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Abstract: We report the first example of RhII-catalyzed
chemoselective double C(sp3)¢H oxygenation, which can
directly transform various toluene derivatives into highly
valuable aromatic aldehydes with great chemoselectivity
and practicality. The critical combination of catalyst

Rh(OAc)2, oxidant Selectfluor, and solvents of TFA/TFAA
promises the successful delivery of the oxidation with satis-
factory yields. A possible mechanism involving a unique car-
bene–Rh complex is proposed, and has been supported by
both experiments and theoretical calculations.

Introduction

Rhodium(II) catalysts, such as [Rh2(OAc)4] , have been well

studied in rhodium–carbene[1] and rhodium–nitrene[2] chemis-

try (Scheme 1). The use of [Rh2(OAc)4] has also been reported
in alkylation annulation reaction,[3] Claisen rearragement,[4]

epoxide[5] and aziridine[2n, 6] synthesis, and so forth. More
recently, [Rh2(OAc)4] was employed in sp2 C¢H arylation,[7] sp2

C¢H hydroxylation,[8] and sp2 C¢H vinylation.[9] . In comparison
to the above achievements and advances, much less progress
has been made in the field of RhII-catalyzed sp3 C¢H

oxygenation.[10] Compared with RuII and PdII catalysts,

[Rh2(OAc)4] is less coordinating with the carbonyl oxygen atom

of ketone group. In addition, RhII is stronger than RuII and PdII

in terms of the potential oxidizing ability.[10d, 11] We envisioned

that certain fine-tuned oxidative conditions with the proper

combination of RhII catalyst and oxidants may direct a sp3 C¢H
oxygenation instead of a sp2 C¢H oxygenation to give aldy-

hyde derivatives. Over the past decade, transition-metal-cata-
lyzed direct functionalization of benzylic C(sp3)¢H bonds has

gradually emerged as a useful tool for the preparation of val-
uable chemicals.[2f, 12] Among those successful discoveries of
benzylic C(sp3)¢H bond activation, the majority of studies were

focused on palladium- or copper-catalyzed C¢H arylation,[13]

halogenation,[14] acetoxylation,[15] or amidation.[13c, 16] In contrast,

other metals, like Ru and Rh, are rarely reported in this type of
benzylic C¢H transformation. To the best of our knowledge,
RhII-catalyzed C(sp3)¢H oxygenation of benzylic positions has
not been achieved yet. We are particularly interested in the

possible new catalytic activity of rhodium catalysts and the
substrate scope in the C(sp3)¢H oxygenation reaction. More-
over, expanding the catalyst and reaction scope will provide
more choice and better control for its synthetic applications.
Herein, we report the first example of RhII-catalyzed chemo-

selective double C(sp3)¢H oxygenation with Selectfluor as the
key oxidant, which can readily transform a broad range of

substrates into valuble aromatic aldehydes (Scheme 1).

Results and Disscusion

To test our hypothesis, a model study was initiated with

di-p-tolylmethanone 1. At the beginning of our investigations,
a variety of oxidants, such as PhI(OAc)2, PhI(TFA)2, K2S2O8 and
Na2S2O8, and so forth, were examined in the presence of

Rh2(OAc)4 in trifluoroacetic acid/trifluoroacetic anhydride (TFA/
TFAA; Table 1). Among them, only the condition using K2S2O8

can provide the corresponding aldehyde 2 in a trace amount
(Table 1, entry 1). We then turned our attention to electrophilic

fluorinating reagents, including N-fluorobenzenesulfonimide
(NFSI), N-fluoropyridinium triflate (NFPy) Selectfluor, and so

Scheme 1. RhII catalysis for C(sp3)¢H oxygenation

[a] Y. Lin, Prof. Dr. Y. Rao
MOE Key Laboratory of Protein Sciences
Department of Pharmacology and Pharmaceutical Sciences
School of Medicine and School of Life Sciences
Tsinghua University, Beijing, 100084 (P. R. China)
E-mail : yrao@mail.tsinghua.edu.cn

[b] L. Zhu, Prof. Dr. Y. Lan
School of Chemistry and Chemical Engineering
Chongqing University, Chongqing, 400030 (P. R. China)
E-mail : lanyu@cqu.edu.cn

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201502140.

