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one synthesis exploiting
acylsilanes as photofunctional directing groups†

Rowan L. Pilkington, Hannah J. Ross, Liselle Atkin
and Daniel L. Priebbenow *

The visible-light irradiation of acylsilane tethered vinyl ketones promotes an intramolecular Stetter-type

reaction via siloxycarbene intermediates. To exploit this unique mode of reactivity, we herein describe

the innovative use of acylsilanes as photofunctional directing groups. First, an acylsilane directed

ruthenium catalysed C–H olefination reaction was developed to generate benzoylsilanes bearing vinyl

ketone functionality. Then, visible-light irradiation initiated the 1,4-conjugate addition of transient

siloxycarbene intermediates with pendent vinyl ketones to afford unique benzocyclobutenone scaffolds

primed for further synthetic elaboration.
Introduction

The use of acyl carbanion equivalents as Umpolung synthons is
a well-established strategy in chemical synthesis.1 Common
methods employed to access acyl carbanion equivalents
include: (i) the deprotonation of 1,3-dithianes;2 (ii) the depro-
tonation of cyanohydrins;3 and (iii) the reaction of aldehydes
with N-heterocyclic carbene (NHC) organocatalysts to generate
Breslow intermediates.4 Acyl carbanion equivalents readily
participate in transformations including 1,2-carbonyl addition
(e.g. the benzoin reaction),5 1,4-conjugate addition (the Stetter
reaction),6 and nucleophilic attack of electrophiles such as alkyl
halides (e.g. the Corey–Seebach reaction).7

Acylsilanes8 are versatile reagents that can be engaged as
radical precursors, carbenoid precursors or electrophiles.9

Acylsilanes can also be considered precursors to acyl carbanion
equivalents. To this end, acylsilanes—when activated photo-
chemically via direct irradiation or triplet energy transfer pho-
tocatalysis—undergo 1,2-Brook rearrangement to generate
siloxycarbene intermediates that represent acyl carbanion
equivalents.10 In addition to X–H insertion (including insertion
into heterocyclic C–H bonds) and [2 + 1]-cycloadditions, silox-
ycarbenes also participate in benzoin-type reactions with uo-
rinated ketones, aldehydes, and esters (Fig. 1).10c,11 However, the
ability of visible-light induced siloxycarbenes to participate in
1,4-conjugate addition processes (i.e. Stetter-type reactions) is
unexplored.12

As part of our ongoing research into acylsilanes, we sought
a representative framework that would enable us to investigate
ute of Pharmaceutical Sciences, Monash

-mail: daniel.priebbenow@monash.edu

(ESI) available: Computational and
sation data and NMR spectra. See DOI:

19335
this elusive mode of carbene reactivity. Unfortunately, har-
nessing the unique reactivity of visible-light induced silox-
ycarbenes in chemical synthesis has been somewhat hampered
by the lack of robust strategies to access complex scaffolds
bearing the acylsilane linchpin.13
Fig. 1 A protocol harnessing acylsilanes first as directing groups then
as acyl anion precursors was designed to explore the photochemical
Stetter-type carboannulation reaction to access benzocyclobutenone
scaffolds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The directed functionalisation of inert C–H bonds by tran-
sition metal catalysis has emerged as an invaluable means to
rapidly generate molecular complexity.14 To date, a range of
directing groups have been employed that are derived from
strongly-chelating pyridyl, amido, or imino templates or weakly-
coordinating carbonyl derivatives.15 Within this context, acylsi-
lanes have emerged as effective weakly-coordinating directing
groups for the site selective C–H functionalisation of benzoyl-
silanes employing half-sandwich Cp*Co(III), Cp*Ir(III) and
Cp*Rh(III) catalysts.16

The concomitant drawback of many effective directing
groups employed in C–H functionalisation is their requisite
removal or interconversion post-functionalisation where factors
such as chemoselectivity, atom- and step-economy require
careful consideration.17 To address this inefficiency, recent
studies have focused on developing non-directed C–H func-
tionalisation protocols, or those that employ native, traceless, or
transient directing groups.18

Inspired by these efforts, we envisaged that the acylsilane
motif could be exploited as a ‘photofunctional’ directing group.
Here, acylsilanes could be initially engaged as directing groups
to achieve the selective functionalisation of proximal C–H
bonds, and then as acyl carbanion equivalents to drive
secondary transformations via the photochemical conversion of
the acylsilane to a reactive siloxycarbene intermediate.

