
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 9

:0
4:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
An efficient and
aSchool of Pharmacy, Hangzhou Medical C

District, Hangzhou 310053, China. E-m

outlook.com; ddwwtt@163.com
bCollege of Pharmaceutical Science, Zhej

Chaowang Road, Hangzhou 310000, China

† Electronic supplementary informa
10.1039/d0ra10475b

‡ These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 3003

Received 13th December 2020
Accepted 4th January 2021

DOI: 10.1039/d0ra10475b

rsc.li/rsc-advances

© 2021 The Author(s). Published by
practical aerobic oxidation of
benzylic methylenes by recyclable N-
hydroxyimide†

Jian Wang,‡*a Cheng Zhang, ‡b Xiao-Qing Ye,a Wenting Du,*a Shenxin Zeng,a

Jian-Hong Xua and Hong Yin*a

An efficient and practical benzylic aerobic oxidation catalyzed by cheap and simple N-hydroxyimide

organocatalyst has been achieved with high yields and broad substrate scope. The organocatalyst used

can be recycled and reused by simple workup and only minute amount (1 mol% in most cases) of simple

iron salt is used as promoter. Phenyl substrates with mild and strong electron-withdrawing group could

also be oxygenated in high yields as well as other benzylic methylenes. Influence of substituents, gram-

scale application, catalysts decay and general mechanism of this methodology has also been discussed.
1. Introduction

Phenyl ketones are widely used as active ingredients of phar-
maceuticals, pesticides, avors and so on, they can also be
applied as organic building blocks for forming carbon–carbon
and carbon–hetero bond (Fig. 1).1 An effective method for
synthesizing aryl ketone is direct sp3 C–H oxidation of methy-
lene compounds, especially for benzyl methylenes with m-
positioning effect substituents (e.g. p-NO2, p-CN) on the ring,
which are difficult to be synthesized through Friedel–Cras
acylation. A range of oxidants were used in methylene oxida-
tions,2 of which oxygen is the most “green” one.

Traditional homogenous aerobic oxidation of benzylic
methylenes usually takes place at high temperature and high
pressure with hazardous metal catalysis.3 Combined use of
metal and organocatlyst could synergistically enhance the
reaction efficiency thus reduce the temperature and pressure
required in liquid aerobic oxidation.4

N-Hydroxyimides (NHIs) is one of the most promising
organocatalysts for benzylic aerobic oxidation, it redrew inter-
ests among chemistry community recently.4a,5 The most studied
NHIs is N-hydroxyphthalimide (NHPI), it has many merits such
as easily-prepared, good catalytic performance, etc. However,
there are several major defects that limit the industrial appli-
cation of NHPI: (1) the self-decay at elevated temperature and
ollege, No. 481 Binwen Road, Binjiang
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the Royal Society of Chemistry
prolonged reaction time, which causes comparatively large
catalyst loading (usually 10–20 mol%) and makes it hardly
recyclable;6 (2) requirement of hazardous metal (e.g. Co/Mn) to
promote efficiency;4,7 (3) requirement of large amounts of polar
organic solvent makes products and catalysts difficult to be
isolated from reaction mixture;6 (4) hard to catalyze the aerobic
benzylic sp3 C–H oxidation when there are electron-
withdrawing substituents on phenyl ring.5–9

Among all drawbacks, decomposition of the organocatalyst
in reaction condition is the major problem that makes catalyst
not sustainable and inuences its industrial application,
although it is possible to recycle NHIs since N-hydroxy radical
returns to NHIs molecule form during catalytic cycle.8 Thus, the
key to make NHIs more practical and sustainable as catalyst in
real oxidation is to nd a combination of more stable N-
hydroxyimide and comparatively “green” metal salts promoter,
which could be benecial to overcome the above obstacles.

