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N-Trifluoromethylthio sulfoximines are biologically interesting compounds, but their potential is still
poorly understood. The oxidation of N-trifluoromethylthio sulfoximines led to their corresponding sulfox-
ide derivatives as a new class of compounds, when using sodium hypochlorite pentahydrate
(NaOCL-5H,0) as a green and relatively unexplored reagent. The reactions took place with a small excess
of oxidant under environmentally friendly conditions in EtOAc for 16 h at room temperature. Noteworthy
distinctions of this transformation are the simplicity, high selectivity, energy and cost efficiency, minimal
amounts of non-hazardous waste, isolation of most of the products without the additional need for chro-
matographic purification, and simple scalability to gram reactions without deterioration of the yield. The
reaction exhibited excellent green chemistry metrics with high atom economy (82.0%), actual atom
economy (79.5%), reaction mass efficiency (79.7%), E-factor (16.48) and a very high EcoScale score (84.5).
Competitive experiments demonstrated that electron-rich substrates are more reactive than their electron-
poor counterparts. Furthermore, the Suzuki—Miyaura functionalization of N-trifluoromethylsulfaneylidene
sulfoximine could be achieved depending on the conditions, resulting in coupling products with or without
an introduced sulfoxide moiety. Sonogashira coupling of N-trifluoromethylsulfaneylidene sulfoximine furn-
ished the expected acetylene derivative in high yield, and the reaction conditions are compatible with the
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tecting agents of the sulfoxide group. A selected N-trifluoromethylsulfaneylidene sulfoximine demonstrated
its stability in water in the presence of air and in dilute hydrochloric acid, while it converted back to the
rsc.li/obc parent sulfoximine under basic conditions.

Introduction doyl fluorides and their stereospecific reaction on sulfur with

Grignard reagents.” Various N-arylations have been developed,
Sulfoximines and their derivatives have seen rapid develop- such as Ni/Ir photocatalyzed arylation of N-H sulfoximines
ment in recent years.' This effort is in no small part due to the
biological activities that these compounds exhibit.> Some bio-
logically active sulfoximines, trifluoromethylthio compounds,
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with bromoarenes,® Ni-catalyzed N-arylation of N-H sulfoxi-
mines via paired electrolysis,” copper-catalyzed photoredox
N-arylation of N-H sulfoximines with arylboronic acids,'® a
stereospecific SyAr approach for the introduction of sulfo-
nimidoyl functionalities into heterocyclic systems'! and Pd-
catalyzed arylation of N-H sulfoximines with aryl bromides
in micellar media.'®> Pd-catalyzed introduction of lipophilic
side chains into N-H sulfoximines using butadienes and
alkyl bromides took place under blue light irradiation.™
Stereospecific S-alkylation of chiral sulfinamides with alkyl
halides and NaOH in DME gave products with high optical
purity.'* An Ir-catalyzed reaction of N-SCN with alkenes
produced alkyl-substituted sulfoximines under photochemi-
cal conditions."”®> Functionalization of N-H sulfoximines
with gem-difluoroalkenes and NBS under blue LED con-
ditions led to the corresponding a-ketoacyl-substituted
derivatives.'® N-acylation of N-H-sulfoximines with thioacids
in the presence of a photoredox catalyst could be accom-
plished under blue LED irradiation.’” Similarly, the trans-
formation of N-H sulfoximine with aryl aldehydes'®
or ketones'® in the presence of NBS yielded the corres-
ponding N-acyl derivatives. The introduction of a halogen
atom® or a halogenated moiety>" produced various inter-
esting sulfoximines.

N-Trifluoromethylthio sulfoximines exhibit
lipophilicity, which further increases their bioavailability.
The addition of an oxygen atom to the trifluoromethylthio
group would increase the polar character of the compound
and potentially confer improved pharmacological properties
to the products. The cLog P (calculated log P) decreased by
about two points for most compounds, indicating that a
higher amount of the compound would be found in the
aqueous phase of an octanol/H,O mixture, which is more
in line with Lipinski’s rules. An example of these values is
shown in Fig. 2 for sulfoximine 1, N-trifluoromethylthio
sulfoximine 2 and N-trifluoromethylsulfaneylidene sulfoxi-
mine 3.

increased
21b

O, NH O N—S—CF; o N
\/ \// \//

D/S\ /©/S\
Br Br

19 29 39
CLogP: 1.325 CLogP: 3.569 CLogP: 1.747

Fig. 2 clLog P values for 1g, 2g and 3g obtained from ChemDraw.

