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idative synthesis of N-triflyl
sulfoximines†

Žan Testen and Marjan Jereb *

The oxidation of various structurally different N-trifluoromethylthio sulfoximines was investigated using

different oxidizing agents and conditions. Mono- and disubstituted phenyl methyl and phenyl

cyclopropyl N-trifluoromethylthio sulfoximines were oxidized with NaOCl$5H2O in water, while sterically

hindered substrates bearing bulkier alkyl chains or two phenyl rings required the addition of MeCN to the

reaction mixture. Chloro-, bromo-, and cyano-substituted substrates, as well as substrates bearing the

benzyl groups, required a completely different approach using m-CPBA in DCM. Each method was

tested on a gram-scale, with almost no difference in yield or reaction profile. The methods were also

tested on N-p-tolylthio sulfoximine where successful oxidation to the corresponding sulfone derivative

was observed. Finally, the N-triflyl sulfoximines acquired in the oxidations were examined in terms of

stability and reactivity in Suzuki–Miyaura and Sonogashira coupling reactions, as well as many others.

The selective mono- and dinitration of 4-methoxyphenyl N-triflyl sulfoximine was demonstrated by

using nitric and sulfuric acid. N-triflyl sulfoximines were found to be stable in concentrated aqueous

NaOH and HCl solutions and at elevated temperatures.
Introduction

The synthesis of sulfoximines and their functionalization
continues to be an interesting topic, largely due to the proper-
ties that these compounds possess. These versatile molecules
have found wide-ranging applications, serving as synthons in
pharmaceutical and medicinal chemistry,1–6 in
agrochemistry,7–9 as chiral auxiliaries,10,11 and more.12,13

This article focuses on the functionalization and modica-
tion of groups on the nitrogen atom of the sulfoximine group.
Recent examples of N–C type functionalizations include the
procedures for the synthesis of N-allyl sulfoximines using allylic
alcohols in a cocatalytic organoboron/Pd process14 and N-aryl
sulfoximines using an inexpensive copper catalyst.15 Alkylation
of sulfoximines could be achieved with an operationally simple
Mitsunobu-type reaction using alcohols16 or by a copper-
catalyzed photochemical reaction with diacyl peroxides.17 NH-
sulfoximines can also be functionalized via an epoxide ring
opening assisted by a catalytic amount of calcium(II) triimide
to afford 1,2-sulfoximidoyl ethanols.18 Decarboxylative sulfox-
imination of benzoic acids,19 oxidative decarboxylative sulfox-
imidation of cinnamic acids,20 C–H sulfoximidation of arenes21

and aerobic acylation with methylarenes led to N-functionalized
sulfoximines.22 N-sulfenyl sulfoximines (]N–S–R) can be
and Chemical Technology, Večna pot 113,
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30843
obtained from sulfoximines and various sulfur sources, i.e.,
thiosulfonates and NaH,23 thiols and I2/H2O2 in PEG 400,24 or
from disuldes under mechanochemical25 and electrochemical
conditions.26–28 Regioselective chloro-sulfoximidations of
allenes under solvent-free mechanochemical29 and photo-
chemical30 conditions also gave S-substituted sulfoximines.

N-sulfonylsulfoximines (]N–SO2–R), which are similar to the
compounds studied in this paper, have already been reported in
the literature. The two main approaches to synthesize these
compounds are based on the oxidation of N-sulfonyl sullimines
and the transfer of the –NSO2– functionality to sulfoxides. The
oxidation of N-sulfonyl sullimines with oxidizing agent/
ruthenium tetroxide effectively gave the corresponding N-
sulfonyl sulfoximines.31,32 Further oxidations of various sulli-
mines were carried out with different oxidizing agents, e.g., m-
CPBA (m-chloroperoxybenzoic acid),33 NaOCl/Bu4NBr,34 and
electro generated peroxodicarbonate.35 The reaction of sulfoxide
and tosyl azide in the presence of copper resulted in the forma-
tion of N-benzenesulfonyldimethyl sulfoximine in 97% yield.36