More specically, we strategised a protocol involving the
acylsilane directed ortho C–H olenation of benzoylsilanes 4
employing vinyl ketones to access olenated acylsilanes 5.
Subsequently, visible light irradiation might generate benzocy-
clobutenones 6 via a photochemical 1,4-conjugate addition
process (Fig. 1). The anticipated benzocyclobutenone scaffolds
are valued chemotypes that can undergo transformations
including ring expansion19 to access complex natural products
including haouamine A (7)20 and isobatzelline A (8).21 The
benzocyclobutane core is also central to therapeutic agents such
Fig. 2 (a) Optimisation of the (p-cymene)Ru(II) catalysed olefination of be
of varying the directing group on the outcome of the olefination process
(d) Studies into the impact of varying the silyl group on benzocyclobute

© 2024 The Author(s). Published by the Royal Society of Chemistry
as ivabradine (9, Fig. 1).22 The realisation of our strategy to
explore the photochemical 1,4-conjugate addition of silox-
ycarbenes while concurrently exploiting acylsilanes as photo-
functional directing groups is described herein.
Results and discussion

We rst focused on the acylsilane directed C–H olenation,
where optimal conditions for the ortho-alkenylation of ben-
zoylsilanes 4 with vinyl ketones to afford 5 were sought. Initial
attempts revealed that in the presence of [Ru(p-cymene)Cl2]2
(5 mol%), AgBF4 (10 mol%), and Cu(OAc)2 (2.0 equiv.), 4-(tert-
butyl)benzoyl(trimethyl)silane (4a) underwent reaction with
methyl vinyl ketone (2.0 equiv.) at 60 °C for 5 h to afford 5a in
36% yield (Fig. 2a, entry 1). Further investigation revealed that
silver hexauoroantimonate was the optimal additive (48%
yield, Fig. 2a, entry 2), and chlorinated solvents were critical for
reaction success (Fig. 2a).

During previous studies, we observed that neutral or electron
decient benzoylsilanes reacted poorly in acylsilane directed
C–H functionalisation reactions to afford reduced yields relative
to electron rich benzoylsilanes. In an attempt to overcome this
reduced reactivity, we recently explored structural modications
to the cyclopentadienyl ligand within Cp*Rh(III) catalysts.16b

Fluorinated alcoholic solvents are also known to increase
reaction rates and yields in C–H functionalisation processes
employing weakly coordinating directing groups.23 These effects
are attributed to the low nucleophilicity yet strong hydrogen
bond donor ability of these solvents which improves solubility,
stabilises cationic intermediates, and activates weakly-
coordinating directing groups to enhance electrophilic metal-
ation during C–H functionalisation. Accordingly, the use of
1,1,1,3,3,3-hexauoroisopropanol (HFIP) and 2,2,2-tri-
uoroethanol (TFE) was explored in an attempt to improve the
acylsilane directed C–H olenation process.
nzoyl silanes with methyl vinyl ketone (MVK). (b) Studies into the impact
. (c) Optimisation of the visible-light induced carboannulation reaction.
none formation and subsequent hydrolysis.