Chem. Eur. J. 2015, 21, 14937 – 14942 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim14937

Full PaperDOI: 10.1002/chem.201502140

http://dx.doi.org/10.1002/chem.201502140


forth. To our delight, aldehyde 2 was obtained in 23 % yield

with Selectfluor (Table 1, entry 7). The following investigation
revealed that a proper combination of temperature, ratio of

TFA/TFAA, and oxidant stoichiometry could significantly affect

the reaction yield. For instance, we found that the elevated
temperature (at 100 8C) and 2.5 equivalents of the oxidant can

provide 2 in 71 % yield (Table 1, entry 9). Using Rh(OTFA)2 can
further improve the yield up to 80 % (Table 1, entry 10). A vari-

ety of additives, including inorganic salts and ligands, were
also examined, but no apparent effect was observed. A control

reaction showed that, no reaction occurred in the absence of

the RhII catalyst (Table 1, entry 14). Conventional oxidants, such
as MnO2 and PCC, were also unsuccessful (Table 1, entries 15

and 16). In general, 2.5 mol % of [Rh2(OAc)4] was sufficient to
catalyze the reaction, which could typically proceed to com-

pletion within 7 h with 2.5 equivalents of Selectfluor at 80 8C.
With the optimal condition in hand, we started to examine

the scope for this transformation. As demonstrated in (Table 2),
a broad range of benzoylated toluenes were readily converted
to benzaldehyde products (3 a–3 y) in moderate to excellent

yields. Various benzoyl groups, as well as different funcational
groups (such as ester, halides, alkyl, trifluoromethoxyl, and het-

erocycle, etc.) were well tolerated. Both meta- (3 a–3 d and 3 u)
and para-substituted aromatic aldehydes (like 3 e–3 i and 3 s,

etc.) can be prepared from the corresponding toluene sub-

strates. It should be emphasized that some halogen-substitut-
ed aldehydes, such as 3 c, 3 f, 3 g, 3 l, and 3 o, can be further

modified to provide a wide variety of valuable derivatives
through C¢C, C¢N, C¢O cross-coupling reactions. For a diaryl

ketone substrate containing two methyl groups, the electron-
rich methyl was selectively oxidized (3 m). Moreover, pyridyl

groups were also found to be compatible in this reaction (3 q,
3 r). Delightfully, when substrates with easily oxidizable a-pro-

tons were attempted, the desired products (3 v–3 y) were ob-

tained in satisfactory yields with remarkable chemoselectivity.
These type of aromatic aldehydes are either difficult to access

or need tedious steps to prepare through conventional
methods.

Subsequently, the optimal condition was employed in the
oxidation of other substrates. As shown in (Table 3), we were
pleased to find that a wide range of different molecules can

be successfully transformed to the corresponding benzalde-
hyde products in moderate to good yields. Various functional

groups were found to be compatible with the reaction condi-
tions. For instance, toluene derivatives containing nitro and
halide groups can be efficiently converted to aldehydes 4 c–
4 h. Besides that, desired products can also be prepared with
substrates including benzoates (4 l–4 q), benzamides (4 r, 4 s,
4 u–4 y), and acetanilides (4 t). Interestingly, free aldehyde (4 a,
4 b), hydroxyl (4 i), and carboxylic acid (4 j, 4 k) groups were tol-
erated in this reaction without the need of special protection.
To our delight, the heterocycle 5-methylfuran-2-carbaldehyde
can be oxidized as well to provide a symmetric molecule 4 z
with two aldehyde groups.