The trifluoromethylsulfinyl moiety”® (CF;SO) is a vital part
of several important biologically active molecules, such as the
insecticide fipronil (Fig. 1) and its derivatives, as well as other
pharmacologically active compounds.>> TFMSs are reagents
for metal-free C-H activation,” as well as precursors of
Yagupolskii and Umemoto-type reagents.>® Several synthetic
approaches have been developed to introduce the trifluoro-
methylsulfinyl functionality. The functionalization of sulfite
esters using TMSCF;/CsF at elevated temperature led to TFMS

This journal is © The Royal Society of Chemistry 2024
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derivatives.”® Direct sulfinylation of common aromatic com-
pounds by using triflinate salts in triflic acid led to TFMSs
with preferential para-selectivity.>® Sodium triflinate and phos-
phoryl chloride (2/1) are capable of transferring CF;SO" into
organic molecules, yielding trifluoromethanesulfinates or tri-
fluoromethanesulfinamides.>” Direct electrophilic trifluoro-
methylsulfinylation of activated indoles, pyrroles, anilines,
and phenols took place with trifluoromethanesulfonyl chlor-
ide/tricyclohexyl phosphine.”® A combination of sodium trifli-
nate and POCI; afforded indole-derived TFMSs.>® Recently,
N-trifluoromethylsulfinylphthalimide was introduced, which
was able to transfer the CF;SO group into indoles, pyrroles
and other electron-rich (hetero)aromatics. Alkyl, aromatic and
heterocyclic amines were N-functionalized, while alcohols and
phenols furnished the corresponding trifluoromethanesulfi-
nate esters.’® The most common methodology for the syn-
thesis of TFMSs is probably the oxidation of parent trifluoro-
methyl sulfides. The main challenge with oxidation to sulfox-
ides is the potential overoxidation to sulfones, which in some
cases is as rapid as oxidation to sulfoxides. While the oxi-
dation of non-halogenated sulfides is very well known and has
through the years become increasingly green,*! the oxidation
of the trifluoromethylthio functional group is mostly achieved
using halogenated media®* or halogenated agents such as
m-CPBA®® or TCCA,** generating considerable amounts of
harmful waste, or using metal catalysts.>* To this end, we have
used solid sodium hypochlorite pentahydrate (NaOCl-5H,0)
as a benign and selective oxidant.>® Its crystals are easy to use
in stoichiometric quantities and eliminate the need for titra-
tion and other methods for determining the concentration of
sodium hypochlorite in solution. It contains about 44 wt%
NaOCl as an active oxidizing agent and only up to 0.08 wt%
NaOH and up to 0.5 wt% NaCl. Furthermore, the enhanced
purity of these crystals is paramount to the success of the
reactions described herein, as they generate products that
require little to no purification, whereas using a commercial
aqueous solution of NaOCl produces a large amount of impu-
rities and is less selective towards sulfoxides. Since its introduc-
tion in 2013, it has been used in several interesting oxidations.?”

To the best of our knowledge, no oxidations of
N-trifluoromethylthio sulfoximines have been reported, and
while it is known that reactions of N-alkyl, N-aryl, and N-H sul-
foximines with m-chloroperbenzoic acid cleanly give the
corresponding sulfones in high yield,*® this was not the case
for N-trifluoromethylthio sulfoximines. Herein we explore the
optimization of the corresponding sulfoxide formation, the
substrate scope, some mechanistic insights, some additional
modifications and stability parameters for this novel
functionalization of sulfoximines. The reaction proceeded at
room temperature in ethyl acetate using a small excess of
NaOCl-5H,0 (0.1 equiv.) with excellent selectivity, yielding pro-
ducts in high yield and a small amount of non-hazardous
waste (NaCl). A remarkable advantage of the present method
is that column chromatography could be avoided to a great
extent due to the NMR purity of the vast majority of the crude
products.

