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tionalisation of heterocycles via an
interrupted Pummerer coupling/[3,3]-sigmatropic
rearrangement cascade†

Mindaugas Šiaučiulis, a Selma Sapmaz,b Alexander P. Pulis a

and David J. Procter *a

A dual vicinal functionalisation cascade involving the union of heterocycles and allyl sulfoxides is described.

In particular, the approach provides efficient one-step access to biologically relevant and synthetically

important C3 thio, C2 carbo substituted indoles. The reaction operates under mild, metal free conditions

and without directing groups, via an interrupted Pummerer coupling of activated allyl sulfoxides,

generating allyl heteroaryl sulfonium salts that are predisposed to a charge accelerated [3,3]-sigmatropic

rearrangement.
Introduction

Functionalised heterocycles constitute one of the most impor-
tant families of molecules in chemistry. In particular, indoles
are amongst the most common heterocyclic motifs found in
biologically active compounds.1 Indoles that are substituted
with sulfur at C3 and carbon at C2 display rich activity as bio-
logical probes,2 and in therapeutic areas such as atheroscle-
rosis,3 HIV,4 and cancer5 amongst many others, and are also
valuable building blocks for synthesis.6–8 Vicinal sulfur and
carbon substitution has also proved to be of value in other
heterocyclic systems (Scheme 1A).

Direct functionalisation of heterocycles is conceptually the
most straightforward approach to decorated heterocycles and
arguably the most attractive.9 For example, in considering
indoles, the introduction of sulfur and carbon-containing
groups by direct functionalisation9 has involved introduction
of sulfur at C3 and a carbon-based group at C2 (or vice versa) in
a stepwise fashion (Scheme 1B). Sulfenylation at C3 of indole is
possible,10 however, direct regioselective introduction of
a carbon based group at C2 requires highly basic organome-
tallics11 or the use of expensive transition metals. Whilst tran-
sition metal catalysed regioselective C2 arylation, alkenylation12

and alkylation13 of indoles is possible, allylation at C2 requires
superuous directing groups.14 In addition, these stepwise
Scheme 1 Vicinal S/C substituted heterocycles: important molecular
architectures (A); stepwise C–H functionalisation strategy illustrated
for indole (B); and, our approach utilising a dual vicinal functionalisa-
tion cascade, again, illustrated using indole.
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approaches reduce overall process efficiency.15 An attractive
alternative, direct functionalisation route to C3 thio, C2 carbo
indoles would involve a cascade sequence, operating under
mild and metal free conditions, in which the C3 sulfur and C2
carbo substituents are introduced in the same step via dual
functionalisation of the readily accessible parent indole.
However, a general process that constructs C3 thio, C2 carbo
indoles in one synthetic operation from indoles was, until now,
absent from the literature.

Herein, we report an efficient method for the construction of
indoles bearing sulfur at C3 and a versatile allyl unit at C2, via
dual vicinal functionalisation, enabled by an interrupted Pum-
merer coupling/[3,3]-sigmatropic rearrangement cascade
(Scheme 1C).16,17 Importantly, the approach also extends to
other important heterocycle classes. We employ readily acces-
sible allylic sulfoxides that, once activated, are excellent
coupling partners for the sulfenylation of various heterocycles.
The generated heteroaryl–allyl sulfonium salt intermediates I
are predisposed to a charge accelerated [3,3]-sigmatropic rear-
rangement and deliver useful allyl groups to heterocycles
under metal free conditions. An analogous process uniting
propargyl sulfoxides and indoles delivers sulfenylated/
allenylated heterocycles.
Scheme 2 Exploring the scope of indoles in the dual vicinal func-
tionalisation cascade. a 1.5 equivalents of sulfoxide and 1.6 equivalents
of TFAA were used.
Results and discussion
Dual vicinal functionalisation of indoles

We18 and others19 have previously shown that aryl allyl sulfo-
nium salts, formed from aryl sulfoxides and allyl silanes, enable
the ortho allylation of aryl sulfoxides.20,21 We postulated that,
provided alternative Pummerer processes could be avoided, an
interrupted Pummerer coupling22 of activated allyl sulfoxides
with indoles, would allow direct access to indole–allyl sulfo-
nium salts I that are predisposed to [3,3]-sigmatropic rear-
rangement and therefore C2 allylation, accomplishing the dual
vicinal functionalisation cascade of indoles in one straightfor-
ward synthetic operation.23

