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Synthetic and mechanistic aspects of sulfonyl
migrations

Aaran J. Flynn, @2 Alan Ford ©2° and Anita R. Maguire ( *©

Over the past 20 years reports of sulfonyl migrations have appeared, frequently described as ‘unusual’ and
‘unexpected’. This comprehensive review compiles, for the first time, sulfonyl migrations reported over
the last 20 years including formal 1,2-, 1,3-, 1,4-, 1,5-, 1,6- and 1,7-sulfonyl shifts, occurring through
either radical or polar processes, either inter- or intramolecularly. Discussion of the sulfonyl migrations is
structured according to reaction type, ie. nitrogen—carbon, nitrogen—oxygen, nitrogen-nitrogen,
oxygen—carbon (including anionic and non-anionic thia-Fries rearrangements), oxygen—oxygen and
carbon—carbon migrations. Discussion of the underlying mechanisms for the migrations is included, with
particular attention afforded to the principal techniques utilised for their elucidation, namely isotopic-
labelling, crossover experiments, density functional theory calculations and electron paramagnetic reso-
nance spectroscopy amongst others.
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1. Introduction

Retrosynthetic analysis, formalised by E. J. Corey in the 1989
book The Logic of Chemical Synthesis revolutionised the art of
total synthesis of complex organic molecules," and coupled
with an ever increasing number of efficient and selective syn-
thetic methodologies with predictable outcomes across a
diverse substrate range, has delivered elegant total syntheses.
Critical to success is the ability to accurately anticipate the
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reactivity of molecules under different conditions, which
requires an excellent understanding of functional group chem-
istry including identification of trends in reactivity that are
both predictable and readily rationalisable.

Numerous reports observing ‘unusual’, ‘unprecedented’,
‘unexpected’ and ‘novel’ sulfonyl migrations attracted our
attention, following observation of an unanticipated sulfonyl
migration in our work.> What became clear from a survey of
the literature is that sulfonyl migrations remain only partially
understood despite their potential synthetic utility.
Sulfones®'* and related species'®>™'” are widely used as activat-
ing groups and/or protecting groups and offer substantial syn-
thetic versatility. Accordingly, sulfonyl migrations are poten-
tially valuable from a synthetic perspective, provided they are
sufficiently understood to enable their use in a predictive
manner.

While most sulfonyl migrations prior to the beginning of
the 21°° century were originally discovered as side reactions,
and regularly as isolated cases, the last 20 years has seen a sig-
nificant increase in the number of reports focusing on the
utility of incorporating a sulfonyl molecular handle capable of
migration. As such, attempts to understand the mechanisms
of these often ‘unexpected’ reactions have garnered significant
recent attention; however, the ability to observe formal 1,2-,
1,3-, 1,4-, 1,5-, 1,6- or 1,7-sulfonyl migrations, in an inter- or
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intramolecular fashion, occurring through either radical or
polar processes, highlights the difficulty in accurately predict-
ing the outcome of such reactions. Bearing this complexity in
mind, it is not surprising that the current knowledge in this
field is not sufficiently developed to enable incorporation of
sulfonyl migration into a retrosynthetic plan.

In this review, sulfonyl migrations reported over the last
two decades (up to early 2019) are compiled, and their syn-
thetic and mechanistic development is described; the sulfonyl
migrations are classified based on the migration type, namely
nitrogen-carbon, nitrogen-oxygen, nitrogen—-nitrogen, oxygen—
carbon (including anionic and non-anionic thia-Fries
rearrangements),  oxygen-oxygen and  carbon-carbon.
Particular emphasis is afforded to the efforts made to elucidate
the mechanistic pathway for the migrations.

2. Nitrogen to carbon sulfonyl
migration
2.1. Transition-metal catalysed reactions

2.1.1. Gold-catalysed sulfonyl migration. Nakamura et al.
reported the gold- and indium-catalysed synthesis of 3- and
6-sulfonylindoles from ortho-alkynyl-N-sulfonylanilines 1
(Scheme 1)."®'? In the presence of catalytic AuBr;, a 1,3-sulfo-
nyl migration was observed, to afford 3-sulfonylindoles 2 in
good to high yields (up to 95%), with minor amounts of the
regioisomers 3 and 4 also observed. Interestingly, using InBr;
as catalyst the major products are 6-sulfonylindoles 5 which

R? Gold-catalysed
// 1,3-sulfonyl migration (14 examples, up to 95% yield)
AuBr; (10 mol%) )
—_—
SO N SO,R
~502! toluene, 80°C
N N
R R* * b\ gl ¥
N R20,S N
1 \ R3 Me
R3 Me
3 4
R Indium-catalysed
// 1,7-sulfonyl migration 5
InBr3 (5 mol%) + SOR?
_SO,RZ ————>
’?1 toluene, 80°C N
RS R¢ R!
(R® = OMe) N
\
1 OomMe Me

(9 examples, up to 99%
combined yield 5:6,
up to 90:10 5:6)

Scheme 1 Gold- and indium-catalysed synthesis of 3- and 6-sulfonyl-
indoles from ortho-alkynyl-N-sulfonylanilines, via 1,3- and 1,7-sulfonyl
migration.
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were isolated in up to 99% yield, indicating that an unpre-
cedented 1,7-sulfonyl migration has occurred. The presence of
a methoxy group at the 6-position of the ortho-alkynyl-N-sulfo-
nylanilines proved crucial in yielding the 1,7-sulfonyl
migration products.

In order to probe the mechanism of the sulfonyl migration,
crossover experiments were performed which determined that
both the gold- and indium-catalysed reactions were intra-
molecular processes. Interconversion of the reaction products
was eliminated as a possibility by stirring a mixture of the 3-,4-
and 6-sulfonylindole products in the presence of catalyst for a
further two hours - no change in product distribution was
observed.

The following mechanism was postulated in accordance
with the observed results (Scheme 2). Coordination of the
Lewis-acidic transition metal to the alkyne of 1 forms the inter-
mediate t-complex 7. Nucleophilic addition of the nitrogen to
the electron-deficient alkynyl moiety leads to the cyclised inter-
mediate 8, which can undergo two diverging pathways depend-
ing on the metal catalyst employed. For the gold-catalysed
process, intramolecular 1,3-sulfonyl migration occurs followed
by elimination of AuBr; to afford the 3-sulfonylindole products
2. Alternatively, for the indium-catalysed process, a consecutive
1,7-sulfonyl migration and 1,5-proton shift occurs. Elimination
of InBr; yields the 6-sulfonylindole products 5. Notably, the
formation of indole 2 is the first example of sulfodemetalation,
in which the vinyl-Au intermediate is captured intramolecu-
larly by the sulfonyl group (Scheme 2, 8 to 2).

In an earlier communication the authors described the
reaction of N-methoxymethyl-2-(1-pentynyl)-N-tosylaniline 12
in the presence of catalytic PdBr,, to give the indole 13 in 33%
yield, with only trace amounts of the tosyl migration product
14 observed (Scheme 3).%° Interestingly, repeating this reaction
using the optimised AuBr; catalyst afforded exclusively 13
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Scheme 2 Proposed mechanistic cycle for the gold- and indium-cata-
lysed synthesis of 3-and 6-sulfonylindoles.
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Scheme 3 Migratory aptitude of tosyl and mesyl groups relative to
methoxymethyl and allyl groups respectively.

albeit in 10% yield." Therefore, regardless of the catalyst
species, the migratory aptitude of the migrating group appears
to be crucial to the outcome. Specifically, in this instance, the
methoxymethyl group has a greater ability to migrate than the
tosyl group. Similarly, in a separate report, Fiirstner and Davies
observed that an allyl group preferentially migrated in the pres-
ence of a mesyl group for the platinum-catalysed transform-
ation of 15 to 16 (Scheme 3).*!

In 2011, the Chan group described the gold-catalysed
tandem 1,3-migration/[2 + 2]-cycloaddition of 1,7-enyne benzo-
ates 19 to azabicyclo[4.2.0]oct-5-enes 20 (Scheme 4, catalyst
17).”* Interestingly, during optimisation studies, the gold(i)

. _|+SbF6_
Bu iPr
{Bua = Y
P—Au—NCMe N/
O X
Pr - Ncph
17 18
OBz
Et /' “Ph
E Catalyst 17 or 18 Ts
BzO (5 mol%)
(CH,C), z
B SN 4AMS
| 80°C, 15h
Ts
19
22
20 21 22
Catalyst 17 82% 0% 0%
Catalyst 18 0% 29% 20%

Scheme 4 Gold-catalysed tandem 1,3-migration/[2 + 2]-cycloaddition
of 1,7-enyne benzoates to azabicyclo[4.2.0]oct-5-enes; observation of a
potential deaurative 1,3-sulfonyl migration.
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carbene complex 18 catalysed the cycloisomerisation of 1,7-
enyne ester 19 to afford the 3-sulfonyl-1H-pyrrole 22 in 20%
yield (Scheme 3, catalyst 14). Inspired by this fortuitous result,
and recognising that the reaction pathway may have involved a
deaurative 1,3-sulfonyl migration, the authors set out to inves-
tigate the rearrangement process.

