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ABSTRACT: N-Trifluoroacetoxyquinuclidinium trifluoroacetate was
prepared in situ from quinuclidine N-oxide and (CF3CO)2O. Except for
some electron-poor substrates, this reagent allows for the high-yielding
oxidative trifluoroacetoxylation of 1°, 2°, and 3° benzylic C−H bonds
under photocatalytic conditions. The trifluoroacetoxylation of an
ibuprofen methyl ester allowed the selective functionalization of a 2°
benzylic C−H bond. For alkylbenzenes, hydrogen-atom transfer from a
benzylic C−H bond to a quinuclidine cation radical was proposed to be
the reaction-product-determining step.

Benzylic trifluoroacetates constitute an important group of
reactive electrophiles that find various applications in

organic synthesis.1−5 A representative list of reactions where
these reagents play a key role includes the transition-metal-free
C(sp3)−C(sp2) cross-coupling of 2° benzylic trifluoroacetates
with aryl zinc reagents,1 the base-free Mizoroki−Heck reaction
of olefins with 1° benzylic trifluoroacetates2 and the
asymmetric version,3 the B(C6F5)3-catalyzed allylation of 2°
benzylic trifluoroacetates with allylsilanes,4 and the conversion
of aldehydes to dibenzyl acetals.5 Remarkably, in a number of
cases benzylic trifluoroacetates were the only efficient benzylic
electrophiles while analogous and more common benzylic
derivatives such as halides, mesylates, tosylates, benzoates, or
acetates failed.1,3 Typically, synthetic access to various types of
benzylic trifluoroacetates is limited to the acylation of the
corresponding benzylic alcohols.6 The oxidative esterification
of C−H bond donors has emerged as an efficient alternative
method for the preparation of arene- and alkanecarboxylic
acid-derived benzylic esters.7,8 Still, there are only a few reports
of efficient oxidative benzylic C−H trifluoroacetoxylation. In
one report, PhI(O2CCF3)2 serves as a trifluoroacetoxylation
reagent under photochemical (400 nm) conditions (Scheme
1a).9 Here the donors of 2° benzylic C−H bonds were most
reactive, with product yields up to 98%, but substrates with 1°
and 3° benzylic C−H bonds demonstrated yields that did not
exceed 23%. Another work10 reported the preparation of
substituted 2-pyridylmethyl trifluoroacetates through a [3,3]-
sigmatropic rearrangement starting from the corresponding 2-
methylpyridine N-oxides and (CF3CO)2O in refluxing ethyl
acetate (Scheme 1b). The esters were used without isolation to
synthesize derived sulfides. Examples of the oxidative

trifluoroacetoxylation of nonbenzylic C(sp3)−H bonds are
rare.11,12

Received: August 30, 2022
Published: October 14, 2022

Scheme 1. Oxidative Trifluoroacetoxylation of Benzylic C−
H Bond Donors

Letterpubs.acs.org/OrgLett

© 2022 American Chemical Society
7737

https://doi.org/10.1021/acs.orglett.2c02946
Org. Lett. 2022, 24, 7737−7741

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

A
R

Y
LA

N
D

 C
O

LG
 P

A
R

K
 o

n 
A

ug
us

t 2
, 2

02
3 

at
 1

3:
21

:1
7 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Hitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+N.+Vedernikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.2c02946&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=&ref=pdf
https://pubs.acs.org/toc/orlef7/24/42?ref=pdf
https://pubs.acs.org/toc/orlef7/24/42?ref=pdf
https://pubs.acs.org/toc/orlef7/24/42?ref=pdf
https://pubs.acs.org/toc/orlef7/24/42?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.2c02946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