Compared to many metals used for catalyzing aerobic
benzylic oxidation,4,5,7 iron is cheap and comparatively harmless
Fig. 1 Examples of phenyl ketones as functional molecules or their
intermediates.
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to both human and environment. Several reports of iron/
organocatalyst combination cocatalyzed liquid-phase aerobic
benzylic oxidation has been released recently. Miao group9a

developed a Fe3+/NHPI catalyzed benzylic oxidation with O2 as
oxidant (Scheme 1a). Although reaction condition is mild and
no additive is needed, substrates with electron-withdrawing
group (EWGs) only give moderate yields (54–63%) and catalyst
loading is comparatively high without recycling. Humbeck
et al.9b reported a selectivity-switchable oxidation of benzylic
methylenes connects to phenyl or aza-heterocycles catalyzed by
iron/ligand/NHIs or cobalt/NHPI. Products are mainly hetero-
cyclic ketones with good selectivity when iron is used as catalyst
(Scheme 1b). However, catalyst loading is high and yields are
moderate, which makes the catalytic system not practical
enough in industry. Recently, group of He9c released an iron/
ligand/disulde system for catalyzing benzylic aerobic oxida-
tion of benzyl esters and amines (Scheme 1c). From the angle of
green and sustainable synthesis,10 catalysts loading is high and
each part of this catalytic system cannot be recovered.

As discussed above, practicable and sustainable homoge-
nous catalysis for aerobic benzylic oxidation remains one major
challenge in synthetic chemistry. In this work, we present an
efficient and practical methodology for benzyl methylene
autoxidation with broad substrate scope and excellent organo-
catalyst recyclability (Scheme 1d).
Scheme 1 Homogeneous methylene aerobic oxidations catalyzed by o

3004 | RSC Adv., 2021, 11, 3003–3011
2. Experimental section
2.1. Materials and instruments

All chemicals were purchased from commercial vendors (Bide-
pharm, Aladdin, Meryer, etc.). All reactions are performed in
conventional oven-dried glassware. Analytical thin layer chro-
matography (TLC) was carried out using silica gel GF254. Gas
chromatograph (GC) was performed at Shimadzu GC-2014C
(capillary column: SE-54 type 30 m � 0.32 mm � 1.80 mm)
with hydrogen ion ame detector. HPLC was performed on
Waters 2695 (Waters 2996 detector, column: Diamonsil 5 um
C18(2), 150 � 4.6 mm). NMR data was recorded by Bruker
Avance III 500 MHz Spectrometer or Avance III HD 600 MHz
Spectrometer, Chemical shis (d) are given in ppm.
2.2. General procedure of synthesis

Substrate (1, 2 mmol), Fe(NO3)3$9H2O (0.02 mmol in most
cases, 8.08 mg), NHSI (0.06–0.1 mmol in most case, 6.90–11.52
mg) and PhCN (1–2 mL) are mixed at room temperature in
a 10 mL ask with condenser (using liquid circulating cooler
with ethanol as coolant at �20 �C) and O2 balloon. Mixture was
stirred and heated in oil bath for several hours and monitored
by GC or TLC until substrate is completely depleted (1a–1o) or
not consumed any more (1p–1s). Then 10 mL water and 10 mL
rganocatlyst/iron salts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Screen of iron catalyst and solventa

Entry Conditionb Catalyst NHIs Solvent Conversion (%)

1 A Iron tristearate NHPI AcOH 78
2 A FeOH(CH3COO)2 NHPI AcOH 80
3 A Fe(NO3)3$9H2O NHPI AcOH 83
4 B Fe(NO3)3$9H2O NHPI AcOH 23
5 B Fe(NO3)3$9H2O NHPI Toluene 19
6 B Fe(NO3)3$9H2O NHPI CH3CN 41
7 B Fe(NO3)3$9H2O NHPI PhCN 57
8 C Fe(NO3)3$9H2O NHPI PhCN 99 (99)
9 C Fe(NO3)3$9H2O NHSI PhCN 97 (99)
10 D Fe(NO3)3$9H2O NHPI PhCN 93 (99)
11 D Fe(NO3)3$9H2O NHSI PhCN 91 (99)

