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Synthesis of silacyclopent-2-en-4-ols via
intramolecular [2 + 2] photocycloaddition
of benzoyl(allyl)silanes†
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Organosilicon compounds are versatile units with a wide range of uses from medicinal chemistry to the

field of organic electronics. An unprecedented method for the synthesis of novel diaryl-substituted silacy-

clopentenols via blue-light promoted intramolecular [2 + 2] photocycloaddition of acyl silanes is herein

disclosed. Additionally, the present findings demonstrate the influence of the olefin substituents in con-

trolling the regioselectivity of the intramolecular Paternò–Büchi reaction, providing silacycles different

from previously reported ones. The high degree of functionalization of these compounds makes them

attractive precursors to other synthetically challenging silacyclopentanes.

Introduction

The incorporation of silicon into an organic molecule can alter
some of its physical and chemical properties, making organo-
silicon compounds attractive candidates for medicinal
chemistry.1,2 Although silicon is an isostere of sp3-hybridised
carbon, replacing carbon by silicon can: alter reactivity,
increase lipophilicity, induce different conformations and
increase ring sizes.1 Organosilicons have the tendency to form
penta- and hexa-coordinated species3,4 and labile Si–O, Si–N
and Si–H bonds in aqueous media. Moreover, polarised C–Si
bounds have increased reactivity as compared to C–C bounds.
Because of these features, organosilicon compounds have
shown considerable potential in the medicinal chemistry field
over the past 55 years.1 The virtually simple replacement of
carbon by silicon in a known drug or scaffold has been widely
explored in the design of new bioactive compounds.5,6 Drastic
changes in the pharmacological profiles of silicon bioisoster of
venlafaxine,7 haloperidol8 and bexarotene9 have been pre-
viously reported, including improvements in the selectivity
profile or lower toxicity of the drug metabolites.

Notwithstanding the role of silicon in drug discovery,2 orga-
nosilicon compounds have also gained notoriety in molecular
electronics10 and polymer science.11 Conjugated organosilicon
materials are particularly promising for the organic electronics
and photonics field.12 The insertion of silicon atoms in conju-
gated organic motifs changes the HOMO and LUMO energy
levels, creating a new broad class of important semi-
conductors. The 5-membered conjugated silacycle silole is a
particularly interesting building block in this research area
and in the development of silicon-containing polymers.13

Given the natural abundance of silicon and its lack of intrinsic
toxicity, processes targeting the synthesis of organosilanes14

and the modification of C–Si bonds are becoming more avail-
able.15 Despite the versatility and importance of silacycles,
methods for their preparation are somewhat scarce.16

Silacyclobutanes (SCBs) are generally synthetised by the con-
venient intramolecular silylation of in situ prepared Grignard
reagents.16 Due to their high ring strain and Lewis acidity,
SCBs are often used as precursors to other organosilicon com-
pounds through ring opening/expansion reactions catalysed by
transition metals.16,17 Even though ring expansion of SCBs can
also provide silacyclopentanes under specific conditions, the
most direct method for their synthesis consists in the addition
of metal treated 1,3-butadienes to dichlorosilanes.18,19 The
synthesis of silacyclopentenes through palladium-catalysed
silylene-1,3-diene [4 + 1] cycloaddition20 allows flexibility on
substitution of the cyclopentene core.

Considering the importance of the cyclopentane motif in
bioactive compounds,21–26 we reasoned that new methods for
the preparation of 5 membered-ring silacycles are needed for
several fields of molecular sciences. From a synthetic perspec-

†Electronic supplementary information (ESI) available: Experimental protocols
and NMR, computational and X-ray diffraction data. CCDC 1935510 and
1935511. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c9qo01028a

aFaculty of Engineering and Natural sciences, Tampere University,

Korkeakoulunkatu 8, 33101 Tampere, Finland. E-mail: nuno.rafaelcandeias@tuni.fi
bInstituto de Investigação do Medicamento (iMed.ULisboa), Faculty of Pharmacy,

Universidade de Lisboa, Av. Prof. Gama Pinto, 1649-003 Lisboa, Portugal.