Table 1. Optimization of the reaction conditions.

Oxidant
[2.5 equiv]

Conditions C.R.[a]

[%]

1 K2S2O8 Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h trace
2 Na2S2O8 Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h NR
3 PhI(OAc)2 Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h 5 %
4 NFPy[b] Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h NR
5 2,4,6-NFPy[c] Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h NR
6 NFSI Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h NR
7 Selectfluor Rh(OAc)2 TFA/TFAA(6:4) 80 8C 7 h 23 %
8 Selectfluor Rh(OAc)2 TFA/TFAA(8:2) 80 8C 7 h 54 %
9 Selectfluor Rh(OAc)2 TFA/TFAA(9:1) 80 8C 7 h 71 %
10 Selectfluor Rh(OTFA)2 TFA/TFAA(9:1) 80 8C 5 h 80 %
11 Selectfluor Rh(OAc)2 AcOH/Ac2O(9:1) 80 8C 7 h NR
12 Selectfluor Rh(OAc)2 TFA/TFAA(2:8) 80 8C 7 h trace
13 Selectfluor Rh(OAc)2 TFA/TFAA(4:6) 80 8C 7 h trace
14 Selectfluor No Metal TFA/TFAA(9:1) 80 8C 7 h NR
15 PCC[d] MeCN reflux 3 h NR
16 MnO2 AcOH/Ac2O(1:1) H2SO4 0–80 8C 7 h NR

[a] C.R. = conversion ratio; NR = No reaction. [b] NFPy = N-Fluoropyridini-
um triflate. [c] N-Fluoro-2,4,6-trimethylpyridinium triflate. [d] Pyridinium
chlorochromate.

Table 2. C(sp3)¢H Oxygenation of benzoylated toluenes.

[a] Isolated yield. [b] tBu: tert-butyl ; Ada: 1-adamantyl. [c] Used Rh(OTFA)2

instead of Rh(OAc)2.
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To further demonstrate the usefulness and efficiency of this
new reaction, 9-fluorenones and anthraquinones were chosen

as the substrates. As shown in (Table 4), 2-methylanthracene-
9,10-dione was readily converted to aldehyde 5 a in 85 % yield.

Gratifyingly, both 2-methyl-9H-fluoren-9-one and 3-methyl-9H-
fluoren-9-one derivatives can also be transformed to the corre-
sponding aldehydes (5 b–5 e). To the best of our knowledge,

this represents the first example of aldehyde functional groups
being directly installed on molecules like 9-fluorenones and an-

thraquinones by means of RhII-catalyzed C(sp3)¢H oxygenation.
It is important to note that this late-stage C(sp3)¢H

oxygenation reaction can provide a unique and convenient

approach to aromatic aldehydes, which will serve as highly
valuable synthetic intermediates.

Investigations were performed to gain some insight of the
reaction mechanism, which is shown in Scheme 2. Consistant

and significant kinetic isotopic effect (KIE) values were
observed from both separate (kH/kD = 2.30) and mixed (kH/kD =

2.00) isotope effect studies, which indicated that the C¢H
bond cleavage step might be involved in the rate-limiting step

of this transformation. As shown in Scheme 3, a potential path-

way might involve the formation of intermediate I, which un-
dergoes a second C¢H oxidation to afford II. After aqueous

workup, aldehyde III can be obtained. To prove this pathway,
benzyl 2,2,2-trifluoroacetate 6 was prepared and subjected to

optimal reaction conditions. However, to our surprise, only
a trace amount of desired aldehyde products was observed.
The above result strongly implied that the oxidation procedure

would not go through intermediate I. When compound 7 was
used as the substrate for the reaction, a five-membered benzo-
lactone 8 was recovered as the product. This experiment
suggested that the reaction intermediate can be trapped by

the carbonyl oxygen atom of the ester functional group.
To further investigate the mechanism, a computational