The imination of sulfoxides with various sulfonamides catalyzed
by silver(I),37 copper(II),38 copper(I),39 rhodium(II),40 iron(III)41 and
uncatalyzed imination of sulfoxides are also known.42 Iminoio-
danes can be used as imination agents for sulfoxides.43 Sodium
alkyl- and aryl-sulnates with catalytic amounts of I2 and H2O2 in
water undergo oxidative coupling to form N-sulfonyl-protected
sulfoximines in good yields.44 Another mild N-sulfonylation of
NH-sulfoximines was demonstrated using aryldiazonium tetra-
uoroborates, 1,4-diazabicyclo[2.2.2]octane bis(sulfur dioxide)
(DABSO) and a cheap copper catalyst.45
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Previous and current work.

Table 1 Screening of solventsa

Entry Solvent

Relative ratiob (%)

2a 3a 4a

1 H2O — 85 15
2 H2O —c 85 —
3 EtOH 75d — —
4 MeOH 99 Trace Trace
5 MeCN — 34 66
6 EtOAc —c 31 64
7 DCM 26 — 74
8 Hexane 19 4 77
9 Toluene —c 3 97

a Reaction conditions: 2a (0.1 mmol), solvent 0.3 mL, NaOCl$5H2O (2.2
equiv.), stirring 16 h. b Determined by 1H and 19F NMR. c Observed the
formation of N-chloro sulfoximine. d 25% of SONH present.
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The synthetic routes described in the literature for the
preparation of N-triyl sulfoximines are rather limited and are
based on the transfer of –NSO2CF3 and –SO2CF3 moieties. By
using sulfonylimino-l3-bromane under mild conditions, the
sulfonylimino group was transferred to suldes and sulfoxides
yielding N-triyl sullimines and sulfoximines, respectively
(Scheme 1a).46 The other approach is based on the functional-
ization of sulfoximines using triuoromethanesulfonic anhy-
dride and pyridine as a base (Scheme 1b).47

N-triuoromethylthiolated sulfonimidamides and sulfox-
imines possess various biological activities,48 and we reasoned
that their oxidized ]NSO2CF3 derivatives might also be inter-
esting in this regard. Our aim was threefold: to explore the
oxidation of N-triuoromethylthio sulfoximines to the corre-
sponding N-sulfonyl sulfoximines, to propose an alternative
oxidative pathway to obtain structurally different N-triyl sul-
foximines, and, if possible, to keep in mind the sustainability of
these reactions. Finally, we wanted to test the stability and
reactivity of these compounds with further functionalization
reactions. Herein, we report complementary strategies for the
synthesis of N-triyl sulfoximines by oxidation of N-tri-
uoromethylthio sulfoximines (Scheme 1c),49,50 as well as some
further functionalization reactions and stability experiments.
For the majority of our products, we used solid sodium hypo-
chlorite pentahydrate (NaOCl$5H2O),51 which we also used in
our previous work for the oxidation of N-triuoromethylthio
sulfoximines to their sulnyl derivatives.52 NaOCl$5H2O in
water proved to be a mild oxidation system especially for aryl
methyl suldes, while NaOCl$5H2O in a mixture of water and
MeCN worked better for bulkier aryl-, alkyl-, and diaryl-suldes.
Finally, m-CPBA in DCM was used for chloro-, bromo-, and
cyano-substituted substrates, as well as for those with benzyl
groups which could not be oxidized by the two previous
methods.
Results and discussion

