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a b s t r a c t

A highly efficient asymmetric (3+2) cycloaddition of α-diazo pyrazoleamides with silyl enol ethers was

realized by employing a chiral N,N’-dioxide-Ni(II) complex catalyst. The process includes the formation

of chiral nickel carbenoid intermediate and the following enantioselective cycloaddition reaction. The de-

sired dihydrofuran O,O-acetal derivatives were obtained in good yields (up to 90%) with high enantios-

electivity (up to 99% ee) under mild reaction conditions within short reaction time. On the basis of the

determination of the catalyst structure, a possible transition state mode was proposed.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

α-Diazo carbonyl compounds have been widely investigated as

a synthetically useful class of carbene precursors when paired with

transition metal catalysts [1–7] or upon photo-excitation [8–10].

Their reaction with (silyl) enol ethers, a typical kind of electron-

rich alkenes, provided a facile and efficient access to diverse use-

ful compounds, thus receiving extensive attention from the syn-

thetic community [11–32]. For instance, as depicted in Scheme

1a, the transition metal catalyst mediated cyclopropanation of dia-

zoacetates [16–22] with different kinds of (silyl) enol ethers could

afford the corresponding cyclopropanes (Scheme 1a, i). Besides,

through Rh(II) catalyzed β-C(sp2)−H bond alkylation of cyclic enol

ethers with α-diazo-1,3-dicarbonyl compounds, β ’,γ -unsaturated

β-ketoesters were obtained (Scheme 1a, ii) [25]. Performing the

same reaction at lower temperature led to the generation of dihy-

drofuran (DHF) acetals via (3+2) cycloaddition with one carbonyl

unit (Scheme 1a, iii) [29]. While, making use of pyrrolyl-α-diazo-

β-ketoesters, a putative Wolff-rearrangement/benzannulation pro-

cess occurred to afforded 6-hydroxyindole-7-carboxylates in the

presence of dirhodium catalysts (Scheme 1a, iv) [32]. As for the

vinylcarbene, generated from (Z)-siloxyvinyldiazoacetate, its reac-

tion with silyl enol ethers was also fascinating [11–15], owning

to the electrophilic character at both the vinylogous position and

carbene site. Davies demonstrated that methyl substituted diazoac-
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etates V1 reacted with cyclic silyl enol ethers at the carbenoid site

via a combined C−H functionalization/Cope rearrangement path-

way (Scheme 1b, i) [11]. On the contrary, when the terminal un-

substituted siloxyvinyldiazoacetate was used, the reaction favored

vinylogous addition/1,4-siloxy migration with excellent diastereos-

electivity (Scheme 1b, ii) [12].

Dihydrofuran O,O-acetal skeleton is frequently encountered in

a number of bioactive natural products [33–35]. It could be pre-

pared through Rh(II) [26–29], Ru(II) [30] and Cu(II) [31–32] cat-

alyzed (3+2) cycloaddition of α-diazo carbonyl compounds with

(silyl) enol ethers as illustrated above [36], and alternative Mn(III)-

mediated radical reactions [37,38] of β-ketoesters with enol

ethers. Nevertheless, these transformations were only presented in

racemic version. In view of synthetic utility, there still remains the

demand to develop a general method to access enantioenriched

DHF skeleton directly.

Recently, our group has achieved highly enantioselective [2,3]-

and [3,3]-σ rearrangements [39–42], vinylogous N−H insertion

[43], as well as (2+1) cycloaddition reaction [44] with a new type

of α-diazo pyrazoleamides. Encouraged by these studies, we be-

came interested in the reactivity of α-diazo pyrazoleamides toward

silyl enol ethers. A (3+2) cycloaddition (Scheme 1c) occurred to

yield the substituted dihydrofuran acetals via formal alkylation re-

action (Scheme 1a, ii) followed a cyclization with the oxygen of the

amide unit. Herein, we wish to disclose our efforts in this area.

Chiral N,N’-dioxide ligands [45–53] with nickel salt were identi-

fied to be highly efficient in promoting this (3+2) cycloaddition
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Scheme 1. Reactions of enol ethers with α-diazo carbonyl compounds.

Table 1

Optimization of the reaction conditions. a

Entry Metal salt Ligand Yield (%)b ee (%)c

1 Fe(OTf)2 L3-TQ
tBu n.r. n.d.

2 CuOTf L3-TQ
tBu 34 40

3 Cu(OTf)2 L3-TQ
tBu 49 40

4 Co(OTf)2 L3-TQ
tBu 58 83

5 Ni(OTf)2 L3-TQ
tBu 87 86

6 Ni(NTf2)2 L3-TQ
tBu 85 86

7 Ni(ClO4)2 ·6H2O L3-TQ
tBu 84 84

8 Ni(OTf)2 L3-TQ
iPr 86 88

9 Ni(OTf)2 L3-TQAd 90 83

10d Ni(OTf)2 L3-TQ
iPr 90 90

a Unless otherwise noted, the reactions were carried out with diazo compound

A1 (0.1 mmol), silyl enol ether B1 (0.1 mmol), metal salt/ligand (1:1, 10 mol%) in

CHCl3 (0.5 mL) at 50 °C in air.
b Isolated yield of C1.
c Determined by HPLC on a chiral stationary phase.
d The reaction performed at 45 °C in air.

reaction. A diverse set of substituted dihydrofuran acetals were ob-

tained with moderate to high enantioselectivities.