Chem. Sci., 2024, 15, 19328–19335 | 19329
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Investigations into the use of uorinated alcoholic solvents
led to increased yields of 5 when TFE was employed exclusively
as solvent (57%, Fig. 2a, entry 9), whereas reduced yields of 5
were obtained using only HFIP (25%, Fig. 2a, entry 8). Subse-
quent attempts using reduced amounts of TFE and HFIP in
combination with 1,2-DCE (in either a 1 : 1 or 9 : 1 ratio) revealed
that only 10% TFE as a co-solvent was required to deliver
enhanced yields (70%, Fig. 2a). Additional studies highlighting
the benecial effect of TFE on the acylsilane directed C–H ole-
nation process are outlined in the ESI.†24

With high-yielding conditions in hand for the C–H olena-
tion, we next explored the impact on both reaction rates and
yield when varying the silyl group within 4-methoxy benzoylsi-
lanes.24 Kinetic studies revealed that reaction rates were not
inuenced when the steric bulk around the silicon atom was
increased, which is consistent with metal coordination occur-
ring via the carbonyl oxygen.24 This was reected in the fact that
high yields of 5a–f (70–88%) were obtained within 2–4 hours for
reactions involving trimethylsilyl (TMS), triethylsilyl (TES), trii-
sopropylsilyl (TIPS), tert-butyldimethylsilyl (TBS) and dime-
thylphenylsilyl (DMPS) derived benzoylsilanes with methyl vinyl
ketone (Fig. 2b). Reduced yields were obtained in the case of the
reaction of the triphenylsilyl (TPS) analogue (5g, 46%), primarily
due to subsequent decomposition of the product. Arenes con-
taining other weakly-coordinating carbonyl-based directing
groups (including acetophenone and N,N-dimethylbenzamide)
were also subjected to the optimised reaction conditions to
afford previously unreported methyl vinyl ketone tethered are-
nes 10 and 11 in good yields (Fig. 2b).

Next, the photochemical carboannulation reaction was
investigated. Gratifyingly, visible-light irradiation of the ortho-
olenated benzoylsilane 5b using blue LEDs (427 nm) delivered
clean conversion to the (Z)-benzocyclobutenone-1,4-silyl enol
ether 6b aer 12 hours (Fig. 2c). The photochemical cyclisation
reaction was further optimised to afford either the silyl enol
ether 6b, or corresponding benzocyclobuta-1,4-dione 6b0 aer
hydrolysis.24 The carboannulation process performed best in
aprotic non-polar solvents, where toluene resulted in the most
efficient formation of desired product (78%). Employing longer
wavelengths (440 nm or 467 nm) slowed conversion of the
acylsilane, whilst the reaction was retarded in the presence of
molecular sieves or photosensitisers such as 4-CzIPN.25 The use
of an inert atmosphere also proved critical for obtaining high
yields. Aer the photochemical irradiation step, hydrolysis of
the silyl enol ether was routinely accomplished via addition of
aqueous hydrochloric acid to the reaction mixture with stirring
for 1 hour to generate the benzocyclobuta-1,4-dione 6b0 in 74%
isolated yield.

Structural variations within the silyl group that might impact
both initial siloxycarbene formation and the 1,4-conjugate
addition process was explored (Fig. 2d). The structure of the silyl
group appeared to have little impact on the reaction process
with excellent yields obtained for formation of the benzocyclo-
butenone silyl enol ether for TMS, TES, TIPS and TBDMS
analogues. Reduced yields were observed in the case of the
DMPS variant, which was not isolated due to instability, whilst
the TPS analogue proved unreactive. While acylsilanes
19330 | Chem. Sci., 2024, 15, 19328–19335
containing the TMS group were predominantly used for the
remainder of our studies as the resultant silyl enol ether
underwent expedient hydrolysis, the TES and TBDMS enol
ethers were also readily hydrolysed to afford high yields of the
1,4-dione 6b0. These silyl enol ethers were expectedly more
stable than the trimethylsilyl enol ether and could be isolated
via column chromatography on neutralised silica gel. However,
the TIPS silyl enol ether adduct 6d resisted complete hydrolysis
under standard conditions affording a reduced yield for 6b0

(Fig. 2d). The notable enhanced stability of 6d is advantageous
where retention of the silyl enol ether functional group is
desired for downstream transformations.