In this work we disclose a protocol for the high-yielding
selective oxidative trifluoroacetoxylation of donors of 1°, 2°,
and 3° benzylic C−H bonds using a new reagent, N-
trifluoroacetoxyquinuclidinium trifluoacetate (2(CF3CO2))
(Scheme 1c), that acts in the presence of a suitable photoredox
catalyst such as [Ru(bpy)3](PF6)2 (3(PF6)2). Compared to the
use of PhI(O2CCF3)2 as a trifluoroacetoxylation agent,9 the
use of 2(CF3CO2) allowed high yields of both 1°, 2°, and 3°
benzylic trifluoroacetates to be achieved. The difference in the
reactions scope may be related to a different natures of the
hydrogen atom transfer (HAT) agent and the oxidant
involved. In our system the HAT agent is likely to be
quinuclidine cation-radical, Q•+, a powerful hydrogen-atom
abstractor (HAA).13 The use of Q•+ in C(sp3)−H bond
functionalization received significant attention in electro-
catalysis14 and photoredox catalysis.15−17 However, although
some N-acyloxyquinuclidinium salts (acyl = Ac, Bz) are well-
known,18 to the best of our knowledge, any use of these salts as
a source of quinuclidine cation radicals or their application in
oxidative C−H bond functionalization has never been
reported.
Our work started with the preparation of the reagent

2(CF3CO2). The addition of 1.5 equiv of (CF3CO)2O to a
solution of quinuclidine N-oxide (1) in DCM-d2 resulted in a
complete consumption of 1 within 5 min and the formation of
a single new species, 2(CF3CO2), according to 1H and 13C
NMR spectroscopy. The 19F NMR spectrum of the reaction
solution exhibited two broadened signals, one at −73.10 ppm
assigned to the N-bound CF3CO2 group and another at
−75.52 ppm assigned to the CF3CO2

− counterion that existed
in a fast exchange with excess (CF3CO)2O. The high
hydrolytic reactivity of 2(CF3CO2) made it difficult to isolate
it as a pure compound. Removal of the solvent from the
reaction mixture and subsequent 1H NMR analysis in a fresh
sample of DCM-d2 revealed that some of 2(CF3CO2)
hydrolyzed to form 1·H+. As such, to simplify our CH
functionalization experiments we prepared and used
2(CF3CO2) in situ in the presence of an excess of (CF3CO)2O.
The optimization of the reaction conditions was carried out

under an inert gas atmosphere using toluene as a substrate
(Table 1). The highest yield of the derived benzyl
trifluoroacetate 5a (93%) was obtained when 2 equiv of 1
and 3 equiv of (CF3CO)2O were used (entry 1).
Quinuclidinium trifluoroacetate 4 was the reaction byproduct.
Notably, CF3H was not observed when the reaction was
carried out in a Teflon-sealed NMR tube, which disproves the
involvement of CF3• as a HAA. When all the reagents were
taken in a 1:1:1 molar ratio, the yield of 5a decreased to 32%
(entry 2). Using 50% excesses of both 1 and (CF3CO)2O
increased the yield to 61% (entry 3). If both 1 and
(CF3CO)2O were used in twofold excess, the yield of 5a
increased to 76% (entry 4). The use of a 2.4-fold excess of
(CF3CO)2O led to an 84% yield of 5a (entry 5), and the use of
a 4-fold excess of (CF3CO)2O did not improve the yield (entry
6) achieved under the optimized conditions. The use of a 10×
higher concentration of the toluene substrate led to a lower
yield of the ester (entry 7). Another photoredox catalyst,
6(PF6) (entry 8), led essentially to the same results. Finally, a
series of control experiments (entries 9−12) showed that the
presence of all the components of the reaction mixture, i.e., 1,
(CF3CO)2O, 3(PF6)2, and LED light, was needed for the
reaction to happen. The use of other solvents, such as 1,2-
dichloroethane, DMF, or THF, led to inferior yields or a

complete suppression of the reaction (entries 13−15,
respectively).
With the optimized reaction conditions in hand, we moved

to exploring the reaction substrate scope. The results are
summarized in Scheme 2. A large series of para-R-substituted
toluenes produced good to excellent yields (76−91%) of the
derived 1° benzyl trifluoroacetates 5b − 5e, 5i, and 5j bearing
modestly electron-withdrawing halogen substituents, acetoxy
and phenyl groups, respectively. The isolated yield of 5j was
82% when the reaction was performed on a 1.0 mmol scale.
More powerful electron-withdrawing substituents led to much

Table 1. Optimization of Reaction Conditions

entry deviation from conditions above yielda of 5a (%)