We began our investigation with unprotected N–H indole 1a
(R ¼ R1 ¼ H) and methyl allyl sulfoxide 2a (Scheme 2). Upon
treatment of sulfoxide 2a with triuoroacetic anhydride (TFAA)
in the presence of indole (1a) and K3PO4, we were pleased to
observe exclusive C3 sulfenylation. Addition of indole to the
activated allyl sulfoxide exclusively occurred at sulfur and not at
the a- or g-carbons of the sulfoxonium salt (cf. II, Scheme 5) as
might be expected in the classic and vinylogous Pummerer
reactions.16 The subsequent [3,3]-sigmatropic rearrangement of
the generated sulfonium salt (cf. I) was facile, and resulted in C2
allylation and formation of C3 thio, C2 allyl indole 3a in high
yield (88%).

In exploring the scope of the reaction, we found that N-
methyl- (3b) and the more hindered N-triisopropyl silyl indole
(3c) were also compatible with the process. Indoles bearing
substituents at all positions of the benzo ring were also
amenable to cascade difunctionalisation (3d–t), including those
bearing versatile substituents such as halides (3d,e,j,l,m), esters
(3f,i,t), aldehydes (3h,s), triuoromethyl (3n), ether (3p,q),
This journal is © The Royal Society of Chemistry 2018
nitrile (3r) and boronic ester (3k). In all cases, the expected
products were obtained in good to excellent yield (67–96%).

We then examined the scope of allylic sulfoxide 2 in the dual
functionalisation of indoles (Scheme 3). A variety of groups
attached to sulfur of the allylic sulfoxide 2 were amenable to the
process, such as alkyl (3b,u–w), including the more hindered
isopropyl (3v), allyl (3w) and phenyl (3x). Interestingly, in the
case of phenyl allyl sulfoxide (3x) where [3,3]-sigmatropic rear-
rangement of the intermediate sulfonium salt (cf. I) might result
in allylation of either indole or phenyl rings, allylation occurred
exclusively on the indole moiety.

The substitution along the allyl portion of the allylic sulf-
oxide 2 was next investigated. When g-substituted allyl sulfox-
ides were employed in the cascade, products 3y–ac were
obtained in high yield. In the cases using N–Me indole enroute
to 3aa and 3ac, a minor regioisomeric product, C2 thio C3 allyl
indole 4, was also formed (see Scheme 5 and related discus-
sion). Pleasingly, a- and b-substituted allyl sulfoxides gave
exclusively the desired C3 thio, C2 allyl cascade products (cf.
3ad–ah). Due to the mild conditions employed, internalisation
of the alkene was not observed in these or any other cases.
Finally, the use of propargyl sulfoxides in the cascade sequence,
in place of allyl sulfoxides, delivered allenylated indoles 3ai
and 3aj in 90% and 40% yield, respectively. Notably,
previously attempted Pummerer-type allenylations using aryl
and heteroaryl sulfoxides and allenylsilanes had proved
unsuccessful.21h,i
Chem. Sci., 2018, 9, 754–759 | 755
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Scheme 3 Exploring the scope of the allylic sulfoxide in the dual
functionalisation cascade of indoles. a The corresponding E-allylic
sulfoxides were used (i.e. R6 ¼ H). b 3y/4y ¼ 4.8 : 1. c Yield determined
by 1H-NMR. d 3aa/4aa ¼ 3 : 1. e Heated at 60 �C, 30 min. f 3ac/4ac ¼
3.3 : 1. g Heated at 60 �C, 1 h. Regioisomer ratios determined from 1H-
NMR spectra of the crude reaction mixture.

Scheme 4 Preliminary results exploring other heterocycles in the dual
vicinal functionalisation cascade. a using Na2CO3 instead of K3PO4.

b 2
equivalents of sulfoxide and 2.2 equivalents of Tf2O were used. c Yield
determined by 1H-NMR. d 6k/C3 thio, C2 allyl pyrrole ¼ 1 : 1.6. e 6l/C3
thio, C2 allyl pyrrole ¼ 1.5 : 1. f �78 �C to rt, overnight.
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Dual vicinal functionalisation of other aromatic heterocycles

