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a b s t r a c t

A sulfonium ylide participated alkylation and arylation under transition-metal free conditions is de-

scribed. The disparate reaction pattern allowed the separate activation of non-ylidic S-alkyl and S-aryl

bond. Under acidic conditions, sulfonium ylides serve as alkyl cation precursors which facilitate the alky-

lations. While under alkaline conditions, cleavage of non-ylidic S-aryl bond produces O-arylated com-

pounds efficiently. The robustness of the protocols were established by the excellent compatibility of

wide variety of substrates including carbohydrates.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The sulfonium ylides have been widely recognized as important

synthetic precursors in a plethora of organic transformations [1–9].

Sulfonium ylides can be considered as positive charged sulfur atom

stabilized by an adjacent carbanion. The substituents, attached to

the sulfonium center with non-ylidic carbon-sulfur bond, not only

stabilized the ylides but also governed the reactivity of ylides.

While activation of ylidic C-S bonds was well-established, efforts

towards intermolecular cleave of non-ylidic C-S bond was far less

documented [10]. In 1973, Fujisawa reported an intriguing acidic

methyl esterification enabled by non-ylidic S-methyl bond cleav-

age of sulfonium ylide 1 (Scheme 1a) [11]. A year later, Oae et al.

demonstrated that reaction of sulfonium ylides 2a/b with potas-

sium hydroxide in refluxing methanol generated a dimethyl ether

or benzyl methyl ether [12]. Unfortunately, there has no progress

towards these intriguing discoveries since then.

Until recently, the concept of non-ylidic C-S bond cleavage has

been further enriched by Maulide et al. [13], Liu et al. [14] and

Shen [15–20] respectively. Our group also reported a mild glyco-

sylation method through the selective cleavage of the S-glycosyl

bond of in situ generated glycosyl sulfonium ylide 3 (Scheme 1a)

[21]. It is noteworthy that when the sulfur atom is directly at-

tached to alkyl group and aryl group, all the cleavages occurred

at non-ylidic S-alkyl bond, that of non-ylidic S-aryl bond was

barely touched. In 2013, Maulide et al. reported an unprecedented
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Pd(II)-catalyzed dearylation of diphenyl sulfonium ylide 4, which

is the only example for activation of non-ylidic S-aryl bond so far

(Scheme 1b) [13]. Inspired by the previous approaches, we envi-

sioned that if non-ylidic C-S bonds could be differentiated and ac-

tivated, a new chemistry might be developed. More importantly,

this chemistry would offer a powerful tool for functionalization of

biological important molecules such as carbohydrates and pharma-

ceuticals. Herein, we reported the development of efficient alkyla-

tion and arylation reactions enabled by discriminating non-ylidic

C-S bond cleavages (Scheme 1c).

Given the stability of benzyl ethers, benzylation of alcohols be-

comes one of the most common used protection methods for hy-

droxy groups [25–26], but mild conditions for benzylation of base-

labile substrates are highly desired [27–35]. Drawing inspiration

from our recent Rh(II)/H+-catalyzed glycosylation method hinged

on protonation of glycosyl sulfonium ylide (3) to facilitate tran-

sient glycosyl sulfonium species [21–24], we commenced to ex-

amine the benzylation reaction in acidic conditions (Table 1). As

depicted in Table 1, sulfonium ylides (2f-i) produced the desired

benzylated sugar 6a from 5a in good yields in the presence of 1.2

equiv. of DTBMP·TfOH. Among them, sulfonium ylides possessing

electron deficient phenyl groups gave forth better results (entries

1–4). Specifically, the nitro group on the phenyl ring greatly en-

hanced the activity of 2i to accelerate the generation of 6a in 91%

yield within 10 min (entry 4). Interestingly, upon using 2.0 equiv.

of 2i (entry 5), 0.25 equiv. of DTBMP·TfOH was sufficient to uphold

the high reaction efficiency, albeit the attendant much longer reac-

tion time (24 h). We reckoned such mildly acidic conditions should
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Scheme 1. Non-ylidic bond cleavage of sulfonium ylides.

Table 1

Acidic benzylation reaction development.

.