We initiated our study with the α-diazo pyrazoleamide A1 with

acetophenone-derived silyl enol ether B1 to identify an appro-

priate chiral catalyst (Table 1). Chiral N,N′-dioxide L3-TQ
tBu syn-

thesized from L-tetrahydroisoquinoline-3-carboxylic acid and tert-

butylamine was used to investigate the metal salts. According to

previous works, iron, copper, cobalt and nickel salts, which could

be used in both metallocarbenoid formation and Lewis acid activa-

tion, were evaluated (entries 1-5). Fe(OTf)2 was sluggish, whereas

CuOTf as well as Cu(OTf)2 could promote the reaction but with

poor yields (34% and 49%, respectively) and moderate enantioselec-

tivity (40% ee). To our delight, with use of Co(OTf)2 and Ni(OTf)2,

the enantioselectivity was improved dramatically (83% and 86% ee).

Ni(OTf)2 was selected as the central metal for subsequent opti-

mization in terms of high activity (87% vs. 58%; entry 5 vs. en-

try 4), the preference is different from the reaction in rearrange-

ment in our previous study [41]. The counter anions of the nickel

salts showed no obvious effect on the reaction, and Ni(NTf2)2 as

well as Ni(ClO4)2·6H2O gave similar results (entries 6 and 7). Sub-

sequently, the amide moiety in the ligand was examined (entries

8 and 9), and it was found that isopropylamine derived L3-TQ
iPr

afforded better enantiocontrol (88% ee vs. 84% ee), whereas the

sterically bulky L3-TQAd resulted in a slightly low enantioselectiv-

ity (83% ee). The optimal conditions were established via adjusting

the reaction temperature from 50 °C to 45 °C, and the product C1

was provided in 90% yield with 90% ee within two minutes (entry

10). Other reaction parameters such as solvents and additives were

explored as well, however, no better results were obtained. Com-

paratively, when chiral bisoxazoline, BINOL or phosphoric acid was

used as the ligand, no reaction occurred (see Supporting informa-

tion for more details).

With the optimized reaction conditions in hand, the generality

of the protocol for different substrates was evaluated (Scheme 2).

Initially, the effect of substitution at silicon group of the silyl enol

ethers was examined to react with diazo pyrazoleamide A1. It was

found that IPS, TES, TIPS and TBDPS protected enol ethers were all

tolerated, readily affording dihydrofuran acetal derivatives C2-C5 in

moderate to good yields with high ee values. Next, the substituents

on the phenyl ring of 2-siloxy-1-alkene were explored (C6-C27).

As depicted in Scheme 2, a strong electron donating substituent

at para position resulted in obvious erosion of enantioselectivity

(C8 and C9, 69% and 71% ee). While, strong electron withdrawing

CF3 group lead to a sharp drop in reactivity (C17, 45% yield, 92%

ee). In addition, when silyl enol ethers containing heteroaromatic

groups were employed, the corresponding products was obtained

in satisfying yields (C18, 78%; C19, 89%), however only 44% enan-

tiomeric excess was afforded for 2-thiophenyl substituted C18. The

condensed ring substrates were amenable to the present reaction

(C20-C22), but C20 with a tetrahydronaphthyl substituent was af-

forded in 74% ee. Moreover, di- and tri-substituted acetophenone-

derived silyl ethers were subjected into the reaction conditions,

the effect of the electronic nature of the substituents seemed to

be consistent (C23-C27, 42%-84% yields, 76%-92% ee). The alkyl-

bearing enol ethers, such as cyclopropyl and cyclohexyl groups, de-

livered the related products (C28 and C29) in either poor ee value

or inferior yield. Performing the reaction with propiophenone-

derived enol ether gave rise to the dihydrofuran acetal C30 bearing

two contiguous stereocenters as a single diastereomer with high

enantioselectivity (99% ee).

