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N: a bifunctional ethylene
equivalent for Diels–Alder reaction based
controllable tandem synthesis†

Wen-Biao Wu,a Bo-Shuai Mu,a Jin-Sheng Yu *ab and Jian Zhou abc

A bifunctional silyl reagent Me2(CH2]CH)SiCN has been developed as a novel ethylene equivalent for the

Diels–Alder (DA) reaction. The use of this reagent enables the controllable synthesis of value-added

cyclohexenyl ketones or 2-acyl cyclohexancarbonitrile derivatives through a five- or six-step tandem

sequence based on a Wittig/cyanosilylation/DA reaction/retro-cyanosilylation/isomerization sequence

that involves a temporary silicon-tethered intramolecular DA reaction.
Introduction

The Diels–Alder (DA) reaction is one of the most important C–C
bond-forming reactions for building up molecular complexity.1

Since its discovery, many types of functionalized dienes and
dienophiles have been designed and applied for the synthesis of
structurally diverse cyclohexenes with control of facial, regio-
and stereoselectivity.2 Usually, DA reactions proceed smoothly
when the dienophiles are activated by electron-withdrawing
groups. When it comes to cycloaddition of ethylene, which is
a commonly required synthetic step, the conditions entail very
high temperature and pressure,3 which are oen too harsh to be
used easily (Scheme 1a). Therefore, the development of ethylene
equivalents that can be used for DA reactions under milder
conditions has received great attention. To date, vinyl sulde4 or
sulfone,5 nitroethylene,6 vinyldihaloboranes,7 acrolein,8 and
selenoacrylate9 have been utilized as ethylene surrogates for DA
reactions (Scheme 1b). The electron-withdrawing groups of the
corresponding adducts can be removed subsequently through
a single or multi-step transformation.8 Despite these advances,
it is still important to develop new ethylene surrogates to
facilitate the cycloaddition and subsequent removal of acti-
vating groups, and, in particular, to allow structural reorgani-
zation following the DA reaction, which can enable access to
cyclohexene derivatives that are inaccessible by the direct [4+2]
process.
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On the other hand, the use of a temporary silicon tether to
connect two reaction partners and induce an intramolecular
reaction has been established as a powerful strategy to enhance
both the reactivity and selectivity, owing to the innate benets
of intramolecularity.10 Since the independent pioneering
studies of Nishiyama11 and Stork,12 this strategy has found
numerous applications in organic synthesis,10 including diverse
synthesis of cyclohexenes through DA cycloaddition of silicon-
tethered dienes and dienophiles.13 These elegant advances
encouraged us to develop silicon-tethered ethylene equivalents
for DA reactions. It is worth mentioning that traditional
methods to introduce silicon tethers and labile Si–O bonds rely
on the protection of the O–H bond using the corresponding
chlorosilyl reagents. Instead, we aim to develop bifunctional
Scheme 1 State-of-the-art and present work.
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Scheme 2 Synthesis of 1 and its application in the tandem sequence
of cyanosilylation and the DA reaction.
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View Article Online
silyl reagents (BSR) that can add to C]O double bonds to
generate the Si–O bond tethering two functionalities for further
transformations. This strategy proved to be workable because
our reagent, Me2(CH2Cl)SiCN,14 enabled facile access to a-
chloroacetyl tertiary alcohols through a tandem asymmetric
cyanosilylation-chloromethyl transferring sequence.

Accordingly, a new BSR reagent, Me2(CH2]CH)SiCN (1), was
designed as an ethylene equivalent for the following reasons.
First, it can enable the use of acyclic a,b,g, andd-unsaturated
aldehydes or ketones 2 that have not been used as dienes to
react with ethylene or known surrogates (Scheme 1c). The initial
cyanosilylation15 affords cyanohydrins 3 featuring a Si–O bond
tethered diene and a vinyl moiety for the DA reaction. A further
retro-cyanosilylation,16 with simultaneous cleavage of the C–Si
bond under mild conditions, readily releases the ketone moiety
from adduct 4 to fulll formal cycloaddition using dienones 2.
Second, it allows tandem synthesis of cyclohexene derivatives
Scheme 3 Switchable divergent tandem synthesis of cyclohexenyl me
overall isolated yield was reported. The dr values were determined by 1H

