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l Gold Catalysis

a-Imino Gold Carbene Intermediates from Readily Accessible
Sulfilimines: Intermolecular Access to Structural Diversity
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Abstract: Catalytic approaches to pharmaceutically impor-
tant bioactive skeletons through gold carbene intermedi-
ates have experienced a dramatic development in the last
decade. Although various carbene precursors continue to
play an important role in heterocyclic syntheses, these re-
agents are associated with some drawbacks in terms of
functional group tolerance, synthetic methods and safety
limitations. A new generation of nitrene transfer reagents
was established in 2019: the sulfilimines. These are safe,
inexpensive and readily available. They can conveniently
be stored and handled, and thus represent ideal reagents
for the fast and modular modification of scaffolds and the
preparation of libraries by intermolecular reactions of two
components. Both the practical methods for synthesizing
sulfilimines and the versatility of these ylidic species in
gold-catalyzed preparation of structural diversity, for both
heterocycles and carbocycles, will be outlined in this Con-

cept article.
/)

Introduction

Sulfur ylides™ comprised of sulfonium ylides, sulfoxonium
ylides, sulfilimines, sulfoximines, sulfoxides and sulfones
(Figure 1), are highly reactive and possess important applica-
tions in organic synthesis. Sulfilimines,” also named sulfimides
or imino sulfuranes, have a long history. The sulfilimine bond
naturally exists in a series of biomolecules, which has recently
been confirmed.” The electronic properties of the substituents
on the nitrogen atom carrying a partial negative charge, are
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Figure 1. Sulfur ylides in six categories.
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important for modulating the stability of the sulfilimines. De-
spite some useful applications in cycloadditions with other un-
saturated systems, electrochemical oxidative cross-coupling
reactions™ and thioaminations of arynes,” this versatile ylide is
still in its infancy in modern transition metal catalysis.

The eminence of gold catalysis in organic synthesis has
been demonstrated in the last two decades by various gold-
initialed transformations for constructing complex molecular
architectures.” Functionalized gold carbenes have been fre-
quently proposed as highly reactive intermediates in such reac-
tions. Generally, gold carbene intermediates are generated by
decomposition of diazo compounds,” 1,2-acyloxy migration of
propargylic esters,® cycloisomerization of 1,n-enynes or eny-
nones,"” ring-opening reaction of cyclopropenes,"” dual acti-
vation of 1,5-diynes,"? retro-Buchner reaction of cyclohepta-
trienes,””® and gold-catalyzed oxygen,'¥ nitrene™ as well as
carbene® transfer reactions. Among these modes, the genera-
tion of highly reactive gold carbene intermediates through
gold-catalyzed group-transfer to C=C triple bonds and subse-
quent diverse evolutions has experienced significant attention
in the last decade. The m-acidity of gold catalysts is crucial to
this reaction pattern. By m-interactions with gold catalysts, the
C=C triple bonds become more electrophilic because of the
dramatic decrease of electron density and thus undergo nucle-
ophilic attack to form highly electrophilic gold carbene inter-
mediates. These carbene electrophiles enable the facile cyclo-
propanation of alkenes, functionalization of C—H, N—H or O—H
bonds, affording a broad range of useful building blocks.