We also explored the dual vicinal functionalisation cascade of
other important aromatic heterocycles14a since other S/C vici-
nally substituted systems also display biological activity
(Scheme 1A)24 and our preliminary results are presented in
Scheme 4. A variety of heterocycles including thiophene (6a–g),
furan (6h) and pyrrole (6i–l) scaffolds, bearing various func-
tionalities, afforded the desired C2 thio C3 allyl heterocycles.
The use of triic anhydride to activate the sulfoxide was
necessary in these cases. In comparison with indole, the
inherent nucleophilicity of the C2 position switched the regio-
chemistry of the initial sulfenylation to C2. However, pyrroles
used in the formation of 6k and 6l also gave C3 thio, C2 allyl
regioisomers. Finally, benzothiophene and benzofuran also
underwent dual vicinal functionalisation (formation of 6m and
6n). As expected, compared to the analogous reactions of
indoles, the processes were less efficient and showed decreasing
selectivity for C3 sulfenylation. In fact, dual functionalisation of
benzofuran gave the C2 thio C3 allyl isomer 6n as the major
product.25
756 | Chem. Sci., 2018, 9, 754–759
Proposed mechanism

Based on previous work18,19 and experimental observations, we
propose the following mechanism for the dual functionalisa-
tion cascade (Scheme 5A). Activation of the allylic sulfoxide 2
with TFAA generates sulfoxonium salt II, which is trapped by
indole through the inherently nucleophilic C3 position to form
sulfonium salt I.22a–c Formation of sulfonium I is key to the
prevention of over functionalisation since it is deactivated
towards further electrophilic aromatic substitution, thus
precluding further sulfenylation. In the case of sulfonium I
generated enroute to 3z and 3aa, where the subsequent [3,3]-
rearrangement was slow, a single C3 indolyl sulfonium
product was observed by 1H-NMR (i.e. C2 sulfonium salts were
not observed). Subsequent charge accelerated [3,3]-sigmatropic
rearrangement17–21 in I accomplishes the second functionalisa-
tion event and delivers the desired C3 thio, C2 allyl indoles 3.

In some cases where g-substituted allyl sulfoxides 2 were
employed, the C2 thio, C3 allyl indoles 4 were also formed.26 We
propose that in these cases, the [3,3]-sigmatropic rearrange-
ment is disfavoured on steric grounds (vide infra) and instead
a [2,3]-sigmatropic rearrangement of allyl sulfonium salt I27

forms intermediate III, which then undergoes facile sulfur
migration to C2, likely via an episulfonium ion intermediate.28

Since C2 thio, C3 carbo indoles also have interesting biological
activity, perhaps most notably in the amatoxins and phallotox-
ins found in several poisonous mushrooms,29 we further
investigated this interesting facet of the method. Postulating
that varying the sterics at nitrogen of indole would affect the
relative rates of [3,3] and [2,3] rearrangements leading to
different ratios of 3 and 4 respectively, we studied the reactivity
This journal is © The Royal Society of Chemistry 2018
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Scheme 5 Proposedmechanism of the dual functionalisation cascade
of indoles (A) and probing the effect of N-substitution for the selective
generation of C3 thio, C2 allyl indole 3 or C2 thio, C3 allyl indole 4 (B).
a Conditions as in Scheme 3. b Combined yield of 3 + 4. c Regioisomer
ratios determined by 1H-NMR of the crude reaction mixture.
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of N–H, N–Me, and N–iPr indoles with g-phenyl substituted allyl
sulfoxide 2b (Scheme 5B). Pleasingly, when N–H indole 1a was
employed, the selectivity for 3y was signicantly increased (3y/
4y ¼ 4.8 : 1) relative to N–Me indole (3ak/4ak ¼ 1 : 2.7). The
trend of increased selectivity upon switching to the less steri-
cally encumbered N–H indole 1a was also observed with g-
CO2Et and g-dimethyl allyl sulfoxides, where the C3 thio C2 allyl
regioisomers 3 were formed exclusively in both cases (cf. 3z vs.
3aa, and 3ab vs. 3ac, Scheme 3). Interestingly, upon utilising the
Scheme 6 Scalability of the dual functionalisation cascade of indoles
and iterative dual functionalisation cascades for the generation of
novel bis indolyl sulfides. a Conditions as in Scheme 2.