Org. Biomol. Chem., 2024, 22, 2012-2020 | 2013
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Results and discussion

We tested various oxidants and solvents with the goal of
making the process as green and sustainable as possible. The
first success in obtaining an adequate amount of sulfoxide was
with the use of hydrogen peroxide and tungstic acid in water,
which unfortunately required a stoichiometric amount of
tungstic acid (Table 1, entry 1). Reducing this amount at the
expense of increasing the amount of H,0, (Table 1, entry 2)
proved beneficial, but the method was still prone to overoxida-
tion to sulfone 4a. The reaction without tungstic acid (Table 1,
entry 3) was more selective, but we observed a considerable

Table 1 Screening of oxidants and solvents?

View Article Online
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amount of by-products that would require further purification.
Substitution of tungsten with vanadium (Table 1, entry 4)
resulted in a lower conversion, as 70% of the starting substrate
2a remained unreacted. The combination of H,0O, and acetic
acid (Table 1, entries 5 and 6) eliminated the need for metal
catalysts, but still produced the undesirable sulfone 4a in
modest amounts. TBHP (Table 1, entry 7) did not yield any oxi-
dized species in any of the tested solvents. Oxone (Table 1,
entry 8) in water proved to be quite efficient, but there was
always a non-negligible amount of 2a and 4a present, which
would have required additional purification. Grinding neat 2a
with oxone without solvent (Table 1, entry 9) proved unsuccess-

2 i
Q N—8—CFs QN—S—CF; O N=§-CFs
S Oxidant system S S 0O
+
©/ Solvent ©/ ©/
2a 3a 4a
Relative ratio” (%)
Entry Oxidant system Temperature Solvent 2a 3a 4a
1 H,0, (1.2 equiv.)/H,WO, (1 equiv.) 60 °C H,0 — 79 21
2 H,0, (6 equiv.)/H,WO, (10 mol%) 60 °C H,0 — 75 25
3 H,0, (6 equiv.) 60 °C H,0 — 91°¢ 9
4 H,0, (6 equiv.)/V,0s (1 equiv.) 60 °C H,0 70 30 Trace
5 H,0, (1.2 equiv.) 60 °C AcOH — 93 7
6 H,0, (1.2 equiv.) r.t. AcOH 17 73 10
7 TBHP Lt H,0, MeOH, MeCN, EtOAc, AcOH, DMSO 100 — —
8 Oxone (1.2 equiv.) r.t. H,0 5 93 2
9 Oxone (1.2 equiv.) r.t. — 100 — —
10 m-CPBA (1.1 equiv.) r.t. DCM 17 83 —

“Reaction conditions: a flask was charged with 2a (0.1 mmol), solvent and an oxidant and the mixture was stirred for 16 h. ” Determined by 'H

and "’F NMR. ° Other side-products were observed.

Table 2 Screening of solvents®

i i
Il
O\\S/E\I_S_CFS O\\ /i\l—S—CFg O\\ /E\I—ISI—CF3
Ph O NaOCI-5H,0 Ph/S\ + pproN O
2a Solvent 3a 4a
Relative ratio” (%)

Entry Temperature Solvent 2a 3a 4a
1 r.t. H,0 — 96° 1
2 0°C H,0 — 96° 1
3 r.t. DCM 64 36 Trace
4 r.t. MeOH 100 Trace Trace
5 r.t. EtOH 100 — —
6 r.t. MeCN 33 56 11
7 r.t. THF Trace 100° Trace
8 r.t. Hexane 34 66 Trace
9 r.t. EtOAc — 99 1
10 r.t. — 56 41 3
11 r.t. NaOCl (aq.)? 34 48° 18

