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XtalFluor-E Enabled Regioselective Synthesis of Di-Indole

Sulfides by C3—H Sulfenylation of Indoles

Nojus Cironis,” Kang Yuan,” Stephen P. Thomas,*® and Michael J. Ingleson*"

A simple, regioselective synthesis of di-indole sulfides by
electrophilic aromatic substitution of the C3-position of indoles
was achieved using Xtalfluor-E as the sulfenylating reagent. The
addition of amine bases was found to have a significant effect
on the reaction outcome, with 1,8-diazabicyclo[5.4.0lundec-7-
ene (DBU) switching off the reactivity of XtalFluor-E, while the
hindered base 2,6-ditertbutyl-4-methylpyridine (DBP) led to the
formation of two di-indole-sulfur containing products, one S(Il)
and one S(IV). The optimal base for accessing the di-indole

Introduction

Sulfur-fluorides are a well-established class of reagents widely
used in fluorination reactions, with these transformations
accepted to proceed by an electrophilic sulfur center activating
a substrate towards fluoride transfer most often to form a new
C—F bond.™ Aminodifluorosulfinium salts ([R,NSF,]*) are attrac-
tive members of this family as they are easier handled than
earlier discovered S(IV) fluorination reagents, e.g. SF, and
diethylaminosulfur trifluoride (DAST).? Indeed, the aminodi-
fluorosulfinium salts, XtalFluor-E and XtalFluor-M (Figure 1), are
commercially available salts whose improved thermal and
chemical stability (relative to DAST) enable facile handling and
storage, leading to increasingly widespread application.”®
XtalFluor salts are predominantly applied in combination with
exogenous fluoride sources in the deoxyfluorination of alcohols
and carbonyls,” but they have also been used in formylation,”
ring expansion, dehydration,™ and cyclo-dehydration
reactions,” amongst others.”” The majority of these trans-
formations involve oxygen-based nucleophiles, with S—O bond
formation facilitating C—O cleavage/C—F formation. The utiliza-
tion of XtalFluor salts as electrophiles to form other E-S bonds
(E£0) and thereby access other useful products (e.g. by C—S
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sulfides in high yield proved to be Hiinigs base, EtN'Pr,. While
this amine formed a Lewis adduct with XtalFluor-E, adduct
formation did not completely quench electrophilic reactivity
indicating reversible coordination to the sulfur center. This is
the first report utilizing XtalFluor-E in electrophilic aromatic
substitution to form C—S bonds to our knowledge, and this
process is applicable to a wide range of functionalized indoles
and does not require N1-protection.
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Figure 1. Structure of XtalFluor salts (right) and their established reactivity
(top).

bond formation), is underexplored. To the best of our knowl-
edge, XtalFluor salts have not been utilized in SgAr-type
reactions, despite sulfur cations being “soft” electrophiles with
precedent to functionalize t nucleophiles. Key questions this
work sought to answer included: Is S¢Ar reactivity possible, and
if so, what is the arene scope and what substituents remain
bonded to sulfur post ScAr? The latter is challenging to predict
a priori as the Brgnsted acid by-product from S¢Ar using
XtalFluor salts could lead to formation of HF, H[BF,] or HNR, (or
[baseH]* if an exogenous base is added), with the usefulness of
the product controlled by the substituents on sulfur in [S]
(Figure 1).

The formation of organosulfur compounds, including aryl
sulfides, is of significant interest due to the prevalence of such
structures in biologically active compounds® and functional
materials,”> with organosulfides also useful intermediates for
accessing higher oxidation-state sulfur derivatives such as
sulfoxides or sulfones. As a result, a plethora of methods have
been developed to access aryl sulfides, predominantly by
transition-metal-catalyzed routes.'” The development of metal-
free methodologies for the synthesis of aryl sulfides by direct
C—H bond functionalization is an attractive alternative. This has
been achieved by utilizing electrophilic sulfenylating reagents,

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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including sulfonium salts.""'? Aryl sulfide synthesis via ScAr with
sulfonium salts was established by Belenkova and co-workers,"?
following this numerous isolated sulfonium salts (Scheme 1A),!
and in situ formed sulfonium salts (Scheme 1B) have been used
as electrophiles in SiAr reactions.™ The majority of these
reactions form a single C—S bond, but it should be noted that 2-
(fluorosulfonyl)difluoroacetic acid reacts as an electrophilic
sulfur source in a double S;Ar reaction (Scheme 1C)."™ However,