In their continuation of these studies, the authors reasoned
that the chemical yield of the process could be enhanced by
use of the corresponding 1,7-enyne alcohols 23 as substrates
(Scheme 5), presumably due to ease of water elimination. The
NHC-gold(1) complex 18 was determined to be the optimal
catalyst, with moderate to excellent yields of the rearranged
pyrroles 24 obtained.”> An intramolecular 1,3-sulfonyl
migration was postulated based on the results of crossover
experiments, and the fact that pyrrole 25 was recovered
unchanged after exposure to p-toluenesulfonyl chloride under
the optimised reaction conditions. The reaction mechanism
was postulated to proceed via activation of the propargylic
alcohol 23 through coordination of the gold catalyst with the
alkyne moiety to give the Au(i)}-intermediate 26. An intra-
molecular aminocyclisation is triggered involving anti addition
of the N,N-disubstituted amino moiety to the triple bond
affording the vinyl gold complex 27. Dehydration of this
species leads to the formation of the cationic pyrrole-gold

4 SO,R!
R3 HO R Catalyst 18 R4 2

(5 mol%) N\

. Al . 5

N \\ RS Toluene | R
R10,S” “R2 80°C, 18 h RS N\

R2
23 24

(21 examples, 38-98% yield)

HO R Ho e Y
R® A g3
A , A .
R10,87 “R? R R10,87 “R? R
23 26

-H,0
4 # 4
R Ny_gs | Ny_gs
N N
R R
H2 "SO,R! H2 SO.R'
27 28
Path B
1,3-sulfonyl || rayt 1,3-sulfonyl f| e+
migration AUl migration
SO,R! SO,R!
H:) H,0 R4
R A\ RS | N R5
R N RS N
R? R?
29 24
Scheme 5 Gold-catalysed domino aminocyclisation/1,3-sulfonyl

migration of N-substituted N-sulfonyl-aminobut-3-yn-2-ols to 1-substi-
tuted 3-sulfonyl-1H-pyrroles.
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adduct 28, which subsequently undergoes an intramolecular
1,3-sulfonyl migration resulting in deauration and generation
of the pyrrole product 24 (Scheme 5, path A). Alternatively, the
vinyl gold complex 27 undergoes the deaurative 1,3-sulfonyl
migration first to afford the 2,3-dihydro-1H-pyrrol-3-ol adduct
29 that upon dehydrative aromatisation affords the pyrrole 24
(Scheme 5, path B).

The Shin group reported the gold-catalysed synthesis of
3-pyrrolidinones 31 and nitrones 32 from N-sulfonyl hydroxyl-
amines 30 via oxygen-transfer redox and 1,3-sulfonyl migration
(Scheme 6).>* In the case of terminal alkynes, a gold-catalysed
5-exo-dig addition of the hydroxylamine moiety to the alkyne
occurs through the oxygen (Scheme 7). Cleavage of the N-O
bond is rate limiting, and the presence of the electron-with-
drawing sulfonyl moiety facilitates the overall reaction process
to afford 3-pyrolidinones 31 in moderate to good yields.

However, to the surprise of the authors, when internal
alkynes are utilised a different mechanistic pathway occurs,
resulting in the formation of 3-sulfonylnitrones 32. In this
instance, the nitrogen of the hydroxylamine moiety is the pre-
ferred nucleophile, which allows for a 5-endo-dig cyclisation to
occur giving 36 (Scheme 7). Subsequent 1,3-sulfonyl migration
leads to 37. Loss of the gold catalyst and tautomerisation of
the resulting vinyl hydroxylamine leads to the nitrone 32. The
identity of the nitrone products 32 were confirmed by trapping
with dipolarophiles via [3 + 2]-dipolar cycloaddition
(Scheme 6).

Terminal alkyne substrates

2
[AU(IPR][BF,] RGN
(5 mol%) R®
Toluene, 60 °C
5AMS (o]
31
1 (9 examples, 49-74% yield)
R OZS\N/OH/ R3 R3=H
RZM
30
1,3-sulfonyl shift o
i R2 /
[Au{t-Bu,P(o-biphen}|Cl N+
(5 mol%) \)—R3
MeOH, 60°C
5AMS SO,R!
Internal alkyne substrates 32
(8 examples, up to 88% vyield)
R3 = aryl or alkyl
[3+2]-dipolar | R*——=—CO,Me

cycloaddition
CgHg, 80°C, 2 h

o)
N
4
/ R
3
R0, R CoMe
33

Scheme 6 Gold-catalysed synthesis of 3-pyrrolidinones and nitrones
from N-sulfonyl hydroxylamines via oxygen-transfer redox and 1,3-sul-
fonyl migration.
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3-pyrrolidinones  and

Liu et al. recently developed a gold-catalysed cascade reac-
tion of diynamides 38 to generate a series of sulfone contain-
ing pyrrolo[2,l-alisoquinolines 39 featuring the core structural
motif of the lemellarin alkaloids (Scheme 8).> Notably, all
three functional moieties on the nitrogen of the ynamide par-
ticipate in the cascade transformation, with a formal 1,4-sulfo-
nyl migration a key mechanistic step. A crossover experiment,
with two different sulfonyl diynamides, did not lead to cross-
over products, indicating that the migration of the sulfonyl
group occurs in an intramolecular fashion. DFT studies
suggested that the formal 1,4-sulfonyl migration is in fact two
sequential 1,2-sulfonyl shifts (Scheme 8). The alternative 1,3-
sulfonyl shift was considered to be an unlikely mechanistic
route as the transition states for both the suprafacial and
antarafacial 1,3-sulfonyl shifts are 24.0 and 22.6 kcal mol™"
higher in energy than that for TS6 (Scheme 8).

The Sahoo group recently developed a regioselective sulfo-
nyl/sulfinyl migration cycloisomerisation cascade of alkyne-
tethered ynamides 40 in the presence of XPhosgold catalyst to
afford a series of novel 4-sulfinylated pyrroles 41 in yields up
to 85% (Scheme 10).>° Notably, this reaction process is the
first example of a general [1,3]-sulfonyl migration from the
nitrogen centre to the f-carbon of ynamides, followed by
umpolung 5-endo-dig cyclisation of the ynamide a-carbon atom
to the gold-activated alkyne, and final deaurative [1,5]-sulfiny-
lation. Control experiments in conjunction with DFT calcu-
lations were used to deduce an operative reaction pathway.

The de-sulfinylated pyrroles 45 and 46 were generated from
N-mesyl protected yne-ynamides 42 and 43 respectively under
the optimised conditions (Scheme 9a), highlighting the role of
adventitious water in the protodeauration of the organo-Au
intermediate 44. Furthermore, the transformation of 43 in the

This journal is © The Royal Society of Chemistry 2020
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R2 ozs
IPrAUNTf,
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30°C
SOZR2 (33 examples, 25-89% yield)
39
MeO
(Au)
Ph \\ -69.1
N IM8
MeO Ms [l
X+ Ph
N

MeO

Scheme 8 Cascade reaction of diynamides and relevant section of the
DFT reaction coordinate for sulfonyl migration.

presence of D,O afforded [D]47 indicating that a deuterium
quench of 44 is preferred to the consecutive migration of the
methyl sulfinyl cation motif in the pyrrole ring. A crossover
experiment between 42 and 48 (1:1) generated 49 and 50
exclusively, indicating that both the [1,3]-sulfonyl and [1,5]-sul-
finyl migration are intramolecular processes (Scheme 9b). No
sulfinylated pyrrole 53 was observed when the pyrrole 45 was
reacted in the presence of 51, highlighting that intermolecular
deaurative sulfinylation is unlikely (Scheme 9c). The reaction
of 54 in the presence of ['®*0]-labelled H,0O under the opti-
mised conditions did not yield the [*®OJ-labelled 56, with 55
instead exclusively formed, indicating that an intramolecular
oxygen transfer could be utilised in the mechanistic pathway
(Scheme 9d).

DFT calculations proved useful in further understanding
the mechanistic features of the cascade process (Scheme 10).
The gold complex (IM1) was chosen as reference for the free
energy, while coordination of the gold catalyst to the ynamide
affords the isomerised allene-type complex (IM2). Attack of the
sulfonyl oxygen onto the ynamide p-carbon yields the cyclic
sulfoniminium (IM3), while extrusion of the sulfinylium ion
PhSO" affords the heterodiene complex (IM4). Migration of
AuL’ to the propargyl triple bond generates a 1,2-azadiene
(ketinimine) core (IM5), while subsequent 5-endo-dig cyclisa-
tion generates the 2H-pyrrole complex (IM6), which is strongly
exergonic by 27.0 kcal mol™". Migration of the PhSO" to the
nitrogen atom of the pyyrole ring affords IM7, which lies very
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Scheme 9 Control experiments for mechanism elucidation.

low on the potential energy surface (—53.3 kcal mol™"). The
sulfoxide oxygen is utilised as a base to shuttle one of the
hydrogen atoms of the CH, group to the nitrogen atom of the
pyrrole ring to afford IM10, despite being energetically
unfavourable. The sulfonimidate-oxygen assisted 1,4-H shift
via TS,.g at —25.2 kcal mol™" was found to be feasible affording
IM8. Subsequent [1,2]-migration of the [PhSOH]" moiety, fol-
lowed by [1,5]-H shift generates IM10, while antarafacial [1,4]-S
shift of the PhSO" to afford IM11 was observed to be favour-
able requiring 9.8 kcal mol™" of free energy. To complete the
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Scheme 10 Calculated energy profile of the umpolung cycloisomerisa-
tion migration cascade process (AGagg, kcal mol™).

transformation, a suprafacial [1,2]-S shift affords the IM12
located at —76.6 kcal mol™" on the PES.

2.1.2 Silver-catalysed sulfonyl migration. The synthesis of
pyrazoles 58/59 via the silver(i)-catalysed rearrangement of pro-
pargyl N-sulfonylhydrazones 57, involving a 1,3- or 1,5-sulfonyl
migration, was described by the Chung group.”” Using this
methodology efficient and regioselective synthesis of 1,3- and
1,5-disubstituted, and 1,3,5-trisubstituted pyrazoles can be
achieved in moderate to excellent yields (Scheme 11). Notably,
in the absence of a sulfonyl moiety no pyrazole formation is
observed. An intermolecular sulfonyl migration was elucidated
by means of crossover experiments. Interestingly, deuterium
incorporation studies highlighted an unexpected scrambling
of deuterium at the C(4) and C(5) positions in the pyrazole
product 61; this was rationalised through the silver(i) allene
intermediate 63 (Scheme 11). Loss of a deuterium ion causes
the n-intermediate 62 to rearrange to a silver-substituted allene
intermediate 63. Subsequently, recombination with 63 affords
intermediate 64, which can isomerise to regenerate the
n-intermediate 65, which when cyclised gives pyrazole deriva-
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Scheme 11 Silver()-catalysed synthesis of pyrazoles from propargyl
N-sulfonylhydrazones via 1,3- or 1,5-sulfonyl migration; proposition of a
silver()-substituted allene intermediate.

tives with deuterium incorporated at both the C(4) and C(5)
positions.