Next, the reaction of 2-siloxy-1-alkene B1 with various vinyl

α-diazo pyrazoleamides was assessed (Scheme 3). The electronic

properties and steric hindrance of substituents on the phenyl ring

had a negligible effect on the enantioselectivities. A variety of

vinyl diazo pyrazoleamides could react smoothly to give the cor-

responding products C32-C41 in high level of ee values (82%-90%

ee), except C31 with an ortho-methyl substituted phenyl ring (76%

ee). Notably, vinyl diazo pyrazoleamides bearing a 2-thienyl or 2-

piperonyl, as well as 2-naphthyl groups were proven tolerable as

well in the reaction, affording C42-C44 in 88% to 90% ee. The ben-

zyl substituted substrate was tested in this catalytic system, mod-

erate yield and good enantioselectivity was obtained for C45 af-

ter longer reaction time (30 min). Moreover, the aryl-substituted

α-diazo pyrazoleamide compound, which was sterically demand-

ing, provided the product C46 in sharply reduced enantioselectiv-

ity (51% ee). It is noteworthy that most of the reactions completed

with a few minutes.
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Scheme 2. Substrate scope of silyl enol ethers. Unless otherwise noted, the reactions were carried out with diazo compound A1 (0.1 mmol), silyl enol ethers B1-B30 (0.1

mmol), Ni(OTf)2/L3-TQ
iPr (1:1, 10 mol%) in CHCl3 (0.5 mL) at 45 °C in air. Isolated yields of C1-C30, and the ee value were determined by HPLC on a chiral stationary phase.

aL3-TQAd was used instead of L3-TQ
iPr. bL3-TQ

nPr was used instead of L3-TQ
iPr. cL3-TQcP was used instead of L3-TQ

iPr.

Scheme 3. Substrate scope of α-diazo pyrazoleamides. Unless otherwise noted, the

reactions were carried out with diazo compounds A2-A17 (0.1 mmol), silyl enol

ether B1 (0.1 mmol), Ni(OTf)2/L3-TQ
iPr (1:1, 10 mol%) in CHCl3 (0.5 mL) at 45 °C

in air. Isolated yields of C31-C46, and the ee value were determined by HPLC on a

chiral stationary phase. aL2-Pi(O
iBu)2 was used instead of L3-TQ

iPr.

To evaluate the practicality of the protocol, a gram-scale syn-

thesis of the dihydrofuran acetal C22 was carried out under the

optimal conditions with 3.0 mmol of the vinyl diazo pyrazoleamide

Scheme 4. Gram-scale synthesis and further transformations.

A1 and 2-siloxy-1-alkene B22 (Scheme 4a), comparable yield and

enantioselectivity were achieved (1.388 g, 86% yield, 94% ee). Next,

further derivatizations were conducted. The Sonogashira reaction

of C15 yielded the alkynyl coupling product D15 in 83% yield with-

out erosion of ee value (Scheme 4b).

Many attempts to get the crystals of the product were unsuc-

cessful at current stage. As an alternative, we simulated the circu-

lar dichroism (CD) spectra of the two configurations of the prod-

uct C1 [54,55]. The absolute configuration was assigned to be R by

comparing CD spectra with the ones measured experimentally (see

Supporting information for details).

Based on our previous studies, the absolute configuration of

products and the X-ray crystal structure of the [Ni(acac)]+[(L3-
TQiPr)-H+]− complex, as well as the general mechanism of metal

carbenoid promoted (3+2) cycloaddition of silyl enol ethers, a

plausible catalytic mode was proposed to explain the origin of

stereoselectivity (Scheme 5). A chiral nickel carbenoid Int1 gener-

ates when the diazo compound A1 interacts with chiral Ni(II)/L3-

TQiPr complex catalyst after the release of nitrogen. The electron-
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Scheme 5. Proposed catalytic cycle.

rich substrate 2-siloxy-1-alkene B1 attacked the Int1 at the car-

bene site from opening right-bottom position (TS1) to form the

Int2 bearing oxonium moiety. The aryl group of enol might pre-

fer to locate at the vinyl group of the carbenoid via stabilization of

weak attraction. Subsequently, the enolate intermediate perform-

ing quickly intramolecular nucleophilic attacks to the Si-face of the

oxonium via TS2 where the TBS-bearing oxonium locates down-

wards to avoid steric hindrance. Thus, the product C1 could be ob-

tained as R-configuration. In the case of silyl enol ethers bearing

electron-donation substitution, the addition step is slow down, giv-

ing possibility of the rotation of the oxonium unit and leading to

reduced enantioselectivity.

In conclusion, we have developed an efficient catalytical asym-

metric (3+2) cycloaddition of α-diazo pyrazoleamides with 2-

siloxy-1-alkenes by employing a chiral N,N’-dioxide-Ni(II) complex

catalyst. This methodology provides an expedient access to dihy-

drofuran acetal derivatives with moderate to good enantioselectivi-

ties. Plausible working mode were proposed to elucidate the origin

of enantio-induction. Further efforts are under way to clarify the

interaction of chiral nickel complex with α-diazo pyrazoleamides,

and to explore the applicability of this catalytic system to other

asymmetric reactions.
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