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a b s t r a c t

Doyle-Kirmse rearrangement reactions have received continuous attention as an important method for

constructing complex chemical structures. Herein, we disclosed an efficient rhodium-catalyzed Doyle-

Kirmse rearrangement reaction, which can simultaneously construct C–C bonds and C–X (X = S/Se) bonds

using sulfoxonium ylides as starting materials to obtain sulfur- or selenium-containing compounds. This

strategy is characterized by the safer and greener carbene precursor, high yields and broad substrate

scope, possessing a wide range of application.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As precursors of carbene, sulfoxonium ylides were effective sub-

stitutes for diazo compounds. The superior thermal stability of sul-

foxonium ylides has attracted the attention of researchers. Com-

pared with diazo compounds, sulfoxonium ylides possess signifi-

cant advantages such as superior stability, easily accessibility, no-

gas generation and diverse reactivity profiles [1–4]. Sulfoxonium

ylides have been widely used in organic synthesis due to its unique

reactivity. At present, metal-catalyzed insertion reaction [5], carbo-

cyclic or heterocyclic formation reaction [6,7] of sulfoxonium ylides

have been developed. However, to our best knowledge, the Dolye-

Kirmse rearrangement of sulfoxonium ylides as carbene precur-

sor has not been reported yet. Very recently, metal-catalyzed in-

tramolecular [3,3]-rearrangement of sulfoxonium ylides has been

reported [8]. In contrast, intermolecular rearrangement reactions of

sulfoxonium ylides do not require prior complex functionalization

of structures, and have not been systematically studied yet.

[2,3]-Sigmatropic rearrangement reaction has raised increas-

ing attention as effective strategy for constructing complex com-

pounds [9–13]. Doyle-Kirmse rearrangement reaction is an effec-

tive [2,3]-sigmatropic rearrangement reaction for the construc-

tion of C–C bonds and C–X (X = S, Se) bonds from transition
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metal carbenes and sulfides/selenide. Sulfides [14–17]/selenides

[18–21] are wildly found in food, pharmaceuticals, and organic

materials. Sulfur-containing and selenide-containing tetrasubsti-

tuted centers are challengeable to construct, yet they are valu-

able core structure in various biologically active molecules (Fig. 1)

[22–25].

It has been reported that by Doyle−Kirmse rearrangement re-

action, sulfur-containing and selenide-containing tetrasubstituted

centers can be obtained efficiently and conveniently in one step

[26]. The initial Dolye-Kirmse rearrangement reaction is usually

performed using diazo compound which is a commonly used car-

bene precursor in organic chemistry [10,11,13,27-35]. Under sim-

ple conditions, diazonium compounds can rapidly coordinate with

transition metals to form metal carbenes in situ [36–40]. Transi-

tion metals currently play an important role in many reactions

[41–45]. But diazonium compounds also have inherent problems

[1,46], synthetic inconvenience and potential safety issues lim-

ited its application in large scale. Finding an effective alterna-

tive to diazo compound has become a very meaningful explo-

ration. Although there have been attempts to react with other car-

bene precursors (such as conjugated ene-yne-carbonyl compounds)

[47], exploring more carbene precursors is still pressingly needed

(Scheme 1).

Our past researches have successfully realized the B–H insertion

reaction [48] and N–H insertion reactions of sulfoxonium ylides
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Fig. 1. Biologically active molecules with sulfur-containing and selenide-containing

tetrasubstituted center moiety.

Scheme 1. State of the art in the Doyle-Kirmse rearrangement reaction.

[49,50]. We envisaged the possibility of Doyle−Kirmse rearrange-

ment reaction using sulfoxonium ylides as starting materials, pro-

viding a straightforward approach towards sulfides/selenides con-

taining a tetrasubstituted center.

Our initial work was commenced by using sulfoxonium ylide 1a

and allyl sulfide 2a as the substrates at 60 °C in 1,2-dichloroethane

for 12h. Different transition metals were added separately into the

reaction as catalyst. The desired product 3aa was obtained only

in the presence of Ir(I), Cu(I) or Rh(II) as the catalyst, and the

yield was 25%, 48% and 66%, respectively (Table 1, entries 1–7).