3520 | Chem. Sci., 2022, 13, 3519–3525
that are unattainable by using the normal [4+2] route. Once
retro-cyanosilylation occurs, it is possible to control the reaction
conditions to achieve the selective synthesis of enones 5
resulting from the conjugation of the ketone moiety with the
alkene, or cyclohexanes 6 substituted by the cyano and acetyl
group. Both cyclohexene derivatives 5 and 6 are useful syn-
thons17 with two functionalities. Herein, we wish to report that
the development of ethylene equivalent 1 enables a controllable
synthesis of valuable cyclohexene derivatives with structural
diversity through a tandem cyanosilylation/DA reaction/retro-
cyanosilylation sequence, by taking advantage of a temporary
silicon-tethered DA reaction (Scheme 1c).
Results and discussion
Optimization of the reaction conditions

We began this study by exploring the synthesis of BSR 1. To our
delight, we found that it could be readily obtained in 80% yield
from NaCN and Me2(CH2]CH)SiCl on a 740 mmol scale using
the procedure for preparing Me2(CH2Cl)SiCN14a (Scheme 2a).
Furthermore, the cyanosilylation of a,b,g, andd-unsaturated
enone 2a using 1 was found to work well in the presence of
10 mol% acetone-derived P-ylide 7a,18a giving the desired silyl
cyanohydrin 3a in 85% yield (Scheme 2b). With the silicon-
tethered triene 3a, bearing both a diene and a vinyl group at
hand, we next investigated its intramolecular DA reaction, and
found that it proceeded well under thermal conditions. Full
conversion of 3a was observed in toluene at 120 �C by GC-MS
and 1H NMR analysis of the crude reaction mixture, giving the
desired DA adduct 4a as a mixture of diastereomer (for details,
see Section 3.2 of the ESI†). This nding paved the way for the
desired merging of a retro-cyanosilylation step for tandem
synthesis of cyclohexene derivatives. The evaluation of typical
desilylation conditions to convert adduct 4a into cyclohexenyl
methyl ketone 5a revealed that the use of a stoichiometric
amount of TBAF was the best choice, but the uoride that was
formed in situ might lead to side Michael addition to give 2-
acetyl-5-phenylcyclohexancarbonitrile 6a.19 Further studies
focused on the controllable synthesis of 5a and 6a given that
both are useful synthons.17 For the selective synthesis of 5a, we
tried adding metal salts to mask the cyanide,20 and Mn(OAc)2-
$4H2O proved to be optimal (for details, see the ESI†).
thyl ketone 5a and 2-acetyl-5-phenylcyclohexancarbonitrile 6a. The
NMR analysis of the crude reaction mixture.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Accordingly, the synthesis of 5a was achieved in 73% yield in
toluene by using TBAF andMn(OAc)2$4H2O (Scheme 2c). On the
other hand, the use of EtOAc as the solvent, along with TBAF
(70 wt% in H2O) led to the generation of 6a with 64% yield and
>20 : 1 dr as the major product.

Having established the optimal conditions for the control-
lable synthesis of cyclohexene derivatives 5a and 6a via DA
reaction/retro-cyanosilylation based transformations, we tried
combining the Wittig synthesis of a,b,g, andd-unsaturated
enone 2a and cyanosilylation to form a ve- or six-step tandem
sequence starting from P-ylide 7a, enal 8a, and 1. Notably,
although very few tandem reactions consisting of ve steps and
more are known,21 our sequences could work very efficiently
(Scheme 3).