13]

the use of S(IV) sulfenylating reagents for forming diaryl sulfide
by a double S:Ar process, is not reported to the best of our
knowledge. Herein we report the double C—H bond functional-
ization of indoles with XtalFluor-E to form di-indole sulfides
(Scheme 1D) and under certain conditions di-aryl aza sulfonium
species.
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Results and Discussion

N-Methyl-indole (1a) was chosen as the initial nucleophilic
partner for sulfenylation studies due to its relatively high
nucleophilicity and our experience in the functionalization of
indoles with main-group cations by S;Ar."® Our initial solvent
screen indicated MeCN provided good solubility and reactivity
without the observation of any deleterious side reactions. This
was in contrast to the incompatibility of XtalFluor salts with
MeCN in deoxyfluorination reactions reported by Couturier
etal. where the promotion of Ritter-type chemistry was
observed.? Using XtalFluor E and M we observed high
selectivity for C-3 functionalization of two equivalents of N-Me-
indole, with no mono-indole sulfide products observed. The
reaction of two equivalents of indole 1a and one equivalent of
the XtalFluor salts proceeded at room temperature to give the
di-indole sulfide 2a in 68% and 70% yield, using the ethyl and
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Scheme 1. Select previous examples of sulfoxonium cations (A and B) in
SeAr. C — use of a S(VI) compound in double S¢Ar to form di-indolylsulfides. D
- this work using XtalFluor-E in S¢Ar.

morpholino analogues respectively (Table 1, entries 1 and 2).
Heating these sulfenylation reactions led to decreased yields of
di-indole sulfide 2a due to indole oligomerization, while slow
addition of XtalFluor-E to indole 1a (in an attempt to minimize
indole oligomer formation) did not result in a higher sulfide
yield (entries 3 and 4). Lowering the temperature to —78 or
—30°C stopped reactivity completely and gradual warming to
room temperature did not improve sulfide yield or lead to the
formation of any mono-indole sulfide species (entry 5). Reac-

Table 1. Optimization of the S;Ar of N—Me indole (1a) with XtalFluor salts.

/
N\ Xtalfluor-E Base @ . (
N ot OR o s 5
\  Xtalfluor-M MeCN/CDsCN \ ] e’ \ N

temperature, N
1a 16 h 2a 3 Et
Entry® TI°q Base [eq.] 1aleql] Yield® [%]
2a 3
1 rt - 2 68 -
20 rt - 2 70 -
3l 60 - 2 -
44 rt - 2 50 -
5t —30 - 2 - -
6 rt - 1 - -
7 rt DBP (1) 1 39 17
g rt DBP (1) 1 38 35
9 rt DBU (1) 1 - -
109 100™ DBU (1) 1 - -
119 rt EtN'Pr, (1) 1 47 -
129 rt EtNPr, (2) 1 22 -
139 60™ EtN'Pr, (1) 1 91 -
149 60" EtNPr, (1) 2 61 -

[a] Reactions performed with XtalFluor-E (1 eq.) unless stated otherwise.
[b] Yields based on indole and determined by 'H NMR spectroscopy with
dibromomethane as an internal standard. [c] Reaction performed with
Xtalfluor-M (1 eq.). [d] Dropwise addition of XtalFluor-E. [e] No reaction. [f]
Reaction performed with 2 eq. of XtalFluor-E. [g] Base and XtalFluor-E pre-
mixed prior the addition of N—Me-indole. [h] Heated in a sealed tube.
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tions at a 1:1 ratio of 1a : XtalFluor-E/M resulted in the
formation of complex mixtures at room temperature containing
oligomerized indole products (entry 6, see supporting
information)."” The use of an excess of XtalFluor salt (2 eq.) led
to indole decomposition within 1 hr at room temperature with
minimal di-indole sulfide 2a observed. During this initial
screening, reactions with the morpholino analogue generally
led to more complex reaction mixtures than the ethyl analogue.
This is in agreement with the higher prevalence of XtalFluor-E
in the literature due to the differences in stability and reactivity
between these two salts.”® As a result, only XtalFluor-E was
used in further studies.