Entry R Acids (equiv.) Yield (%)a

1 Me, 2f DTBMP·TfOH (1.2) 70

2 Br, 2g DTBMP·TfOH (1.2) 80

3 Cl, 2h DTBMP·TfOH (1.2) 81

4 NO2, 2i DTBMP·TfOH (1.2) 91b,c

5 NO2, 2i DTBMP·TfOH (0.25) 94d

6 NO2, 2i TfOH (0.1) 84d

7 NO2, 2i CSA (0.1) traced

8 NO2, 2i LiBF4 (1.0) 72d

DTBMP: 2,6-di–tert–butyl–4-methylpyridine.
a Yield of isolated product.
b Reaction was completed within 10 min.
c 7 and 8 were isolated in 95% and 5% respectively.
d 2.0 equiv. of 2i.

augur well for extremely acid-labile substrates. Aside from weakly

acidic DTBMP·TfOH salt, TfOH itself and Lewis acid LiBF4 promoted

the reaction too, but with lower product yields (entries 6 and 8).

Meanwhile, camphorsulfonic acid (CSA) was found inept for this

benzylation reaction (entry 7). Worth-mentioningly, ylide 2i could

be scaled up to ten grams in 92% yield after recrystallization, and

it has no stability issue and decomposition was virtually unnotice-

able even after 6-months storage under ambient conditions.

Alongside product 6a, it is worth noting that sulfide 7 and ben-

zylated sulfide 8 were also isolated from this benzylation reaction

(entry 4). Mechanism studies revealed that protonation of ylide oc-

curred first to deliver sulfonium salt intermediate (I) which was

stable at cryogenic condition but gradually decomposed to ben-

zyl triflate and co-product 7 when warmed up to room tempera-

ture. These intermediates were observed by 1H NMR spectroscopy.

Among these intermediates, the moderate generated BnOTf acted

exactly as the active benzylation reagent. Control experiments and
1H NMR studies portrayed the equilibrium between the sulfonium

salt (I) and BnOTf which engendered the mild and efficient benzy-

lation conditions. Besides, the origin of by-product sulfide 8, which

was ruled out the Stevens rearrangement pathway, surprisingly,

also attributed to a nucleophilic attack of negative charged carbon

atom on ylide onto in situ formed BnOTf (details see Supporting

information).

Benzylation of primary, secondary and tertiary alcohols with

adequate sulfonium ylide 2i/2j, provided the benzyl ethers in good

to excellent yields under the optimized conditions (Scheme 2). A

wide variety of functional groups including alkali-labile functional

groups such as acetate (6a, 6e, 6m), chloroacetyl acetate (6zi),

anomeric acetate (6g, 6i, 6k), Fmoc group (6q), ketone (6y), lac-

tone (6u), as well as acid-labile moiety t-butyldimethylsilyl group

(6m), 2-deoxy sugar (6k) and Boc group (6s) were successfully en-

dured under this mild condition. Other than alcohols, benzylation

of acids possessing ketone (9a), alkenyl (9c), phenol (9e) and silyl

(9f) groups and even phosphoric ester (14a) gave forth the recip-

rocal esters.

Amines are key building blocks of quite a few natural prod-

ucts with powerful biological activities. They are also highly ubiq-

uitous in the comprehensive medicinal chemistry database [36–

39]. In view of the prevalence of N-alkylation in pharmaceutical

chemistry, various amines were examined and all gave at least 80%

yields of corresponding products (11a–11f). Mono-/di-benzylation

of primary amine (11a, 11b) and aniline (11h, 11i) could be auspi-

ciously controlled by the amount of ylide used. An antihistamine

drug, meclizine (11g) and clozapine derivative (11j) were also

smoothly obtained by simple 3-methylbenzylation and benzylation.

Interestingly, the benzylation reaction with benzamide and carba-

mazepine took place selectively on the oxygen rather than nitrogen

atom to yield benzyl imidate (12, 13) in good yields. In addition

to C-O and C-N bonds, S-benzylation of 2-mercaptobenzothiazole

(10) and C-benzylation (15a) with electron-rich pentamethyl ben-

zene were also accomplished efficiently.

