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Abstract: Among the available methods to increase the mo-

lecular complexity, sigmatropic rearrangements occupy a
distinct position in organic synthesis. Despite being known

for over a century sigmatropic rearrangement reactions of
ylides via carbene transfer reaction have only recently come
of age. Most of the ylide mediated rearrangement processes
involve rupture of a s-bond and formation of a new bond

between p-bond and negatively charged atom followed by

simultaneous redistribution of p-electrons. This minireview
describes the advances in this research area made in recent

years, which now opens up metal-catalyzed enantioselective
sigmatropic rearrangement reactions, metal-free photo-
chemical rearrangement reactions and novel reaction path-
ways that can be accessed via ylide intermediates.

Introduction

In 1912, Rainer Ludwig Claisen reported on the reaction of allyl
vinyl ether 1 a under thermal reaction conditions to deliver

g,d-unsaturated carbonyl compound 2 a, which is now text-

book knowledge in undergraduate course and commonly
known as the Claisen reaction (Scheme 1 a).[1] The Claisen rear-

rangement is an example of a [3,3]-sigmatropic rearrangement
reaction. Sigmatropic rearrangement reactions are character-

ized by the migration of a s-bond, flanked by at least one p-
system, to a new position and the order of rearrangement re-

actions is determined by the original and terminal position of

the migratory group. Sigmatropic rearrangements thus involve
the reorganization of multiple s-bonds and consequently

enable the access of complex molecular systems through well-
defined predictable transition states.[1] These features make sig-

matropic rearrangement an important toolbox in synthesis
methodology. This process can be classified into two key cate-

gories (a) ylide mediated or neutral rearrangements (3 to 4)

and (b) anionic or nonbonding electron pair mediated rear-
rangements (5 to 6) (Scheme 1 b, c).[2]

Ylide mediated rearrangement reactions are accessed in
general by two methods, either (a) by deprotonation of corre-

sponding onium salts with a base or (b) by reaction of electro-
philic metal-carbene or free-carbene intermediates with a nu-

cleophile.[2] The latter is one of the most important strategies

to conduct efficient rearrangement reactions and the required
electrophilic carbene intermediate, is most generally obtained
through metal-catalyzed or photochemical decomposition of
diazoalkanes 8. The reaction of the electron-deficient carbene

intermediate 8’ or 8’’ with a nonbonding lone pair of hetero-
atom nucleophiles 7 generates a metal-bound ylide 10 or a

free ylide 9 that participates in the rearrangement step, which

proceeds, depending on the substituents pattern, via [2,3]- or
[1,2]-sigmatropic rearrangement reactions (Scheme 2).[2]

The stereochemical configuration of the newly formed s-
bond can be controlled by the prevailing stereocenters within

the starting materials, chiral ligands or chiral auxiliaries. These
strategies have been widely employed with limited success,[3, 4]

and only recently the first reports on highly enantioselective
sigmatropic rearrangement reactions via carbene transfer reac-
tions and ylide intermediate have been reported.[5, 6] The lack

of existing methods and understanding can, in some part, be
rationalized by missing knowledge on the rearrangement step

itself. With the resurgence of photochemical carbene transfer
reactions and detailed DFT calculations, the importance of free

ylide intermediates in rearrangement was recently recog-

nized.[7]

An intricacy of ylide-mediated rearrangement reactions lies

within the chemoselectivity of the rearrangement step itself
and different types of rearrangement processes find common

application, depending on the substitution pattern of the ylide
intermediate (Scheme 2).[8–10] However, recent advances in this

Scheme 1. Rearrangement reactions.
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research area now demonstrate initial application that permit
the control of the reaction pathway by choice of reaction con-

ditions and therefore allow for new reactivity modes of ylide
intermediates.[11–14]

This minireview aims at providing the reader with an over-
view on the advances made in the past five years that have

significantly developed the field of sigmatropic rearrangement
via carbene transfer reactions. These developments include the
realization of highly enantioselective, metal-catalyzed sigma-

tropic rearrangement reactions, metal-free photochemical rear-
rangement reactions and novel reaction pathways that can be

accessed via ylide intermediates and that are not covered in
previous reviews.[2] In each section, we will discuss the advan-

ces that were made and give an overview on the respective re-
action mechanism to provide a detailed understanding.