a Reaction conditions: 2 mmol ethylbenzene and other reagents in 2 mL
solvents are stirred at certain temperature in open system. Condition A:
10 mol%metal salts, 10 mol% NHPI, 100 �C oil bath for 10 h; condition
B: 5 mol% metal salts, 5 mol% NHPI, 80 �C oil bath for 10 h; condition
C: 5 mol% metal salts, 5 mol% NHIs, 90 �C oil bath for 10 h; condition
D: 2 mol% metal salts, 2 mol% NHIs, 100 �C oil bath for 20 h.
b Conversion was determined by gas chromatography (GC) using area
normalization method, numbers in the parentheses are selectivity
toward acetophenone.
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EtOAc were added to the reaction. The aqueous layer was wash
by EtOAc (15 mL � 3 mL) and organic layer was collected. Aer
removing EtOAc and part of PhCN under reduced pressure, the
residue was isolated through column chromatography (EtOAc/
PE) to get pure product.

2.3. Procedure of getting linear tted curve and equation

2.3.1 NHPI. NHPI and diphenyl ether (PhOPh) were
weighted (molar ration ¼ 0.02, 0.05, 0.25, 0.3, 0.4, 0.45, 0.48,
0.5) and totally dissolved in large amount of methanol. These
solutions are injected in to HPLC (methanol : water ¼ 67 : 33
velocity of eluent ¼ 1 mL min�1; column temperature: 30 �C)
and the ration of peak area of NHPI : PhOPh were recorded (at
220 nm wave length) and linearly tted to obtain regression line
and regression equation (Fig. S2†).

2.3.2 NHSI. NHSI and PhOPh were weighted (molar ration
¼ 0.02, 0.2, 0.4, 0.6, 0.8, 1.0) and totally dissolved in large
amount of methanol. These solutions are injected into HPLC
and the ration of peak area of NHSI : PhOPh were recorded (at
280 nm wave length) and linearly tted to obtain regression line
and regression equation (Fig. S3†).

2.4. Analysis procedure of NHPI and NHSI decomposition

EB (ethylbenzene, 1i, 2 mmol), Fe(NO3)3$9H2O (0.02 mmol),
NHPI or NHSI (0.06 mmol), PhOPh (0.15 mmol) and PhCN (1
mL) are mixed at room temperature in a 10 mL ask with
condenser (using liquid circulating cooler with ethanol as
coolant at �20 �C for condensing) and O2 balloon. The mixture
was heated and stirred in 90 �C oil bath. Aer certain hours, 2–3
drips of mixture form reaction (during stirring) was sampled
with pipet. The sample was dissolved in 1 mL MeOH. Then the
solution was diluted 100 times with MeOH and analyzed with
HPLC according to its corresponding linear tted regression
equation (Fig. S2 or S3†).

2.5. Gram-scale synthesis of p-nitro acetophenone (2o)

p-Nitro EB (1o, 3 gram), Fe (2 mol%), NHSI (5 mol%), 15 mL
PhCN are mixed at room temperature in a 50 mL-ask. The
mixture was stirred and heated in 90 �C oil bath with condenser.
The reaction was monitored by TLC until total depletion of 1o.
Then the ask was connected with distillation device and PhCN
was totally removed under vacuum at 70 �C oil bath. The
regained solvent was directly used for next run of oxidation.
Aer distillation, 50 mL water was added to the residue and
stirred vigorously in room temperature for 10 min. Then
ltration was performed, lter cake was wash with water (10 mL
� 3 mL) and recrystallized in EtOAc/PE to give product 2o as
yellow solid.