1 none 93
2 50 mM 1, 50 mM (CF3CO)2O 32
3 75 mM 1, 75 mM (CF3CO)2O 61
4 100 mM (CF3CO)2O 76
5 120 mM (CF3CO)2O 84
6 200 mM (CF3CO)2O 91
7 500 mM toluene 76
8 0.5 mM 6(PF6)

b 90
9−12 no light, catalyst, (CF3CO)2O, or 1 0
13 1,2-dichloroethane as the solvent 42
14 DMF as the solvent 5
15 THF as the solvent 0

aNMR yields were calculated by 1H NMR integration with 1,4-
dioxane as an internal standard; all experiments were run in duplicate.
b6(PF6) is [Ir(bpy)2(tBu2bpy)](PF6).

Scheme 2. Substrate Scope for the Oxidative
Trifluoroacetoxylation of 1°, 2° and 3° Benzylic C−H Bond
Donors Using 2(CF3CO2)

d,e

aThe reaction was performed using 500 mM substrate. bThe reaction
was performed on a 1.0 mmol scale; isolated yield. cThe product was
prepared and fully characterized by NMR in solution but decomposed
upon attempted isolation.19 dPrepared in situ under optimized
conditions (Table 1). eNMR yields were calculated by 1H NMR
integration with 1,4-dioxane as an internal standard.
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lower yields of benzyl trifluoroacetates 5f (15%, R = CN), 5g
(10%, R = NO2), and 5h (43%, R = CO2Me). For substrates
with several competing benzylic CH sites, i.e., p-xylene, indene,
mesitylene, we used a fivefold excess of the substrate (500 mM
concentration) to avoid the formation of mixtures of
polytrifluoroacetoxylated products. This modification resulted
in acceptable (76−93%) yields of monofunctionalized
derivatives with only trace amounts of bis-trifluoroacetates
(<1%). Remarkably, in no case did we observe multiple
trifluoroacetoxylation at the same carbon atom, suggesting a
complete avoidance of overoxidation in this catalytic system.
meta- and ortho-substituted toluenes with methyl (5k),
methoxy (5l), and phenyl groups (5m) all reacted cleanly to
produce the corresponding esters in high to virtually
quantitative (5l) NMR yields. The reaction of 1-methylnath-
phaline also led to an excellent yield of an ester 5n. By contrast,
o-amidocarbonyl (5w) and 2-picoline (5x) derivatives were not
formed. For 5w, this is related to incompatibility of the primary
amide groups and (CF3CO)2O. Interestingly, the presence of a
strongly electron-releasing or resonance-stabilizing group at a
benzylic carbon, such as Me3Si (5o) or MeO (5p), allowed the
trifluoroacetoxylation to proceed in virtually quantitative NMR
yields.20 In turn, the presence of a bromine at the benzylic
carbon atom would not allow for the formation of 5y.21 We
then looked at the reactivity of some donors of 2° benzylic C−
H bonds. Ethylbenzene reacted under standard conditions of
Table 1 to afford 5q in a > 99% NMR yield.
The reaction of diphenylmethane to afford 5r was also

effective. Chromane also reacted cleanly to afford 5s in a
quantitative NMR yield. To achieve a high 93% yield of indane
derivative 5t, a fivefold excess of indane was used to avoid 1,3-
bis-trifluoroacetoxylation. Interestingly, the use of the “radical
clock” substrate cyclopropylmethylbenzene led to an 80% yield
of 5u with no trace amounts of cyclopropane ring-opening
derivatives.22 Finally, the use of isopropylbenzene, a donor of
3° benzylic C−H bonds, as a substrate led to a 91% yield of the
derived product 5v. Consistent with a literature description,19

the product was stable only in dilute solutions and
decomposed upon the removal of solvent. Aside from highly
reactive compounds 5p, 5u, and 5v, trifluoroacetates 5a−5o
and 5q−5t, were isolated as pure compounds and charac-
terized by 1H, 13C, and 19F NMR spectroscopy and HR
DART-MS.
To explore the intermolecular selectivity of 2(CF3CO2) with