Catalytic, Enantioselective Sigmatropic
Rearrangements

Without doubt, asymmetric catalysis is one of the key advan-

ces in the chemical sciences and was honored with the Nobel

Prize in chemistry in 2001.[15] Many important milestones, rang-
ing from asymmetric organocatalysis,[16] catalysis with chiral-at-

metal complexes,[17] or biocatalysis[18] have been achieved and
today a plethora of different approaches towards catalytic,

asymmetric synthesis have been developed and revolutionized
modern synthesis.[19] While asymmetric sigmatropic rearrange-

ment reaction of allylic alcohols and derivatives thereof, have

been extensively studied by the Davies group and high levels
of enantioselectivity could be obtained,[20] the development of

asymmetric sigmatropic rearrangement reactions proceeding
via ylide intermediates of non-alcohol substrates remained elu-

sive in organic synthesis.
The [2,3]-sigmatropic rearrangement reaction of allyl sulfides

17 with diazoalkanes 8 was initially discovered in 1968 by

Kirmse and Kapps, who reported on the copper-catalyzed reac-
tion of an allylic thiol with diazomethane.[21a] However, this re-

action only found its way into the organic synthesis repertoire
after Doyle and co-workers rediscovered this transformation in
1981.[21b] Since then, [2,3]-sigmatropic rearrangement of allyl
sulfides 17, or the Doyle–Kirmse reaction, has found wide-

spread application in organic synthesis to access highly func-
tionalized building blocks with applications in total synthe-

sis.[22] Many groups reported their efforts using chiral catalysts[3]

or auxiliary mediated approaches (19, Scheme 3 a),[4] yet with
limited enantioselectivity or applicability. The missing enantio-

selectivity might be a result of lack of available chiral catalysts,
understanding of the reaction mechanism, or simply reasoned

by the choice of substrate, as side-differentiation of allyl
phenyl sulfide 17 a is intrinsically challenging due to the similar

steric demand of both substituents. The latter then results in

poor differentiation of the si- and re-face of the allyl sulfide in
the enantiodiscriminating step (formation of 22, Scheme 3 b).

As a consequence, different strategies have been developed
over recent years to overcome the challenges of stereoselec-

tive sigmatropic rearrangement reactions. One strategy em-
ploys the use of better suitable substrates 24, that facilitate

face differentiation (formation of 25) and thus allows enantio-
specific ylide formation (Scheme 3 b),[5, 6] the other strategy har-

nesses latest developments in catalyst design to improve the
face differentiation and thus allows for high asymmetric induc-

tion.[6, 23]

In 2017, Wang and co-workers reported on the first highly

enantioselective [2,3]-sigmatropic rearrangement reaction
of allyl trifluoromethylsulfides 24. In the presence of the
Rh2(DOSP)4 catalyst, donor/acceptor diazoalkanes 7 readily un-

dergo formation of an electrophilic intermediate rhodium-car-
bene complex 27, that can react with allyl trifluoromethylsul-
fides 24 with a high degree of stereocontrol to form the pivo-
tal ylide intermediate 25. Subsequent [2,3]-sigmatropic rear-
rangement then furnishes the corresponding trifluoromethyl
thioether 26 reaction products. Importantly, the stereo-deter-

mining step lies within the addition reaction of the sulfide 24
to the rhodium-carbene intermediate 27. The high degree of
stereocontrol is presumably due to both steric and electronic
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properties of the RhII catalyst, but also due to better face-
differentiation of allyl trifluoromethylsulfides 24 as the sub-

stituents of sulfur differ in steric and electronic properties
(Scheme 4).[5]

Almost at the same time, the Tambar group, reported the
enantioselective [2,3]-sigmatropic rearrangement reaction of al-

lylic iodides 29 and acceptor-only diazoalkanes 28 a using a
Cu(box) complex (Scheme 5). This reaction proceeds via forma-

tion of a copper–carbene complex, followed by enantiospecific
addition of the allylic iodide to give an intermediate iodonium

ylide 30, which undergoes the sigmatropic rearrangement re-

action to furnish the corresponding rearrangement products
31. Importantly, this reaction is limited to the reaction of cis-

configured allylic iodides 29 ; the corresponding trans-config-
ured allylic iodides gave significantly reduced enantioselectivity

(up to 30 % ee).[23] It is important to note that the rearrange-
ment reaction of halonium ylides was initially described by

Scheme 2. Ylide intermediates obtained via carbene transfer reaction and reactivity modes of rearrangement.