NaOCl$5H2O in water was the rst oxidation system we tested
and it gave good results (Table 1, entry 1). Increasing the excess
of NaOCl$5H2O (3.2 equiv.) to convert the leover sulfoxide 4a
produced N–Cl sulfoximine as well as an unknown side-
product, having no effect on the conversion of the reaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Table 1, entry 2). Other solvents were also tested. The reaction
does not occur in ethanol (Table 1, entry 3), instead 25% of the
N-triuoromethylthio sulfoximine 2a was converted to the
parent NH-sulfoximine. In methanol (Table 1, entry 4) only
traces of products 3a and 4a are visible, otherwise no changes to
the substrate are observed. We assume that the alcohols are
oxidized to their corresponding aldehyde or carboxylic acid
instead. MeCN and EtOAc (Table 1, entries 5 and 6) behaved
similarly, with the majority of the product being in the form of
the sulfoxide 4a. Some N–Cl was also present in EtOAc. DCM,
hexane and toluene (Table 1, entries 7, 8 and 9) were all more
selective for the sulfoxide 4a, with minimal sulfone 3a being
present in the reaction mixture, indicating that more non-polar
solvents promote single oxidation to sulfoxide.

NaOCl$5H2O in water was then chosen as a suitable starting
point with a simple water/EtOAc workup extraction to isolate
the products (Table 2). If the crude product contained some
sulfoxide 4 (less than 20%), the product was puried by ash
chromatography. If more sulfoxide 4 was present, the reaction
was repeated with more oxidant. If other, less polar impurities
were present besides the starting substrate 2 or sulfoxide 4, the
product was further puried by column chromatography.

Phenyl methyl sulde 2a and monosubstituted phenyl rings
bearing the methoxy 2b–2d or nitro 2e group as well as the
uoro-disubstituted 2f underwent the reaction in good to
excellent yields, with only the products 3a and 3b requiring
ash chromatography. Using this method, we also succeeded in
obtaining the products 3g and 3h, a triuoromethyl and
heterocyclic product, respectively. Smaller alkyl sulfoximines
could also be reacted and furnished the product 3i in 77% yield.
Lastly, the substrate 2j, bearing a cyclopropyl group, was
investigated. Although more NaOCl$5H2O had to be used, the
product was still obtained in good yield. In general, the method
RSC Adv., 2024, 14, 30836–30843 | 30837
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Table 2 Substrate scopea

a Reaction conditions: 2 (0.3 mmol), H2O (1 mL), NaOCl$5H2O (2.5
equiv.), stirring 16 h. b 2.2 equiv. of NaOCl$5H2O was used. c Flash
chromatography was used to purify the product. d Additional
NaOCl$5H2O was added to the reaction mixture aer 16 h (1 equiv.).

Table 3 Substrate scopea

a Reaction conditions: 2 (0.3 mmol), H2O (0.5 mL), MeCN (0.5 mL),
NaOCl$5H2O (2.5 equiv.), stirring 16 h. b Flash chromatography was
used to purify the product. c Column chromatography was used to
purify the product. d Additional NaOCl$5H2O was added to the
reaction mixture aer 16 h (2 equiv.).

Scheme 2 Proposedmechanism for the oxidation of sulfides 2 to their
corresponding sulfones 3 with NaOCl$5H2O.
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exhibited several important green attributes (water as a reaction
medium, high selectivity, room temperature and low amount of
non-hazardous waste).

The bulkier substrates posed a challenge under the reaction
conditions used in Table 2 with sulfoxide 4 as the most isolated
product or a 1 : 1 mixture of sulfone 3 and sulfoxide 4. Adding
more NaOCl$5H2O did not move the reaction towards sulfones,
so an alternative was sought. By adding MeCN to water, more
favorable results were obtained and previously difficult to
access sulfones were isolated with very good yields and mostly
no need for purication (Table 3). We suspect that the increased
solubility of the substrates was the decisive factor.