The formation of di-indole sulfide 2a involves loss of both
fluorides and the NEt, group from the sulfur center, this is
presumably due in part to these groups acting as Brensted
bases in a S¢Ar reaction. Indeed H—N containing species (e.g.
HNE,) are observed by in-situ 'H NMR spectra during formation
of di-indole sulfide 2a. Therefore, we added exogenous base in
the reaction mixture in an attempt to sequester the protic by-
product from S;Ar and access different indole-S containing
products by maintaining the S—F and/or the S—NEt, bond(s).
The initial base used was the highly hindered base, 2,6-
ditertbutyl-4-methyl-pyridine (DBP), to preclude nitrogen to
sulfur dative bond formation (Lewis adduct formation is well-
documented between amine base and other fluorosulfonium
cations)."® Strong dative bond formation significantly reduces
the electrophilicity at sulfur>' The use of DBP led to formation
of the di-indole diethylamino-sulfonium cation 3 alongside the
di-indole sulfide 2a (entry 7). Formation of diethylamino-
sulfonium cation 3 was maximized when two equivalents of
XtalFluor-E, one equivalent of indole 1a and one equivalent of
base were used, however we were not able to direct reactivity
towards the clean formation of diethylamino-sulfonium cation 3
as the di-indole sulfide 2a was always present in significant
quantities (e.g. entry 8). XtalFluor salts have been used for
deoxyfluorination in the presence of a range of amine bases,
including  1,8-diazabicyclo[5.4.0lundec-7-ene  (DBU) and
EtNPr,,”? indicating these weakly nucleophilic bases do not
quench the reactivity of XtalFluor-E (in deoxy-fluorinations at
least). Using these two bases pre-mixed with XtalFluor-E, led to
disparate outcomes in C—S bond formation with N-methyl
indole 1a, with no sulfonium cation 3 observed at any point
over the reaction course (as monitored by insitu "F and 'H
NMR spectroscopy). With DBU (entries 9 and 10) no C—S bond
formation was observed at room temperature or at 100°C, thus
DBU-XtalFluor-E adduct formation (significant changes to the 'H
and ""F NMR spectra consistent with adduct formation were
observed) appears to quench XtalFluor-E reactivity towards
indoles. In contrast, using EtNPr, gave slower but more
selective (than in the absence of base) C—S bond formation to
form di-indole sulfide 2a, as observed at room temperature
(entry 11). This reaction was retarded by the addition of further
equivalents of base (entry 12) but accelerated at 60°C, with
EtN'Pr, and Xtalfluor-E pre-mixed in a 1:1 molar ratio to give di-
indole sulfide 2a in excellent yield at this temperature
(entry 13). Notably, a 1:2 XtalFluor-E/N-Me-indole mixture (the
ratio of S : indole present in product 2a) led to lower yields of

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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di-indole sulfide 2a (entry 14) even in the presence of EtN'Pr,,
suggesting that the additional XtalFluor-E is playing an
important role in the reaction (possibly in enabling the
reduction to S(ll) in 2a, vide infra).

Using the optimized conditions (entry 13) the substrate
scope of this methodology for forming symmetric di-aryl
sulfides was explored. The double SAr reaction to form di-
indole sulfides was applicable to a range of indoles (Table 2),
including unprotected N-H-indoles (1b, 1d-m), and was
tolerant of electron-donating (1¢c—d, 1i and 11) and electron-
withdrawing functional groups (1e-1h, 1j-k, Tm) in a range of
positions (C4: 1e, 1g, C5: 1d, 1h, 1j, 1k, C6: 1f, 1i, 11). Our
method was also amenable to scale-up, with 1a giving
excellent di-aryl sulfide yield at a 20-fold increase in reagent
loading. C—S bond formation was exclusively at the C3 position
consistent with an ScAr mechanism for the functionalization of
indoles. It should be noted where competitive indole oligome-
rization was observed, a higher loading of indole was used to
overcome this (1¢, 1d, 1i, 1k, 11). While indole substitution at
the C-2 position did not negatively influence sulfide formation
(with 2-methylindole and methyl 1H-indole-2-carboxylate react-
ing efficiently), substitution at the C-3 position (1n) led to
complex intractable mixtures. Attempts to functionalize an
amino substituted indole (10) resulted in a rapid formation of
complex mixtures. Finally, the reactivity appears to be limited

Table 2. Synthesis of di-indole sulfides.”

