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Maleic anhydride derivatives were evaluated as catalysts in N-oxidation of various pyridine substrates using
hydrogen peroxide (H,O,). Depending on the electronic properties of the pyridine substrates, pyridines with
electron-donating groups reacted well with 2,3-dimethylmaleic anhydride (DMMA). In contrast, 1-
cyclohexene-1, 2-dicarboxylic anhydride (CHMA) was most effective for electron-deficient pyridines. The
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Accepted 30th September 2024 different performance of these two anhydrides is attributed to the diacid—anhydride equilibrium, which is
crucial for regenerating the peracid oxidant through an anhydride intermediate in the catalytic cycle. This

DOI-10.1039/d4ra05962] approach using a catalytic amount of anhydride with H,O, has the potential to replace stoichiometric
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1 Introduction

Due to its safe, cheap, clean, and environmentally friendly
properties, hydrogen peroxide (H,O,) is a preferred oxidant,
producing only molecular oxygen and water as by-products.*
Although it is a powerful oxidant with high potential, H,O,'s
high activation barriers make it less effective under mild
conditions.> To address this limitation and enhance its
activity, H,O, requires activation by an additional reagent that
functions as the terminal oxidant.*” This has led to the devel-
opment of numerous catalytic systems utilizing H,0,, with
a significant focus on metal-catalyzed oxidations.*** Unfortu-
nately, the use of metal catalysts can introduce safety concerns,
particularly when producing high-purity pharmaceutical
compounds. Metal-free H,0, oxidation procedures have
emerged as a promising solution to address this challenge.**"”

Organocatalytic oxidations with H,0, have recently gained
attraction as a powerful and convenient method for synthe-
sizing diverse molecules due to their mild reaction conditions
and reduced toxicity."®?® Various organic catalysts have been
explored as mediators for H,0,-based oxidations, including
aldehydes,”* hydroxamic acids,” flavins,”® alloxan,* hetero-
arenium  salts,”®?  benzoxathiazines,”** and aryl tri-
fluoromethyl ketones.**** Some organocatalysts have been
shown to enable asymmetric transformations such as N-oxida-
tion,**** epoxidation,®*® and hydroxylation.*”

The percarboxylic acids are significantly stronger oxidants
compared to H,0,. However, due to their instability,
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amounts of percarboxylic acid as an oxidant for a broader range of organic substrates.

percarboxylic acids are typically generated directly within the
reaction mixture (in situ). Even though various anhydrides have
been successfully employed as mediators in H,O, oxidation
reactions, unfortunately, mostly stoichiometric amounts of
anhydride were used.***

Our previous work demonstrated anhydride-containing
polymers, featuring repeating succinic anhydride units in the
backbone, as effective catalysts for N-oxidation of pyridines
using H,0,.** These anhydride-derived peracids undergo N-
oxidation, after which the resulting dicarboxylic acid is con-
verted back to the original anhydride. This regeneration step is
essential for a sustained catalytic cycle, allowing the catalyst to
be reused for further oxidation reactions. Maleic anhydride is
expected to be more readily regenerated from its corresponding
diacid compared to succinic anhydride.** Furthermore, the
stronger acidity of maleic acid (pK, = 1.93) compared to suc-
cinic acid (pK, = 4.21) suggests that maleic anhydride has the
potential to form a stronger peracid oxidant with H,O,. Moti-
vated by this anticipated faster regeneration and stronger per-
acid formation, this study will investigate maleic anhydride
derivatives as replacements for succinic anhydride in our
previously reported catalyst system for N-oxidation of pyridine
derivatives with H,0,.

2 Experimental
2.1 Materials and instruments

Pyridine derivatives and anhydride derivatives were purchased
from Sigma-Aldrich and TCI and used without further purifi-
cation. Column chromatography was performed using silica gel
(230-400 mesh). Hydrogen peroxide (H,0,, 34.5 wt%) was
purchased from Samchun chemicals, Korea, and used after
titration with KMnO,.
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"H NMR and *C NMR spectra were obtained on a 500 MHz
Agilent (VARIAN) VNMRS spectrometer. GC experiments were
performed on a Shimadzu GC-2010 Gas Chromatograph
equipped with a DB-5 column (30 m, 0.25 mm i.d., 0.25 pm film
thickness). N, was used as the carrier gas at a flow rate of 0.87
ml min~". The oven temperature program began at 60 °C and
increased linearly to 300 °C at 15 °C min ™", followed by a hold at
300 °C for 4 min. The total analysis time for each sample was
20 min. The injector and detector (FID) temperatures were both
set to 300 °C.