“Reaction conditions: a flask was charged with 2a (0.1 mmol), solvent (0.3 mL) and an oxidant (1.1 equiv.) and the mixture was stirred for 16 h.
b Determined by 'H and '°F NMR. ° N-Chloro side-products were observed. ? Commercial bleach solution (ca. 10%; 4 equiv.).
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ful. Oxidation with m-CPBA in DCM produced a relatively good To our delight, NaOCI-5H,O exhibited a most selective
result (Table 1, entry 10), but we ultimately did not consider it reaction profile. The reaction in water with 1.1 equiv. of
due to our green criteria. NaOCl-5H,0 yielded the sulfoxide 3a, whereby the sulfone 4a

Table 3 Substrate scope®

I
0, N—S—CF 0, N—S—CF
\\s 7 3 NaOCI-5H,0 - \\s 7 3
R™ R EtOAc RT R
2 3
I I 0 0
I _a_ —5— —
Q, N—S—CFs Q N—S—CFs QO N—S—CFy QN—S—CF; O\\S/N S—CF;
ot Lo e
MeO OMe
OMe
3a, 92% 3b, 99%° 3¢, 90% 3d, 95% 3e, 77%
I n I q I
—5— _S— —5— o]
O\\/B\l S—CF3 O\\/ﬂ\l S—CF; O\\/L\l S—CF; O\\/N s CFy O\\/?l S—CF;
o o cL OC -
Cl Br Br F F MeO
3f, 81%¢ 39, 97%" 3h, 74% 3i, 97%P 3j, 91%
I i i 0
QUN—S—CFs Q, N—5—CFs o\\s/ixlfsfm:3 o\\/L\J—s—CF3 O\/£\1 8 CF4
/@/S\ S\ /@/ ~ ©/ \[/\ /@//\\k
2N CN
CFs
3k, 94% 31, 78%°¢ 3m, 95% 3n, 97% 30, 96%°
o 1 i i i ?
L _N—S—CFs o\\/L\J—s—CF3 Q\S‘/lesfca O\\S/N — CF4 \\/ —CF3
\ ol v o O
cl
3p, 97% 3q, 95% 3r, 84% 3s, 98% 3t, 97%
5 i o) N—E—CF i 4
QTS—CFs Qu N—5—CFs ) 3 \\/N s CFs QuN—S—CFs
S S S S
~
SA® oY O
3u, 82%° 3v, 98% 3w, 91% 3x, 92% 3y, 97%
I i ﬂ 0
Il
0, N—S—CF e ONSCF —s— 0. N—8—cF
NN 3 QUN—S—CFs ¢ 3 o\\/}u S—CF,4 \\s/ 3
| N s ~ S SN CioHas”
J !
3z, 98% 3aa, 24%¢5¢ 3ab, 88% 3ac, 82%%¢ 3ad, 98%
QN o CF3

CeHi7” “CeHir
3ae, 95%
“Reaction conditions: a flask was charged with 2 (0.3 mmol) and EtOAc (0.3 mL) and lastly NaOC1-5H,0 (1.1 equiv.) was added. The mixture was
stirred for 16 h at r.t. After extraction from EtOAc/water, the organlc phase was dried, and the solvent was removed. 1.25 equiv. of NaOCl-5H,0

were needed. “1.5 equiv. of NaOCI-5H,O were needed. 2 equiv. of NaOCI-5H,0 were needed. °Column chromatography was needed for
additional purification.