AL Lo S
A EtN'Pr, A
|\ A\ F/,,S/,N\/ 2 | A
Z~N T o MeCN, 60 °C, Z~N /5
1 ‘R F  BF, 16 h > R

@@@@@m@o

2a: 91% (81%) .
(800/ e 2d: 57% (30%)*

o oo ool

2f: 60% (40%)
(33%)l°1 29 44% 30% 2h: 43% 40% 2

2b: 81% (65%) 2c: 59% (50%)*

Ze 52% 31%

oo O O T

2i: 42% (39%)* 2j: 45% (30%) 2k 48% (35%)*  2I: 51% (40%)*

H H H
N OMe N HoN N
e}
2m: 52% (23%) 2n: 0% 20: 0%

Other unsuccessful substrates

5 e P @

»

[a] Reaction conditions: 0.2 mmol of (hetero)arene, 0.2 mmol of EtNPr,,
0.2 mmol of Xtalfluor-E in MeCN (1.2 mL) at 60°C. Yields based on indole
determined by 'H NMR spectroscopy with dibromomethane as internal
standard. Isolated yields showed in parentheses. [b] Reaction scaled-up 20
fold. [c] Yield based on indole determined by '°F NMR spectroscopy with
1,3,5-trifluorobenzene as internal standard. [d] Reaction scaled-up 7.5 fold.
*Reaction performed with 2 eq. of arene.
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to indoles as other nucleophilic (hetero)arenes did not lead to
clean formation of diaryl-sulfides, this included pyrroles, azulene
and 1,3-dimethoxybenzene, while no reaction was observed
with less nucleophilic arenes.

The scope limitation is distinct to other sulfonium cations
which have greater (hetero)arene scope and suggests that
XtalFluor-E is a weaker electrophile than these cations, presum-
ably due to the presence of significant N=S double bond
character. Indeed DFT calculations at the M06-2X/6-311G(d,p)
level with a polarizable continuum model (DCM) revealed that
the LUMO of XtalFluor-E is significantly higher in energy than
sulfonium cation, A, with A having a broader arene scope (the
LUMO for both XtalFluor-E and A have significant sulfur
character, for XtalFluor-E it is predominantly a SN z* orbital,
while for A the LUMO has significant S-OTf o* character
(Figure 2)). It should be noted that A does not affect the S¢Ar of
indoles, instead indole oxidation and oligomerization occurs,
which is only observed as a minor outcome using XtalFluor-E/
indole combinations.!*”

With the scope defined we were interested in determining
the composition of XtalFluor-E/EtN'Pr, mixtures, with Lewis
adduct formation hypothesized. While there is precedence for
amine adducts with [SF;]T and SF, no amine adducts with
XtalFluor salts are reported to our knowledge, though it should
be noted that the interaction of XtalFluor-E with oxo-bases (via
dative bond formation) has been proposed as the initial step in
deoxyfluorination reactions."®*” The combination of 1:1 Xtal-
Fluor-E/EtN'Pr, in MeCN led to a downfield shift and broadening
of the resonances for EtN'Pr, and an upfield shift of the
resonances for NEt, (of XtalFluor-E) in the 'H NMR spectrum.
These changes are consistent with formation of Lewis adduct 4
(Scheme 2). The F NMR spectrum for this 1:1 mixture
contained one major broad resonance at +28 ppm at room
temperature (along with minor sharp resonances assigned to
impurities in XtalFluor-E and observed throughout this study),
with no XtalFluor-E resonance observed (8,o.= + 13 ppm).

To gain more insight these 1:1 mixtures were cooled in
MeCN which resulted in the initially broad '*F resonance
attributed to adduct 4 sharpening significantly, and at —10°C
appearing as a well resolved sharp resonance at 8;5:=33 ppm.

9
LUMO =-3.48 eV

LUMO =-2.10 eV

Figure 2. LUMO of XtalFluor-E and A.

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Scheme 2. Proposed Lewis adduct formation between EtN'Pr, and XtalFluor-
E.

