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ABSTRACT: Inspired by biological flavin catalysis, the nonionic alloxan derivatives were applied as the biomimetic catalysts
for various oxidations, catalyzing oxidations of sulfides and amines with hydrogen peroxide or molecular oxygen under mild
conditions with high yields in a short time. The whole catalytic cycle has been verified to be a biomimetic approach through the
formation of the alloxan hydroperoxide reactive intermediate. Additionally, encouraging asymmetric catalytic results have been
obtained with an easily prepared chiral alloxan in a sulfoxidation reaction.
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Oxidation reactions are of fundamental importance in
nature and are key transformations in organic synthesis.1

In response to the current need to develop an environmentally
benign and efficient technology, biomimetic catalytic oxida-
tions that mimic the functions of enzymes would be one of the
most attractive approaches.1,2 Flavin-dependent monooxyge-
nases (FMO), as a kind of widely existing redox enzymes
containing cofactor flavin adenine dinucleotide (FAD), are
responsible for the oxidation of various substrates via the
activation of molecular oxygen and transfer of one oxygen
atom to the substrate (Figure 1A).3 The active species
responsible for these oxidations has been established as the
enzyme-bound hydroperoxyflavin (FlOOH).

3b,c,4 As shown in
Figure 1A, two plausible reaction pathways are depicted,2a,5

depending on the terminal oxidant: (1) the direct addition of
H2O2

6 to the C(4a)-iminium cation oxidized flavin (Flox); (2)
the reduction of Flox or FAD with NADH (or NADPH) and
subsequent incorporation of O2.

3c,5,7 The thus-formed FlOOH
undergoes monooxygenation of a substrate (S) to give the
oxidized product (SO) and hydroxyflavin (FlOH).
Because of the advantage of biomimetic catalysis, various

oxidations with H2O2 or O2 mediated by flavin catalysts have
been reported,2a,8 including sulfoxidation9 and amine oxida-
tion,5,10 among others.4c,7,11 All of them could proceed under
mild conditions with low catalyst loading. Despite the diversity

of the reported flavin catalysts, almost all of them are
conjugated to a polycyclic aromatic skeleton,2a such as
alloxazinium catalysts 19c,12 and isoalloxazinium catalysts 26

(Figure 1B). Furthermore, the necessity of the complicated
skeleton makes it difficult to introduce chirality to the catalyst,
resulting in limited studies on flavin-catalyzed asymmetric
oxidation, such as asymmetric sulfoxidation2b,13 and Baeyer−
Villiger oxidation14 with H2O2. To simplify the structure of
flavinium salts, the Cibulka group prepared a series of simple
electron-deficient aza-arenium salts 3 by removing all but the
central pyrazinium ring in alloxazine (Figure 1C).15 As the
simplified version of flavin catalyst, 3 exhibited good catalytic
activity in sulfoxidation with H2O2, whereas it had almost no
activity in the O2 system. Hence, to develop a novel and simple
nonionic flavin mimic which could be activated with both
H2O2 and O2 is significant and challenging.
Alloxans 5, as a kind of widely used intermediate to

construct the flavinium salts,10b,11e,16 have elicited our interest
because of their special vicinal tricarbonyl structures (Figure
1D). Its central carbonyl group (C5-) vicinally substituted by
two electron-withdrawing amide groups could be a highly
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reactive electrophilic site.17 We speculated the carbonyl group
was similar to the active site of flavin (C(4a)-iminium), which
could be attacked by H2O2 to yield the FlOOH-like hydroperoxy
intermediate (Figure 1A). This idea led us to explore the
possibility of using alloxan derivatives as the novel candidates
to mimic the alloxazinium skeletons of flavin.
Therefore, we first investigated the catalytic ability of alloxan