This journal is © The Royal Society of Chemistry 2024 Org. Biomol. Chem., 2024, 22, 2012-2020 | 2015
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was present only in trace amounts (Table 2, entry 1).
Lowering the temperature by means of an ice bath did not
change the result (Table 2, entry 2). As can be judged from 'H
NMR spectra, about 3% of N-chloro sulfoximine was also
present in the reaction; this by-product was only detected for
2a and for none of the other substrates. Reducing the
amount of NaOCI-5H,0 to 1.0 equiv. remedied this. The
same reaction in DCM (Table 2, entry 3) afforded 3a in about
36% yield, with traces of 4a. In methanol, both oxidation pro-
ducts were found in traces, while no reaction was observed in
ethanol (Table 2, entries 4 and 5). The same reaction in aceto-
nitrile gave a mixture of sulfoxide 3a and sulfone 4a, with a
portion of the starting material 2a still present (Table 2, entry
6). The oxidation in THF proceeded selectively to provide sulf-
oxide 3a, but there were many by-products that we assume
were related to the oxidation/polymerization of THF itself
(Table 2, entry 7). In hexane (Table 2, entry 8), two-thirds of
2a were converted to 3a, with traces of 4a. The reaction in
EtOAc was comparable to that in water, with all the starting
materials consumed and minimal 4a present, including
traces of the corresponding N-chloro sulfoximine (Table 2,
entry 9). Grinding NaOCI-5H,0 and neat 2a without solvent
(Table 2, entry 10) was found to be less effective and selective
than using a solvent. Interestingly, the reaction in a commer-
cial bleach solution was not selective and in addition pro-
duced unknown by-products (Table 2, entry 11). Although
both water and EtOAc gave similar results, we ultimately
decided in favour of EtOAc because it was significantly more
selective towards sulfoxides for substituted phenyl substrates.
This decision also allowed us to create a homogeneous reac-
tion environment.

A number of N-trifluoromethylthio sulfoximines were pre-
pared and oxidized in EtOAc with 1.1 equiv. of NaOCl-5H,0
(Table 3). Due to the weak absorption of the sulfoxide moiety
3, TLC analysis was often inconclusive, so the reaction was
stirred overnight (16 h) for convenience. Since only NaCl is
formed during the reaction, the products could be purified by
simple water/EtOAc extraction, which gave NMR-pure
N-trifluoromethyl sulfoxides 3 in high yield without the need
for additional purification.

The reaction worked well with aryl alkyl-substituted sulfoxi-
mines, regardless of whether they possessed an electron-rich
or electron-poor aromatic ring, and gave the products 3a-3m
in 74-99% yields. The starting substrate 2n furnished the
expected 3n in 97% yield despite its branched alkyl side chain.
We were pleased to find that the alkene moiety in 20 was com-
patible with the oxidizing reaction conditions, giving 30 in
96% yield. Benzyl-, cyclopropyl- and dodecyl-substituted sub-
strates 2p-2t produced the corresponding sulfoxides 3p-3t in
excellent yields. Diaryl, naphthyl, dibenzothienyl, furyl,
thienyl, pyridyl, benzothienyl and benzothiazolyl trifluoro-
methylthio sulfoximines 2u-2ac produced the corresponding
3u-3ac sulfoxide derivatives in notable yields of up to 98%,
except for 3aa. Substrates dodecyl methyl 2ad and dioctyl 2ae
gave the corresponding sulfoxides 3ad and 3ae in 98% and
95% yields, respectively.

2016 | Org. Biomol. Chem., 2024, 22, 2012-2020
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Most of the products were isolated in high yields. Products
3f, 3u, 3aa, and 3ac required additional purification via
column chromatography to remove sulfones/starting materials
or by-products, while in the case of 3a, a small amount of N-Cl
derivative was observed. In further experiments, the N-Cl
derivative was only detected when an excess of NaOCI-5H,0
was added, suggesting that the sulfone 4a was somehow
responsible for its formation. Excess NaOCl-5H,0 should be
avoided in the case of substrate 2a to minimize the quantity of
the N-Cl derivative. Product 3o exhibited signs of decompo-
sition since a fine white precipitate was found in the NMR
sample tube. In fact, most of the product had already decom-
posed to many by-products at this point. This process
appeared to be faster in deuterated chloroform, as undissolved
30 showed less decomposition after 2 months. Complete con-
version to the products 3b, 3g and 3i was achieved with 1.25
equiv. of NaOCI-5H,0, 3l, 30 and 3aa with 1.5 equiv. of
NaOCl-5H,0, and 3ac with 2 equiv. of NaOCIl-5H,0. Overall,
this method proved to be effective for (het)aryl-alkyl as well as
(het)aryl-aryl and alkyl-alkyl substrates. Notably, several func-
tional groups such as the keto- 3j, nitro- 3k, cyano- 3m, cyclo-
propyl- 3r and alkenyl moieties do not interfere with the oxidation,
making this method suitable for late-stage functionalization.