The initial Wittig reaction of P-ylide 7a and enal 8a pro-
ceeded smoothly at 80 �C in MeCN; a solvent required for the
next cyanosilylation mediated by the excess P-ylide.18a Once the
cyanosilylation completed, the crude silyl cyanohydrins were
collected and subjected to the DA reaction/retro-cyanosilylation
sequence in either toluene or EtOAc. Aer heating at 120 �C for
16 h to allow the intramolecular DA reaction to complete, TBAF
(1.0 M in THF) and Mn(OAc)2$4H2O or TBAF (70 wt% in H2O)
was added at room temperature to facilitate the following retro-
Scheme 4 Scope of the tandem synthesis of substituted cyclohexenyl ke
TBAF (4.0 mL, 1.0 M in THF) and Mn(OAc)2$H2O (1.0 mmol). The dr value
aPh3P]CHCONEt2 7f (1.0 mol%) was added in the cyanosilylation step
nosilylation/Diels–Alder/retro-cyanosilylation/isomerization tandem rea

© 2022 The Author(s). Published by the Royal Society of Chemistry
cyanosilylation/isomerization or retro-cyanosilylation/
isomerization/Michael addition, giving 5a in 65% overall yield
in ve steps or 6a in 55% overall yield in six steps with >20 : 1 dr,
respectively (Scheme 3).
Evaluation of substrate scope

Next, we examined the generality of the synthesis of cyclo-
hexenyl ketones 5 (Scheme 4). A variety of 3-aryl and 3-alkyl a,b-
unsaturated aldehydes were compatible with the tandem Wit-
tig/cyanosilylation/DA/retro-cyanosilylation/isomerization
sequence, and worked well with ylide 7a and Me2(CH2]CH)
SiCN 1 to afford the corresponding cyclohexenyl methyl ketones
5a–o in moderate to high yields. The use of b-(2-furyl)
substituted enal delivered the product 5k in 77% yield, and b-
alkyl enals gave the desired products 5l–o with slightly lower
yields. Ethyl-, isopropyl-, cyclopropyl-, and phenyl-substituted P-
ylides 7b–e all worked well to afford the corresponding cyclo-
hexenyl ketones 5p–s in 50–75% yields. However, the low reac-
tivity of isopropyl, cyclopropyl or phenyl substituted ylides
required the addition of 1.0 mol% Ph3P]CHCONEt2 (7f)18a as
the catalyst for the cyanosilylation step. Additionally, 5-methyl-
2-phenyl-2-hexenal was also workable, giving multi-substituted
tones 5. Reaction conditions: 1 (2.0 mmol), 7 (1.1 mmol), 8 (1.0 mmol),
s were determined by 1H NMR analysis of the crude reaction mixture.
. b5s was obtained from 1,5-diphenylpenta-2,4-dien-1-one via a cya-
ction. cRun on a 0.5 mmol scale. dRun on a 0.3 mmol scale.

Chem. Sci., 2022, 13, 3519–3525 | 3521
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Scheme 5 Scope of the tandem synthesis of 2-acyl cyclohexancarbonitriles 6. Reaction conditions: 1 (2.0 mmol), 7 (1.1 mmol), 8 (1.0 mmol), and
TBAF (4.0 mmol, 70 wt% in H2O). The dr values were determined by 1H NMR analysis of the crude reaction mixture. aPh3P]CHCONEt2 7f
(1.0 mol%) was added as catalyst in the cyanosilylation reaction. b6m was obtained from (2E,4E)-6,6,6-trifluoro-1-phenylhexa-2,4-dien-1-one
via a cyanosilylation/Diels–Alder/retro-cyanosilylation/isomerization/Michael addition sequence. cRun on a 0.5 mmol scale.
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cyclohexenyl ketone 5t in 32% yield with 1.5 : 1 dr. Notably,
a range of ve- and six-membered cyclic enals were also viable
substrates, delivering valuable polycyclic compounds 5u–5aa,
featuring a cyclohexenyl ketone moiety in moderate to good
yields with good to high dr values.

Moreover, this method was successfully applied to late-stage
modication of estrone through the introduction of a cyclo-
hexenyl ketone moiety, affording the pentacyclic product 5ab in
69% yield and 12 : 1 dr. The structure and relative conguration
were conrmed by X-ray analysis of products 5u, 5x, and 5ab.