derivatives in sulfoxidation reaction using thioanisole 6a as
substrate and H2O2 as oxidant (Table 1).6 The N,N′-
dimethylalloxan 5a did not promote the reaction in methanol,
which is a commonly used solvent for the flavin-catalyzed
oxidation reactions6 (Table 1, entry 1). As an alternative,
another reported solvent 2,2,2-trifluoroethanol (TFEA) was
tested,5,14 and it showed remarkable catalytic activity, albeit
with obvious background reaction (Table 1, entry 2). To our
delight, after the solvents were screened, significant catalytic
activity was exhibited in CH2Cl2, for the nearly quantitative
conversion of 6a within 60 min with almost no background
reaction observed (Table 1, entry 3). The reaction efficiency
could be further improved by adding MgSO4 to remove water,
which is present in aqueous hydrogen peroxide and also
formed as a byproduct after the reaction.18 Thus, the reaction

time was shortened from 60 min to just 20 min (Table 1,
entries 3 and 4). To further evaluate the effect of the
substitution, various N-substituted alloxan derivatives (5b−5f)
were synthesized19 for investigation (Table 1 and Schemes
S1−S3). Under the optimized reaction conditions, we found
the catalytic activity of N,N′-disubstituted alloxan (5a) is
higher than the monosubstituted one (5b), and 5b gave the
better result than the nonsubstituted one (5c) (Table 1, entries
4−6). However, when replaced the two methyl of 5a with ethyl
(5d) or benzyl groups (5e), the corresponding catalytic ability
slightly decreased, probably because of the steric effect (Table
1, entries 4, 7, and 8). When we replaced the carbonyl group at
the 5-position of 5a with an oxime (5f), the catalyst was
deactivated, revealing that the 5-position group was essential
for the catalytic activity (Table 1, entry 9).
To show the catalytic activity of alloxan catalyst more

directly, we compared 5a with the reported flavin mimic
1a9c,12,16d,20 and pyrazinium salt 3a15a in the sulfoxidation
reaction with H2O2. As shown in Figure 2, under their
optimized reaction conditions, 5a afforded the best catalytic
efficiency, which catalyzed the sulfoxidation of thioanisole 6a
with more than 90% conversion in 10 min. Therefore, 5a was

Figure 1. Simplification of flavin catalysts for oxidations.
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used as the catalyst for the subsequent research because of its
outstanding catalytic ability.
The scope of application of N,N′-dimethylalloxan 5a for the

oxidations of a variety of sulfides and amines with H2O2 was
examined (Scheme 1). Using 5 mol % of 5a, complete
conversion of almost all of the tested substrates was achieved
within 30 min (Scheme S5). In the sulfoxidation reaction, a
broad range of sulfides were investigated under the optimized
conditions. In general, aryl methyl sulfides with both electron-
donating (6a−6e) and electron-withdrawing (6f−6i) sub-
stituents were converted to the corresponding sulfoxides in
high yields, while the former provide a faster reaction rate. It is
important to note that electron-poor substrate p-nitro-
thioanisole (6g), which did not work well in the reported
heteroarenium-catalyzed oxidation,15 could be quickly oxidized
by alloxan 5a to the corresponding product in 94% yield.
Furthermore, excellent reactivity was preserved even when

varying a p-, m-, and o-bromo substituent on the aromatic ring
(6f, 6h, and 6i). Besides, aromatic thioethers with larger alkyl
groups (6j−6m) instead of methyl could also be well oxidized,
and the simple dialkyl thioether (6o) and diaryl thioether (6n)
were also easily oxidized. Remarkably, disulfides (6p and 6q)
and nitrogen sulfide (6r) were transformed to the correspond-
ing monosulfoxides selectively; among them, aldehyde-derived
1,3-dithiane 6q gave good diastereoselectivity (d.r. > 95:5). As
a practical example, this method was used to quickly obtain the
nonsteroidal anti-inflammatory drug Modafinil (7s) in a
quantitative yield, thus avoiding the use of noble metal
catalysts. Similar to the oxidations catalyzed by flavinium
salts,6,10b various representative amines were also chosen as the
substrates in our oxidative system. The oxidative trans-
formation of tertiary amines to N-oxides (7t and 7u) and
that of secondary amine to nitrone (7v) could also be
performed quickly and cleanly.
Since it has been reported that alloxan could catalyze the