Scheme 3. Strategies to enable asymmetric sigmatropic rearrangement reac-
tions via carbene transfer reaction.

Scheme 4. Enantioselective Doyle–Krimse reaction developed by the Wang
group.
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Kirmse in 1966,[24] yet this reaction only received very little at-

tention in the past years.[25]

Only shortly after these reports, Feng and co-workers report-

ed the use of chiral NiII catalysts (NiCl2 + ligand L2) in the reac-
tion of pyrazoleamides 32. This strategy now involves the use

of a carbene intermediate that can act as a chelating ligand of

a NiII complex, which is important to lock conformation and as
a consequence block one face of the carbene intermediate to

deliver chiral NiII-bound ylide 33. Following this concept, the
authors could now demonstrate that even challenging sub-

strates, such as allyl phenyl sulfide 17, can be subjected to
highly asymmetric rearrangement reactions. In control experi-

ments, the authors revealed the importance of the pyrazolea-

mide moiety as conventional diazoesters only gave very poor
enantioinduction (Scheme 6).[6]

The Fasan group reported a different strategy to achieve
high enantioselectivities in asymmetric [2,3]-sigmatropic rear-

rangement reactions.[26] They focused on the recently emerg-
ing concept of biocatalytic carbene transfer reactions and the
mutagenesis of iron-heme containing enzymes to engineer en-

zymes that can be tailored to specific non-natural reactions.[27]

In 2015 Fasan et al. reported the enzymatic Doyle–Kirmse reac-

tion and could demonstrate proof-of-principle studies on enan-
tioselective Doyle–Kirmse reactions using the Myoglobin var-

iant Mb(L29A, H64V) with turnovers of 390.[26a] The same au-
thors thereafter expanded this approach in a systematic study

on [2,3]-sigmatropic rearrangement using allylic (17) and prop-
argylic sulfides. The most active variant they identified was the

triple-mutant Myoglobin (L29S, H64V, V68F) which yielded 36
in up to 8820 turnovers and yields of >99 % and up to 71 %

ee.[26b] It is important to note that even with enzymatic cata-
lysts that can often be engineered towards high selectivity in
carbene transfer reactions of acceptor-only diazoalkanes 28 b,

a truly asymmetric variant with general applicability remains
elusive (Scheme 7).

These major strategies represent important milestones in
the recent development of highly asymmetric [2,3]-sigmatropic
rearrangement reactions. It is expected that future research di-
rections will further expand currently available methods[2d, 8, 9, 28]

in the direction of catalytic, asymmetric [1,2]-sigmatropic

rearrangement reactions. The recent advances in the search
of new chiral RhII catalysts, for example, by the Davies

group,[6, 20, 25] clearly set the stage from the perspective of the
catalyst to now address the next challenges in this research

area.

Towards an Understanding of the Reaction
Mechanism

The previously described advances have now opened up path-
ways to conduct asymmetric rearrangement reactions of sulfur

or iodonium ylides. Yet, for further developments of asymmet-
ric transformations, it is essential to understand differences in
the reaction pathway of ylide intermediates generated via
metal-catalyzed carbene transfer reactions.

As outlined above, the widely accepted model involves the

addition of nucleophilic substrates 17 to a metal–carbene in-
termediate 8 = [M] to form ylide intermediate 37-[M] or 37.

The intricacies of the downstream reaction lie within the reac-
tivity of this ylide intermediate. Currently, two different reac-
tion mechanism for the subsequent rearrangement step are

generally accepted: a) via a metal-bound ylide 37-[M] and
b) via a free-ylide 37 without further participation of the metal

complex (Scheme 8).[3, 4, 20] It is important to note that two reac-
tion steps need to be differentiated. The formation of the ylide

Scheme 5. Enantioselective sigmatropic rearrangement of allylic iodides by
the Tambar group.

Scheme 6. Chiral NiII complex catalyzed enantioselective Doyle–Krimse reac-
tion developed by the Feng group.