The products with longer and branched alkyl chains 3k, 3l,
3m and 3u were isolated in good to excellent yields, while the
substrates with the dodecyl group (2n and 2t) also produced
products 3n and 3t in 57% and 76% yield, respectively. The
diaryl substrates 2p–2s reacted smoothly, although they
produced some traces of sulfoxides, which were easily removed
by ash chromatography. The product 3o, containing the
bulkier naphthyl group, was also successfully obtained.
30838 | RSC Adv., 2024, 14, 30836–30843
Although acetonitrile was present in the reaction medium, the
transformation is in good accordance with green chemistry
principles. A mechanism is probably similar to the previously
proposed51 and is comprised of a chlorination of the sulfur
atom and subsequent attack by the hydroxide ion (Scheme 2).

However, the method used in Table 3 was not suitable for 4-
chloro 2w, 4-bromo 2x and 4-cyano 2y aryl methyl substrates. 2w
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Removal of trifluoromethythio group with concomitant
chlorination.

Table 4 Substrate scopea

a Reaction conditions: 2 (0.3 mmol), DCM (1 mL), m-CPBA (2.5 equiv.),
stirring 16 h. b Flash chromatography was used to purify the product.
c Column chromatography was used to purify the product.
d Additional m-CPBA was added to the reaction mixture aer 16 h (1
equiv.).
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could not exceed 60% conversion even when additional
NaOCl$5H2O was introduced. 2y produced various chloroform-
insoluble compounds, while 2x underwent deprotection of the
N-triuoromethylthio group to NH-sulfoximine. In addition, the
methyl group adjacent to the sulfoximine was chlorinated,
replacing all the hydrogen atoms (Scheme 3, 5x). The product 5x
decomposed rapidly and could not be puried by chromato-
graphical means. The reactivity of 4-bromo derivative 2x is
somewhat anomalous, since 4-chloro and 4-methoxy analogues
2w and 2b reacted smoothly, giving 3w and 3b in high yields.

These, and the other substrates that could not be quantita-
tively oxidized to sulfones by the two previous methods were
successfully transformed to N-triyl sulfoximines 3 using m-
CPBA in DCM (Table 4). The latter method can be used with all
substrates contained herein, but generates the highest amount
of waste (the benzoic acid leover as well as the Na2CO3 that is
needed in the extraction step). With sustainability and waste
minimization in mind, we opted to present all three methods
instead of using only m-CPBA for all substrates.

Substrates with halogen-substituted phenyl groups 2v–2x
were readily oxidized to the corresponding sulfones 3v–3x. The
substrate with the benzonitrile group 2y proved to be chal-
lenging and required more oxidant and ash chromatography.
2z, which contains the methyl ketone group, formed a number
of impurities in very small amounts and had to be puried by
column chromatography. The sterically hindered 2ab produced
some minor impurities that required column chromatography,
while the functionalization of benzylic substrates 2ac and 2ad
proceeded without any major difficulties. Transformation of the
heterocyclic substrates 2ae and 2af also proceeded smoothly
and with good yields. The product 3ag was also obtained in 80%
yield despite the inclusion of the triuoromethyl group. Mech-
anistically we hypothesize that the reaction occurs with the
nucleophilic attack of the sulde towards the peroxide, similar
as it does with hydrogen peroxide45 and furnishing the m-
chlorobenzoic acid (Scheme 4).

For further clarication, a table with all substrates and their
corresponding oxidation system is provided (Table 5).
NaOCl$5H2O in water is suitable for most phenyl methyl
substrates and smaller dialkyl substrates. Interestingly,
substrates with chloro- and bromo-substituted phenyl rings 2v–
2x appear to be outliers from this theory, although both 4-MeO
2b and 4-NO2 2e were successfully converted to their corre-
sponding sulfones 3b and 3e. Reasons might be complex, since
they could not be attributed to the stereoelectronic effects and
solubility issues. As mentioned above, the addition of MeCN
assisted the oxidation of some sterically hindered and more
hydrophobic substrates, which most likely suffered from
© 2024 The Author(s). Published by the Royal Society of Chemistry
decreased solubility. Products that could not be obtained with
these two methods (Tables 2 and 3) were obtained with m-CPBA
in DCM (Table 4). It can be concluded that the effect of structure
of starting 2 on oxidation is multifaceted, and it is rather
challenging to match the method with the structure of the
starting material 2.
RSC Adv., 2024, 14, 30836–30843 | 30839
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Scheme 4 Proposed mechanism for the oxidation of sulfides 2 with
m-CPBA.