Taking the above into account the following mechanism
was postulated (Scheme 12). Upon coordination of the electro-
philic silver source to the alkyne moiety of 57, nucleophilic
cyclisation occurs yielding the silver(i) intermediate 67.
Deprotonation leads to elimination of the sulfonyl moiety
affording the ion pairs 68. The sulfinate anion attacks the elec-
trophilic iminium carbon completing the 1,3-sulfonyl
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Scheme 12 Postulated mechanism for the silver()-catalysed synthesis
of pyrazoles from propargyl N-sulfonylhydrazones via 1,3- or 1,5-sulfo-
nyl migration.

migration. In instances in which the imine substituent is
extended by conjugation, the sulfonate anion attacks the
f-carbon leading to 1,5-sulfonyl migration being preferred.
Finally, protodemetallation of 69 regenerates the catalytic
silver species and gives the pyrazole products 58.

The Wan group subsequently reported the silver(i)-catalysed
cyclisation of N-sulfonyl propargylamides 70 for the synthesis
of 4-(sulfonylmethyl)oxazoles 71 in moderate to good yields
(Scheme 13).>® The introduction of an aryl acyloxy directing
group proved critical in realising the key silver-mediated [3,3]-
rearrangement. Crossover experiments indicated that the sulfo-
nyl migration may occur in both an intra- and intermolecular
manner. The following plausible mechanism was presented
(Scheme 13). Coordination of the silver(i) cation to the alkyne
moiety of the propargylamide 70 as well as the acyloxy
directing group generates the m-complex 72. Due to the
increased electrophilicity of the alkyne moiety an intra-
molecular nucleophilic attack of the amide oxygen occurs via a
6-endo-dig cyclisation giving the intermediate 73. Subsequent
collapse of the cyclic intermediate 73 affords the allene inter-
mediate 74. Nucleophilic attack of the nitrogen atom on the
allene affords the 5-membered cyclic zwitterionic intermediate
75. 1t is envisaged that the 1,3-sulfonyl migration occurs at
this point in both an intra- and intermolecular manner, to give
the rearranged 4-(sulfonylmethyl)oxazole 71.

The Wan group further demonstrated that silver catalysis
can be used in conjunction with trifluoromethyl-substituted
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Scheme 13 Silver-catalysed cyclisation of propargylamides in the
generation of functionalised oxazoles via 1,3-sulfonyl migration.

3-aza-1,5-enynes 76 to generate highly functionalised pyrroles
77 containing a trifluoromethyl group at the 2-position in a
selective manner (Scheme 14).>° Analogous to the group’s pre-
viously mentioned report, a 1,3-sulfonyl migration again
occurs. Both electron-rich and electron-deficient aryl moieties
were well tolerated at R', however, the reaction does not work
with alkyl substituents at this position. The alkynyl substituent
could be readily diversified, with both alkyl and aryl groups
tolerated. Crossover experiments indicated an intermolecular
process for the sulfonyl migration, while a deuterium incor-
poration experiment was consistent with the absence of C-H
bond cleavage at the C-4 position. As a result, the following
mechanism was proposed (Scheme 14). Initial aza-Claisen
rearrangement of 76 affords the intermediate 78, which upon
isomerisation gives the allene 79. Coordination of the silver()
catalyst with the allene intermediate 79 leads to cyclisation of
the silver complex 80, affording the cationic pyrrole 81.
Cleavage of the N-S bond ensues affording the intermediate
82 and the sulfinate anion. Regioselective recombination dis-
places the silver(1) cation in an intermolecular manner and in
doing so generates the rearranged pyrrole 77.

2.1.3. Transition metal-catalysed sulfonyl migration using
N-sulfonylhydrazones. N-Sulfonylhydrazones undergo a range
of transition-metal-catalysed and transition-metal-free trans-
formations. The breadth of reactivity and synthetic application
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Scheme 14 Generation of 2-trifluoromethyl-5-(arylsulfonyl)methyl
pyrroles via silver-catalysed 1,3-sulfonyl migration.

of this family of compounds has been reviewed extensively in
recent years,’*> however, the overwhelming majority of
reports involve either retention of the sulfonyl moiety at nitro-
gen or decomposition with elimination of the sulfonyl moiety.
Notwithstanding, N-sulfonylhydrazones have recently been
observed to be synthetically useful precursors to both allyl and
vinyl sulfones, utilising sulfonyl migration in atom-economical
syntheses. In this section, recent advances in the reactivity of
these compounds utilising transition-metal catalysis, incorpor-
ating sulfonyl migration, will be considered.

2.1.3.1. Copper-catalysed sulfonyl migration using
N-sulfonylhydrazones. Mao et al. developed a high-yielding
stereoselective synthesis of terminal and o,p-unsaturated (E)-
vinyl sulfones 84 from N-sulfonylhydrazones 83 via a radical
pathway (Scheme 15).>* The radical pathway was confirmed by
the addition of TEMPO to the standard reaction conditions,
which completely inhibited the formation of the sulfonyl
migration product. The role of the sulfonyl free radical was
further confirmed by the addition of 1,1-diphenylethylene
(DPE), an alternative radical scavenger, with 85 isolated as the
major product in 72% yield completely replacing formation of
84. A small amount of water was required for an efficient trans-
formation to occur; when anhydrous Cu(OAc), was used a 35%
reduction in yield was observed for 84 (R' = R*> = Ph) when
compared to when one drop of water was added. The mecha-
nism is postulated to proceed via isomerisation of the
N-tosylhydrazone 83 to 86. Coordination of the copper catalyst
to the alkene promotes the decomposition of 87, with conco-
mitant extrusion of diazene and the free tosyl radical affording
the complex 88. Recombination of 88 and the tosyl radical
affords the carbenoid 89, which undergoes O-H insertion with
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Scheme 15 Copper-catalysed stereoselective synthesis of (E)-vinyl sul-
fones via the radical reaction of N-tosylhydrazones.

water to afford the alcohol 90. trans-Elimination of water
stereoselectively affords the desired (E)-vinyl sulfone.

The Zhang group reported the one-pot generation of 2-sul-
fonylmethyl 1H-indenes 93 in moderate yields via a copper-
mediated sulfonyl radical-enabled cyclisation of N-arylsulfonyl
hydrazones (Scheme 16).>* A radical process was confirmed
through the suppression of the reaction pathway on the
addition of the radical scavengers TEMPO or 1,4-benzo-
quinone (BQ). Starting with the benzaldehyde 94, in the
absence of either CuBr or DTBP, the major product isolated
was the N-sulfonylhydrazone 95, highlighting the key role of
the copper salt and oxidant in the reaction process. Stopping
the reaction after 5 minutes afforded exclusively 95, with com-
plete consumption of starting material. The N-tosylhydrazone
95 was demonstrated to afford the indene 100 on treatment
with TSNHNH, under the standard conditions. In the absence
of a second equivalent of TsSNHNH, the desired product was
afforded in 10% yield, highlighting that efficient sulfonyl
radical attack at the terminal vinyl carbon requires the second
equivalent of TSNHNH,.

Considering this the following mechanism was proposed.
Condensation of TSNHNH, with the aldehyde 94 affords the
N-tosylhydrazone 95. A tosyl radical is generated in situ via the
DTBP and copper-mediated oxidative decomposition of the
second equivalent of TSNHNH,. Subsequent addition of the
sulfonyl radical to the terminal alkenyl carbon of 95 affords
the intermediate radical 96. Intramolecular 5-exo-trig cyclisa-
tion and hydrogen abstraction affords 98, which loses dinitro-
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Scheme 16 Access to sulfonylmethyl 1H-indenes via copper-mediated
sulfonyl radical-enabled 5-exo-trig cyclisation of alkenyl aldehydes.

gen and a tosyl radical to give 99. Finally, a copper-mediated
single electron transfer oxidation, and subsequent elimination
via p-H abstraction by tert-butoxide affords the indene product
100.

The Wang group described the copper(i)-catalysed one-step
cross-coupling of terminal alkynes 101 with
N-sulfonylhydrazones 102 to afford o,f8-disubstituted vinyl sul-
fones 103 in moderate to excellent yields (Scheme 17).*
Notably, the reaction proceeds readily for
N-tosylhydrazones with both electron-donating and electron-
withdrawing groups tolerated on the aryl ring, albeit in lower
yield when electron-withdrawing groups are present. Both
naphthyl- and alkysulfonyl derivatives are also well tolerated,
while both the ester substituent and the electronics of the aryl
ring of the terminal alkyne can readily be altered with no dele-
terious effect. A radical-mediated transformation was excluded

various

based on the absence of inhibition of the reaction on addition
of TEMPO or BHT to the optimised reaction medium. Both the
alkyne 110 and allene 111 afforded the desired product 112
when treated with p-toluenesulfinate in the presence of tri-
ethylamine. Notably, the alkyne 110 did not furnish any
product in the absence of base, confirming the role of the
allene intermediate 111 in the reaction cascade.