epoxidation of the alkene with Oxone by in situ formation of
dioxirane intermediate 8a21 (Figure 3A), we designed the
experiments to validate whether our system also proceeds
through the similar mechanism (Table S2). When Oxone was
replaced with H2O2 as the oxidant, the disappearance of
catalytic activity of 5a in the epoxidation of trans-stilbene with
H2O2 denied the formation of the dioxirane intermediate 8a in
our system (Figure 3A and Table S2). Therefore, we
speculated that the flavin-like catalytic pathway could be
more likely in our systems, namely through oxidizing substrates
with a hydroperoxy intermediate.6,22 Thus, in situ NMR
studies were conducted. As starting material, N,N′-dimethy-
lalloxan has proven to be the mixture of its monohydrate 8b
and unhydrate 5a (Scheme S8 and Figures S1 and S2), which
could readily be converted into 8b in the presence of water,
with characteristic peaks at 3.22 and 5.9 ppm in 1H NMR, as
well as 85 ppm in 13C NMR (step 1, Figure 3B). After
treatment of 8b with 1.2 equiv of aqueous H2O2, the
observation of typical hydroxy hydroperoxide group signals23

(1H NMR spectrum at 6.2 and 11.2 ppm, 13C NMR spectrum
at 93 ppm) indicated the formation of a FlOOH-like
intermediate 8c in this system (step 2, Figure 3B), which
was also confirmed by UPLC-HRMS (Scheme S10 and Figure
S5). After that, 6a was added into the above mixture to verify
the activity of 8c in sulfoxidation (Figure 3C). Five minutes
later, the appearance of the expected product 7a, accompanied
by the disappearance of 8c and reappearance of 8b (step 2 and
3, Figure 3C), further confirmed 8c as the active intermediate
in our cycle.
On the basis of the above results, it could be concluded that

the alloxan molecule successfully mimics the function of flavin
to form hydroperoxy intermediate with H2O2 for the oxidation
reaction. In addition to using H2O2 as an oxidant, the reduced
flavin could also catalyze oxidation reactions with O2 through
forming the reactive intermediate (Figure 1A).2a Inspired by
this, we continued our research on alloxan-catalyzed aerobic
oxidations. In the O2 system, we also used the sulfoxidation of
6a as the template reaction. As illustrated in Figure 1A,
reducing reagent (ZH), which corresponds to NAD(P)H,3b is
required for the flavin-catalyzed oxidation using O2 as oxidant.
After preliminary screening of several commonly used reducing
reagents7 (Table 2, entries 1−4), we found that the expected
product could be obtained using catlyst 5a and Hantzsch ester
(HEH) in 1 atm of O2 (entry 4). Then, we investigated the
solvent effects on this aerobic sulfoxidation (Table S1).

Table 1. Optimization for Alloxan-Catalyzed Model
Sulfoxidation with H2O2

a

entry cat. solvent conv. (%)b yield (%)c

1d 5a MeOH <1 <1
2 5a TFEA 100 99 (70)e

3d 5a CH2Cl2 98 97
4f 5a CH2Cl2 100 99
5f 5b CH2Cl2 96 95
6f 5c CH2Cl2 27 26
7f 5d CH2Cl2 97 96
8f 5e CH2Cl2 93 92
9f 5f CH2Cl2 1 <1

aReaction conditions: 6a (0.05 mmol), H2O2 (0.06 mmol), 5 (5 mol
%), solvent (1 mL), 25 °C, 60 min; the blank conversion is less than
5%. bConversions are determined by 1H NMR. cIsolated yields. dThe
blank conversion is less than 1%. e70% blank conversion. fMgSO4
(100 mg), 20 min.