E-mail: carlosafonso@ff.ulisboa.pt
cDepartment of Chemistry, University of Jyvaskyla, P.O. Box 35, 40014 Jyväskylä, Finland

This journal is © the Partner Organisations 2019 Org. Chem. Front., 2019, 6, 3793–3798 | 3793

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

17
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/frontiers-organic
http://orcid.org/0000-0003-2806-3807
http://orcid.org/0000-0002-7284-5948
http://orcid.org/0000-0003-2414-9064
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qo01028a&domain=pdf&date_stamp=2019-10-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9qo01028a
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO006022


tive, achieving the cyclopentene moiety would be preferable
due to potentially further functionalization of the double
bound, such as asymmetric oxidative transformations.27,28

Silacyclopent-2-enes are especially challenging as the ring is
usually constructed from a highly functionalised silane
(Scheme 1a),29–31 imposing limitations on the degree of substi-
tution on the cyclic core. Further modifications of silacyclo-
pent-2-enes have also been reported32–35 but additional
functionalization of the cyclopentene ring is rare and synthetic
flexibility on olefin substitution is often limited. Amongst the
aforementioned scaffold, silacyclopent-2-enes bearing an
allylic alcohol are of particular interest. Tomooka’s group has
utilised such compounds in the synthesis of various functiona-
lised silacylclopentanes, some presenting biological activity,
via Mitsunobu, Tsuji–Trost, and other transformations.34,35

Additionally, similar silacyclopent-2-en-4-ols have been used in
the synthesis of a polyol motif present in several natural
products.36

In 2008, Portella et al. reported a photochemical [2 + 2]
cycloaddition of acylsilanes (Scheme 1b).37 Upon irradiation,
acyl(allyl)silanes undergo intramolecular Paternò–Büchi reac-
tion, producing bicyclic oxetanes in moderate to good yields
and providing a new method for the synthesis of SCBs. While
new 1-alky-6-oxa-2-silabicyclo[2.2.0]hexanes could be prepared
by this way, irradiation of benzoyl(allyl)silane resulted in an
intractable reaction mixture. Since the relative stability of the
triplet biradical intermediates in the Paternò–Büchi reaction
plays an important role in its stereo- and regioselectivity,38,39

we envisioned that substitution on the olefin moiety with a
radical stabilising group could tame the reactivity of the inter-
mediates, altering the reaction profile observed by Portella.
This could alter the regioselectivity of the cycloaddition, and
the subsequent oxetane ring-opening would eventually yield
silacyclopentenols (Scheme 1c).

Acylsilanes have attracted immense scientific interest since
their first preparation by Brook in 1957.40 Despite the extensive
research conducted on these compounds in the past few
decades,41–43 novel methodologies that utilize acylsilanes as
powerful reagents in organic chemistry are still being
reported.44–46 Experimentally, the use of aromatic acylsilanes
is particularly attractive as they do not undergo side reactions
involving the carbonyl α-carbon.47 Moreover, they show an
absorption maximum at around 425 nm, thus allowing photo-
excitation using visible blue light. The handling of acylsilanes
requires special precautions as they are known to undergo
Brook rearrangement to a reactive carbene after photo-
irradiation or thermal conditions. This carbene has been
shown to undergo insertion reactions in polarised heteroatom-
hydrogen bounds,48,49 cycloadditions to aldehydes50 and
alkynes,51,52 cross-coupling reaction with organoboronic
esters53 and even C–H insertions54–56 under harsher con-
ditions. Carbene formation and its subsequent reactions are
then possible competitive destructive pathways to the [2 + 2]
photocycloaddition. This influence can be minimised by using
dry, aprotic solvents and by protecting free alcohols or amines
in the acylsilane starting material.

Results and discussion

To investigate our hypothesis, cinnamyl silane 3a was syn-
thesised (Scheme 2). Initial investigations using the dithiane
umpolung approach failed as the harsh conditions required
for the deprotection of the dithiane moiety were incompatible
with the olefin group. Inspired by Portella’s success in the syn-
thesis of acyl(allyl)silanes using benzotriazole hemiaminals as
umpolung equivalents of aldehydes,37,57 we adopted a similar
synthetic pathway. This strategy, originally developed by
Katritzky,58 benefits from facile late-stage hydrolysis of the
hemiaminals to the corresponding carbonyls. Olefin cross-
metathesis was performed on intermediate 2a, as the acylsi-
lane moiety seems to inhibit the Grubbs catalyst.57

Scheme 1 Methods for construction of silacyclopent-2-enes and
photocycloaddition of acylsilanes. Scheme 2 Synthesis of benzoylsilanes 3.
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Gratifyingly, 3a was obtained in reasonable 53% yield after
hydrolysis. Compound 3a was irradiated with blue-light for
5 hours in dry hexane, and complete consumption of the start-
ing material was observed (Scheme 3). NMR analysis showed
that oxetane 4a was cleanly obtained as a mixture of two dia-
stereoisomers (syn/anti = 1 : 2), resulting from the [2 + 2] photo-
cycloaddition reaction. Notably, reverse regioselectivity in the
Paternò–Büchi reaction was observed by Portella et al.37 for
unsubstituted acyl(allyl)silanes (Scheme 1b).