In light of these findings and previous reports the authors
postulated the following mechanism (Scheme 17). Base-
mediated decomposition of the N-tosylhydrazone 104 affords
the tosylate anion and diazo compound 105. Subsequent reac-
tion of 105 with the copper acetylide 107 affords the carbenoid
108 which undergoes migratory insertion of the alkynyl moiety
to the a-carbon to give the intermediate 109. Protonation of
109 releases the copper cation which becomes available for the
next catalytic cycle and generates the internal alkyne 110.
Deprotonation with triethylamine affords the allene intermedi-
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Scheme 17 One-step copper()-catalysed cross-coupling of terminal
alkynes with N-sulfonylhydrazones affording o,p-disubstituted vinyl
sulfones.

ate 111 which reacts with the tosyl anion in a regioselective
manner, completing the sulfonyl migration, and affording the
product 112. The stereoselectivity of the reaction can be
explained by the steric hindrance between the tosyl and phenyl
moieties that inhibits the formation of the Z-isomer 113.

The Ji group described a copper(u)/silver(i)-catalysed
domino reaction of anthranils 114 with N-sulfonylhydrazones
115 to afford a series of 2-aryl-3-sulfonyl disubstituted quino-
line derivatives 116 in moderate yields (Scheme 18).%° To eluci-
date a mechanism the authors carried out a series of control
experiments. The presence of TEMPO suppressed the reaction
of 114 and 117 affording the desired product 118 in only 16%
yield, while also forming the decomposition product 119 and
the quinoline 120. Additionally, in the presence of the alterna-
tive radical scavenger DPE, the trapped vinyl sulfone product
85 was observed by LC-MS confirming the presence of a sulfo-
nyl radical in the mechanistic pathway. When 114 and 122
were reacted in the presence of the quinoline 123 no formation
of 118 was observed highlighting that the sulfonyl migration
occurs prior to the formation of the quinoline skeleton.

In light of the above the authors proposed that the zwitter-
ion 114 reacts with the N-tosylhydrazone 126 under thermal
conditions to afford the diazo intermediate 127 with expulsion
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Scheme 18 Copper(i)/silver()-catalysed formation of 2-aryl 3-sulfonyl
disubstituted quinoline derivatives via  the reaction of
N-sulfonylhydrazones and anthranils.

of a tosyl radical (Scheme 19). Loss of nitrogen from the diazo
compound 127 effected by the copper catalyst gives the carbe-
noid 128, which subsequently coordinates with the anthranil
114 to give 129. Carbene migratory insertion ensues to form
130, while the following N-O bond cleavage affords the tauto-
mer pair 131 and 132. Addition of the tosyl radical to the term-
inal alkenyl carbon of 132 leads to the intermediate 133,
which cyclises in the presence of the AgOTf catalyst to yield
the rearranged quinoline 125.

Xu and co-workers recently reported the synthesis of
4-methyl 2H-chromene derivatives 135 from alkyne tethered
N-sulfonyl  hydrazones 134 using copper catalysis
(Scheme 20).>” Notably, in the absence of copper spiro-4H-pyr-
azoles (e.g. 139) are instead the major products. Monitoring of
the reaction progress by "H NMR allowed the identification of
the 3H-pyrazole 137, which was isolable. Furthermore, reacting
137 with one equivalent of Cul under thermal conditions gave
138 and 139 in 44% and 55% conversion respectively, high-
lighting that the 3H-pyrazole 137 is a key intermediate in both
potential transformations. The formation of 138 in this
instance, which does not require a catalyst, suggested that din-
trogen extrusion could be preceded by anion exchange (Ts /1)
and/or coordination of the copper catalyst with 137. As such,
using CuOTf as catalyst, both the copper complex 140 and the
triflyl addition product 141 were observed by ESI-MS.
Crossover experiments indicated not only that the sulfonyl
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ation of alkyne tethered N-sulfonyl hydrazones to 4-methyl 2H-chro-
mene derivatives.

migration is an intermolecular process but also that it is likely
that the counter ion is either in close proximity or associated to
the intermediate during the transformation, and that the cata-
Iytic rate of reaction is faster than the counter ion exchange;
this is as a result of observing that the less nucleophilic nosyl
anion afforded a significantly higher combined yield than that
of the tosyl anion (Scheme 20). Isolation of the deuterated
product [D]-138 rationalised the protonation after recombina-
tion with the tosyl anion. Further evidence for the reaction
pathway was obtained via the identification of the intermedi-
ates 145 and 146 by "H NMR and HRMS (see Scheme 21).

Considering this the following mechanism was proposed
(Scheme 21). K,COs-mediated deprotonation of the N-sulfonyl
hydrazone 144 affords the potassium salt 145. Subsequent ion
exchange affords the copper complex 146, which undergoes a
[3 + 2] cycloaddition/dinitrogen extrusion/sulfonyl anion
recombination to give the desired product 148 via 147.
Alternatively, dissociation of the copper catalyst could occur
leading to the rearranged spiro-product 150 via van Alphen-
Hiittel rearrangement of 149.

2.1.3.2. Palladium-catalysed  sulfonyl  migration  using
N-sulfonylhydrazones. Allylic sulfones are accessible via palla-
dium-catalysed cross-coupling of aryl and vinyl iodides 151
and 154 with N-sulfonylhydrazones 152 and 155, involving
carbene migratory insertion and regioselective addition of the
released sulfonyl anion (Scheme 22).**?° For example, using
Pd(OAc), and triphenylphosphine as catalyst, and BTAC as
phase-transfer additive, a series of allylic sulfones 156 were
generated in moderate to high yields, with electron-deficient
and electron-rich aryl rings all well tolerated, as well as a range
of sulfonyl moieties. The reactions are believed to proceed via
initial base-mediated decomposition of the N-tosylhydrazone
159 to afford the diazo 160 with concomitant release of the
tosylate salt. The diazo 160 reacts with the vinylpalladium
iodide complex 158 to form the carbenoid 161, which under-
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Scheme 22 Generation of allylic sulfones via palladium-catalysed
cross-coupling of aryl iodides and N-tosylhydrazones.

goes migratory insertion to afford the n'-allylpalladium inter-
mediate 162. Isomerisation to the n’-allylpalladium complex
163 is followed by selective nucleophilic addition of the tosy-
late anion to give 164 as the exclusive product.

2.1.4. Miscellaneous metal-catalysed sulfonyl migration.
The introduction of a sulfonyl group to the C-7 position of
indoles can be achieved in moderate to good yields through
the aluminium trichloride-mediated regioselective 1,3-sulfonyl
migration of N-sulfonyl indoles 165 (Scheme 23).*° The sulfo-
nyl migration was found to proceed smoothly when an elec-
tron-donating group was present at the C-5 position of 165,
however the regioselectivity of the transformation was attenu-
ated by the presence of electron-withdrawing groups with
some formation of the 3-sulfonyl indole observed. The pres-
ence of the bulky tert-butyl group at the C2 position appears to
assist the cleavage of the N-S bond allowing the sulfonyl
migration to occur; when a n-butyl substituent was present at

2560 | Org. Biomol. Chem., 2020, 18, 2549-2610

View Article Online

Organic & Biomolecular Chemistry

RS
X X
Ny ICly Nty
+ R%cOCl ——— N
N\ CH,Cl, N
SO,R! 30°C  Ri0,8
165 166
AICl, AICl,

X X X
N T

165 SO,R! Cl 167 S02R1
R SOZAICL,
AlCly
+Cl™
AlCl, AICI,
X L Hel X X
Bu t Ny
7 )—Bu =7 ~ Bu
N N D\N
1 AICI3 HCI ’
R'0,S SOZR1 R'O,S H *—j
17 170 169 ©!
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C2 no migration was observed, despite the acylation readily
occurring. In the absence of acyl chloride the sulfonyl
migration still readily occurred, highlighting the key role of
AICl; in the reaction. The mechanism was proposed to involve
a non-concerted, intermolecular sulfonyl migration based on
the outcome of crossover experiments. Thus, the reaction
seems to proceed via AlCls-assisted activation of the indolyl
double bond followed by cleavage of the N-S bond to give 168
which subsequently undergoes sulfonylation at the C7 position
to give 171 via 170, completing the sulfonyl migration.

The Zhan group reported the copper(i)-catalysed stereo-
selective synthesis of (1E,3E)-2-sulfonyl-1,3-dienes 173 from
N-propargylic sulfonylhydrazones 172 involving a stereo-
selective sulfonyl migration (Scheme 24).*' When employing
catalytic [Cu(PPh;)I], in refluxing toluene yields of 51-92%
were achieved, with electron-poor sulfonylhydrazones leading
to higher yields than electron-rich analogues. Aryl groups at
both R*> and R* bearing electron-withdrawing and electron-
donating substituents were also well tolerated.

Crossover experiments indicated that the migration of the
sulfonyl group is an intermolecular process. Based on these
observations the authors hypothesised that the mechanism
involves initial 6-endo-dig addition of the sulfonylhydrazone
onto the copper(i)-alkyne complex 174 to generate the inter-
mediate 175 which collapses to the allenic intermediate 176,
completing the initial [3,3]-rearrangement. Intermediate 176 is
unstable and readily loses dinitrogen, leaving ion pair 177.
Finally, the tosyl anion regioselectively and stereoselectively
attacks the central sp carbon atom of the allenic moiety, with
subsequent electron transfer affording the (1E,3E)-2-sulfonyl-
1,3-diene 173 (Scheme 24). The release of nitrogen is most
likely the trigger for the sulfonyl migration.