2.6. Catalyst and solvent recycling in gram-scale synthesis

Aer each run of gram synthesis, the ask was connected with
distillation device and PhCN was totally removed under vacuum
at 70 �C oil bath. The regained solvent was directly used for next
run of oxidation. Aer distillation, 50 mL water was added to
the residue and stirred vigorously in room temperature for
© 2021 The Author(s). Published by the Royal Society of Chemistry
10 min. Then ltration was performed, the aqueous ltrate was
evaporated and dried in vacuum to remove water. Substrate (1o,
3 gram), Fe (2 mol%), compensative PhCN (amount is shown in
Table 3) was added to the residue and next run of oxidation was
performed in 90 �C oil bath.
3. Results and discussion
3.1. Oxidation of ethyl benzene in the presence of different
combination of iron salt and NHIs

We began our research by trying different combination of iron
salt and NHIs with ethyl benzene (EB) as model substrate. As
shown in Table 1, Fe(NO3)3 shows the best efficiency among
iron salts tested (Table 1, entries 1–3). Nitrile solvents show
great enhancing effect for this aerobic oxidation (Table 1,
entries 4–7),11 and PhCN promotes this oxidation better than
MeCN (Table 1, entries 6–7). Among all NHIs tested (Fig. S1 in
ESI†), the cheapest and structurally-simplest two-NHPI and N-
hydroxysuccinimide (NHSI)-show best catalytic activity (Table 1,
entries 8–11, detailed screening are presented in Tables S1–S3
and Fig. S1 in ESI†), promoting us to further monitor their
decomposition during aerobic oxidation.
3.2. Comparison of stability of NHPI and NHSI

As mentioned above, the main obstacle for industrial and scale-
up application of NHPI in aerobic oxidation is difficulty for
recycling due to its self-decomposition.6 Thus, we tried to
compare the stability of NHSI and NHPI in reaction conditions.
RSC Adv., 2021, 11, 3003–3011 | 3005
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Scheme 2 Possible pathway of self-decomposition of NHIs.
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The decay of NHIs were usually studied in absence of substrate
about their radical form, their molecular decomposition
percentage when catalyzing aerobic oxidation are rarely re-
ported5,6,12 probably due to the complexity of reaction mixture.
Aer many trials of chromatography conditions, peaks of NHPI
or NHSI and other byproducts from reaction mixture were
separated well in HPLC. As shown in Fig. 2, NHSI decomposed
much slower than NHPI in aerobic oxidation of ethyl benzene
(EB). At this reaction condition (90 �C/1 mol% Fe(NO3)3/3 mol%
NHIs/PhCN/O2), almost no NHPI detected in the mixture aer
12 hours, while there are still more than 70% NHSI remain
unchanged even aer 35 hours.

The main cause for self-decomposition of NHPI is its oligo-
merization to form dimer (13) or trimer (14) through PINO
(phthalimide-N-oxyl radical, radical of NHPI, 11a) and acyl
radical (12a) (Scheme 2).6d,12b,13 NHSI and NHPI are structurally
different and so their radicals (one aromatic and the other
aliphatic). The better stability of NHSI may possibly attribute to
its aliphatic structure of radical (succinimide-N-oxyl radical,
SINO, 11b) and acyl radical (12b), which are less stable when
compared to those of NHPI (might be stabilized by aromatic
conjugation). And thus, the rate of PINO oligomerization could
be faster than SINO, which might be the main cause for faster
decomposition of NHPI during catalyzing. Finally, NHSI is
chosen as the organocatlyst for further optimization and
application. NHSI was studied for aerobic benzylic oxidation
before, while hazardousmetal is necessary for co-catalyzation in
all these reports.14 More importantly, advantages of NHSI as
good stability and water solubility has never been exploited.
3.3. Optimization process of oxidation in the presence of
NHSI

Next, catalyst loading, O2 source, amount of solvent, etc. was
further optimized. Aer several trials (Tables 2 and S4 in ESI†)
Fig. 2 Self-decomposition curve of the orgnocatalysts in Fe(NO3)3 prom