study was conducted. As shown in Scheme 4, some plausible

pathways were taken into account during our computational
modeling for this rhodium-catalyzed oxidation reaction of

toluene. All these pathways begin with dimeric [Rh2(tfa)4] A,
which can be oxidized by Selectflour to form dirhodium(III)

complex D. The subsequent deprotonation of toluene gives
dirhodium(III) complex C,[17] which is a common intermediate

for the following pathways. Alternatively, benzylic deprotona-

tion could take place first from complex A directly to generate
dirhodium(III) complex B, which can then be oxidized to com-

plex C. After the formation of complex C, a second benzylic de-
protonation would lead to the formation of the carbene–RhIV

species E. Subsequent oxidation may give dirhodium(IV) com-
plex F, and the following carbene insertion into the Rh¢O

Table 3. Benzoates, benzamides, benzoic acids, toluenes, and others as
substrates.

[a] K2HPO43H2O (0.2 equiv).

Table 4. 9-Fluorenones and anthraquinone as substrates.

Scheme 2. KIE studies

Scheme 3. Investigation of the mechanistic pathway
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bond would generate RhIII dimer G. The subsequent reductive

elimination of benzylic carbon and one of the paddle-wheel
TFAs on complex G would generate acetal ester 25 and the

active catalyst [Rh2(tfa)4] A. The final product benzaldehyde
can be formed by the hydrolysis of acetal ester 25. A possible

competing alternative on complex C is the reductive elimina-

tion to afford benzyltrifluoroacetate 28 and complex A. Inter-
mediate G could be also achieved from 28 via intermediate H,

the formation of which includes the deprotonation of com-
pound 28. All these pathways have been evaluated in the cur-

rent study using the density functional theory (DFT) method
N12, which is newly reported by

Truhlar group.[18]

As depicted in Figure 1, RhII

dimer 9 is set to the relative
zero value.[19] The oxidation of
complex 9 takes place via transi-

tion state 10-ts with a barrier of
only 18.4 kcal mol¢1 in the pres-

ence of Selectfluor, which leads
to the formation of RhII–RhIV

complex 11. Subsequently, the

generation of the RhIII dimer 12,
by the coordination of trifluoroa-

cetate, is exothermic (13.0 kcal
mol¢1). Deprotonation with fluo-

ride ions then takes place via

transition state 13-ts with a barri-
er of 22.3 kcal mol¢1, generating

a benzyl–RhIII complex 14 by an
irreversible exothermic reaction

(51.2 kcal mol¢1). The irreversible
deprotonation indicates that,

when toluene reacts with com-
plex 12, the formed intermediate
14 can not go back to 12 rever-
sibly. When deuterated reactant
is used, the reactivity of the C¢D
bond is lower than that of the

corresponding C¢H bond. There-
fore, the kinetic isotope effect

can be observed, which is con-
sistent with experimental obser-
vation. Besides, complex 15
could be generated by ligand
exchange of trifluoroacetate

with intermediate 12 reversibly.
Another deprotonation process

with trifluoroacetate could occur

through transition state 16-ts,
which also leads to the forma-

tion of complex 14. However,
the relative free energy of transi-

tion state 16-ts is 6.8 kcal mol¢1

higher than that of transition

state 13-ts. In addition, the path-

way for direct deprotonation of
RhII dimer 9 has also been considered. The calculated activa-

tion free energy for the deprotonation using fluoride ions is up
to 35.6 kcal mol¢1, which indicates that the deprotonation–oxi-

dation pathway is unfavorable (see Figure S1 in the Supporting
Information for more details).