Zhan and co-workers reported the zinc chloride mediated
synthesis of 4-(sulfonyl)-methyl-1H-pyrazoles 179 in excellent
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Scheme 24 Copper()-catalysed stereoselective synthesis of (1E,3E)-2-
sulfonyl-1,3-dienes utilising migration of the sulfonyl group.

yields from N-allenic sulfonylhydrazones 178 via a formal 1,4-
nitrogen to carbon sulfonyl migration (Scheme 25).*?
Crossover experiments utilising two different N-allenic sulfo-
nylhydrazones highlighted an intermolecular process for the
sulfonyl migration. Mesyl, tosyl and benzenesulfonyl substitu-
ents were tolerated. The authors postulated that coordination
of ZnBr, to the azomethine nitrogen atom of 178 induces a
nucleophilic addition of the central allenyl carbon to the azo-
methine carbon to give exclusively (E)-182. Formation of (2)-
181 is inhibited due to steric hindrance between the R* and R*
substituents. Bromide assists the N-S bond scission to gene-
rate the intermediate 183 and tosyl bromide, which then reacts
with the endocyclic alkene moiety to complete the formal 1,4-
tosyl migration, and in doing so generates 184.
Tautomerisation affords the rearranged aromatic pyrazole 179.

2.2. Single electron-mediated sulfonyl migration

2.2.1. Radical-mediated sulfonyl migration. The Maulide
group observed an unexpected nitrogen to carbon 1,3-sulfonyl
migration of a tosyl group when attempting to expand the
scope of electrophilic Claisen rearrangements to aza-deriva-
tives. While alkyl and alkenyl oxygen-based substrates under-
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Scheme 25 Selective synthesis of 4-(sulfonyl)-methyl-1H-pyrazoles
from N-allenic sulfonylhydrazones via 1,4-nitrogen to carbon sulfonyl
migration (see also Scheme 66).

went straightforward Claisen rearrangement to afford a series
of hydrocoumarins, aza-derivatives 185-187 did not afford the
expected a-substituted lactams 191, but instead the amidinium
derivatives 188-190 (Scheme 26).*> Both the allyl and benzyl
derivatives 185 and 186 underwent tosyl migration, while the
propargyl derivative 187 underwent an additional cyclisation
with concurrent tosyl migration. It was postulated that the
tosyl migration occurs as a result of a radical pathway, with
homolytic cleavage of N-S bond in the intermediate 193. It
was suggested that recombination of the radical pair 194 to
afford 188 may be faster than diffusion, and that this process
is more favourable energetically than migration of the allyl

group.
The thermal 1,3- and 1,5-sulfonyl migrations of
N-arenesulfonylphenothiazines 195 and

N-arenesulfonylphenoxazines 196 were realised by the Xu
group (Scheme 27).** Under neutral, thermal conditions a
series of sulfonyl substituted phenothiazine 197/199 or phe-
noxazine derivatives 198/200 are afforded with moderate yields
and regioselectivities. Crossover experiments indicated that
the sulfonyl migration was an intermolecular process while a
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Scheme 26 Generation of amidinium derivatives via
migration.

1,3-tosyl

radical-radical coupling reaction mechanism was proposed
based on competitive trapping experiments using electron-rich
1,4-dimethoxybenzene, which ultimately allowed the ruling
out of a possible ion-pair mechanism. As such, homolytic clea-
vage of the N-S bond affords the free radical 203 and a sulfo-
nyl radical. The radical intermediate 203 can readily intercon-
vert between the resonance structures 204 and 205 through
electron delocalisation. Recombination of the sulfonyl radical
with 204 or 205, leads to formal 1,3- and 1,5-sulfonyl
migrations to give intermediates 206 and 207. Finally, isomeri-
sation of these intermediates affords the rearranged phe-
nothiazine or phenoxazine products 197-200. The formation
of the dissociation products 201/202, via abstraction of a
hydrogen atom from a neighbouring molecule, such as
solvent, provides further supportive evidence for the radical
mechanism.

The She group developed a sequential catalysed cyclo-
addition of N-heterocyclic carbene (NHC) activated 1,3-dioxo-
isoindolin-2-yl 2-phenyl acetate 210 and a,p-unsaturated imines
209 in which the N-hydroxyphthalimide (NHPI) by-product 212
of the first reaction catalysed a further nitrogen to carbon 1,3-
sulfonyl migration of the tosyl group (Scheme 28).** Notably,
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Scheme 27 Radical-radical coupling reaction mechanism for the 1,3-
and 1,5-sulfonyl migrations of N-arenesulfonyl-phenothiazines and
phenoxazines.

the enantiomeric composition of the major product 211 from
the cycloaddition step was retained through the subsequent
sulfonyl migration to afford the desired product 213 in moder-
ate yields and high enantioselectivities. The efficiency of the
NHC/NHPI catalytic cascade process was found to be strongly
dependant on the electronic nature of the R* substituent, with
electron donating groups on the aromatic ring affording final
products in significantly higher yields after 2 steps. While the
mechanism of the sulfonyl migration is not fully understood, a
radical mechanism was deemed most likely, as the addition of
the radical scavenger TEMPO completely inhibited the
migration.

Wang et al. reported the di-tert-butyl peroxide-mediated
radical rearrangement of N-sulfonyl-N-aryl propynamides 214
to afford 3-sulfonyl-2-(1H)-quinolinones 215 in moderate to
good yields with good functional group compatibilities, with a
1,3-sulfonyl migration from nitrogen to carbon a key step
(Scheme 29).*® Crossover experiments indicated the involve-
ment of an intermolecular process, while a radical pathway
was postulated based on the inhibition of the reaction cycle
upon the addition of the radical scavengers TEMPO, BHT or
galvinoxyl. The intramolecular and intermolecular kinetic
isotope effect (KIE) was determined to be 1.08 and 1.04
respectively, indicating that the rate determining step was un-
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Scheme 29 Di-tert-butyl peroxide mediated radical rearrangement of
N-sulfonyl-N-aryl propynamides; observation of a formal 1,3-sulfonyl
migration.

likely to involve the cleavage of the aromatic C-H bond, while
also suggesting that either a radical or electrophilic aromatic
substitution pathway was involved. Considering this the
authors proposed that homolytic scission of the N-SO, bond

This journal is © The Royal Society of Chemistry 2020
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leads to the radical 216 and a sulfonyl radical. Addition of the
sulfonyl radical to the alkyne group of radical 216 generates
the diradical 217, which abstracts a hydrogen atom from the
solvent, to give the radical 218. A 6-endo-dig cyclisation affords
the cyclised radical 219, which on abstraction of a hydrogen by
a tert-butoxyl radical affords the 3-sulfonyl-2-(1H)-quinolinone
215.

2.2.2. Photoinduced sulfonyl migration. Photochemical
irradiation of N-sulfonyl anilines 220 was found to promote
thia-Fries-type rearrangements to afford mixtures of regioiso-
meric ortho- and para-aminophenyl sulfone derivatives 221
and 222 in moderate yields, via nitrogen to carbon 1,3- or 1,5-
sulfonyl migration (Scheme 30).*” N-Alkylation of the sulfona-
nilides 220 increased the yield of the rearranged products,
while the presence of electron-withdrawing groups on the aro-
matic ring did not greatly lower the yields.

In their efforts to establish a total synthesis of the kopsifo-
line alkaloid framework 225, Padwa and co-workers observed
an unanticipated desulfonylation of 223, while attempting to
carry out a photochemical rearrangement. The desulfonylation
proceeded efficiently, affording 224 in 90% yield

Ts\ R

(Scheme 31).*%*°
_R! R
HN HN™
v (254 nm) Ts+ X
MeCN
Y Ts

220 221 222
(when'Y = H)
(16 examples, up to 72% combined yield)

Scheme 30 Photochemical
N-sulfonyl anilines.
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/—OBn
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N H CO.Et 1h
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Scheme 31 Photoinduced desulfonylation strategy toward the syn-
thesis of the kopsifoline alkaloid framework.
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Scheme 32 Mechanism for the photoinduced thia-Fries type rearrangement of indoles.

Due to the efficiency of this reaction, and the mild con-
ditions required, the authors sought to extend the scope of the
reaction to a series of related indoles 226, however a signifi-
cant reduction in yield was observed for this class of com-
pound due to the competing formation of both ortho- and
para-photo Fries rearrangement products 228 and 229
(Scheme 32). In most instances the para-rearrangement by-
product 228, the result of a formal 1,5-sulfonyl migration, was
the major isomer formed. The reaction is likely initiated by
single electron transfer from triethylamine to the electronically
excited indole 226* leading to the triethylamine radical cation
and the indole radical anion 231 (via the indole radical 230).
Proton transfer from the radical cation of triethylamine affords
the desired desulfonylated indole 227. In competing processes,
the phenylsulfonyl radical can also add to the aromatic frame-
work of the radical anion 231 to afford the transient intermedi-
ates 232 or 233. Subsequent electron transfer from 232 and
233 to the triethylamine radical cation affords the ortho- and
para-sulfonylated indoles 228 and 229. The competing thia-
Fries pathway can be suppressed by addition of n-BusSnH,
which allows capture of the sulfonyl radical via hydrogen atom
transfer.

Smith and coworkers reported the first selective example of
a nitrogen to carbon 1,3-sulfonyl migration of dihydropyri-
dones 234 via prolonged storage and heating, however, most
notable was the quantitative isomerisation observed under
photochemical conditions (Scheme 33).>*>! Highlights of the

2564 | Org. Biomol. Chem., 2020, 18, 2549-2610

methodology include a high degree of tolerance for both N-
and C-substituent diversification around the dihydropyridi-
none ring, to afford the corresponding rearranged C-sulfonyl
products 235 in moderate to high yields with no erosion of
stereochemical integrity. Significant efforts to rationalise the
mechanism of the sulfonyl migration were made by the
authors. Crossover experiments elucidated an intermolecular
event, while adding TEMPO under the standard conditions led
to complete suppression of the sulfonyl transfer, indicating a
radical mechanism. Rather than a straightforward homolytic
N-S bond cleavage to give a sulfonyl radical and radical 236
followed by recombination at carbon to give the rearranged
product 235, electron paramagnetic resonance (EPR) spec-
troscopy indicated the presence of a larger radical that was
assigned as the intermediate benzylic radical 237. Therefore
the authors proposed that after the homolytic cleavage, the
sulfonyl radical adds to the dihydropyridinone 234 generating
the benzylic radical 237 which can extrude a sulfone radical to
generate the neutral imine 238. Tautomerisation of 238 affords
the rearranged dihydropyridinone 235.