3006 | RSC Adv., 2021, 11, 3003–3011
we found that only 1% Fe salts, 3 mol% NHSI and O2 balloon as
oxygen source is sufficient for this oxidation. Besides, require-
ment of large amounts of VOC (volatile organic compounds) as
solvent is also one major limitation for NHIs' industrial appli-
cation. Although use of high boiling point VOC as reaction
medium already decreases loss from volatilization during
heating, we also tried to minimize the amount of PhCN used
and it turns out that 1mL for 2 mmol EB (5 eq.) is enough (Table
2, entries 2–3) for this oxidation. Different from reported
Fe(NO3)3-catalyzed oxidation,15 KPF6 as additive shows no
oted aerobic oxidation of EB.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Further optimization of Fe(NO3)3/NHSI/O2 system
a

Entry
Fe(NO3)3$9H2O
(mol%) NHSI (mol%) PhCN (mL) Oxygen Sourceb Time (h) Yieldc (%)

1 1 1 2 A 24 57
2 1 3 2 A 18 86
3 1 3 1 A 16 86
4 1 3 1 B 14 90
5d 1 3 1 B 16 89

a 2 mmol ethylbenzene, Fe(NO3)3$9H2O and NHSI in PhCN are stirred in 90 �C oil bath. b Oxygen source condition: A: air (open system); B: O2
balloon without purging. c Determined by GC using diphenyl ether as internal standard. d 20 mmol% KPF6 was added as additive.

Scheme 3 Substrate expension of this aerobic oxidation system.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 3003–3011 | 3007
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Scheme 4 Controlled experiments of EB aerobic oxidation.
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promotive effect in our system (Table 2, entry 5). Finally, 1
mmol% Fe(NO3)3/3 mmol% NHSI together as catalysts, 1 mL
PhCN as solvent and O2 balloon as oxygen source (Table 2, entry
4) was chosen as the optimized condition for substrate scope
expending.

As shown in Scheme 3, various substrates can be oxidized to
their corresponding ketones. Methylenes between two aryl
groups transform to diphenyl ketones in high yields (2a–2e),
even with hetero-atom in ring or between two rings (2d–2e).
Xanathon (2d) could function as ovicide, larvicide or other
bioactive usage (Fig. 1).1e Benzo-(hetero)aliphatic alkanes are
also oxidized to benzocyclic ketones efficiently (2f–2h). These
results offer a new option for synthesizing (di)benzo(hetero)
cyclic ketones. Also, different frommost reported iron-catalyzed
ligand-free liquid aerobic oxidations,9,15 chain-alkyl benzene are
oxidized with high yields (more than 80%) in this system (2i–2j).
Remarkably, EB derivatives with mild and strong electron-
withdrawing group (EWG) can transformed to ketones with
excellent yields in comparatively mild conditions (2k–2o), which
distinguish this methodology from most reported NHIs-
catalyzed benzylic aerobic oxidations. And bromo substituted
aryl ketones are synthesized with very high yields ($97%, 2k–
2m), these ketones are useful building blocks in manufacturing
functional molecules.1,16 To our surprise, EB derivatives with
electron-donating group (EDG) undergo oxidation more diffi-
cultly than ones with EWG, even with higher catalyst loading
and at elevated reaction temperature (2p–2s), the reason is still
unclear and needs to be further studied.
3.4. Catalytic potential of NHSI

Subsequently, to further validate the applicability and catalysts
recyclability of this methodology, we tried gram-scale applica-
tion of this system in oxidation of p-nitro EB (1o) to p-nitro
acetophenone (2o). 2o is widely used as the intermediate for
Table 3 Synthesis of 2o with NHSI recyclinga

Entry Recycle times
Reaction time
(h)

1 0 21
2 1 48
3c 1 24
4c 1 24
5c 2 27
6c 3 34

a Reaction conditions: 3 g 1o, 2 mol% Fe(NO3)3$9H20, 5 mol% NHSI and
amount of extra PhCN was added before heating. c 2 mmol% Fe(NO3)3 wa