2.2 N-Oxidation reaction

In screening for anhydride catalysts at room temperature, the
reaction was conducted with 1 mmol of substrate, 0.1 equiva-
lent of anhydride catalyst, and 1.2 equivalents of 30% H,O,
under vigorous stirring for 24 hours. The reaction mixture is
homogeneous in acetonitrile (CH3;CN). However, without
acetonitrile, all reactions became two-phase systems (water/
substrate layer) with the anhydride catalyst being soluble in
the substrate layer. The conversion yield was analyzed by GC
after the reaction mixture is diluted by acetonitrile.

To achieve complete N-oxidation, the reaction was conduct-
ed with 0.05 equivalent of catalyst, 2.0 equivalents of 30% H,0,,
and vigorous stirring at 80 °C until complete conversion was
observed by TLC. The reaction mixture was extracted with
dichloromethane and then chromatographed (SiO,,
dichloromethane/methanol = 20/1) to isolate and analyze the N-
oxide product by 'H NMR and *C NMR spectroscopy for
structure determination. To estimate the conversion
percentage, 0.1 ml of the reaction in DMSO-ds mixture was
analyzed by "H NMR spectroscopy. The relative integrals of the
peaks corresponding to the starting material and the product
were used to calculate the conversion percentage.

2.3 'C NMR analysis of composition in anhydride-H,0,
solution

For analysis of the composition of CHMA and DMMA in per-
hydrolysis reaction media, "*C NMR sample solution was
prepared by dissolving 1.0 mmol of anhydride and 2.0 mmol of
H,0, (0.20 ml, 30% wt), in 1.0 ml of CD3;CN. Similarly, for
analysis of the composition of CHMA in N-oxidation media, the
NMR sample solution was prepared by dissolving 2.0 mmol of
pyridine derivative, 1.0 mmol of CHMA, and 2.0 mmol of H,0,
(0.20 ml, 30% wt) in 1 ml of CD;CN. The "*C NMR spectra were
acquired at intervals throughout the incubation at room
temperature.

3 Results and discussion
3.1 Screening of anhydride catalysts

2-Chloropyridine (CP) and quinoline were chosen as model
substrates due to their differing nitrogen atom nucleophilicity
in N-oxidation reaction. Readily available maleic anhydride
derivatives were evaluated for their catalytic activity in N-
oxidation using H,O, (Fig. 1). The reaction was conducted using
1 mmol of substrate, 0.1 equivalent of anhydride catalyst, 1.2
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Fig. 1 Model reaction for screening the catalytic activity of anhydride
catalysts.

equivalent of H,0, (30%) at room temperature for 24 hours. The
reaction mixture is homogeneous in acetonitrile (CH;CN), but
in its absence, all reactions became two-phase systems (water/
substrate layer) with the anhydride catalyst being soluble in
the substrate layer.

The results are shown in Table 1. As expected for electron-
rich substrates being more reactive in N-oxidation, 2,3-
dimethyl maleic anhydride (DMMA) yielded a high N-oxide
conversion (70%) for quinoline, especially in two-phase reac-
tions, but showed no catalytic activity for the electron-deficient
pyridine substrate CP. The exceptionally high activity of DMMA
toward quinoline in two-phase reactions likely relates to the
high partition coefficient of H,0, favoring quinoline over
water.*® This creates a localized environment enriched in H,O,,
minimizing the amount of water surrounding the reactants,
which is beneficial for the reaction.