Other sulfonium ylide derivatives, 2k–2n were also success-

fully synthesized following the standard protocol. Ylides 2k–2m

were employed as 2-cyano-benzylation (6c), 3-methylbenzylation

(11g) and isopropylation (6o, 6zh) reagents under acidic condi-

tions. However, it was worth mentioning that methyl-substituted

sulfonium ylide 2n could not be used as methylation reagent,

whatever acid we employed. During the synthesis of novel

ylidic reagents, it was found that Stevens rearrangement re-

action occurred extremely fast for electron-richer motifs, such

as p-methoxybenzyl, 4-((trimethylsilyl)methyl)benzyl [40], 2-

tetrahydrofuranyl [41] and 2-tetrahydropyranyl [41] substituted

ylides. This instability obliged us to introduce the protocols

by in situ generation of these ylides (2o–2r) from correspond-

ing sulfides and methyl 4-chlorophenyldiazoacetates. Sugar

derivatives with silyl, alkynyl, and acetate including anomeric

acetate groups demonstrated exquisite compatibility to deliver p-

methoxybenzylated (6b, 6f, 6h, 6j, 6l, 6n), 2-tetrahydropyranylated

(6x) and 4-((trimethylsilyl)methyl)benzylated (6d) products. Of

note, the synthetically significant alkynyl benzoate glycoside 6p

[42,43] manifested suitable for this transformation. A variety of al-

cohols even bearing Fmoc and Boc groups (6r, 6t, 6zb) proceeded

well to furnish desired products, with no detection of loss of

enantiomeric purity. Aryl, alkynyl (9g) and phosphoric acids (14b)

furnished the corresponding p-methoxybenzyl esters in good yields

(see Supporting information). Treatment of pentamethyl benzene

with in situ generated ylide 2o afforded 15b efficiently. Biologically
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Scheme 2. Substrate scope for alkylations. Alkylation with stable sulfonium ylides: 2i/2j (2.0 equiv.), DTBMP·TfOH (0.25 equiv.) or 2k/2m (2.0 equiv.), DTBMP (1.0 equiv.),

TfOH (1.0 equiv.). Alkylation with in situ formed ylides: 2o/2p/2q/2r (in situ generated from corresponding sulfide, methyl 4-chlorophenyl-diazoacetate and 0.5 mol% of

Rh2(oct)4), DTBMP·TfOH (0.25 equiv.), 30 or 0 °C. c2i (1.2 equiv.), DTBMP·TfOH (1.2 equiv.); d2i (4.0 equiv.), TfOH (0.5 equiv.); eamine (5.0 equiv.), 2i (1.0 equiv.), TfOH (0.25

equiv.); f2i (2.0 equiv.), TfOH (0.25 equiv.); gsubstrate (2.0 equiv.), 2i/2l (1.0 equiv.), TfOH (1.0 equiv.). h2i (1.2 equiv.), TfOH (1.2 equiv.).

active substances such as steroid drugs (6z, 6za), podophyllotox-

ins (6zd, 6ze), and l-tyrosine derivatives (6zj, 6zk) were good

substrates for p-methoxybenzylation, 2-tetrahydrofuranylation and

2-tetrahydropyranylation, respectively.

Non-ylidic S-alkyl bonds of ylide 2i–2m could be selective

cleaved under acidic condition, and the corresponding non-ylidic

S-aryl bonds were completely unperturbed. Then, we envisioned

that the activation of non-ylidic S-aryl bonds of sulfonium ylides

2 would provide a complemental approach to the highly de-

manded arylations [44–53]. Inspired by Olofsson’s arylation with

electrophilic diaryiodonium salt [54], the arylation with sulfonium

ylides under alkaline conditions were investigated (Table 2).