Compound 4a proved to be unstable to silica column purifi-
cation and overall acidic conditions, producing alcohol 5a and
other products. After optimization, we found that treating 4a
with catalytic NaHSO4 in tert-butanol leads to complete and
selective isomerization to 5a, in 82% overall yield. Its structure
was proven through esterification with 3,5-dinitrobenzoylchlor-
ide to yield 6a and following single crystal X-ray diffraction
analysis of the obtained ester.

Realising the potential of the photocycloaddition–isomeri-
zation sequence as a direct and selective way to obtain 2,3-aryl-
substituted silacyclopent-2-en-4-ols, we synthesised a series of
acylsilanes 3 to be submitted to the same transformation
(Scheme 2). Sila-hemiaminals 2 were obtained in very good
yields, containing a wide range of functional groups in the aryl
moiety. Nitro-substituted aromatics however failed to add to
the silylchloride reagent, presumably due to the low nucleo-
philicity of the lithiated intermediate. Issues related with the
instability of the lithiated anion of 1 bearing electron-rich
groups in Ar1 were overcome by tBuLi addition to a stirring
solution of 1 and silyl chloride. The syntheses proceeded with
cross-metathesis of intermediates 2 with styrenes. Low to mod-
erate yields were obtained in some cases due to incomplete
conversion of 2, as the dimerization of styrene to stilbene was
a fast competitive reaction. 2-Pyrididyl, 4-cyano- and 4-di-
methylamine-benzene resulted in complete deactivation of the
catalyst, as no reactions were observed after several days at
reflux. The detrimental effect of nitrogen bases and
N-heterocycles in metathesis reaction is known and still a pro-
blematic issue in this field.59

Despite the synthetic challenges, a series of seventeen aryl-
substituted acylsilanes 3 were obtained and tested in the intra-

molecular [2 + 2] photocycloaddition reaction (Scheme 4). The
reaction scope appears to be quite vast, withstanding electron
withdrawing and electron donating substituents, as well as
ortho, meta and para substitution. Gratifyingly, both variations
at 3- and 2-positions of the 2,3-diaryl-silacyclopent-2-ene-4-ol
could be performed. The reaction tolerates the presence of
substituents prone for further derivatization such as acetyl
(5e), nitrile (5g), aldehyde (5h) and silyl ether (5n). Formation
of sulfur heterocycle derivative 5o contrasts with its oxygen
homologue 5p, for which only traces could be observed. Also
ortho-methyl substitution on the ketone side (Ar1) led to the
recovery of starting material even after 8 hours of irradiation.

In order to better understand the dramatic change in regio-
selectivity of the [2 + 2] photocycloaddition of 3a compared to
its terminal olefin analogues, DFT calculations were performed
and the energies of the possible biradical intermediates com-

Scheme 3 [2 + 2] photocycloaddition of cinnamyl silane 3a, acid-
catalysed isomerization to 5a, and crystal structure of 3,5-dinitro-
benzoylated 6a.

Scheme 4 Scope of the [2 + 2] photocycloaddition of benzoylsilanes 3.
a PPTS (10%) was used instead of NaHSO4.

b No acid treatment was
needed.
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pared (see ESI† for details). The Paternò–Büchi photocycload-
dition typically occurs through reaction of a carbonyl com-
pound in the excited state with an alkene in the ground state.
Time dependent DFT studies on 3a and 7 show that the first
vertical transition corresponds to populating the singlet
excited state with comparable energies for both molecules (ca.
64 kcal mol−1, Scheme 5a), through a carbonyl n → π* tran-
sition between HOMO−1 and LUMO, as can be observed in
the case of 3a (Scheme 5b). As triplet excited states for both
molecules are generally ca. 11 kcal mol−1 more stable than
their singlet counterparts, they likely undergo intersystem spin
crossing. Analysis of the molecular orbitals of 3aT1 verifies that
LSOMO and HSOMO correspond to the half-occupied n and π*
carbonyl orbitals, respectively (Scheme 5c).

The two paths concerning the attack of the carbonyl oxygen
of the triplet excited state to the olefin moiety of the allylsilane
were considered‡ (Scheme 6). Comparing the formation of the
two biradical species upon either exo and endo attacks of the
oxygen to the cinnamyl moiety, a preference would be expected
towards the former path due to stabilization of the radicals by
the aromatic ring in 3a : br5. The less than 1 kcal mol−1 differ-
ence in the stabilities of the biradicals derived from 7 never-
theless suggests two competing mechanisms. Since, when
starting from aliphatic acyl(allyl)silanes, Portella et al.
observed the exclusive formation of the 6-endo-trig cyclization-
derived product (Scheme 1b), benzoylsilane 7 was synthesised
and irradiated in order to determine the effect of the carbonyl
substituent on the reaction outcome.