The Rutjes group discovered the first example of a photo-
induced rearrangement of 1,2-benzothiazole-1,1-diones 240 to
form 3-amino-1-benzothiophene-1,1-dione derivatives 241 in
excellent yields via a nitrogen to carbon 1,3-sulfonyl migration
(Scheme 34).°> Based on literature precedent for the photo-
induced cleavage of sulfonamides the authors postulated the
following radical mechanism.>*>° Irradiation of 240 induces

This journal is © The Royal Society of Chemistry 2020
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Scheme 33 Photoisomerisation of  N-sulfonyldihydropyridinones;
observation of a visible light induced 1,3-sulfonyl migration.
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Scheme 34 Photochemical rearrangement of 1,2-benzothiazole-1,1-
diones to 3-amino-1-benzothiophene-1,1-diones; observation of a
nitrogen to carbon 1,3-sulfonyl migration.

homolytic cleavage of the N-S bond which generates the di-
radical 242. Recombination of the sulfinate radical with the
C-terminus of the enaminyl radical generates the imine 243,
which subsequently tautomerises to generate the rearranged
3-amino-1-benzothiophene-1,1-dione 241. The requisite sub-
strates 240 for the photoinduced sulfonyl migration were

This journal is © The Royal Society of Chemistry 2020
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NH,
250

demonstrated to be accessible through a palladium-catalysed
regioselective and highly stereoselective intramolecular hydro-
arylation of sulfonyl ynamines 239.

Torti et al. described the use of N-arylsulfonimides 244 as
potential nonionic photoacid generators able to photorelease
up to two equivalents of sulfonic acids for each mole of sub-
strate under deaerated conditions in acetonitrile.”*® The
product distribution of the reaction under deaerated con-
ditions proved to be complex with all compounds formed
arising from the cleavage of the S-N bond to afford both photo
thia-Fries rearrangement products 246, 247, 249 or 250 and
desulfonylated products 245 or 248 (Scheme 35).

In order to further understand the photoreactivity of the
N-arylsulfonamides 244, and to investigate secondary photo-
chemical pathways, laser flash photolysis (LFP) and electron
paramagnetic resonance (EPR) spectroscopy experiments were
performed. Considering the supporting evidence of these
studies the authors tentatively proposed the following mecha-
nism (Scheme 36). Initial irradiation of 244 causes excitation
to the singlet state ‘244, which undergoes homolytic cleavage
of the N-S bond to generate the sulfamido 251 and sulfonyl
252 radicals, the presence of which were confirmed by both
time-resolved absorption and EPR spectroscopy (path A). Once
formed, the radicals 251 and 252 can undergo either thia-Fries
rearrangement as a result of recombination (path D) to afford
246 via intermediate 253, or escape from the solvent cage to
release sulfonic acids. The photoreactive sulfonamide 246 can
undergo a second thia-Fries rearrangement to generate the
rearranged aniline 249 (path D”), however desulfonylation
appears to have no role (path D’). In contrast, hydrogen
abstraction by the sulfamido radical 251 from the reaction
medium affords the sulfonamide 245 (path C). The favoured
pathway, between path C and D, is dependent on both the
functional groups present on the aryl ring and the reaction
medium. The single thia-Fries rearrangement product 246 is
preferred in less polar solvents and in the presence of electron-
donating groups (NMe,, OMe) on the aromatic ring.

The N-arylsulfonamide 245 is also photoactive and can
undergo both thia-Fries rearrangement to afford the
rearranged aniline 247 (path C”), or desulfonylation to give
248 (path C'). The thia-Fries rearrangement is favoured for

electron-rich  sulfonamides, while for unsubstituted
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Scheme 36 Mechanism for the photochemical reactivity of N-arylsulfonimides under inert and aerated conditions.

N-arylsulfonamides 245 (FG = H) both desulfonylation to gene-
rate aniline 248 or thia-Fries rearrangement to give the para-
substituted aniline 250 can occur.

2.2.3. Non-metal-catalysed sulfonyl
migration of N-sulfonylhydrazones. In 2014, the Prabhu group
reported the generation of (E)-vinyl sulfones 255 from the reac-
tion of N-tosylhydrazones 254 with cyanogen bromide and
TBAB; involving 1,2-tosyl migration for derivatives bearing a
methyl or aryl substituent at R' (Scheme 37).°° The reaction is
thought to proceed via generation of a bromine radical from
the reaction of CNBr-TBAB, which adds to 254 affording the
bromo-azo-sulfone 256, which releases dinitrogen and a tosyl
radical to afford 257. Recombination of the tosyl radical and
257 affords the isolable intermediate 258, which undergoes
either dehydrohalogenation to give the vinyl sulfone 259 when
R' = H, or a 1,2-sulfone migration in addition to elimination of
HBr to afford 255. Crossover experiments were used to confirm
an intermolecular tosyl migration.

Luo et al. described a PhI(OAc),-mediated stereoselective
synthesis of (E)-vinyl sulfones 261 from aliphatic and aryl
N-sulfonyl hydrazones 260 in moderate to high yields
(Scheme 38).°° Both electron-withdrawing and electron-donat-
ing aryl moieties at R' were well tolerated, while the method-
ology was further applied to a range of aromatic heterocyclic

radical-mediated

2566 | Org. Biomol. Chem., 2020, 18, 2549-2610

CNBr, TBAB
NNHTs K,CO, Ts
R! AT
Ar 1,4-dioxane
100°C =
254 255

(9 examples, 52-93% yield)

(Ill QI\#/\N\T Br
K?\l\/ “Ts  CNBr /};\/(/ ; )-\/R1
] —
Ar
B

1
R' K,CO, R T‘ AN
Ar °
r T
.BI' N2 S
254 256 257
R'=H l
Ar Ts
259 Br
— /*\/R1
Ar
Ts
s _, 258
Ar/\( R' = Me, Ph
-— s
R 1,2-sulfone
255 migration

Scheme 37 Generation of vinyl sulfones via the reaction of
N-tosylhydrazones with CNBr and aliphatic quaternary ammonium salts;
observation of an intermolecular tosyl migration.
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Scheme 38 Phl(OAc),-mediated synthesis of (E)-vinyl sulfones from
aliphatic and aromatic N-sulfonyl hydrazones.

derivatives. A radical mechanism was envisaged based on the
inhibition of the reaction on the addition of the radical scaven-
ger TEMPO. As such, the authors postulated that the hyperva-
lent iodine intermediate 263 forms in the presence of
PhI(OAc),, which undergoes homolytic N-S bond cleavage to
afford a sulfonyl radical and 264. Subsequent elimination of
dinitrogen from 264 affords the radical intermediate 265,
which on recombination with the sulfonyl radical affords 268
(or 266 when R*> = H). Base-mediated reductive elimination of
266/268 affords either the o- or p-substituted vinyl sulfones
267 or 269.

Deagostino and co-workers described the first visible-light-
mediated transformation of «,f-unsaturated-N-sulfonylhydra-
zones 270 to allylic sulfones 271 with optimal results achieved
using [Ru(bpy);]Cl,6H,0 as photocatalyst (Scheme 39).' Tosyl,
mesyl, and triflyl moieties were well tolerated. Interestingly, on
addition of TEMPO, to the standard reaction conditions, 272
was isolated confirming that the process involves a vinyl
radical intermediate. A radical chain mechanism was excluded
based on observation that no reaction occurs in the presence
of AIBN, while the use of the more reactive benzoyl peroxide
produced a complex mixture of products. In light of these
results the authors postulated the following mechanism.
Treatment of the N-tosylhydrazone 272 with base affords the
anion 273. Visible-light promotes the excitation of the photo-
catalyst, and it is the excited state *[Ru(bpy);]>" that induces
the single electron oxidation of 273 to give the N-centered
radical 274. A formal 1,5-sulfonyl migration, suggested to
occur via a 6-membered transition state, leads to the expulsion
of dinitrogen and the formation of the vinyl tosylate radical
275. Abstraction of a hydrogen atom from the solvent, as con-
firmed via deuterium incorporation studies using CDCl;, gen-
erates the final product 276 and a CCl; radical that promotes
the regeneration of the photocatalyst [Ru(bpy);]**

This journal is © The Royal Society of Chemistry 2020
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Scheme 39 Visible-light-mediated photocatalytic transformation of
a,f-unsaturated N-sulfonylhydrazones to allylic sulfones.

2.3. Non-metal-catalysed sulfonyl migration

In 1997, the Tamaru group reported the thermal [2 + 2] cyclo-
addition of allenesulfonamides with electron deficient alkenes
and alkynes to yield substituted cyclobutene derivatives, for
example the reaction of 277 with methyl acrylate afforded the
cyclobutane 279 in 73% yield (Scheme 40, X = H).** In an
extension of this study, the authors were surprised to find that
when the alkene substrate was an enol ether, such as methyl
f-methoxyacrylate 278 (R = OMe), that a completely different
pathway was operational, with the tetrahydropyridine 280 iso-
lated as the major product and no evidence for the expected
cyclobutane product (Scheme 40, R = OMe).** Notably, this
pathway involved an unexpected 1,3-nitrogen to carbon sulfo-
nyl migration, while enol ethers including acyclic and cyclic
aldehyde enol ethers and acyclic and cyclic ketone-enol ethers
all reacted similarly. Using this methodology highly functiona-
lised tetrahydropyridines could be accessed in moderate to
excellent yields (Scheme 41).%

CO,Me
// Ts
CO,Me
=™ 70-100°C X 4 .
| '1CO,Me
O N—1s o\[r N, o_ N
A T X
o] o 0
217 278 279 280
X=H 73% 0%
X=OMe 0% 59%

Scheme 40 Novel addition—cyclisation reaction of 4-vinylidene-1,3-
oxazolidin-2-ones and enol ethers; observation of a 1,3-sulfonyl
migration.