Figure 2. Course of the oxidation of thioanisole with H2O2 catalyzed
by alloxan. Conditions of 5a: 6a (0.05 mmol), H2O2 (0.06 mmol), 5a
(5 mol %), MgSO4 (100 mg), CH2Cl2 (1 mL), 25 °C. Conditions of
3a or 1a: 6a (0.5 mmol), H2O2 (0.75 mmol), 3a or 1a (5 mol %),
MeOH (1 mL), 25 °C, in the air. 1a should be activated to form the
active 1aOOH.
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Examination of common solvents indicated that the reaction
worked well in both polar and nonpolar solvents (Table S1), in
which CHCl3 provided the best yield (entry 5). Importantly,
the oxidation under the air atmosphere also proceeded
smoothly by prolonging the reaction time (entry 6). However,
the reaction could not be promoted by light (entry 7 and Table
S1).
Under the optimal conditions of the O2 system (Scheme

S6), some representative substrates were studied and are
shown in Scheme 2. At 30 °C, almost complete conversion of
all the tested substrates could be achieved within 60 min,
including various aryl thioethers (6a, 6b, 6f, 6g, 6e, 6j, and
6m), alkyl thioether (6o), disulfide (6p), nitrogen sulfide (6r),
and tertiary amines (6t and 6u).
After investigation of the substrate scope of alloxan-catalyzed

aerobic oxidation, the in situ NMR experiments were
conducted to study the reaction mechanism of this O2 system.
As shown in Figure 4 (for details, see Scheme S9 and Figures
S3 and S4), when HEH was added into CD3CN solution of
catalyst (5a/8b) under Ar atmosphere, the signals of 8b at 3.22
and 85 ppm disappeared, replaced by the appearance of new
signals at 3.19, 5.0, and 70 ppm, which were assigned to groups

Scheme 1. Alloxan-Catalyzed Oxidation of Various Substrates with H2O2
a

aIsolated yields. S (0.05 mmol), H2O2 (0.06 mmol), 5a (5 mol %), MgSO4 (100 mg), CH2Cl2 (1 mL), 25 °C, 30 min. b5a, 120 min. c20 min. dd.r.
> 95:5. eNa2SO4 (100 mg). fPerformed at 10 mmol scales of 6a in 20 min (Scheme S7).

Table 2. Optimization for Alloxan-Catalyzed Model
Sulfoxidation with O2

a

entry ZH solvent conv. (%)b yield (%)c

1d N2H4·H2O TFEA <2 <2
2d Zn TFEA <2 <2
3d HCOONa TFEA <2 <2
4 HEH TFEA 68 67
5 HEH CHCl3 94 93
6e HEH CHCl3 65 62
7f HEH CHCl3 95 94

aReaction conditions: 6a (0.05 mmol), O2 (1 atm, balloon), 5a (20
mol %, which is higher than that of H2O2 system because of the
degradation of the catalyst, shown in Table S1), ZH (0.075 mmol),
solvent (1 mL), 30 °C, 60 min; the blank conversion is less than 5%.
bConversions are determined by 1H NMR. cIsolated yields. dThe
blank conversion is less than 2%. eAir, 24 h. f14 W white LED.
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Figure 3.Mechanism studies for 5a-catalyzed sulfoxidation with H2O2. Step 1: 0.05 mmol 8b in 0.5 mL CD3CN; Step 2: 0.06 mmol aqueous H2O2
was added into step 1, for 60 min; Step 3: 0.075 mmol 6a was added into step 2, for 5 min.

Scheme 2. Alloxan-Catalyzed Oxidation of Various Substrates with O2
a

aIsolated yields. S (0.05 mmol), O2 (1 atm, balloon), 5a (20 mol %), HEH (0.075 mmol), CHCl3 (1 mL), 30 °C, 60 min. bTFEA (1 mL), MgSO4
(100 mg). cMeCN (1 mL). dPerformed at 10 mmol scales of 6a in 120 min (Scheme S7).
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of Flred-like intermediate 8d (step 1 and step 2, Figure 4).24