Scheme 7. Biocatalytic sigmatropic rearrangement reaction of allyl sulfides
with ethyl diazoacetate by the Fasan group.
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proceeds via the enantiospecific nucleophilic attack of the het-
eroatom nucleophile 17 to the electrophilic metal–carbene in-

termediate 8 = [M] .[20] The rearrangement step itself accounts
for the diastereoselectivity in case multiple substituents are

present at the allyl moiety 17 (Scheme 8).[5, 20]

In this context, the Davies group studied the reaction of
metal–carbene complexes with oxygen nucleophiles 40 in

detail. In general, this reaction proceeds with a high degree of
stereocontrol and DFT studies reveal the involvement of a

metal-bound ylide intermediate 41 in the course of the rear-
rangement step and subsequent dissociation of the metal

complex. These calculations are supported by control experi-

ment, which reveal a significant influence of RhII complexes on
both enantio- and diastereoselectivity (Scheme 9).[20d]

The diastereoselectivity of the rearrangement reaction of
allyl sulfides 17 with metal carbenes proceeds in striking differ-

ence. A remarkable example is the rearrangement reaction of

cinnamyl sulfides 43. This particular reaction has been reported
with a variety of different metal catalysts or carbene transfer

conditions and diazoalkane reaction partners, yet not a single
report states a high control on diastereoselectivity, which hints

at a free ylide reaction mechanism (Scheme 10).[3c, 5a, 7a]

In their 2017 report, Wang and co-workers studied the rear-
rangement reaction of allyl sulfides with detailed control ex-
periments to probe, whether [2,3]-sigmatropic rearrangement
reactions of sulfur ylides proceed via a metal-bound or free

ylide mechanism. In a first set of experiments, different chiral
and achiral RhII complexes were studied in the reaction with a
cinnamyl-substituted thioether 43 or 24 b. Yet, all catalysts
gave comparable d.r. values (Scheme 10, entries 3, 4 and

Scheme 11 a), thus revealing only a small influence of the cata-
lyst geometry on the selectivity of the rearrangement step. In

a second set of control experiments, the reaction of symmetric

allylic sulfide 45 was studied. The resulting free ylide 47 would
thus be achiral and should result in a racemic reaction product

46, while a chiral metal-bound ylide would give an enantioen-
riched reaction product 46. Indeed, a racemic reaction product

46 was observed, when using chiral RhII based catalysts

Scheme 8. Enantio- versus diastereoselectivity determining steps and differ-
ent reaction mechanisms for the rearrangement of onium ylides.

Scheme 9. Enantioselective sigmatropic rearrangement reactions of propar-
gylic alcohols by the Davies group.

Scheme 10. Influence of carbene transfer conditions on the diastereoselec-
tivity of the rearrangement of cinnamyl sulfide 43.

Scheme 11. Control experiments conducted by Wang and co-workers to
probe the free ylide reaction mechanism.
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(Scheme 11 b), which is supportive of a free ylide intermediate.
In another control experiment, Wang and co-workers studied

the reaction of a phenyl propyl sulfide 48, which cannot un-
dergo a rearrangement reaction. Yet, only the decomposition

of the diazo compound 7 b was observed (Scheme 11 c).[5]

In brief, the mechanistic insight from these experiments is

now indicative of a free ylide mechanism in [2,3]-sigmatropic
rearrangement reactions of sulfur ylides and provides a very
important basis for the understanding of differences in reactivi-

ty of oxygen and sulfur ylides. Yet, as reactions are carried out
in the presence of metal catalysts, the influence of metals on

the rearrangement step cannot be completely ruled out.[5, 20]

Metal-Free Sigmatropic Rearrangement: from
Free Ylide Intermediates towards a Mechanis-
tic Understanding

The photolysis of diazoalkanes represents a classic, metal-free

approach towards free carbene intermediates. Initial applica-
tions on the UV photolysis reaction of diazomethane in cyclo-

propanation reactions with olefins date back to 1959,[29] yet

limited in selectivity of the carbene transfer reaction and in ef-
ficiency due to detrimental side-reactions caused by the high-

energy UV light.[30] In 2018, several groups uncovered the po-
tential of visible light promoted carbene transfer reactions to

enable highly efficient cycloaddition, X@H insertion or olefina-
tion reactions. In all cases, the irradiation with low-energy visi-

ble light enables an operationally simple and straightforward

access to carbenes without the need to exclude air or moisture
and applicability in a broad variety of different organic sol-

vents.[7a, 31]

This metal-free method towards carbene intermediates now

offers an interesting approach to evaluate the relevance of
metal-free sulfur ylides in rearrangement reactions under pho-

tochemical conditions. As only substrate molecules are present

in the reaction mixtures, this approach not only allows a
metal-free approach towards free ylide intermediates, but also

no other additives, such as bases, are required to promote the
rearrangement reaction. In this context, different groups stud-

ied [2,3]-sigmatropic rearrangement reactions of sulfides and
amines.[2, 32] The Koenigs group could demonstrate the reaction
of allyl sulfides and allyl amines in the photochemical reaction
with aryldiazoacetates 7, to give homoallylic products 50 or