Sulfoximines 1 were synthesised according to standard pro-
cedures®® and were racemic. Subsequent modification to
N-trifluoromethylthio sulfoximines 2 and their oxidation to the
corresponding sulfoxides 3 introduced an additional chiral
center, leading to the formation of diastereoisomers, appear-
ing as two sets of signals in the NMR spectra. For compound
3f, we succeeded in separating and characterizing the dia-
stereoisomers, while the other products were characterized as
mixtures of both diastereoisomers. While the diastereoisomers
are mostly formed in a 1:1 ratio, the reactions of some sub-
strates (most notably 3h) were more stereoselective, most likely
due to their bulky substituents.

A gram-scale reaction experiment was also performed, in
which aliquots were taken at 15 min intervals and analyzed by
'H and '°F NMR spectroscopy (Scheme 1). The reaction pro-
ceeded smoothly, with substrate 2g no longer observable after
1 h. No by-products or degradation of 3g were observed after a
further 30 min. As with smaller scale reactions, ethyl acetate/
water extraction was performed and the product 3g was iso-
lated in a nearly stoichiometric amount (97%). Most of the
EtOAc was recovered during the evaporation process.

o
I}
O, N—S~CF; 0, N—S—CF;

/@/S\ NaOCI-5H,0 S\
—_—
Br 29 EtOAc Br 3g 45min, 97%

Scheme 1 Gram-scale reaction.

The gram-scale reaction was also used to determine the
green chemistry metrics for this oxidation. The mass of the five
moles of water in NaOCI-5H,0O was not included in the calcu-

This journal is © The Royal Society of Chemistry 2024
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lations as it is not ecologically problematic. The atom economy

was calculated to be 82%, while the actual atom economy and
reaction mass efficiency were also high with 79.5% and 79.7%,

Table 4 Green metrics

(e}

I
O N—S—CF; O\\/N—S—CF3
'/

N\

S NaOCI-5H,0 S
~ 1.25eq.,062g ~ + NaCl
O—> 5 H,O
Br EtOAc (4 mL) Br
2g 3g
3 mmol, 1.00 g 97%,1.02 g
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respectively. The E-factor of 16.48 is mainly derived from water,
EtOAc and salts (NaCl and Na,SO,), which are not particularly
environmentally problematic. While the E-factor is still far from
the ideal value of 0 or the acceptable value of 1-5, but at least
the waste does not have to be specially disposed of. A result of
84.5 was achieved on the EcoScale,’® which corresponds to a
“great synthesis” according to the criteria of the method
(Table 4). The calculations can be found in the ESL{

To gain a better understanding of the reactivity of our sub-
strates, multiple competitive reactions were carried out in
which two N-trifluoromethylthio sulfoximines 2 were mixed in
a 1:1 ratio and 1 equiv. of oxidant was added. The reactions

Molecular weight of pr 9 . : .
Atom economy > (l>ec111a W?i tofp oduct 82%  were stirred for 16 h, then an internal standard (1,3,5-tri-
olecularweight of reactants .
. & methoxybenzene) was added and the mixture was analysed by
Actual atom economy Yield of product x atom economy  79.5% 1 19 .
i . H and °F NMR spectroscopy. These reactions were repeated
Reaction mass efficiency ~Mass of products 79.7% . .. L
B Y J— twice and only minimal deviations were observed.
Mass of reactants o K .
E-Factor Amount of waste 16.48 In a competitive reaction between 4-methoxy-substituted 2b
Amount of product and 4-nitro-substituted 2k (Table 5, a), 86% of the oxidized
EcoScale 100 — 3" Individul penalties 84.5 species was attributed to the 4-methoxy product 3b, indicating
Table 5 Competitive reactions?
B
\\ /N S—CF, \\ /N S—CF, \\ /N §—cF, o\\ —CF,
__NaOCIsH,0
T EoAc /©/
3b, 86% 3k, 14%
i ?
\\ /N S—CF, N S—CF; O\\S,ﬁ“_s —CFs
b) NaOCI-5H,0 ~
EtOAc
3a, 82% 3u, 18%
0. N—S—CF, 0. N—S—CF; _a_
\ \ 0, N—S—CF 0. N—8—CF,
o sl . R NaOCI-5H,0 N " Y
CigHas™ CeHir” “Catyy EtOAC CigHas™ CeHir” ™ “Cahyy
2ad 2ae 3ad, 45% 3ae, 55%
o
ﬁ N—S—CF. i o] I
Q N—8—CF; I3 s 0 N—S—CF; l_N—S—CF;
. \ NaOGI-5H,0 N S\
) ©/ + EtOAc ©/ ~ *
2a 2p 3a, 18% 3p, 82%
0 o
Il
0, N—S—CFs 0. N—S—CF5 o N—8—cF 0 N—8—CF
o Y & . N \\s”\ NaOCI-5H,0 N ¢ Y °
SO = aw Vs
2a X 2ab 3a, 56% X 3ab, 44%
o) O
I
Qu N—8—CFs O\\S,ﬁ‘l SN CF3 —CF3 N /y C CF3
S
f) D . | N __ NaOCI5H,0 \D
J = T EoAc
2y 2z 3y, 23% 3z, 77%