respect to 1°, 2°, and 3° benzylic C−H bonds, we performed
competition experiments using excess substrates. These results
are summarized in Scheme 3. Ethylbenzene was 7.0× more
reactive than toluene (Scheme 3a), and isopropylbenzene
outcompeted toluene in a 3.7:1 products ratio, suggesting the
reactivity of 2° and 3° benzylic C−H bonds was about equal
after a statistical correction. The latter fact may be due to the
increased steric interference of 3 °C−H bond donors and the
bulky quinuclidine cation-radical Q•+ involved in the HAT step
(vide inf ra). A deuterium kinetic isotope effect (kH/kD = 3.8 ±
0.1) was estimated by performing the competitive trifluor-
oacetoxylation of toluene and toluene-d8 (Scheme 3c). The 19F
NMR signals of the products 5a and 5a-d7 were readily
resolved.23 To explore the intramolecular selectivity of
2(CF3CO2) with respect to 2° and 3° benzylic CH bonds,
we used an ibuprofen methyl ester, a derivative of an anti-
inflammatory drug. The substrate has two types of benzylic
CH bonds, a relatively weak but electron-poor 3 °C−H bond
adjacent to an electron-withdrawing methoxycarbonyl and

stronger 2° C−H bonds adjacent to an electron-donating iPr
group. The reaction resulted in the selective formation of 5z
(Scheme 3d) in a 69% NMR yield,24 a demonstration of the
electrophilic polar character of Q•+. A similar regioselectivity
was observed in the fluorination,25,26 hydroxylation, amida-
tion,28 and alkoxylation27 of ibuprofen esters employing using
electrophilic O-,25,26 N-,27 and I-centered28 radicals as HAAs.
An additional mechanistic test was carried out using p-xylene

as a substrate with O2 in a reaction flask headspace. In this
case, no derived trifluoroacetate 5b was observed. Instead, p-
methylbenzaldehyde was produced quantitatively. Based on
our observations, we propose the following reaction mecha-
nism (Scheme 4). A single-electron transfer from the catalyst’s
excited state, 3[3]2+,29 to the electrophilic 2+ (step SET1)
would produce, along with a RuIII species 33+, a derived

Scheme 3. Results of Inter- and Intramolecular Competition
Experiments

Scheme 4. Proposed Mechanism for the Oxidative
Trifluoroacetoxylation of Benzylic C−H Donors Using
2(CF3CO2) as an Oxidant under Photoredox Catalysis

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.2c02946
Org. Lett. 2022, 24, 7737−7741

7739

https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c02946?fig=sch4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c02946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


quinuclidine cation radical Q•+ and a CF3CO2
− anion. Next,

Q•+ would engage in HAT with a benzylic C−H bond donor,
Bn−H. Subsequent oxidation of the transient benzyl radical
Bn• with 33+ (step SET2) would generate a carbocation
Bn+.30−32 Finally, the carbocation is intercepted by a CF3CO2

−

anion to form the observed esters 5. Based on the magnitude
of the observed deuterium kinetic isotope effect for toluene,
HAT may be the reaction product-determining step.
Accordingly, the reactivity trend observed for alkylarenes, 2°
∼ 3° > 1°, reflects a combination of the C−H bond strength
and the steric interference between the bulky Q•+ and the C−
H bond donor in the HAT transition state. In turn, more
electron-poor C−H bond donors are expected to be less
reactive.33 As a consequence, multiple trifluoroacetoxylation at
the same benzylic carbon is not observed. The proposed
mechanism in Scheme 4 is in line with other recent reports
disclosing the photoredox-catalyzed oxidative functionalization
of benzylic CH bond donors.25,28,27

In summary, in this work we introduce a new reagent, N-
acetoxyquinuclidinium trifluoroacetate 2(CF3CO2), that can
be readily prepared in situ from quinuclidine N-oxide and
(CF3CO)2O. The reagent can be used for the high-yielding
selective oxidative trifluoroacetoxylation of donors of 1°, 2°,
and 3° benzylic C−H bonds under photoredox catalysis. Our
observations suggest that a quinuclidine cation radical is
responsible for HAT from benzylic C−H bonds.
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