2,3-Dichloromaleic acid, derived from dichloromaleic anhy-
dride (DCMA) is a strong acid with pK, < 1.72 and pK,, < 3.86
(compare to pK, = 1.72 and pK, = 3.86 for chloromaleic acid)
due to the electron-withdrawing effect of the two chlorine
atoms.*” This suggests its potential effectiveness for less reactive
substrates like CP and agrees well with the results (25%).
However, intriguingly, DCMA showed no activity towards
quinoline, which is a more readily oxidized substrate. This lack
of activity for the more reactive quinoline can be attributed to
the high basicity of quinoline (pK, = 4.93).** Quinoline can
deprotonate both of the carboxylic acid groups on the diacid
form of DCMA, leading to salt formation. This disrupts the
anhydride-diacid equilibrium, preventing regeneration of the

Table 1 Reactivity of anhydride catalysts in N-oxidation of pyridine
derivatives®

Conversion® (%)

Substrate Solvent MA DMMA DCMA CHMA PMA
X2 Water 13 70 1 24 17
NS CH;CN 8 8 0 24 12
x Water 6 0.3 14 29 10
| CH;CN 0 0 25 32 9
N Cl

¢ Reaction condition: substrate, 1 mmol; anhydride, 0.1 eq.; H,O,, 1.2
eq.; 24 h at room temperature. ” Conversion (%) determined by gas
chromatography.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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active anhydride and halting the N-oxidation catalytic cycle
(Fig. 2). Conversely, due to its much lower basicity (pK, = 0.54)
compared to quinoline, CP cannot deprotonate DCMA. This
allows the diacid to readily convert back to the active anhydride
species, maintaining the N-oxidation catalytic cycle. In contrast
to the substrate-dependent activity observed with DMMA and
DCMA, CHMA is effective for both CP and quinoline substrates
(24-32%), regardless of whether CH;CN solvent is used. This
suggests that CHMA may be less sensitive to the electronic
properties of the substrate compared to other anhydride cata-
lysts. To elucidate the contrasting catalytic activities of DMMA
and CHMA in N-oxidation reactions, a mechanistic investiga-
tion was undertaken.

3.2 Mechanistic investigation of DMMA and CHMA

Peracid formation, a crucial step in N-oxidation where an
organic acid gains oxygen from H,0,, is likely similar to suc-
cinic acid's amidation, where anhydride formation is the rate-
limiting step.* We propose that peracid formation from
a diacid also proceeds via an anhydride intermediate (Fig. 3).
Therefore, the rate of N-oxidation likely depends on the
concentration of the active anhydride species, which is related
to the equilibrium constant (K.q) between the diacid and the
anhydride. In this context, a study by Eberson on cyclic anhy-
drides investigating their equilibrium behavior in aqueous
solution is relevant.*® This study found that the equilibrium
constants (K.q) for the hydrolysis of DMMA and CHMA were 5.3
and <0.1, respectively. These significant differences in Kq
values for DMMA and CHMA in aqueous H,0, solution likely
explain their contrasting catalytic performance in N-oxidation.
The lower K. value for CHMA indicates a smaller equilibrium
concentration of the active anhydride species (precursor to the
peracid) compared to DMMA. The difference in their K.q values
can be attributed to their structural differences. As shown in
Fig. 4, the methyl group in DMMA is more flexible than the
methylene group in the cyclohexene ring of CHMA. This
increased flexibility may contribute to greater steric hindrance
during the hydrolysis of the anhydride, due to the bulkier
nature of the methyl group. Additionally, the flexibility of the
DMMA methyl group could facilitate the alignment of two
carboxyl groups for anhydride formation.

To understand the distribution of species in the CHMA-H,0,
reaction mixture, which is crucial for its catalytic activity, we

H

(o) o]
Cl OH XN Cl o X
I OH *2 = ‘ o P
Cl N cl I\Ir 2
(o) o] %

0]

Cl
| O
Cl
0]
DCMA

Fig. 2 Deactivation of DCMA through salt formation.
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Fig. 3 Formation of peracid from diacid via anhydride intermediate.

investigated the molar fractions of anhydride, diacid, and per-
acid present at equilibrium. While the "H NMR spectrum of the
mixture cannot differentiate the protons of the anhydride,
peracid, and diacid, the "*C NMR spectrum (Fig. 5) fortunately
allows for clear distinction of the aliphatic carbons ‘a’ and ‘b’ of
each species. For similarly connected molecules such as dia-
stereomers, *C NMR integration with standard broadband
decoupling (BBD) closely matches peak areas obtained from "H
NMR, within 3.4%.%* This study proposes that quantification
using *C NMR integration values of carbon “a” and “b” in
CHMA derivatives can be correlated well with the actual
amounts determined by "H NMR data. For quantification, we
preferentially chose carbon ‘b’ due to its distance from the
carbonyl group, which minimizes interference with the inte-
gration value caused by relaxation effects.