51, respectively.[7a, 33] The Xiao group reported on a difluoroally-
lation reaction that proceeds via a similar reaction mechanism
to yield 52.[34] More recently, the Gryko group further expand-

ed the scope of photochemical [2,3]-sigmatropic rearrange-
ment reactions towards propargyl sulfides to give allenes 53
(Scheme 12).[35] From the perspective of the reaction mecha-
nism, the above sigmatropic rearrangement reactions can only

proceed via a free ylide intermediate 11 and thus provide im-

portant experimental evidence that sigmatropic rearrangement
reactions of sulfur ylides can indeed proceed without participa-

tion of a metal complex. This is further underlined by experi-
mental evidence of the reaction of cinnamyl sulfides, which

react in low diastereoselectivity to the rearrangement product.
Importantly, the selectivity of this reaction is in a similar

range as the corresponding metal-catalyzed reactions (see
Scheme 10), which now further supports a free ylide mecha-

nism, even in the case of metal-catalyzed [2,3]-sigmatropic re-
arrangement reactions.[5, 7]

In a further report on sigmatropic rearrangement reactions
under photochemical carbene transfer conditions the Koenigs
group recently showcased [1,2]-sigmatropic rearrangement re-

actions of N-sulfenyl phthalimides benzylic sulfides, and [2,3]-
sigmatropic rearrangement reactions of mercaptoacetates to
further demonstrate the relevance of free sulfur ylide inter-
mediates not only in the rearrangement of allyl sulfides

(Scheme 13).[10]

This photochemical, approach now also opens up pathways

towards ring expansion reactions of 4-membered ring hetero-
cycles 59 that proceed via [1,2]-sigmatropic rearrangement.
The Koenigs and Xu groups studied this ring expansion in

detail using different oxetane or thietane heterocycles as sub-
strates to give ring-expanded products 60/61 in high yields

(Scheme 14).[7b]

Experiments using 2-phenyl oxetane or 2-phenyl thietane as

substrate revealed an interesting difference in the reactivity of

oxygen and sulfur ylides. While a highly diastereoselective ring
expansion was observed in the case of 2-phenyl oxetane to

give product 60 h ; only little diastereoselectivity was observed
the reaction of 2-phenyl thietane to give the sulfur analogue

61 b. A similar difference was observed in the reaction of dia-
zoacetates bearing a chiral auxiliary group (for 60 i and 61 c).

Scheme 12. Overview on photochemical [2,3]-sigmatropic rearrangement re-
actions.
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This unexpected observation now shows that differences in
the reactivity of oxygen and sulfur ylides lie not only in the

nature of the ylide (metal-bound vs. free ylide), but also in the
rearrangement step itself (Scheme 14).

In subsequent DFT studies on the reaction mechanism of
this [1,2]-sigmatropic rearrangement reaction, the Koenigs and

Xu groups could identify that this [1,2]-sigmatropic rearrange-
ment reaction proceeds via a diradical pathway INT2, similar to
the [1,2]-sigmatropic rearrangement of ammonium ylides.[36] In
detailed studies, the authors mapped different reaction path-

ways, yet a concerted migration pathway or ionic pathway
were ruled out due to high activation free energies of relevant
transition states. Contrarily, a diradical pathway that involves

the homolytic cleavage of a C@X bond of oxetane or thietane
via TSrad2 followed by a rapid radical-radical coupling mecha-
nism (TS3) was identified as a suitable reaction mechanism
with low activation free energies to give the desired ring ex-

panded product for both oxygen and sulfur ylides
(Scheme 15). This remarkable observation can now rationalize

differences in reactivity of oxygen and sulfur ylides. Both ylides

react along the same reaction pathway; however differences in
the reaction outcome are not driven by different reaction

mechanism, but are a consequence of different bond length of
C@S versus C@O bonds that influence the stereochemical out-

come in the case of 60 h/61 b or 60 i/61 c.
The recently emerging applications of photochemical car-

bene transfer reactions have thus provided important mecha-

nistic into the reaction mechanism of rearrangement reactions
of sulfur and oxygen ylides. The relevance of free ylide inter-

mediates could be showcased and DFT studies now provide
first evidence at the reaction mechanism.[7b]