After irradiation of 7 in hexane for 8 hours, we observed
complete and clean conversion to the structural isomers 8 and

9, in 1 to 1.5 ratio, respectively (Scheme 7). Both compounds
proved to be unstable to silica column chromatography.
Indirect detection of compound 9 was possible after acid treat-
ment with PPTS and isomerization to the isolable allylic
alcohol 10 in 41% overall yield, which was further functiona-
lised with 3,5-dinitrobenzoyl chloride to give ester 11 for X-ray
diffraction analysis (Scheme 7). Despite the many attempts in
isolating compound 8 or its decomposition products, we could
only verify its presence through identification of characteristic
peaks in 1H and 13C NMR spectra of the reaction mixture, in
accordance with previous oxetanes characterization by Portella
et al.37 (Scheme 1b).

Experimentally, the lack of regioselectivity for the cyclo-
addition of compound 7 is in agreement with its DFT pre-
dicted reactivity, highlighting the need of a radical stabilising
group connected to the olefin in order to promote complete
regioselectivity towards the 5-exo-trig pathway.

In order to demonstrate the versatility of these unpre-
cedented 2,3-disubstituted silacyclopentenols as precursors to
other silacyclopentanes, compound 5a was subjected to known
transformations (Scheme 8). Diastereoselective epoxidation
with m-CPBA quantitatively delivered 12a, a candidate precur-
sor to a series of polyols. Ethanolysis of a transient carbocation
formed after acid treatment of 5a yielded ether 13a. In
addition, olefin reduction with 1 atm of hydrogen in the pres-

Scheme 6 Proposed mechanism for the intramolecular [2 + 2] photo-
cycloaddition of acylsilanes.

Scheme 7 Irradiation of benzoyl(allyl)silane 7 and its non-regio-
selective [2 + 2] cycloaddition.

Scheme 5 (a) Energy profile for excited states population of acylsilanes
3a and 7. Free energies of the species are indicated in italics (kcal mol−1),
referring to corresponding acylsilane in ground state. (b) Representation
of most significant molecular orbitals involved in first vertical excitation
of 3a. (c) Single occupied orbitals of 3a.

‡The possible intermediates involved in the paths derived from the attack of the
carbonyl carbon to the olefin moiety were also considered, although leading to
biradicals considerably higher in energy (see ESI†).
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ence of catalytic palladium on carbon quantitatively yields
the silacyclopentanol 14a as mixture of two diastereoisomers
(syn/anti = 1.4 : 1). Finally, inspired by the structural similarity
of selective COX-2 enzyme inhibitors60 derived from cyclo-
pentane, the removal of the hydroxyl functionality of 5a was
attempted. Gratefully, use of Yamamoto’s HSiEt3/catalytic
B(C6F5)3 system61 allowed deoxygenation to 15a in reasonable
yield. The use of such compounds as bioisosteres of cyclo-
pentanes could pave the way in the adoption of the new intra-
molecular [2 + 2] photocycloaddition in the silicon/carbon
switch strategy. Oxidation of allylic alcohol 5a was accom-
plished using excess MnO2 in cold DCM, giving ketone 16a
quantitatively. Low temperatures are vital as 16a proved to
easily isomerize to the silyl enol ether 17a under thermal
conditions.

Conclusions

In conclusion, we have developed a methodology for the syn-
thesis of novel 2,3-diaryl silacyclopent-2-en-4-ols. This strategy
involved the synthesis of olefin-substituted benzoyl(allyl)
silanes through the benzotriazole umpolung and metathesis
reactions. Blue-light irradiation of these molecules promotes a
[2 + 2] photocycloaddition reaction with complete regio-
selectivity, governed by the stability of the biradical intermedi-
ate as supported by computational calculations. Acid-pro-
moted isomerization yields, to the best of our knowledge, the
so far unavailable 2,3-disubstituted silacyclopentenols.
Moreover, this study expands the rather short collection of
intramolecular Paternò–Büchi reaction examples while demon-
strating the influence of the olefin substituents in controlling

the regioselectivity of such reaction. The obtained compounds
may be used as versatile precursors to other silacyclopentanes
that could find their use in the silicon/carbon switch approach
in medicinal chemistry as bioisosters of bioactive cyclopen-
tanes, or as organosilicon motifs in organic electronics.
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