This journal is © The Royal Society of Chemistry 2018
more hindered N–iPr indole, C2 thio C3 allyl regioisomer 4al
was obtained as the sole regioisomeric product.30

Scalability and iterative functionalisation

To further explore the synthetic capability of the dual func-
tionalisation cascade products,31 we successfully accomplished
gram scale reactions between diallyl sulfoxide (2c) and indoles
1a and 1b, which gave 3am (2.2 g) and 3w (1.7 g) in excellent
yield (Scheme 6). In addition, products 3am and 3w were readily
oxidised to indole–allyl sulfoxides 2d and 2e, which served as
allyl sulfoxide units in the dual functionalisation cascade with
other indoles to produce novel symmetrical (3an) and unsym-
metrical bis indolyl suldes (3ao, 3ap), a class of compounds
that display antioxidant activity.32

Conclusions

In summary, we have described a dual vicinal functionalisation
cascade of indoles that, without the need for superuous
directing groups or metals, provides efficient access to biolog-
ically relevant C3 thio, C2 carbo indoles under mild conditions.
The process has also been applied to other heterocycles and to
propargyl sulfoxide partners. The reaction operates via an
interrupted Pummerer coupling between an activated sulfoxide
partner and a heteroaromatic nucleophile, where the generated
sulfonium salt formed then undergoes facile charge accelerated
[3,3]-sigmatropic rearrangement and accomplishes the vicinal
difunctionalisation of heterocycles in a single straightforward
synthetic operation.
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and F. Glorius, J. Am. Chem. Soc., 2014, 136, 17722–17725;
(c) Y. Suzuki, B. Sun, K. Sakata, T. Yoshino, S. Matsunaga
and M. Kanai, Angew. Chem., Int. Ed., 2015, 54, 9944–9947;
(d) W. Liu, S. C. Richter, Y. Zhang and L. Ackermann,
Angew. Chem., Int. Ed., 2016, 55, 7747–7750; (e) L. Kong,
S. Yu, G. Tang, H. Wang, X. Zhou and X. Li, Org. Lett.,
2016, 18, 3802–3805; (f) G. S. Kumar and M. Kapur, Org.
Lett., 2016, 18, 1112–1115.

15 A related strategy for the synthesis of C3 thio, C2 carbo
substituted indoles involves heterocycle construction to
give C2 substituted systems followed by C3 sulfenylation,
however, this approach suffers from poor step economy.
For examples, see: ref. 5e and 6c.

16 For recent reviews of Pummerer chemistry, see: (a)
L. H. S. Smith, S. C. Coote, H. F. Sneddon and
D. J. Procter, Angew. Chem., Int. Ed., 2010, 49, 5832–5844;
(b) S. Akai and Y. Kita, Top. Curr. Chem., 2007, 274, 35–76;
(c) K. S. Feldman, Tetrahedron, 2006, 62, 5003–5034; (d)
S. K. Bur and A. Padwa, Chem. Rev., 2004, 104, 2401–2432.

17 For a review of charge accelerated [3,3]-sigmatropic
rearrangements of sulfonium salts, see: X. Huang,
S. Klimczyk and N. Maulide, Synthesis, 2012, 175–183.

18 (a) A. J. Eberhart, J. E. Imbriglio and D. J. Procter, Org. Lett.,
2011, 13, 5882–5885; (b) A. J. Eberhart, C. Cicoira and
D. J. Procter, Org. Lett., 2013, 15, 3994–3997.

19 S. Yoshida, H. Yorimitsu and K. Oshima, Org. Lett., 2009, 11,
2185–2188.

20 For reviews of related reactions, see: (a) A. P. Pulis and
D. J. Procter, Angew. Chem., Int. Ed., 2016, 55, 9842–9860;
(b) H. Yorimitsu, Chem. Rec., 2017, 17, 1156; (c) A. Shar,
Tetrahedron Lett., 2016, 57, 2673–2682.

21 For related reactions involving other sulfoxides and coupling
partners, see: (a) T. Kobatake, S. Yoshida, H. Yorimitsu and
K. Oshima, Angew. Chem., Int. Ed., 2010, 49, 2340–2343; (b)
X. Huang and N. Maulide, J. Am. Chem. Soc., 2011, 133,
8510–8513; (c) X. Huang, M. Patil, C. Farés, W. Thiel and
N. Maulide, J. Am. Chem. Soc., 2013, 135, 7312–7323; (d)
T. Yanagi, S. Otsuka, Y. Kasuga, K. Fujimoto, K. Murakami,
K. Nogi, H. Yorimitsu and A. Osuka, J. Am. Chem. Soc.,
2016, 138, 14582–14585; (e) B. Peng, D. Geerdink, C. Farès
and N. Maulide, Angew. Chem., Int. Ed., 2014, 53, 5462–
5466; (f) D. Kaldre, B. Maryasin, D. Kaiser, O. Gajsek,
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