En Route to New Reaction Pathways of Ylide
Intermediates

In the previous sections, we focused on the discussion of

recent advances in typical rearrangement reactions of the cen-
tral ylide intermediate. In recent years, several groups however

reported on novel reactivity of the ylide intermediate.[11–14] The
ylide intermediate is, by the nature of this zwitterionic species,

a reactant that can also undergo nucleophilic substitution reac-
tions, via addition of the anionic carbon to appropriate electro-

Scheme 13. Overview on photochemical Stevens and Sommelet–Hauser re-
arrangement reactions by the Koenigs group.

Scheme 14. Photochemical ring expansion reaction of four membered het-
erocycles by the Koenigs and Xu group.

Scheme 15. Reaction mechanism of the ring expansion of oxetane and thie-
tane heterocycles at the (U)B3LYP/6–311 + G(d,p)(chloroform)//(U)B3LYP/6-
31G(d)(chloroform) level of theory.
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philes, the requirements for which are discussed in this sec-
tion.

The Hu group made seminal contributions already in 2008,
when uncovering the potential of trapping metal-carbene

complexes with heteroatom nucleophiles to form ylides that
cannot undergo rearrangement. Instead, these ylides undergo

addition reaction to various electrophiles.[37] This fundamental
concept was studied by different groups in the past decade in
detail and has been reviewed previously and will be not part

of this article.[11]

In 2016, the Szabo group could show that a-diazoketones
61 react in the presence of a RhII catalyst with THF solvent and
NFSI 63 in a fluoro alkoxylation reaction. This reaction pro-

ceeds via formation of a rhodium carbene intermediate 62
that is trapped by THF under ylide formation INT1F. This ylide

cannot under rearrangement reaction and thus reacts in a a-

fluorination reaction with NFSI 63, followed by ring opening of
the pendant oxoniumion ion INT2F by the sulfonimide anion

(Scheme 16).[12a] In the year after, the same group accounted
for the application of different oxygen nucleophiles such as al-

cohols, acetals, or ethers and the NFSI analogue SCF3-dibenze-
nesulfonimide 65, which now provides a basis for generalized

a-difunctionalization reactions of a-diazoketones 61 via rhodi-

um catalyzed carbene transfer reactions (Scheme 16). Phenyl-

diazoacetates 7 however, proved unreactive in this reaction.[12b]

In 2020, the Koenigs group uncovered the reaction of aryldia-

zoacetates 7 under photochemical conditions, which react
with 1,4-dioxane and other 6- or 7-membered oxygen hetero-

cycles in a similar fluoro alkoxylation reaction (Scheme 16).[12d]

Most notably, no reaction could be observed using THF sol-

vent. DFT studies by both the Szabo and Koenigs group show
that two similar reaction mechanisms are operating, which
differ in the nature of the ylide intermediate. While in the case

of RhII-catalyzed fluoro alkoxylation a metal-bound ylide is a
key intermediate INT1F (Scheme 16), the photochemical reac-
tion proceeds via a free ylide intermediate INT1P (Scheme 16).
Both ylide intermediates undergo fluorination, followed by

ring opening of the oxonium salt INT2F and INT2 p.[12c,d]

The reactivity of ylides that cannot undergo classic rear-

rangement reactions was recently further expanded by the

Koenigs and Pan groups.[12d, 13, 14] In their reports, these groups
showcased that ylide intermediate can be trapped by either

nucleophilic substitution with an external nucleophile or by in-
tramolecular elimination reaction.

In this context, the Koenigs group studied the in situ forma-
tion of acceptor-only diazoalkanes from 68 a–c via diazotiza-

tion in a biphasic reaction mixture. In the presence of an iron

catalyst, the carbene transfer reaction of diazoacetonitrile and

Scheme 16. Fluoroalkoxylations and trifluoromethylthiolation reactions by the Szabo and Koenigs groups.
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other acceptor-only diazoalkanes furnishes ylide intermediate
70, that first undergoes protonation reaction with water mole-

cules 71 followed by substitution reaction with chloride ions
to give the product 72 of a dealkylative, intercepted rearrange-

ment reaction (Scheme 17).[13]