“Reaction conditions: a flask was charged with both substrates 2 (0.1 mmol each) and EtOAc (0.2 mL) and lastly NaOCI-5H,0 (1 equiv.) was
added. The mixture was stirred for 16 h at r.t. 1,3,5-Trimethoxy benzene was added and after extraction from EtOAc/water, the organic phase was

dried and the solvent was removed under reduced pressure.

This journal is © The Royal Society of Chemistry 2024
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that electron-donating substituents on the phenyl ring promote
this type of oxidation. The reaction between the phenyl methyl
substrate 2a and diphenyl 2u (Table 5, b) favored the formation
of 3a, possibly due to steric hindrance or the electron-withdraw-
ing effect of the second phenyl ring. Dodecyl methyl substrate
2ad and dioctyl substrate 2ae (Table 5, c) reacted similarly, both
utilizing roughly half of the available oxidant, suggesting that
the length of the alkyl chains is not an important factor in
determining the reaction rate. Benzyl substrate 2p was more
reactive than its phenyl 2a counterpart (Table 5, d), again indi-
cating that the electron-withdrawing effect of the phenyl ring
hinders oxidation. Phenyl-substituted 2a and 2-pyridyl-substi-
tuted 2ab (Table 5, entry e) produced similar amounts of oxi-
dized products, although pyridine was thought to have a stron-
ger electron-withdrawing effect. The substituted 2-pyridyl 3z
product was substantially favoured over the 2-thienyl 3y product
(Table 5, f), which again was somewhat surprising since the
2-thienyl moiety is more electron-donating and is less bulky
than the 2-pyridyl group. The reaction mechanism for sulfide
oxidations with NaOCI-5H,0 has been proposed previously®
and involves the chlorination of the sulfide followed by nucleo-
philic attack by the hydroxide ion (Scheme 2). Our work sup-
ports this proposal as the electron-donating substituents were
found to be more reactive and thus promote the nucleophilic
attack of sulfur on the chloride atom.

~
Cl—OH OH
H >
( C|) ((-)\/ (0]
— — » .S >
R+ Ry R * R, R+ Ry —> R/ R,

C

"OH

Scheme 2 Proposed mechanism for the oxidation of sulfides with
NaOCI-5H,0.

The effect of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
was also investigated. The reaction of 1 equiv. of TEMPO, 1
equiv. of 2a and 1.1 equiv. of NaOCI-5H,0 gave product 3a with
58% conversion, leaving 42% of the starting material 2a
unreacted. Upon reducing the amount of TEMPO to 0.2 equiv.
the proportion of 3a decreased to 43%. From this it can be con-
cluded that the reaction between NaOCI-5H,0 and TEMPO
takes place before the oxidation of the substrate and the oxi-
dized species is then less reactive towards the substrate 2a.