Table 5 Overview of all the substrates and their corresponding oxidatio

Substrate R1 R2

Oxidation
system Yield

2a Ph Me NaOCl$5H2O,
H2O

73%

2b 4-MeO–C6H4 Me NaOCl$5H2O,
H2O

86%

2c 2-MeO–C6H4 Me NaOCl$5H2O,
H2O

81%

2d 3-MeO–C6H4 Me NaOCl$5H2O,
H2O

89%

2e 4-NO2–C6H4 Me NaOCl$5H2O,
H2O

88%

2f 2,4-F–C6H3 Me NaOCl$5H2O,
H2O

89%

2g 3-CF3–C6H4 Me NaOCl$5H2O,
H2O

87%

2h 2-Pyridyl Me NaOCl$5H2O,
H2O

96%

2i Me Me
NaOCl$5H2O,
H2O

77%

2j Ph Cyclopropyl NaOCl$5H2O,
H2O

83%

2k Ph sec-Butyl NaOCl$5H2O,
H2O/MeCN

85%

2l 4-Tolyl Et NaOCl$5H2O,
H2O/MeCN

95%

2m 4-Cl–C6H4 Cyclopropylmethyl NaOCl$5H2O,
H2O/MeCN

91%

2n Ph Dodecyl NaOCl$5H2O,
H2O/MeCN

57%

2o Naphthyl Me NaOCl$5H2O,
H2O/MeCN

73%

2p Ph Ph NaOCl$5H2O,
H2O/MeCN

83%

2q Ph 2-Pyridyl NaOCl$5H2O,
H2O/MeCN

81%

30840 | RSC Adv., 2024, 14, 30836–30843
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Each method was also tested at the gram-scale, with
encouragingly higher yields of 3a, 3p and 3x were obtained
compared to the 0.3 mmol scale (Scheme 5).

Although compounds 3 have been synthesized previously, to
the best of our knowledge there are few examples of reactions in
which they assume the role of reactants.53 We therefore decided
to test the stability of N-triyl sulfoximines 3 under different
conditions. 3a was exposed to aqueous solutions of 37% HCl
and 50% NaOH, both of which showed no effect even aer
prolonged exposure at room temperature (24 h). Elevated
temperature (120 °C) also had no effect other than melting the
compound.

Using standard Suzuki–Miyaura conditions, the coupling of
3x and 4-methylbenzeneboronic acid was achieved and the
product 3ah was isolated in 88% yield (Scheme 6a). Similarly, 3x
was successfully coupled with phenylacetylene in Et3N with
n systems

Substrate R1 R2

Oxidation
system Yield

2r Ph 2-Thiophenyl NaOCl$5H2O,
H2O/MeCN

83%

2s Dibenzo[b,d]thiophenyl NaOCl$5H2O,
H2O/MeCN

89%

2t Dodecyl Me NaOCl$5H2O,
H2O/MeCN

76%

2u Octyl Octyl NaOCl$5H2O,
H2O/MeCN

91%

2v 2-Br–C6H4 Me m-CPBA, DCM 96%

2w 4-Cl–C6H4 Me m-CPBA, DCM 95%

2x 4-Br–C6H4 Me m-CPBA, DCM 83%

2y 4-CN–C6H4 Me m-CPBA, DCM 62%

2z Me m-CPBA, DCM 81%

2aa Ph 3-Furanyl m-CPBA, DCM 95%

2ab 2,4-Me–C6H3 2-NO2–C6H4 m-CPBA, DCM 85%

2ac Benzyl Me m-CPBA, DCM 89%

2ad Benzyl 4-Cl–C6H4 m-CPBA, DCM 95%

2ae Benzo[d]thiazolyl Me m-CPBA, DCM 87%

2af Benzo[d]thiophenyl m-CPBA, DCM 85%

2ag 4-MeO–C6H4 CF3 m-CPBA, DCM 80%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Oxidation of N-sulfenylated sulfoximine.