Among these gold carbene species, a-imino gold carbenes
have drawn considerable attention in the last five years. The
development of synthetic methods involving imino gold car-
bene intermediates to facilitate the synthesis of challenging
heterocycles is an ongoing endeavor."” Chemists can benefit
from exploiting such methodologies for rapid synthesis or late-
stage modification of biologically important compounds.
Under this principle, a series of cyclic nitrenoid precursors, in-
cluding 2H-azirines,"” isoxazoles,™® 1,2,4-oxadiazoles,"” 1,4,2-
dioxazoles,*®  4,5-dihydro-1,2,4-oxadiazoles,””  2,1-benzisoxa-
zoles,”? 1,2-benzisoxazoles,” pyrido[1,2-blindazoles,** and
triazapentalenes?® have been developed for the direct intro-
duction of nitrogen-containing heterocyclic frameworks,
whereas the corresponding gold carbenes generally under-
went a limited number of transformations (Scheme 1A). By
contrast, azides®™ and pyridium aza-ylides® potentially pro-
vide more opportunities to obtain reaction and product diver-
sity (Scheme 1B). These two reagents, however, are associated
with drawbacks in terms of functional group tolerance. For ex-
ample, the attempt to employ phenyl azide as an intermolecu-
lar nitrene transfer reagent was unsuccessful.”* The use of
pyridium aza-ylides in transition metal catalysis is restricted to
substrates with strong acceptors (acyl, sulfonyl, amidinyl, pyri-
dinyl) on the nitrogen anions.”® Furthermore, azides are po-
tentially toxic and explosive. Pyridium ylides are comparatively
difficult to synthesize. Thus, an elaborately designed nitrene
transfer reagent that can overcome the above-mentioned
drawbacks regarding functional group tolerance, synthetic
routes and safety limitations will be of paramount importance.

[16;

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/chem.201904869
http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

(O: trapping site)

A. Aza-heterocycles for intermolecular nitrene transfer(!7-24

B. Ylide and ylide-like reagents for intermolecular nitrene transferi25-26]
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Scheme 1. Gold-catalyzed nitrene transfer reactions.

In this Concept article, sulfilimines, a new generation of nitrene
precursors, will be introduced (Scheme 1C). The concise syn-
thetic routes to diverse sulfilimines will be summarized, and
their ability to give rise to high levels of complexity by means
of gold catalysis will be highlighted.

Synthesis of Sulfilimines

Compared to other nitrene equivalents, the cheap and concise
synthesis of sulfilimines by scalable one-pot reactions using
readily available reactants is one of the major advantages and
expands the synthetic applicability. The reagents can be stored
for a long time without loss of activity, which was tested in the
group for a period of two years. The five most general and
practical methods will be described.

N-Halogeno-N-metallo reagents as nitrene sources

The commercially available chloramine-T and related N-halo
compounds can act as nitrene sources.””” The reaction be-
tween chloramine-T and sulfides represents the first reported
method to prepare sulfilimines as demonstrated by two re-
search groups in 19212% and 1922.2% Since then this reaction
has been developed as one of the most straightforward syn-
thetic routes to a wide range of sulfilimines by employing
amide, sulfonamide and amidine derived N-halogeno-N-metal-
lo reagents.*® The reaction between sulfide 1 and chloramine
T (2) can be conducted on 40 gram scale (Scheme 2).2" Nota-
bly, these N-halogeno-N-metallo reagents can be in situ gener-
ated by treating amino-containing compounds with tert-butyl
hypochlorite followed by treatment with a strong base (NaOH
or KOH).
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Scheme 2. Synthesis of sulfilimines from sulfides and N-halogeno-N-metallo
reagents.

Oxidative addition reactions of sulfides with amines or
amides

Initial oxidations of sulfides with N-chlorosuccinimide form sul-
fonium salts, the nucleophilic attacks of which by NH, groups
can afford azasulfonium salts. Sulfilimines are formed from
such salts in the presence of a base (NaOH, NaOCH; or Et;N).5?
This reaction is scalable and can be conducted on a 100 milli-
mol scale (Scheme 3).5*
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Scheme 3. One-pot synthesis of sulfilimine 4 from 2-aminopyridine, DMS
and NCS.

Sulfoxides as starting materials

Sulfoxides are also suitable starting materials for preparing sul-
filimines. As shown in Scheme 4, an electrophilic addition of an
activating reagent, such as trifluoroacetic anhydrides,®¥ to the
S=0 bond of a sulfoxide generates an oxosulfonium salt 5, the
nucleophilic substitution of which by an arylamine, amide or

R.
O TFAA | @ CF3|  RNH, NH base N
PN 7§7 \ _$_ /%\
OTCFs CF3COOH O\H/CFS ,
o) 6 0

R = aryl, acyl, sulfonyl
Scheme 4. One-pot synthesis of sulfilimines from sulfoxides.
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sulfonamide forms aminosulfurane 6. Sulfilimine 7 can be
easily obtained by a subsequent alkalization.

