhslyks7jL&citationId=p_n_110_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja410195j&coi=1%3ACAS%3A528%3ADC%252BC3sXhslyks7jL&citationId=p_n_110_1
http://pubs.acs.org/action/showLinks?pmid=26686276&crossref=10.1039%2FC5CC07647A&coi=1%3ACAS%3A528%3ADC%252BC2MXhvFGjtrfF&citationId=p_n_168_1