Org. Biomol. Chem., 2020, 18, 2549-2610 | 2567


https://doi.org/10.1039/c9ob02587a

Published on 03 veljae 2020. Downloaded on 15.4.2026. 17:17:53.

Review

Vi R20,S

R! 3 " 1 3

R R

R1+—( i R 1,4-dioxane R / i

N 2t ! N 4

o\‘( SSOR o ANge  TO-100°C O\( EA
o o

281 282
(enol ether)

2,
Pathway A R*0,3
SO,R? R‘
N’\ 4/

283
(16 examples, 33-92% yield)

OR®
0 O 159
R0 s-trans 285 s-cis 285

!

S R20,S,
R! .// T R!
R! H > SO;RQ R! /A R4
Nissi 0. N
OY SO,R? \‘( Oj( OR®
o)

O
281 284 283

R20,S
2 R!
Pathway B / SOZR R/ R
) o N+
w( N o
0 [e]
Z-286 E-286

Scheme 41 Possible mechanistic pathways for the selective formation
of tetrahydropyridines.

The reaction mechanism is believed to proceed through the
transition state 284 in which the cumulative effect of the elec-
tron density of the C1'-C2’ alkene bond being pushed into the
sulfonamide moiety and the electron density being drawn
away from the carbamate through conjugation with the C4'-
C1' alkene bond significantly weakens the N-S bond, allowing
for the 1,3-sulfonyl migration and the generation of s-trans-1-
azabutadiene 285. Subsequent isomerisation of the terminal
double bond to s-cis 285, allows for a facile hetero-Diels-Alder
reaction with the enol ether 282 to afford the tetrahydropyri-
dine product 283 (Scheme 41, path A). In certain instances the
enol ether was observed to isomerise during the reaction with
the allenesulfonamides 281 with both E- and Z-isomers reco-
verable; however, no isomerisation was observed in the
absence of 281. In contrast, the allenesulfonamide 281 readily
isomerised to 3-tosyl-4-vinyl-4-oxazolin-2-one under thermal
conditions via a 1,3-H shift in the absence of enol ether high-
lighting that allenesulfonamide 281 promotes the isomerisa-
tion of the enol ether, while the enol ether is crucial in pro-
moting the 1,3-sulfonyl migration. For enol ethers that are
highly electron-donating (e.g., ketone enol ethers and furans)
it is possible that pathway B could be operational to some
extent due to being more able to stabilise the zwitterionic
species 286.

Subsequent studies by the group highlighted that allyl
silanes and hydrosilanes react in an analogous manner, albeit
with reduced efficiency, despite being much poorer nucleo-
philes than enol ethers.®® Further extension to hetero-nucleo-
philes including alcohols and thiols afforded both 1,3-sulfonyl
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migration products in addition to significant amounts of non-
sulfonyl migration products as a result of simple addition to
the Ca=Cp bond. Indoles were observed to undergo a similar
reaction profile, however the addition occurs through the
alkenyl carbon, rather than the nitrogen atom, akin to an elec-
trophilic aromatic substitution.®*

Wudl reported the first example of an uncatalysed 1,3-sulfo-
nyl migration from a sulfonamide 287 to a keteneimine 288
under thermal conditions.®® Notably, the rearrangement of the
ynamide 287, which proceeds cleanly either in the melt or in
solution at 100-120 °C, involves the migration of both the tosyl
group and the p-methoxybenzyl (PMB) group from the nitrogen
atom to the same f-carbon, to afford the nitrile 291 in an iso-
lated yield of 92%. Variable temperature "H NMR was readily
used to follow the progress of the rearrangement in the non-
aromatic solvent decalin. This demonstrated that the
rearrangement occurs via the observable intermediate 289,
which also demonstrates that the 1,3-sulfonyl migration occurs
first. The identity of the keteneimine intermediate 288 was
further inferred as it hydrolysed readily on contact with water
to afford the amide 292, which was characterised by X-ray crys-
tallography. Quantum mechanical calculations suggest that
strong resonance stabilisation of the transition state facilitates
the sulfonyl migration (Scheme 42). Both rearrangement pro-
cesses were calculated to be thermodynamically favoured.

The Zhang group described the thermal aza-Claisen
rearrangements of N-allyl ynamides 293 to allyl-keteneimine
intermediate 295 via the aza-Claisen transition state 294, with
subsequent spontaneous 1,3-sulfonyl migrations affording
quaternary nitriles 296 in moderate yields (7 examples,
45-64%) (Scheme 43).*” The sulfonyl migration was not
observed when R® = TIPS, with the generated silyl keteneimine
298 sufficiently stable to not undergo subsequent sulfonyl
migration. Monitoring of the reaction progress by "H NMR did
not reveal any of the allyl-keteneimine intermediate 295,
suggesting rapid sulfonyl migration at 110 °C.

The authors attempted to extend this methodology to yna-
mides of type 299 possessing a propargylic stereocenter, with
the possibility to undergo a stereoselective 1,3-sulfonyl
migration leading to either 302 or 302’ (Scheme 44). They

o
PMB. Ts | HO | EtOQ EtO,C, ,/5-\/PMB
C=N—PMB | = >=—r|4
COLEt T¢ o NI !
288 —
Ts—\” CO,Et
5T\
PMEB, /1 PMB
N COLEt
T4 57 289
Et0,C l
PMB_ -
Ts C\\\N EtO,C _rzl
291 - Ts G
_— TS\N\(S" COE
%
N—==—CosEt PMB
PME 550

287

Scheme 42 1,3-Sulfonyl migration of a sulfonyl group from sulfona-
mide to keteneimine.
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Scheme 43 Thermal aza-Claisen rearrangement of N-allyl ynamides
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Scheme 44 Attempted  diastereoselective  N-to-C

migration.

1,3-sulfonyl

reasoned that the conformational preference of the allyl-
keteneimine intermediate 301 or 301’ would dictate the level
of selectivity, with the A“?-strain present in 301 potentially
meaning that the conformer 301’ would be preferred. If so,
this preference could result in facially selective 1,3-sulfonyl
migration to give 302'. They further hypothesised that suitable
modification of the protecting group (P) could lead to the con-
formational preference shown for 303’ in which anchimeric
assistance could also result in facially selective 1,3-sulfonyl
migration. In the event, however, the highest diastereomer
ratio achieved was 2 : 1.

The Wan group reported the highly regioselective sulfonyl
group migration in the synthesis of functionalised pyrroles.®®
A significant feature of the work is that the regioselectivity of
the sulfonyl migration can be tuned with high selectivity for

This journal is © The Royal Society of Chemistry 2020
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Scheme 45 1,3- and 1,4-sulfonyl migration in the generation of both
a- and p-(arylsulfonyl)methyl pyrroles under thermal and basic con-
ditions respectively.

the formation of both a- and p-(arylsulfonyl)methyl pyrroles
306 and 305 in excellent yields (Scheme 45). Under thermal
conditions, the azaenyne derivative 304 is transformed into
307 via an aza-Claisen rearrangement. Due to the electron-
withdrawing character of both the double bond and the sulfo-
nyl group the nitrogen atom is rendered electrophilic, leading
to ring closure to afford the zwitterionic intermediate 308
through nucleophilic attack of the allene moiety. Cleavage of
the N-S bond leads to the ion pair 309, which recombines to
complete the 1,3-sulfonyl migration. The presence of the ion-
pair 309, and the intermolecular nature of the migration was
confirmed by crossover experiments. Finally, isomerisation of
310 affords the a-(arylsulfonyl)-methyl pyrrole 306.

In the presence of base, namely CsCO;, B-(arylsulfonyl)
methyl pyrroles 305 were the favoured rearrangement products
indicative of an alternate mechanism for the transformation
(Scheme 45). Under basic conditions the propargyl group of
304 is converted to the allene intermediate 312 via protonation
of 311. Subsequent ring closing affords the zwitterionic inter-
mediate 313, with the electrophilic carbocation instead y- to
the nitrogen atom. Akin to the thermal reaction an inter-
molecular sulfonyl migration was elucidated, hence elimin-
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ation of the sulfonyl moiety gives the ion-pair 314, which on
recombination completes the 1,4-sulfonyl migration.
Isomerisation of 315 affords the f-(arylsulfonyl)methyl pyrrole
305. The group subsequently reported that this methodology
could be extended to the synthesis of 2-trifluoromethyl-4-(aryl-
sulfonyl)methyl pyrroles 305 (R* = CF;), with crossover and
competition experiments indicating the likelihood of the same
mechanism, however, in this instance CsOPiv was the optimal
base (Scheme 45).%°

Using this precedent, the authors reasoned that the replace-
ment of the alkenyl group with an acyl group could provide a
route towards base-catalysed cycloisomerisation to access sul-
fonylmethyl-substituted oxazoles. With this in mind the
authors reacted a series of N-sulfonyl propargylamides 316 in
the presence of catalytic DBU affording various 5-(sulfonyl-
methyl)oxazoles 317 in up to 98% yield.®” The allene inter-
mediate 318 was determined to be a key intermediate in the
mechanistic cycle, while monitoring of the conversion process
by HPLC highlighted the presence of a further intermediate,
that despite not being isolable, the authors reasoned was the
zwitterionic species 319. Key to the mechanistic cycle is a
formal 1,4-sulfonyl migration which by means of crossover
experiments was determined to be an intermolecular process.
While not fully understood, the DBU is likely pertinent to facil-
itating the dissociation of the sulfonyl group (Scheme 46).