With a high-yielding workow established for benzocyclo-
butenone synthesis exploiting acylsilanes as photofunctional
directing groups, we next investigated the diversity of benzoyl-
silanes and vinyl ketones applicable to this process. Initially,
a range of benzoylsilanes were subjected to the optimised ole-
nation reaction conditions. A variety of substituents on the
aryl ring of the benzoylsilane were tolerated in the C–H ole-
nation reaction with methyl vinyl ketone where benzoylsilanes
containing electron donating groups afforded the product in
generally higher yields than the corresponding benzoylsilanes
containing electron withdrawing groups (Scheme 1). Substrates
containing (thio)ether (5k), alkenyl (5p), ester (5q) and halide
(5h, 5l, 5o) substituents provided the corresponding products in
satisfactory yields as did the furan- and thiophene-derived
heterocyclic acylsilanes (5r, 5s).

Variation in the vinyl ketone reagent was also explored,
where a series of linear, carbocyclic, and saturated heterocyclic
vinyl ketones all performed well to afford diverse substrates in
high yield, despite less of the olen being used (1.5 equiv.) for
the more complex vinyl ketones (5u–5ab, Scheme 1). The acyl-
silane and vinyl ketone derivatives that did not produce
synthetically useful amounts of the desired olenated products
are outlined in the ESI.†24 Of note, the use of acroleins instead
of vinyl ketones as coupling partners in acylsilane directed C–H
functionalisation predominantly affords silyl indene products
under both (p-cym)Ru(II) and Cp*Rh(III) catalysis.16d,g

The generality of the photochemical carboannulation reac-
tion was then explored using the benzoylsilanes prepared via
C–H olenation. Irradiation of the olenated benzoylsilanes
under visible light followed by hydrolysis of the intermediate
silyl enol ether enabled the facile preparation of a series of
benzocyclobutenone-1,4-dione scaffolds 60 (Scheme 1). Yields
for this process were typically high in the case of the methyl
vinyl ketone derivatives (60–95%), generating a range of ben-
zocyclobutenone analogues (6a0–6s0). Notably, the silyl enol
ether of 4-chlorobenzoylsilane analogue 6l containing the trie-
thylsilyl enol ether was readily isolable following chromatog-
raphy. The thiomethylphenyl (6k0, 28%), naphthyl (6n0, 49%)
and thiophene acylsilanes (6s0, 49%) afforded moderate yields
in the two-step process, although irradiation of the furanoyl
silane derivative afforded only trace amounts of the cyclised
product 6r0. Benzoyl silanes containing more highly function-
alised vinyl ketone tethers also proved amenable to the photo-
chemical carboannulation reaction affording a series of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reaction scope detailing the outcome of the Ru(II) C–H olefination of benzoylsilanes with vinyl ketones (unless otherwise noted,
isolated yields reported and reactions were conducted at 0.50 mmol scale using 2.0 equivalents of vinyl ketone) followed by photochemical
carboannulation (unless otherwise noted, isolated yields reported and reactions conducted at 0.10 mmol scale). [a] Isolated as the triethylsilyl
enol ether; [b] 1.5 equivalents of vinyl ketone used; [c] hydrolysis step conducted using DCl/D2O. [d] not subjected to hydrolysis step, yield
determined by 1H NMR analysis of reaction mixture, then product isolated as the 1,4-dione 130 (60%) with hydrolysis during silica gel chro-
matography; [e] not subjected to hydrolysis step, combined isolated yields of silyl enol ether (15, 42%) and 1,4-dione (150, 37%) obtained following
partial hydrolysis during silica gel chromatography.
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benzocyclobutenones in 65–90% yield (including the benzoyl-
silane prepared from the ibuprofen-derived vinyl ketone 6y0).