As shown in Scheme 5, the scope of the six-step tandem
synthesis of 2-acyl cyclohexancarbonitriles 6 was also evaluated
under the optimized conditions. A series of 3-aryl substituted
a,b-unsaturated aldehydes 8 were viable substrates, furnishing
the desired products 6a–g in 51–77% yield with 2.5 : 1 to >20 : 1
dr. 2-Furyl substituted enal provided the corresponding product
6h in 83% yield with modest dr. Phenyl substituted phosphorus
ylide 7e also reacted smoothly with aryl- or alkyl-substituted
enals to give 2-benzoylcyclohexane-1-carbonitrile derivatives
6i–l in good yields and dr values. Interestingly, this protocol
could be extended to access triuoromethylated cyclohexane
derivatives when CF3-substituted enal was used, as shown by
the formation of 6m in 90% yield with 5.0 : 1 dr. The scope of
3522 | Chem. Sci., 2022, 13, 3519–3525
the reaction with substituted ylides was also examined, and it
was found that isopropyl and cyclopropyl phosphoranes worked
well to give the desired products 6n and 6o in 58% and 73%
yield with 6.4 : 1 and 4.8 : 1 dr, respectively. To our delight,
tricyclic compounds 6p–r, with a 2-acetyl cyclohexancarbonitrile
moiety, could be readily generated through this sequence from
the corresponding cyclic enals. X-ray analysis of both 6i and 6r
conrmed their structure and the cis relative conguration of
the cyano and carbonyl group; those of other products 6 were
tentatively assigned.
Scheme 6 Synthetic transformations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Attempt to access chiral cyclohexenyl ketone 5a.
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Synthetic utility

It should be noted that the cyclohexenyl ketone moiety is found
widely in natural products and bioactive molecules. Although
four major synthetic strategies have been developed to access
this group,22most are based on the conversion of cyclohexanone
derivatives, which limits the structural diversity of the products.
By contrast, our approach provides a facile and exible route for
the synthesis of structurally diverse cyclohexenyl ketones and
their derivatives from simple reagents and a,b-unsaturated
enals with either an acyclic or cyclic backbone. The synthetic
utility of the cyclohexenyl ketones thus obtained was further
highlighted by the application of various diversifying reactions
(Scheme 6). For instance, trans-1-(4-phenylcyclohexyl)-1-
ethanone 9 could be obtained in 68% yield with 7 : 1 dr via
the selective hydrogenation of cyclohexenyl methyl ketone 5a
and sequential base-mediated epimerization (Scheme 6). Under
the action of NaOH, 5a worked with thiosemicarbazide or
PhCHO to furnish thiosemicarbazone 10 and divinyl ketone 11
via imine formation or aldol condensation, respectively. Upon
treatment with TIPSOTf and Et3N, 5a was converted into the
corresponding silyl enol ether, which further underwent a DA
reaction with ethyl propiolate to furnish bicyclic tetrahy-
dronaphthalene derivative 12 in 40% yield aer oxidation.

Finally, we attempted the synthesis of chiral cyclohexenyl
ketone 5a by integrating an asymmetric cyanosilylation into the
sequence. However, while enantioenriched 3a could be ob-
tained in 88% yield with 90% ee by using the three-component
catalyst system of (R,R)-salen(AlCl) 15/ylide/Ph3PO that we
previously developed,18c the relay of the chiral information of 3a
to the desired cyclohexenyl ketone was not efficient under the
standard conditions, as evidenced by the access of 5a with 42%
ee and 76% yield (Scheme 7). Nevertheless, the result estab-
lishes the feasibility of using such a tandem sequence to access
chiral cyclohexenyl ketone derivatives, and further work in this
direction is now in progress in our lab.
Conclusions

We have developed a novel bifunctional silyl reagent,
Me2(CH2]CH)SiCN, as an ethylene equivalent capable of
undergoing a temporary silicon-tethered intramolecular DA
© 2022 The Author(s). Published by the Royal Society of Chemistry
reaction through the addition to the C]O double bond of
enones. The value of this reagent is demonstrated by an
unprecedented ve- or six-step tandem synthesis involving
Wittig/cyanosilylation/DA reaction/retro-cyanosilylation, paving
the way for controllable and diverse synthesis of cyclohexenyl
ketones and 2-acyl cyclohexancarbonitrile derivatives. The
development of an asymmetric variant of this tandem synthesis
and further application of this reagent are ongoing in our lab.
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