Reaction of diaryldialkoxysulfuranes with amines or amides

The most frequently used diaryldialkoxysulfuranes is the isola-
ble Martin’s sulfurane 8.%¥ This reagent is commercially avail-
able and can be prepared from diaryl sulfides, bromine, and
potassium hexafluoro-2-phenyl-2-propoxide in mole scale.®®
Martin and Franz have developed a general method for prepar-
ing S,S-diarylsulfilimines 9 in good yields by the mild reactions
of these sulfuranes with amines, amides, and sulfonamides
(Scheme 5).5"

OC(CF3)Ph R RT RN
PhC(CF3),0K, <—— Ph— § Ph HN.  —— &
BrZ, PhSPh OSC(CFS)ZPh R Ph/g\Ph

Martin's sulfurane  R'=H, acyl, sulfonyl

Scheme 5. One-pot synthesis of sulfilimines 9 by using Martin’s sulfurane.

Direct N—H functionalization of free NH-sulfilimines

The sulfilimine with a hydrogen on the nitrogen anion is
named NH-sulfilimine, which can be prepared in large-scale
by a deprotection reaction of N-sulfonyl sulfilimine 10
(Scheme 6).5% This ylide core can deliver a diverse set of sulfil-
imines with different N-substitutions, including N-acyl, sulfonyl,
aryl,*? vinyl,“"” alkyl*" and iminyl,“? through simple N—H func-
tionalizations.

T N’BZ _Ts
SN s 12 10
) Ph” " >Ph _S.
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Ph)J\ ref. [40]
ref. [42] lref [41] \)j\
P
Ph/S\Ph Z‘ “cN N . Ph
16 ph->pn 18 phS>ph

Scheme 6. Preparation of free sulfilimine 11 and further N—H functionaliza-
tions.

Sulfilimines as Nitrene Transfer Reagents in
Gold Catalysis

Ynamides, alkynes bearing an amido group, are broadly useful
building blocks in organic reactions.”” The highly electron-do-
nating ability of the nitrogen atom strongly activates the triple
bond, which enables facile electrophilic attacks. Gold-catalyzed
regioselective nitrene transfer from sulfilimines to ynamides ef-
ficiently generates a-imino gold carbenes. By trapping such
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gold carbenes with functionalities originating from either the
ynamides or the sulfilimines, diverse nitrogen-containing mole-
cules can be obtained.

1,2-H insertion of the gold carbenes

Prior to our research, Zhang and co-workers?® developed an
intermolecular gold nitrene transfer reaction from N-sulfonyl
sulfilimines to alkyl ynamides through gold(l) carbene inter-
mediates 21, which inserted into the a-alkyl C—H bond afford-
ing o,f-unsaturated amidines 19 and 20 in low yield with poor
E/Z ratio (Scheme 7). This reactivity was not well explored until
our group chose 2-acylphenyl sulfilimines 22 as a nitrene
source in our recent report (Scheme 8).27 By reacting with
propargylic silyl ether derivatives 23 under gold(lll) catalysis, a
nitrene transfer, 1,2-H-shift and Mukaiyama aldol condensation
cascade reaction afforded 3-acyl quinolines 26-28 in good
yield, offering a new alternative for constructing this building
block.

(CeF5)3PAUNTH, (5 mol %) M ~_oTBS
_— N

S | ‘ DCE, RT (\/&
OTBS g 19, R = Ms, 35% yield,
°© O EZ=151 ’

20, R =Ts, 30% yield,
E/Z =150
/;—H shift

[Au] 21

OTBS

a-imino gold carbenes

Scheme 7. Synthesis of a,f-unsaturated amidines from N-sulfonyl sulfil-
imines.
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Scheme 8. Synthesis of quinolines from N-aryl sulfilimines.