As shown in Figure 2, when intermediate 14 is formed, we

first considered the benzylic deprotonation by trifluoroacetate.
However, the barrier of this process via transition state 26-ts is

as high as 26.2 kcal mol¢1. We also found that the barrier of re-
ductive elimination via transition state 27-ts is 2.1 kcal mol¢1

lower than that of deprotonation by trifluoroacetate. In an-

Scheme 4. A Plausible mechanism

Figure 1. Free energy profiles for the toluene-loading steps of the rhodium-catalyzed oxidation reaction. The
values have been given in the units of kcal mol¢1 and represent the relative free energies calculated using the
N12 method in acetic acid.
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other case, we found that the deprotonation by additional
fluoride is faster via transition state 17-ts with a barrier of only

19.0 kcal mol¢1. In this step, fluoride is necessary, which is
consistent with experimental conditions. After releasing

trifluoroacetate, carbene–RhIV intermediate 19 is formed

irreversibly. The second oxidation by Selectfluor takes place via
transition state 20-ts with a barrierof only 10.6 kcal mol¢1 to

form dirhodium(IV) complex 21. The following carbene inser-
tion into the Rh¢O bond takes place via transition state 22-ts
with a barrier of 9.6 kcal mol¢1, and RhIII intermediate 23 is
given irreversibly. The final reductive elimination regenerates
the active catalyst [Rh2(tfa)4] complex 9. The major product

benzaldehyde can be obtained by the hydrolysis of acetal
ester 25.

As a summary of theoretical calculations, the mechanism for
the rhodium-catalyzed oxidation of toluene includes the

oxidation of [Rh2(tfa)4] (A) by Selectfluor, deprotonation of
toluene, the second deprotonation by fluoride to form

carbene–Rh complex (E), the second oxidation by Selectfluor,
carbene insertion, and reductive elimination to regenerate the
active catalyst [Rh2(tfa)4] (A).

Conclusion

In conclusion, a direct C(sp3)¢H benzylic formylation with

a unique combination of catalyst Rh(OAc)2, oxidant Selectfluor,

and solvents of TFA/TFAA has been developed. Rh(OTFA)2 has
the same ability as Rh(OAc)2, but other catalysts are unable to

catalyze this reaction. Selectfluor as the key by standing oxi-
dant is important because no other oxidants are effective. A

variety of aromatic materials are smoothly transformed to the
corresponding aldehyde products in moderate to excellent

yields. A plausible mechanism involving carbene–Rh complex
was proposed. The newly reported DFT method N12 is

employed to study the mechanism. Theoretical calculations
indicated that the initial step is the oxidation of Rh(OAc)2 by

Selectfluor and an electrophilic deprotonation to form a

benzyl–RhIII complex. The second deprotonation by fluoride
formed carbene–Rh intermediate, which would be oxidized by

another molecule of Selectfluor. The following TFA migration
to carbene–Rh double bond and reductive elimination would

generate an acetal ester complex 25 which would be
hydrolyzed to form benzaldehyde. Further mechanistic study

and application for this new reaction are currently ongoing in

our laboratory.

Experimental Section

General procedures : In a 15 mL sealed tube, ketone 1 (21 mg,
0.1 mmol), [Rh2(OAc)4] (1.1 mg, 0.0025 mmol) and Selectflour
(89 mg, 0.25 mmol) were dissolved in TFA/TFAA (0.9 mL/0.1 mL)
under air. The reaction mixture was stirred for 1 min at room tem-
perature for proper mixing of the reactants. The tube was sealed
and heated to 80 8C to stir for 7 h. After the reaction, the system
was cooled to room temperature and washed with CH2Cl2 (5 mL).
Normal workup was conducted with CH2Cl2 (2 Õ 10 mL) and a satu-
rated aqueous solution of NaHCO3 (25 mL) After drying, filtration
and evaporation of the combined organic layers, the crude
product was purified by flash chromatography on silica gel with
petroleum ether/EtOAc (10:1–8:1) to give the product 2 (16 mg,
71 % yield).

Figure 2. Free energy profiles for the rhodium-catalyzed oxidation of toluene. The values have been given in the units of kcal mol¢1 and represent the relative
free energies calculated using the N12 method in acetic acid.
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