At lower temperatures (—40°C) this singlet converts to two
broad resonances (with no coupling visible) and one very broad
resonance, the broadness indicates fluxional processes that
have not been frozen out at the low temperature limit in
acetonitrile. At no temperature in MeCN was a '°F resonance for
free XtalFluor-E observed. We interpret this data as indicating
reversible adduct formation with an equilibrium position
favoring the Lewis adduct. Presumably adduct formation slows
reactivity towards indole, consistent with additional equivalents
of EtN'Pr, retarding the C—S bond formation reaction (entry 12).
Attempts to crystallize the putative adduct 4 (and other Lewis
adducts e.g. from 1:1 XtalFluor-E/amine mixtures where
amine=Et;N, 4-DMAP, DBU in borosilicate glass and in PTFE
lined vessels) were unsuccessful in our hands. Inspection of
these 1:1 mixtures indicated consumption of XtalFluor-E in
each case, and formation of 'H and '°F NMR spectra consistent
with Lewis adduct formation (see supporting information). The
poor performance of DBU in these C—S bond forming reactions
is consistent with its relatively high nucleophilicity towards soft
electrophiles, which may preclude cleavage of the dative bond
under these conditions.”"”

With adduct formation indicated by these experiments, we
attribute the higher yielding formation of di-indole sulfide 2a
using XtalFluor E/EtNPr, (to that observed in the absence of
base) to two effects: (i) the amine sequestering Brgnsted acidic
species (present as impurities or evolved during the S¢Ar
reaction); (ii) amine coordination preventing one-electron
oxidation of indoles (as observed with sulfonium A). Consistent
with the report on using A to form C—S bonds, we also disfavor
a radical-mediated pathway as reactions carried out using
putative adduct 4 in the presence of one equivalent of TEMPO
still affords significant amounts of di-indole sulfide 2a (30%),
supporting a closed shell S;Ar mechanism. A key remaining
question was how the sulfur(ll) compound, 2, is formed given
that the initial sulfur reagent is a sulfonium cation (sulfur(lV)).
Our initial hypothesis was based on sulfonium 3 acting as a
precursor to sulfide 2 by reduction. However, combination of
sulfonium 3 (1 eq.) with diethyl amine, EtN'Pr, or N-Me-indole
(as potential reductants), all led to no reaction. As a result, the
redox reaction leading to sulfide 2 remains unknown, and may
proceed by formation of a S(VI) compound concomitantly to
sulfide 2 consistent with the requirement for an excess of
XtalFluor-E to give the highest yields (see Table 1, entries 13
and 14). Note, sulfonium cation A has been previously observed
to react to form S(VI) and S(l) compounds under certain
conditions, supporting this hypothesis."*? Regarding the for-
mation of sulfonium 3, it should be noted that 3 is not formed

Eur. J. Org. Chem. 2022, €202101394 (5 of 6)

by oxidation of sulfide 2 with Xtalfluor-E followed by substitu-
ent transfer, as no reaction is observed by combining sulfide 2
and XtalFluor-E. These results suggest that the sulfide 2 and
sulfonium 3 are formed by distinct pathways, possibly involving
different protonation sites during the S¢Ar reaction (e.g.
deprotonation of an arenium cation with external base, by
formation of HF or by formation of HNEt,). This is consistent
with the observation of significant amounts of sulfonium 3 only
in the presence of the non-interacting exogenous base DBP,
which may prevent protonation of the NEt, unit and thus
maintain the S—N bond during the S Ar reaction.

Conclusion

In summary, XtalFluor-E reacts as a source of electrophilic sulfur
for the synthesis of di-indole sulfides directly from indoles. This
reaction affords C3-functionalised indoles consistent with an
SeAr mechanism. It is applicable to a range of functionalized
indoles and does not require indole N-protection. Notably, the
reaction outcome was highly dependent on the exogenous
base added, with a di-indole diethylamino-sulfonium cation (3)
observed only in the presence of 2,6-ditBu-4-Me-pyridine base,
indicating the deprotonation process can have a significant
effect on product outcome. The reversible formation of a Lewis
adduct between an amine and XtalFluor-E is proposed to be
essential for high yielding formation of di-indole sulfides, with
the bulky base EtN'Pr, proving optimal. We attribute this to
EtNPr, forming a reversible, dative bond to XtalFluor-E
(preventing unwanted side reactions), but not irreversibly
quenching the electrophilicity at S, presumably by EtN'Pr,
dissociation which would represent frustrated Lewis pair type
reactivity.”? In contrast, more nucleophilic amines, e.g. DBU,
preclude S¢Ar using XtalFluor presumably due to stronger Lewis
adduct formation. Thus variation in the basic partner when
using XtalFluor salts should be carefully considered given the
drastic effect that has been seen in this chemistry.
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