Nucleophilic attack of nitrogen centers at the gold carbenes

Conjugated ylides that can offer 1,3-dipoles are prone to un-
dergo [3+2] annulations with C=C bonds (Scheme 1B, path a).
In this context, the reaction between ynamides and sulfilimines
with pyridinyl groups on the nitrogen atoms can deliver imid-
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azopyridines by trapping the a-imino gold carbenes with an-
other nitrogen atom."¥ Gold(lll) catalysts are more efficient
than gold(l) catalysts in this transformation. PicAuCl, afforded
product 31 in 95% yield (Scheme 9)."*' A further application by

Ts<, .~
T ] el o O,
X -S =~
N N T
4 Ph
29 s [Au] = IPrAUNTf,, 29% yield
[Au] = PPhsAuNTY, 34% yield
[Au] = KAUBr,, 77% yield
[Au] = PicAuCl, 95% yield
\
1) DMS, NCS, DCM, N Ts
NH, -20 °C to RT
Ne A 2) NaOCH3
4
<N ‘ /) 3) 2a (1.2 equiv) </ )
b N PicAuCl, (5 mol%)
32 toluene, 100 °C 33 64%

Scheme 9. Synthesis of imidazopyridines from N-pyridinyl sulfilimines.

the in situ modification of adenine 32 demonstrated the great
synthetic potential of this protocol. This reaction tolerated
sulfilimines bearing OBn, CF;, dibromo, or trisubstituents on
the pyridine rings. Other heteroaryl substituted sulfilimines
were also suitable substrates, giving imidazo[1,2-alpyrazine 38,
imidazo[2,1-blthiazole 39, benzol[dlimidazo[2,1-b]loxazole 40
and benzo[d]imidazo[2,1-b]thiazole 41 in typically good yields.
A variety of ynamides were also tested, yielding imidazopyri-
dines with different 3-substituents, including pyridinyl, thienyl,
alkyl, cyclohexenyl, alkynyl and bulkyl quaternary carbon, in
moderate to good yields. Bidirectional reactions for the synthe-
sis of 48-49 were also efficiently conducted. In an analogous
[342] transformation, N-iminyl sulfilimines led to 4-aminoimid-
azoles 50-52 in high yields (Scheme 10).

2
--R® R 5 R?
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Ph / $
Ph Ph =
/ N / NJ\>7N/
N N Ts S N Ts X=O 80% XN N Ts
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//N iOBn
Z N /
z / Z / z / N
NSN O Ts NN T NN T 46, 44%
43,75% 44,51% 45, 77% R
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47,76% 48, 79& 49, 85Aa R = {Bu, 52, 95%

Scheme 10. Synthesis of imidazole derivatives from N-pyridinyl or iminyl sul-
filimines.

Chem. Eur. J. 2020, 26, 3197 -3204 www.chemeurj.org

3201

CHEMISTRY

A European Journal

Concept

Nucleophilic attack of oxygen centers at the gold carbenes

The successful use of N-iminyl sulfilimines motivated us to ex-
plore N-acyl sulfilimines. The oxygen atom of the acyl group
can trap the gold carbene to form an oxazole. As illustrated in
Scheme 11, under the same reaction conditions, N-benzoyl sul-
filimine reacted efficiently with a broad range of differently N-
substituted ynamides, providing oxazoles 53-63 in 58-95%
yield." An alkyl ynamide successfully delivered the target
product 64 and no 1,2-H-shift product was observed. In addi-
tion to various benzoyl sulfilimines, heteroaromatic and alkyl
acyl sulfilimines all afforded high yields in this transformation.