The newly formed sulfinyl moiety was tested in some post-
modification transformations. The reaction of 3g with
4-methylbenzeneboronic acid in boiling water in the presence
of Pd/C led to Suzuki-Miyaura coupling with concomitant

i
Ou/NH O N—S—CFq
K,CO4

-—————
H,0, 100 °C
Br
1af 3g

Scheme 3 Condition-dependent Suzuki—Miyaura coupling reactions.
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removal of the N-trifluoromethylsulfaneylidene moiety, yielding
the sulfoximine 1ag (Scheme 3). A similar reaction in 1,4-
dioxane under milder conditions, which had already been used
for sulfoximines,*" furnished the coupling product 3af with an
intact N-trifluoromethylsulfaneylidene group (Scheme 3).

Sonogashira coupling of 3g with phenylacetylene success-
fully furnished 3ag using catalytic amounts of PdCl,(PPh;),
and Cul in Et;N (Scheme 4).

Q Q
-5- 0, N-S-CF
ON=S=CFs  pych,PPhy), R :
S S<
ot
Br EtzN =
3g Ph gooc18h pn” 3ag

Scheme 4 Sonogashira coupling reaction.

Kumada-type coupling reactions with nickel and iron cata-
lysts were also examined. The reaction of 3g with Fe(acac;),
HMTA, TMEDA and phenylmagnesium bromide in THF failed
to produce any product and only the substrate 3g was isolated.
Reaction of 3g with methylmagnesium bromide in the pres-
ence of NiCl,(dppf) in diethyl ether led to deprotection of the
substrate and the sulfoximine 1g was recovered (Scheme 5).

O, N-S-CF;3 O, NH
/©/S\ NiCly(dppf) /©/S\
+
MeMgBr
Br Et,O Br
3g reflux, 2 h 1g

Scheme 5 Attempted nickel-catalysed Kumada-type reaction.

Next, electrophilic ring bromination was investigated. The
use of NBS in hexafluoroisopropanol (HFIP) and MeCN did not
lead to any reaction with 3b. Using bromine in acetic acid and
in chloroform produced the sulfoximine 1b. Addition of FeBr;
to further promote ring bromination also produced the sulfoxi-
mine 1b (Scheme 6).

Q
QN-S-CFs 0, NH
" e O
solvent
MeO MeO
3b 1b

Scheme 6 Attempted ring bromination.

0
O, N—S—CF,
Pd(OAc), N\

S
XPhos, K,CO3 ~
—_—
1,4-dioxane, 60 °C
O 3af

This journal is © The Royal Society of Chemistry 2024
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To further examine the stability of these compounds, which
show no deterioration at room temperature or in air, com-
pound 3g was subjected to elevated temperature (80 °C) and
no changes were observed after 3 h (Scheme 7). Stability at
different pH values was tested by stirring 3g in 2 M aqueous
HCI and NaOH solutions for 3 h. Under basic conditions,
degradation to sulfoximine 1g was observed, while no change
occurred in an acidic medium.

Alr water O
\ N- S-CF, Qé,,NH
~N
No change €« HCI aq Q/ NaOH (aq.) /©/
80 °C Br Br 1g

Scheme 7 Stability tests for compound 3g.

Conclusion

In conclusion, we report a sustainable, practical, cost-
effective and highly selective oxidation of various aryl-,
heteroaryl- and alkyl-substituted N-trifluoromethythio sulfox-
imines to N-trifluoromethylsulfaneylidene sulfoximines.
These novel functionalized sulfoximines were prepared in
high yields and with almost no need for purification using
NaOCI-5H,0 as a green oxidant, which produces ecologically
benign waste. In competitive experiments, a general trend of
reactivity that electron-rich substrates are more reactive than
electron-poor substrates was observed. A scale-up experi-
ment was performed with an atom economy of 82%, actual
atom economy of 79.5%, a reaction mass efficiency of
79.7%, an E-factor of 16.48 and a total of 84.5 EcoScale
points, denoting the method as a “great” synthesis from a
green metric point of view. Further modifications of the
functionalized sulfoximines are also possible and were
demonstrated with Suzuki-Miyaura and Sonogashira coup-
ling reactions. The stability of this new functional group
was also investigated. While decomposition to sulfoximine 1
was observed under basic conditions, the compounds are
stable in air, water, an acidic environment and at elevated
temperatures.
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