Scheme 5 Gram scale reactions.
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catalytic amounts of palladium and copper furnishing 3ai in
83% yield (Scheme 6b).

An N-triyl sulfoximine with an electron-donating group (4-
methoxy) 3b was used in an electrophilic aromatic substitution
reaction (Scheme 7). By heating 3b in nitric acid (63% solution)
overnight, 25% conversion was observed and no further
changes in the substrate were detected. Addition of sulfuric acid
(ratio of HNO3 : H2SO4 = 2 : 1) led to the mononitrated product
Scheme 6 Further functionalizations of 3x.

Scheme 7 Nitration of 3b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3aj with complete conversion (Scheme 7a), while switching the
ratio of acids and using more H2SO4 promoted the formation of
a dinitrated product 3ak (Scheme 7b). We reason that the
addition of more H2SO4 increases the concentration of the
nitronium ion (NO2

+), which promotes further nitration. When
fuming nitric acid (90% solution) was used, a mixture of both
nitration products (3aj and 3ak) was formed.

Other reaction conditions were also investigated, which
provided further insight into the stability and reactivity of
compounds 3. Attempts to reduce the triyl group to a sulfoxide
or sulde were unsuccessful. The reducing agents used
included NaSH$H2O in HCl, NaBH4 in EtOH and LiAlH4 in THF;
all of which are used in literature for various reductions of
sulfones and sulfoxides. Substrate 3a remained unchanged,
only the latter reducing agent led to some decomposition. The
product 3x remained unchanged when a Grignard reaction with
i-PrMgCl was attempted. Bromination with bromine in acetic
acid, the classic Friedel–Cras reaction with acetyl chloride and
AlCl3 in DCM and a variation of this reaction in TFA with acetic
anhydride had no effect on substrate 3b. Reactions of 3a with n-
butyllithium led to decomposition of the substrate into many
unknown compounds. From this, we can infer that compounds
3 have good resistance under a wide range of conditions,
implying that the functional group would remain intact in
further functionalization reactions of larger compounds.

Finally, the methods were tested on a non-N-tri-
uoromethylthio sulfoximine compound. For this purpose, an
N-sulfenylated sulfoximine 6 was prepared and oxidized using
all three methods. All three methods successfully afforded the
corresponding sulfone 7 (Scheme 8), with m-CPBA being the
least desirable oxidizing agent as it also produced some minor
impurities that would require purication.
Conclusion

In conclusion, new oxidative methods for obtaining N-triyl
sulfoximines as well as N-sulfonyl sulfoximines were reported.
By using NaOCl$5H2O in water, this relatively green approach is
able to oxidize most phenyl methyl sulfoximines in good yields
with little need for additional purication. This method was
also used for the oxidation of N-sulfenyl sulfoximines. A mixture
of water and MeCN was required for bulky substrates, while m-
CPBA in DCM was needed for benzyl, heavily-substituted aryl
systems, and bromo-, chloro-, and cyano-substituted rings. The
stability of N-triyl sulfoximines was studied and no degrada-
tion was observed in concentrated aqueous NaOH and HCl
solutions or at elevated temperatures. Furthermore, mono- and
dinitration occurred in concentrated nitric and sulfuric acid.
RSC Adv., 2024, 14, 30836–30843 | 30841
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The N-triyl group also proved to be tolerant to the Suzuki–
Miyaura and Sonogashira coupling reaction conditions and
gave both products in good yields.
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