The Pan group studied the reaction of isopropyl sulfides 75,

which form ylides 76 upon iron catalyzed carbene transfer.
This ylide cannot undergo rearrangement reaction and conse-
quently reacts in a protonation-substitution reaction and

formal dealkylation reaction (Scheme 18).[14a] The Koenigs
group made a similar observation, when studying cyclohexyl-
substituted sulfides.[13]

Pan and co-workers recently observed a remarkable reactivi-

ty. While acceptor-only diazoalkanes, such as ethyl diazoace-
tate and diazoacetonitrile undergo classic [2,3]-sigmatropic re-

arrangement reactions with allyl sulfides 17,[38] dealkylative re-

arrangement reaction products 79 were observed when using
trifluoro diazoethane under aqueous reaction conditions.[14b]

The differences in reactivity of the fluorinated diazoalkane are
yet not fully understood and it should be noted that [2,3]-sig-

matropic rearrangement products 78 were obtained in a DCM/
water solvent mixture under very similar reaction conditions

(Scheme 19).[39]

This unexpected influence of the reaction solvent was also
observed by Koenigs and co-workers in rhodium-catalyzed re-

arrangements of methyl-pyridin-2-yl substituted sulfides 80.
Only by changing the solvent, the intermediate ylide under-

went either selective [1,2]- sigmatropic (83) or [2,3]-sigmatropic
(82) rearrangement. This remarkable influence of solvent is not

yet fully understood and detailed studies on the influence of
solvent on the reactivity of the ylide are required to better ac-

count for the observed reactivity (Scheme 20).[8]

These pathways now open up new perspectives in the reac-

tivity of carbene transfer reactions involving ylide intermedi-
ates and we expect that the reactivity of ylides that are unable

to undergo classic rearrangement reactions or the effect of sol-

vent, will be studied in the future in more detail.

Summary and Outlook

Sigmatropic rearrangements are of fundamental interest in or-

ganic synthesis. They are broadly applied as an efficient proto-
col for carbon@carbon/carbon@heteroatom bond forming reac-

tion. However, compared to other enantioselective metal–car-
bene reactions, the development of asymmetric sigmatropic

rearrangements via carbene transfer reactions are still challeng-

ing. However, the recent reports by different groups on asym-
metric [2,3]-sigmatropic rearrangement reaction now open up

new perspectives. They furthermore provide the mechanistic
insight into the reaction mechanism of [2,3]-sigmatropic rear-

rangement for oxonium and sulfonium ylides, which can guide
future developments. There is an expectation that future re-

Scheme 17. Iron-catalyzed dealkylative rearrangements by the Koenigs
group.

Scheme 18. Iron-catalyzed dealkylative rearrangement by the Pan group.

Scheme 19. Comparison of reactivity of trifluoro diazoethane in different sol-
vent mixture studied by the Koenigs and Pan group.

Scheme 20. Influence of solvent on the rearrangement of ylide intermedi-
ates studied by the Koenigs group.
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search in this area will aim, for example, at catalytic asymmet-
ric [1,2]-sigmatropic rearrangement reaction.

With the reemergence of photochemical carbene transfer re-
actions in 2018, the ylide intermediate can now be accessed in

a metal-free pathway that allows investigations on the reactivi-
ty of free ylide intermediates. Different groups reported on

their efforts to open up this toolbox, which now gives insight
into the rearrangement processes of free ylide intermediates,

revealing that [1,2]-sigmatropic rearrangement processes of

sulfur and oxygen ylides proceeds via a radical mechanism.
This observation can now account for the differences in diaste-

reoselectivity of the rearrangement reaction of sulfur ylides.
In recent years, the reactivity pattern of ylides was signifi-

cantly expanded towards intercepting this ylide intermediate
by reaction with different electrophiles or by intramolecular
elimination reaction. In this context oxyaminofluorination or

trifluoromethylthiolation have been developed as well as inter-
cepted rearrangement process offers a new reactivity mode of

carbene transfer reaction.
It is expected that in the coming years research of ylide

chemistry will experience further important advances. The au-
thors of this minireview are of the opinion that these advances

may include detailed mechanistic investigations involving ex-

periments and calculations to get further insight into the reac-
tion mechanism and to understand, in which cases ionic, con-

certed or diradical mechanism occur specifically. In terms of
new reactivity, the newly developing area of intercepted or un-

usual rearrangement reactions are in our opinion an exciting
area that will surprise chemists with unconventional reaction

outcomes and that can further help expanding the scope of re-

activity of sulfur ylides.
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