To probe the feasibility of arylation with sulfonium ylide, an ex-

tensive survey of structural modification on both alkyl and aryl

side of the sulfonium ylides were then implemented. Encourag-

ingly, reaction between alcohol 5b and benzyl substituted sulfo-

nium ylide 2j in the presence of t-BuONa (1.5 equiv.) afforded p-

nitrophenylated product 16a, albeit in 36% yield, meanwhile the

benzylated product was not observed (Table 2, entry 1). 3-Pentyl

(2s) and isopropyl (2m) substituted ylides gave improved yields of

arylated product (entries 2 and 4). Eventually, it was found that

both t-BuONa and NaH promoted the p-nitrophenylation reaction

with methyl substituted ylide 2n to give forth nearly quantitative

yields (entry 3). Occasionally, Shen’s flouromethylation reagents

(2d, 2e) were subjected to the newly developed arylation con-

ditions. Surprisingly, the monofluoromethyl substituted sulfonium

ylide 2e produced arylated product (16a) in 98% yield while the

expected monofluoromethylation was not occurred. It seems that

the substituents of the ylide 2 have great impacts on the re-

activity, it is extremely hard to predict the reaction conditions

and results. Considering the cost of starting material and the se-

lectivity of reaction, sulfonium ylides with simple methyl group
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Scheme 3. Substrate scope for arylation. Reaction conditions: 5 (1.0 equiv.), sulfonium ylide (1.2 equiv.), t-BuONa (1.5 equiv.) in DMF (0.1 mol/L) at 40 °C for 1.5 h. a2n (2.5

equiv.), t-BuONa (2.5 equiv.). b2u (1.5 equiv.) and t-BuONa (2.0 equiv.).

Table 2

Optimization of ylide structures for arylation.a

Entry Ylide Yield (%)b Entry Ylide Yield (%)b

1 2j 36 7 2t 93

2 2m 68 8 2u 88

3 2n 97c 9 2v 37

4 2s 43 10 2w n.d.d

5 2d n.d. 11 2x n.d.d

6 2e 98 12 2y n.d.d

a Reaction conditions: the mixture of 5b (1.0 equiv.) and ylide 2 (1.2 equiv.) in

DMF (0.1 mol/L) was stirred at 40 °C, then t-BuONa (1.5 equiv.) was added.
b Isolated yield.
c With NaH (2.0 equiv.), 96% isolated yield was obtained.
d Methylated product was isolated in 48% yield with 2w, 21% yield with 2x and

9% yield with 2y.

was then selected as arylation reagent for further investigation.

Other than nitro group, it was found that arylsulfonium ylides pos-

sessing other electron-deficient substituents, such as cyano (2t)

[55] or trifluoromethyl (2u) group, also showed superior reactiv-

ity, in contrast to the sulfonium ylides possessing electron-rich aryl

moieties (entries 7–12). Especially, p-bromophenyl, phenyl and p-

methoxyphenyl substituted sulfonium ylide 2w–2y gave forth no

arylated products, however, with inadequate methylation products

isolated.

Having established that ylides 2n, 2t and 2u were good ary-

lating reagents, we next studied the arylation with a variety of

nucleophiles. As depicted in Scheme 3, all of substrates includ-

ing alcohols (16e, 16f), naphthalenes (16r) and aromatic heterocy-

cles (16g, 16i) provided corresponding mono-/di-arylated products

with excellent yields. Noticeably, selectively masking phenolic hy-

droxyl group in the presence of tertiary hydroxyl group (16s) pro-

ceeded well, which was greatly desirable in total synthesis of com-

plex compounds. Introduction of aryl groups to sugar backbones

is valuable for improving pharmaceutical properties of the parent

molecules [48–52]. Exhilaratingly, carbohydrates with primary and

steric hindered secondary hydroxyl groups were p-nitrophenylated

perfectly under this condition (16l–16q). Functional groups such

as acetonide (16p), 4-methoxybenzylidene (16m) and azide group

(16n) were proved to be compatible. Particularly, anomeric O-

arylation of carbohydrate derivatives (16p) also made promi-

nent progress. Some glycosyl donors such as glycosyl fluoride

(16l), glycal (16m) and thioglycoside (16t) were directly arylated,

which could be synthetic useful for conjugation to other com-

plex structures. Pharmaceutical ingredients (16h, 16u, 16v) [56–

58] were also favorably prepared by direct p-nitrophenylation, p-

cyanophenylation and p-trifluoromethylphenylation as well.

In summary, we described a novel non-ylidic C-S bond cleavage

on sulfonium ylide to proceed selective arylation and alkylation

reactions. Under weak acidic conditions, stable or in situ gener-

ated sulfonium ylides were acted as diverse alkylating agents. The

smooth conversions of various nucleophiles were realized through

the moderate generation of active alkyl triflates from sulfonium

ylides. Under alkaline conditions, assorted O-arylations with sul-

fonium ylides via unprecedented non-ylidic S-aryl bond cleavages

have been implemented. The chemoselective cleavages of the non-

ylidic S-alkyl and aryl bonds of sulfonium ylides provided a flexible

alkylation and arylation protocols, which optimistically expected to

be the general reagents with broad applications.
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