A homogeneous solution containing CHMA (1.0 mmol) and
H,0, (2.0 mmol) in deuterated acetonitrile (CD;CN) (1 ml) was
analyzed using "*C NMR spectroscopy. >*C NMR analysis of the
reaction mixture after incubation for 1 hour at room tempera-
ture revealed the formation of approximately 38% peracid and
6% diacid, with the remaining 56% being the starting CHMA
(Fig. 6). After 48 hours, the reaction reaches equilibrium, with
the relative amounts of anhydride (31%), diacid (49%), and
peracid (20%) indicating a dynamic interplay between these
species. In the initial stages, CHMA likely undergoes perhy-
drolysis with H,O, rather than hydrolysis due to its higher
nucleophilicity compared to water. Interestingly, at equilib-
rium, the diacid concentration is higher than the peracid
concentration. This suggests a faster conversion of peracid back
to anhydride compared to the conversion rate of diacid back to
anhydride. Maintaining the high presence of anhydride at
equilibrium (around 31%) likely stems from its continuous
regeneration via the equilibrium with the diacid and peracid
forms. This continuous regeneration cycle is proposed to be
essential for CHMA's effectiveness as an N-oxidation catalyst. It
is noteworthy that requiring more than 24 hours to reach
complete equilibrium indicates a very slow conversion of diacid
to anhydride. Therefore, to achieve fast oxidation, the reaction
temperature should be elevated to accelerate the anhydride
regeneration rate, independent of the substrate's reactivity.

a) H,0 b)

x o ’ o o o)
HsC HsC

— OH . OH
| O =—"— | ( OH | 0 +H;0 —= oH
HsC HsC

I).\IH,\O 0 CHMA o o

Fig. 4 Structural differences of (a) DMMA, and (b) CHMA.
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Fig.6 Composition change in the perhydrolysis of CHMA in CDzCN-
H,O, at room temperature.

Perhydrolysis of DMMA yielded only 1.2% of diacid and no
detectable peracid according to ">C NMR analysis (Fig. 7, and
ESI, SI-3CT¥). This suggests a strong preference for the anhydride
form in equilibrium with H,0,. The equilibrium constant (K.q)
of DMMA in a solution of H,0, (2.0 eq., 30%) and CD;CN is 84,
significantly higher compare to DMMA’s value in aqueous
solution (K.q = 5.3).*° In addition to the absence of peracid
accumulation, the fast regeneration of anhydride can be seen in
Fig. 7. The rapid anhydride regeneration favors the reaction
with highly reactive substrates such as quinoline because the
resulting peracid can react with substrate before it converts
back to anhydride. Conversely, for oxidizing less reactive
substrate like CP, some amount of peracid accumulation, as
seen in CHMA, is likely crucial.

To understand the mechanistic differences in CHMA's
oxidation activity towards quinoline and CP, the reaction
mixtures were monitored by ">*C NMR spectroscopy at room
temperature (Fig. 8). The analysis revealed a clear trend,

80
o 9
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| A —=—% Diacid
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HsC H;0z(2eq) ¢ OH
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i p .
H3CJ¢OH
OH
HsC o diacid 00 10 20 30 40 50
Time (h)

60
—+—9% Peracid

Composition (%)
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Fig.7 Composition change in the perhydrolysis of DMMA in CDzCN-
H,O, at room temperature.
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consistent with quinoline being significantly more reactive than
CP. This is evident from the higher N-oxide yield for quinoline
(76%) compared to CP (17%). Furthermore, the *C NMR
spectra showed a gradual depletion of the anhydride interme-
diate in the CP reaction, while it was rapidly consumed in the
quinoline reaction. Additionally, the peracid intermediate
observed during CP oxidation is not detectable in quinoline
oxidation. This suggests that the highly reactive quinoline
rapidly consumes the peracid oxidant, preventing its significant
accumulation. Based on these observations, the rate-limiting
step for quinoline oxidation is likely the formation of anhy-
dride (k3), while for CP, it's the N-oxidation step (k,) (Fig. 9).