R? R2 R A
]
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2 N via 1
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53,87% 54, 95% 55, 58%3 o AN e
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Ph R®= Me, 59, 83%
/y oh I\&N/ R® = tBu, 60, 87%
- ~ \ 3= 0,
% P SN Ns \ , RO=F.61.77%
o% 58, 80% N R%=CF 62 86%
Ts
° |
\ o._Ph
\ T
o} / o
pha = o
N Ts ) N—
63, 90% ( 64, 96% T es,50% T8
Ph

/
N\
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~ S 68,98% 70, 95%

Scheme 11. Synthesis of oxazole derivatives from N-acyl sulfilimines.
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X = Me, 66, 93%
X =Br, 67,67%

(;y

69, 90%

1,5-C—H insertion of the gold carbenes

In further studies our group focused on sulfilimines without
any strong acceptors on the anions. The already described
generation of gold carbenes was further extended to N-aryl
sulfilimines.” The gold carbenes inserted into the ortho-C—H
bonds of the introduced aryl groups, which can easily form
C—C bonds. This C—H annulation tolerated diverse ynamides,
affording  2-aminoindoles 71-73  with  high  efficiency
(Scheme 12). A wide range of sulfilimines were also tested. The
electron density on the aromatic ring is contrary with the
product yield. More complex structures were afforded by this
operationally simple method.

The use of N-phenyl ynamides creates another possibility for
C—H insertions, yielding 1-protected 2-aminoindoles.””” When
N-phenyl sulfilimines were used (Scheme 13, products 86-89),
this reaction benefited from the electron-deficient aryl groups
on the anions of sulfilimines and the electron-rich aryl groups
on the nitrogen atoms of ynamides. Employing N-sulfonyl
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Scheme 12. [3+2] Annulations for the synthesis of indole derivatives.
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Scheme 13. Synthesis of 1-protected 2-aminoindoles.

sulfilimines can avoid the [3+42] annulations, and the corre-
sponding gold carbenes can only be attacked by the aryl
group within the ynamide to give a single product. In this
manner, the product yield is typically high (90-97).

Cyclopropanation of the gold carbenes

The cyclopropanation of c-oxo gold carbenes by alkenyl
groups have been previously demonstrated.”® We speculated
that a-imino gold carbenes could also undergo a similar cyclo-
propanation in the presence of an allyl group, which would
lead to azabicyclo[3.1.0]lhexan-2-imines. Gratifyingly, by em-
ploying sulfilimines bearing electron-poor aryl groups,
the chemoselective cyclopropanation reaction proceeded
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smoothly with diverse N-allylynamides, providing an array
of azabicyclo[3.1.0]lhexan-2-imines 98-108 in excellent yields
(Scheme 14).5

EWG
PG. R3
= R N PchuCI2 \’ R®
EWGT | ! R1 [Au]
XN N”S\ toluene, 80 °C

N
R3

~crty oty Qp“j% F°© 75
98 88% Ts 99,85% 1S 100,83% 18 101, 86% O "

%%%@%

102,89% 1S 103,95% 1S 104, 97% 105,95% Ts

105 95% Ts 107, 95% Ts 108, 95%, d.r. -91Ts

Scheme 14. Synthesis of azabicyclo[3.1.0]hexan-2-imines.

Summary and Outlook

The straightforward, efficient and scalable methods for the
preparation of sulfilimines show that these represent a class of
reagents with high potential, which can be used in organic
synthesis, in late stage functionalization and even in modular
syntheses aiming at libraries of products. The recent advances
of these ylides in gold-catalyzed transformations allow to
access diverse compounds, and show the high potential of the
sulfilimine reagents in the synthesis of nitrogen-containing het-
erocycles and carbocycles bearing amino substituents. The
ability to generate a-imino gold carbenes from these readily
available starting materials is key to the efficient construction
of biologically important nitrogen-containing frameworks. In
comparison to previous explored reagents, the use of sulfil-
imines overcomes some challenging problems with respect to
functional group tolerance, synthetic methods and safety prob-
lems, and thus should be of high interest for reactions involv-
ing other metal catalysts, for example ruthenium, rhodium or
platinum. However, the lack of reactivity with non-polarized al-
kynes represents a major drawback of this reagent, overcom-
ing which by using other catalytic systems can open a com-
pletely new field in heterocyclic chemistry.
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