3008 | RSC Adv., 2021, 11, 3003–3011
producing chloramphenicol (Fig. 1) and other pharmaceutical
intermediates,17,18 its industrial synthesis usually includes Co or
Mn catalyzed aerobic oxidation of p-nitro EB in high oxygen
pressure (1o).18 While in our attempt, 3 g 1o was oxidized to 2o
in atmospheric pressure with good yield (Table 3). Markedly,
NHSI can be isolated from reaction mixture simply by washing
the mixture with water due to its good water-solubility. And it
can be reused without signicant loss of activity (Table 3,
entries 4–6), which is in according with the results of decay
monitoring (Fig. 2). Although direct use of dehydrated aqueous
ltrate from reaction mixture as catalyst didn't show enough
activity (Table 3, entry 2), adding 2 mmol% Fe(NO3)3 is suffi-
cient for next run of oxidation (Table 3, entries 2–3). This
phenomenon also indicates that iron salts has decomposed
PhCN addedb (mL)
Isolated yields
(%)

— 83
2 51
0 61
2 82
3 79
5 75

15 mL PhCN was mixed together and heated at 90 �C oil bath. b The
s added before heating.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Possible mechanism of Fe(NO3)3/NHSI catalyzed aerobic
oxidation.
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during oxidation. Of note, product (2o) is isolated form NHSI
aqueous solution by simple ltration without any chromatog-
raphy procedure in each run. Besides, reaction medium (PhCN)
could be regained by simple distillation under reduced pressure
with a little loss. The regained solvent could be directly used in
next run of rection, although extra PhCN is needed to
compensate the loss from distillation, otherwise side-products
appears before substrate exhausts, which probably is due to
over-concentrated substrate and catalyst in mixture (Table 3,
entries 3–4).
3.5. Possible oxidation mechanism in the presence of NHSI

To preliminarily look into the mechanism, we performed
several controlled reactions (Scheme 4 and Table S5 in ESI†).
Visible light has no inuence to the reaction (eqn (1), Scheme
4). NHSI or Fe(NO3)3 solely cannot efficiently catalyze the
oxygenation (eqn (2) and (3)), while two catalysts together
catalyze the aerobic oxidation synergistically (eqn (1)). And
comparison of eqn (1) and (4), (5) indicates that NO3

� is
necessary for efficiency of Fe(NO3)3 as well as Fe

3+ when NHSI is
present. Besides, when radical scavenger BHT (2,6-di-tert-butyl-
4-methylphenol) was added, oxidation was retarded. And the
conversion of substrate decreased when more BHT is added,
which indicates this oxidation proceeds though radical path-
ways (Table S5 in ESI†).

Based on results above with viewpoints of reported litera-
ture,5–8,12,19 possible mechanism is shown on Scheme 5. The
radical process is initiated by Fe(NO3)3 with NHSI. SINO
generated then abstract hydrogen from substrate to generate
benzyl radical. And with the participation of oxygen, benzylic
methylene of substrate is nally oxidized to ketones through
peroxy intermediate. Each part of catalyst combination (Fe3+/
NO3

�/NHSI) is necessary for the oxidative activity, these three
components synergistically catalyze aerobic oxidation of phenyl
alkanes. The radical intermediate SINO can return to its original
NHSI form, which outweigh its self-decomposition.
4. Conclusions

In conclusion, an efficient and practical aerobic oxidation
methodology is developed. Several advantages of this method
might be emphasized and summarized as follows (compared to
each corresponding drawback described in 3rd paragraph): (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
only 3–5 mol% commercially available organocatalyst-NHSI was
used and it can be recovered with simple workup (washed with
water) and reused without signicant loss of activity; (2) only
1 mol% iron salts is used as promoter in most cases; (3)
comparatively small amount (1 mL for 2 mmol substrate) of
high-boiling point VOC is used as reaction medium with good
recovery and product could possibly be isolated by simple
procedure without chromatography (2o as showcase); (4)
substrates with EWGs on phenyl ring can also be converted to
its corresponding ketones efficiently. Further study of detailed
mechanism and stability of other NHIs in different reaction
conditions are currently ongoing in our group.
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