When different solvents were screened, it was found that side re-

actions were significantly inhibited in the DCM and the yield was

increased to 73% (Table 1, entries 8–13). Although the reaction was

Table 1

Optimization of the reaction conditions.a

Entry Catalyst Solvent Time (h) 3aa b (%)

1 [RuCl2(p-cymene)]2 DCE 12 NRc

2 [Ir(COD)Cl]2 DCE 12 25

3 Rh2(OAc)4 DCE 12 66

4 CuI DCE 12 48

5 AuPPh3Cl DCE 12 Trace

6 Rh2(esp)2 DCE 12 NR

7 Pd2(OAc)4 DCE 12 NR

8 Rh2(OAc)4 DCM 12 73

9 Rh2(OAc)4 EA 12 48

10 Rh2(OAc)4 Tol 12 Trace

11 Rh2(OAc)4 THF 12 Trace

12 Rh2(OAc)4 MeCN 12 NR

13 Rh2(OAc)4 DMSO 12 NR

14 Rh2(OAc)4 DCM 24 74

15d Rh2(OAc)4 DCM 12 93

a Reaction conditions: 1a (0.1mmol), 2a (0.2mmol), catalyst (5mol%), in 2mL of

solvent at 60 °C under air.
b Isolated yield.
c NR=not reaction.
d Reaction at 80 °C.

clean enough, the conversion still did not reach the ideal goal. Ex-

tending the reaction time to 24h did not improve the yield effec-

tively (Table 1, entry 14), but the attempt to elevate the reaction

temperature to 80 °C significantly increased the yield to 93% with-

out any starting materials left (Table 1, entry 15).

With the optimal reaction conditions in hand, we next eval-

uated the scope of the rearrangement reaction (Scheme 2). This

reaction tolerated a variety of functional groups. Either electron-

donating or -withdrawing groups, such as methyl, methoxy, chloro

and trifluoromethyl substituted at different positions of the phenyl

ring of allyl sulfides proceeded smoothly, giving the corresponding

products in moderate to excellent yields (3aa−3ak). 1-Naphthalene

also demonstrated good suitability to produce products in high

yields (3al). The reactions with benzylic sulfides and 2-pyridyl sub-

stituted sulfides gave the corresponding products in slightly lower

yields of 71% and 78%, respectively (3am-3an). The reaction of dif-

ferent substituted sulfoxonuim ylides with allyl(phenyl)sulfane 2a

were investigated, and the products were also obtained with high

yields (3ba-3ga).

As an element with excellent properties in many aspects, Se-

containing compounds have been applied more and more in re-

cent years [18–21]. To our surprise, the same condition was

applied to the reaction with allyl selenide, providing the cor-

responding product 5aa in 90% yield. To expand the practical

value of the reaction, we then investigated the different allyl se-

lenide in this rearrangement reaction. The benzene rings of sulfox-

onuim ylides and allyl selenides were modified with different sub-

stituents. It was observed that the reaction had good tolerance of

both electron-donating groups and electron-withdrawing groups,

as well as disubstituted groups. Under standard conditions, the re-

arrangement products can be obtained in moderate to excellent

yields (Scheme 3, 5aa-5am, 5ba-5ga). Unfortunately, the reaction

of ortho-methyl substituted sulfoxonuim ylides with allyl sulfide 2a

or allyl selenide 4a did not yield the target product.

To investigate the application potential of this reaction, a gram-

scale reaction was performed. 4mmol of 1a was treated with

8mmol of 2a utilizing DCE as the solvent. After 24h of reaction,

TLC showed the complete conversion of sulfoxonium ylide. The
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Scheme 2. Scope of sulfoxonium ylides and allyl sulfides. Reaction conditions: 1 (0.1mmol), 2 (0.2mmol) and Rh2(OAc)4 (5mol%) in 2mL of DCM for 12h at 80 °C under air.

Isolated yield by chromatography on silica gel.

Scheme 3. Scope of sulfoxonium ylides and allyl selenide. Reaction conditions: 1 (0.1mmol), 4 (0.2mmol) and Rh2(OAc)4 (5mol%) in 2mL of DCM for 12h at 80 °C under

air. Isolated yield by chromatography on silica gel.

Scheme 4. Large-scale synthesis.

product was purified by silica gel column with a yield of 89%

(Scheme 4).

Based on our preliminary studies and previous literature [26],

we proposed the possible reaction mechanism (Scheme 5). Initially,

sulfoxonium ylide reacts with Rh species and extrudes DMSO to

generate the rhodium carbene complex B, which combines with al-

lyl sulfides to form sulfur ylide. The rhodium could dissociate from

intermediate C leading to a free ylide D. The ylide could then un-

dergo a 2,3-sigmatropic rearrangement to give the rearrangement

product.

In conclusion, we successfully reported the Doyle-Kirmse

rearrangement reaction using sulfoxonium ylides with allyl sul-

fides/allyl selenides to obtain S/Se-containing compounds with a

tetrasubstituted center, which has never been disclosed before.

This work features excellent functional group tolerance, mild

condition and high yields. This reaction expands Doyle-Kirmse

rearrangement reaction with a safer and greener method by using

sulfoxonium ylides in place of diazo compound. We believe this

reaction may have great potentials in many aspects and wild

applications.
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Scheme 5. Proposed mechanism.
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