In a further extension to this methodology the group ration-
alised that incorporating an additional methylene group at the
C-7 position of 3-aza-1,5-enynes could be utilised in complex
heterocycle synthesis. Accordingly, a series of 2-azabicyclo
[3.2.0]hept-2-enes 325 were synthesised via base-catalysed
cycloisomerisation of the requisite substrates 323 in moderate
yields (Scheme 47).7° Similar to their previous studies, a 1,3-

RZ
| | SO,R*
o DBU (10 mol%) g2 o
3
RSN SRS CHCN, it 7h | N/> R
1
SO,R4 R
316 317
R2 R2
\H RN\ O,
| | o Base )J\ f\JJ\ ) R (\}\l
RN R3 N RN 4;—/\ N>
Lo, . sozR4
SO,R SOzR
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N
R2 O, N
[ (o
N R27X\—O, 322
3
317 S />7 R
r"” N
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Scheme 46 DBU-catalysed cycloisomerisation of N-sulfonyl propyl-
argylamides via 1,4-sulfonyl migration.
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Scheme 47 Base-catalysed selective synthesis of 2-azabicyclo[3.2.0]
hept-2-enes and sulfonyl vinyl-substituted pyrroles from 3-aza-1,5-
enynes via 1,3- and 1,4-sulfonyl migrations respectively.

sulfonyl migration was observed. Consistent with the results of
deuterium labelling experiments the following mechanism
was formulated. Deprotonation of the less sterically hindered
C-7 position (compared to the more acidic C-4 proton) gener-
ates the allene intermediate 326. [2 + 2] Cycloaddition affords
the bicyclic intermediate 327, which undergoes sequential
[1,3]-H shift and 1,3-sulfonyl migration to afford the desired
2-azabicyclo[3.2.0]hept-2-ene 325. Interestingly, when the R?
substituent in 323 is a phenoxy group the product formed is
the vinyl-substituted pyrrole 324, with 1,4-sulfonyl migration a
crucial step (Scheme 47). The mechanism for this transform-
ation is thought to be the same as the one presented for the
synthesis of p-(arylsulfonyl)-methyl pyrroles 305 in Scheme 45.
Once the pyrrole 329 is formed elimination of phenol affords
the vinyl group in the product 324.

The synthesis of tetrasubstituted imidazoles 333 via a two-
step one-pot approach from the three-component reaction of
propargyl amines 330, sulfonyl azides 332 and alkynes 441 uti-
lising  1,3-sulfonyl = migration has been described
(Scheme 48).”' Initially, the keteneimine 334 is generated
in situ by means of a copper catalysed azide-alkyne cyclo-
addition between the alkyne and tosyl azide. Nucleophilic
addition of the propargyl amine 335 to the ketenimine 334
affords the intermediate 336. In the second step, the allene
337 is generated through the deprotonation of the propargyl
moiety, which subsequently undergoes a 6xn-electron electro-
cyclic ring closure (65-ECR) to give the zwitterionic structure
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Scheme 48 One-pot synthesis of tetrasubstituted imidazoles utilising
intramolecular 1,3-sulfonyl migration.

338. Finally, an intramolecular 1,3-sulfonyl migration com-
pletes the process affording the imidazole product 339.
Crossover experiments supported the intramolecular nature of
the sulfonyl migration.

Following the Zhan group’s seminal report regarding the
reactivity of N-propargylic sulfonylhydrazones in the presence
of copper catalysts, they further demonstrated that compounds
of this type could undergo Lewis base catalysed reaction
to give 4-sulfonyl-1H-pyrazoles 341 in moderate to good yields,
with allenic sulfonamide formation and 1,3-sulfonyl migration
key steps in the transformation (Scheme 49).”> DMAP in a
mixed solvent system of tetrahydrofuran and triethylamine at
80 °C proved to be the optimal conditions for the transform-
ation with yields up to 92% achieved. As per their initial
optimisation study, the allenic sulfonamide 342 was formed
exclusively at room temperature in 0.5 h indicating that it is
likely a key intermediate in the cascade process. This was con-
firmed by reacting the allenic sulfonamide 342 under the opti-
mised conditions with the pyrazole 341 formed in 97% yield.
Notably, in the absence of DMAP no reaction occurred at room
temperature indicating that both the allenamide formation
and cyclisation reactions are catalysed by DMAP.

Considering this the authors proposed the following
mechanism (Scheme 49). The propargylic amide moiety of 340
is transformed into the allenic sulfonamide intermediate 342
in the presence of DMAP. Nucleophilic addition of the Lewis
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Scheme 49 Lewis base catalysed synthesis of 4-sulfonyl-1H-pyrazoles
involving 1,3-sulfonyl migration.

base to the sp® terminus of the allene moves electron density
towards the sulfonamide moiety to give the transition state
343, leading to the breakage of the N-S bond forming 344,
completing an intramolecular 1,3-sufonyl migration as sup-
ported by crossover experiments. Elimination of the Lewis
base affords the o,f-unsaturated imine 345 which undergoes
intramolecular 1,4-addition to form the zwitterionic species
346. Finally, 1,3-hydride shift and electron transfer occur to
give the rearranged pyrazole 341.

The base-mediated decomposition of a series of bicyclic
amide-substituted furfuryl tosylhydrazones 347 was observed
to lead to formal nitrogen to carbon 1,5-sulfonyl migration
affording sulfone derivatives 348 with the furan ring remaining
intact (Scheme 50).”> Competition experiments suggested that
the sulfonyl migration most likely proceeds in an inter-
molecular manner. The authors postulated that the mecha-
nism proceeds via the base-mediated generation of the anion
349 which decomposes to the diazo compound 350 with con-
comitant extrusion of the tosyl group. Loss of nitrogen from
the diazo moiety affords the electrophilic carbene 351, which
mediates ring opening of the furan ring to generate the
enynyl-ketoamide 352. Regioselective nucleophilic addition of
the tosyl group to the a,f-unsaturated system of 352 regener-
ates the furan ring giving 353 which is converted to the final
rearranged product 348 following protonation and
aromatisation.
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Scheme 50 Observation of a 1,5-nitrogen to carbon tosyl migration to
afford sulfone derivatives from furfuryl tosylhydrazones.

Li reported the diamination of the domino aryne precursor
3547%7% with sulfonamides, affording 1,3-diaminobenzenes
356 in moderate to good yields (Scheme 51).”° Interestingly, in
their investigation to ascertain the origin of the proton at the
2-position, a deuterium-labeling experiment in MeCN-dg indi-
cated that the proton comes from both the solvent and the N-
H bond of the amine starting material (25% deuterium incor-
poration, compound 358). The authors therefore rationalised
that this methodology could be further applied to the syn-
thesis of 1,2,3-trisubstituted benzenes 357 by capturing an
electrophile rather than a proton. Indeed, by carrying out the
reaction in the inert solvent toluene, and in the presence of
K,CO; and 18-crown-6 as activating agents, a formal 1,3 nitro-
gen to carbon sulfonyl migration of the triflyl group readily
occurred in good yields. Extension of the methodology to the
migration of a tosyl group proved unsuccessful.

Kakiuchi’s team developed a synthesis of a-functionalised
enoximes 360 via nitrosoallenes 363,”” a group of compounds
pioneered by the group,”®’® through a fluoride-mediated de-
protection of the silyl moiety and tandem elimination of sulfi-
nate from N-sulfonyl hydroxylamines 359 (Scheme 52).
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Scheme 52 Synthesis of a-substituted enoximes via fluoride mediated
deprotection of nitrosoallenes.

Recombination of the sulfinate with the electrophilic moiety of
the allene 363, completes a formal intermolecular 1,3-sulfonyl
migration, with subsequent O-protonation affording a-sulfonyl
enoximes 360 in high yields. In some instances, where
all substituents on the allenylamides 359 were aryl groups,

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ob02587a

Published on 03 veljae 2020. Downloaded on 15.4.2026. 17:17:53.

Organic & Biomolecular Chemistry

2-isoxazolines 361 were afforded as major products derived
from the cyclocondensation of the initially fomed vinylsul-
fones 360. The group further established that by adding an
azodicarboxylate as a sulfinate scavenger that the protocol
could be extended to allow functionalisation of the a-position
by various nucleophiles in moderate to excellent yields (com-
pounds 362).

The utility of triflic anhydride-mediated amide activation of
a series of a-aminoamides 364 to generate tetrasubstituted
imidazoles 365 in moderate yields was demonstrated to
proceed via a mechanistically intriguing [2,3]-sigmatropic
rearrangement of a sulfinate intermediate, promoting a formal
1,2-sulfonyl migration from nitrogen to carbon (Scheme 53).%
Quantum-chemical calculations were used to rationalise the
overall mechanistic transformation. Initially, triflic anhydride
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Scheme 53 Generation of tetrasubstituted 5-aminoimidazoles via
formal 1,2-sulfonyl migration.
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activation of the a-aminoamide 364 and subsequent nucleo-
philic addition of acetonitrile to the keteneiminium ion 366
affords intermediate 367. A 7-endo-dig cyclisation of 367 via
nucleophilic attack of the sulfonamide oxygen onto the nitri-
lium moiety gives the intermediate 368. Cleavage of the N-S
bond ensues giving the sulfinate 369 which subsequently
cyclises to 370 which then undergoes a [2,3]-sigmatropic
rearrangement, reminiscent of a retro-Mislow-Evans-type
rearrangement,®” to complete the formal 1,2-sulfonyl
migration to give 371. Deprotonation of intermediate 371
affords the final rearranged imidazole 365 through aromatisa-
tion. While the computational analysis indicated that the 7-
endo-dig cyclisation is endergonic (AG, g = +14 keal mol ™),
the subsequent cleavage of the N-S bond (AGg ¢ = —25.8 kcal
mol™) and the [2,3]-sigmatropic rearrangement (AGp y =
—-21.4 kcal mol™") provides significant thermodynamic
stabilisation.

The Bharatam group reported a mechanistically interesting
1,3-sulfonyl migration from nitrogen to carbon within the
pyrrole framework, the fir