However, once the above mixture was treated with O2, 8d
signal at 3.19 ppm immediately disappeared, accompanied by
observation of two additional signals at 3.22 and 3.24 ppm,
corresponding to the methyl of 8b and 8c, respectively (step 3,
Figure 4). The resulting mixture was then directly utilized to
oxidize thioanisole 6a, affording the corresponding product 7a
which indicated 8c to be a shared active intermediate for both
H2O2 and O2 systems (step 4, Figure 4).
According to the above mechanism studies, the proposed

pathway of oxidations catalyzed by alloxan is depicted in Figure
5: (i) Forming alloxan hydroperoxide 8c as active oxygen-
transfer species; (ii) Oxidizing the substrate (S) to yield
alloxan monohydrate 8b; (iii) Dehydrating to recycle catalyst
5a. For the O2 system, a reduced intermediate 8d could be
obtained with HEH and then be oxidized with O2 to generate
the key intermediate 8c. Compared with the already known
flavinium-catalyzed oxidation mechanism (Figure 1 A),2a the

obvious distinction of our catalytic system is that the catalytic
active site became a carbonyl group but not an iminium cation,
thus yielding the different active intermediates including
hydroxy alloxan 8d and alloxan hydroperoxide 8c instead of
enamine flavin Flred and hydroperoxide flavin FlOOH.
Owing to the high activity and simple structure of alloxan

catalyst, a chiral alloxan 5g was prepared to verify its
application in asymmetric catalysis. Unlike the complicated
procedure for the preparation of chiral alloxazinium
catalysts,2b,13,14 the synthesis of 5g could be accomplished
easily according to the literature method,21 which only needs
three steps in total (Scheme S4). When applied to the
oxidation reactions, the chiral catalyst 5g afforded encouraging
results: the common aryl thioether (6g), 1,3-dithiane (6q), and
nitrogen sulfide (6r) could be converted to their correspond-
ing target products in high yields with good diastereoselectivity
as well as moderate enantioselectivities (Scheme 3 and Scheme
S11), thus revealing the great potential of chiral alloxans in
catalytic asymmetric oxidations.

Figure 4. Partial typical peaks of the in situ NMR spectra in sulfoxidation with O2. Step 1: under Ar atmosphere, 0.025 mmol N,N′-dimethylalloxan
(mixture of 5a and 8a) and 0.03 mmol HEH in 0.5 mL CD3CN; Step 2: step 1 stayed for 48 h; Step 3: displaced step 2 with O2, for 30 min; Step
4: 0.05 mmol 6a was added into step 3, for 60 min.

Figure 5. A proposed mechanism of oxidations catalyzed by alloxan.

Scheme 3. Preliminary Investigations on Asymmetric
Sulfoxidation with H2O2

a

aIsolated yields, the ee of 7 were determined by chiral HPLC analysis
and their absolute configurations were determined by comparison of
the reported literature.25
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In summary, we have developed an efficient biomimetic
alloxan-catalyzed oxidation method for a variety of sulfides and
amines with H2O2 or O2. This method successfully simulates
the functions of FMO and requires no original complicated
flavin skeleton but can afford the target products quickly and
cleanly under mild conditions by using the simple alloxan. As
the most efficient simple alloxan, 5a has shown us its significant
catalytic activity, better than the best-reported alloxazinium
catalysts and pyrazinium salts in sulfoxidation with H2O2. After
mechanism studies, the whole catalytic cycle has been proved
to be a biomimetic way with a shared highly reactive
intermediate alloxan hydroperoxide 8c in both H2O2 and O2
systems, which is slightly different from the reported catalytic
mechanism of flavinium-like catalyst. Because of the simple
nonionic structure, alloxan is easy to prepare and introduce
chiral substituents to construct chiral catalysts for the
investigations of biomimetic asymmetric oxidation. Because
of the above obvious advantages, this alloxan-based catalytic
system has great potential in the biomimetic oxidation. Further
studies to expand the reaction scope of the novel catalyst and
its application in asymmetric catalysis are currently underway
in our lab.
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