3.3 Scope of application of DMMA and CHMA

DMMA and CHMA are effective catalysts for the N-oxidation of
reactive substrates such as quinoline, even at room tempera-
ture, as demonstrated in Table 1 and Fig. 8. However, for less
reactive substrates, the reaction temperature must be increased
to accelerate the reaction rate. To compare the catalytic
performance of DMMA and CHMA in the N-oxidation of various
pyridine derivatives, reactions were conducted at 80 °C. The
required reaction time for complete N-oxidation and the
conversion yield after a 14 hours reaction (for slow reactions)
are summarized in Table 2.

Both DMMA and CHMA effectively catalyze the N-oxidation
of reactive substrates (entries 1-4). Steric hindrance around the
nitrogen atom, as observed in entry 3, slows down the reaction
rate. For electron-deficient substrates, CHMA outperforms
DMMA. CHMA is generally effective for both electron-rich and
electron-poor substrates (entries 1-8), except for highly deacti-
vated compounds (entries 9 and 10). Interestingly, 2-picolinic
acid (entry 6) exhibits exceptionally high reactivity compared to
entries 7 and 8, despite being an electron-poor substrate. This
enhanced reactivity is likely attributed to hydrogen bonding
between the ortho-carboxyl group of 2-picolinic acid and the
peracid. The resulting proximity of the peracid to the nitrogen
atom, facilitated by this interaction, promotes the reaction.
Based on these results, it is postulated that DMMA is superior to
CHMA for reactive substrates, while CHMA is a better choice for
less reactive electron-deficient substrates. The catalytic perfor-
mance of DMMA and CHMA is influenced by both substrate
nucleophilicity and steric hindrance.

(a) (b)
100 100
—a—Anhydride
< 80 —e—Diacid 3 80
= ——peracid <
§ 60 —&—N-oxide S 60
'g 'g —sa—Anhydride
2 40 a 40 —e—Diacid
£ E r ——Peracid
o ) —o—N-oxide
20 20
0 " A A A s 0
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Fig. 8 Composition changes during N-oxidation of CP (a) and quin-
oline (b) by CHMA (1.0 eq.) and H,O, (2.0 eq.) in CD3CN at room
temperature.
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Table 2 N-Oxidation using DMMA and CHMA catalysts®

Conversion” (%) (reaction

time, h)
Entry Substrate DMMA CHMA
N
1 | 100 (3) 100 (5)
N
N
2 | 100 (5) 100 (12)
N7 >CH;,
=
3 | 97¢ (14) 88 (14)
HsC” N CH,
N
4 B 100 (3) 98° (3)
N
=
5 | 37 (14) 96° (5)
N al
3
6 | 98 (14) 100 (2)
N~ >COOH
-COOH
7 | 80 (14) 100 (7)
N
COOH
=
8 | 13 (14) 92 (14)
N~
AN
9 | 0 (14) 4 (14)
HO,.C™ N COopH
| =5
1 14 14
0 c” N el 0 (14) 0 (14)

“ Reaction condition: substrate (1 mmol); anhydride (0.05 eq.); H,O,
(2.0 eq., 30%) at 80 °C. ? Conversions (%) determined by 'H NMR of
the crude reaction mixtures. ¢ Isolated yield (%).

4 Conclusions

Among the maleic anhydride derivatives, DMMA and CHMA
exhibit excellent catalytic activity in pyridine N-oxidation using
H,0,. The rapid regeneration of the anhydride from diacid
facilitates the catalytic cycle, as anhydride is readily available for
conversion to the peracid. DMMA shows good catalytic activity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for the N-oxidation of reactive substrates like pyridine, 2-methyl
pyridine, and quinoline; whereas CHMA is efficient in oxidizing
deactivated pyridine substrates such as CP.

This catalytic system, employing a catalytic amount of
anhydride with H,O, as the oxidant, offers a promising alter-
native to stoichiometric percarboxylic acid oxidants such as m-
chloroperoxybenzoic acid (mCPBA). This advantage extends to
a broad range of organic substrate oxidations, including olefin
epoxidation, sulfide oxidation, Baeyer-Villiger oxidation, etc. A
mechanistic study of the vastly different catalytic performances
of DMMA and CHMA offered valuable insights for selecting
suitable anhydride catalysts in other oxidation reactions.

To achieve optimal catalytic performance and promote green
chemistry principles in H,O, oxidation, further exploration of
two promising avenues is recommended: structural modifica-
tion of anhydride molecules and development of recyclable
maleic anhydride catalysts through immobilization.
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