Intriguingly, benzoylsilanes bearing tertiary substituted vinyl
ketones (including the benzoylsilane prepared from dehy-
droabietic acid-derived vinyl ketone 5ab) failed to undergo
photochemical cyclisation. This can be rationalized as the effect
of steric encumbrance on either conjugate addition or more
likely the silyl transfer process by the proximal tertiary carbon in
substrates 5aa and 5ab. Finally, a deuterated analogue 6ac0 was
accessible via hydrolysis of the silyl enol ether using DCl/D2O.
Additional benzoylsilane derivatives that were successfully ole-
nated yet did not appreciably undergo photocyclisation are
outlined in the ESI.†24

To further explore the photochemical carboannulation
reaction, we prepared alkyl acylsilane 12 bearing a pendent vinyl
ketone moiety. Irradiation using blue light (427 nm) promoted
© 2024 The Author(s). Published by the Royal Society of Chemistry
cyclisation to the corresponding cyclic ketone-1,4-silyl enol
ether (Scheme 1, bottom le). Cyclopentanone 13 was generated
in 86% yield via irradiation of 12, ultimately affording the cor-
responding 1,4-dione hydrolysis product (130) in 60% yield aer
column chromatography. It was also discovered that 2-sulfo-
namido benzoylsilane 14 containing a tethered vinyl ketone
underwent efficient carboannulation to afford the correspond-
ing indoline 15/150 under visible-light irradiation (Scheme 1,
bottom right).

To provide mechanistic insights into the photochemical
carboannulation reaction, the potential reaction pathways were
explored using density functional theory (DFT) analysis
(Fig. 3a). The photoinitiated 1,2-Brook rearrangement of acyl-
silanes is well established.8a,b Aer initial photonic excitation of
the ground state benzoylsilane (5), the vertically excited acylsi-
lane singlet state (S*) undergoes intersystem crossing (ISC) to
Chem. Sci., 2024, 15, 19328–19335 | 19331
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Fig. 3 (a) DFT analysis of the potential energy surface for the carboannulation process via a siloxycarbene intermediate, the optimised
geometries and stationary point bond lengths of key transition states are illustrated. (b) Comparison of the products generated via the NHC-
catalysed Stetter reaction, the photochemical irradiation of vinyl ketone tethered acylsilanes and the photochemical irradiation of acrylate
tethered acylsilanes; desilylation conditions: KF, EtOH/H2O, 60 °C, 16 h; (c) derivatisation of substrates prepared during investigations into
acylsilanes as photofunctional directing groups: (i) CuI, LiOtBu, B2(pin)2, THF, r.t., 12 h; (ii) 4-fluorobenzaldehyde, BF3$OEt2, THF, −78 °C to r.t.,
12 h; (iii) ethyl vinyl ketone, BF3$OEt2, THF, −78 °C to r.t., 12 h; (iv) PhMgBr, THF, −78 °C to r.t., 1 h; (v) Selectfluor®, MeCN, 0 °C to r.t., 12 h; (vi)
NCS, DCM, 0 °C to r.t., 12 h; (vii) BnNH2, MeOH, AcOH, 70 °C, 12 h.
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generate the triplet excited acylsilane (T*), from which 1,2-silyl
transfer proceeds to generate the triplet siloxycarbene
(INT1T).25b Conversion of the triplet carbene to the more stable
singlet siloxycarbene (INT1S) is favourable (DG =

−14.9 kcal mol−1), due to stabilisation of the singlet carbene via
hyperconjugative contributions from the oxygen lone pair to the
adjacent carbene vacant 2p orbital.10b

From the singlet siloxycarbene, multiple reaction pathways
were considered to approach the benzocyclobutenone product
6. We recently reported that photochemically generated
19332 | Chem. Sci., 2024, 15, 19328–19335
siloxycarbenes undergo intramolecular cyclopropanation with
tethered alkenes bearing electron withdrawing groups.10a It was
thus considered that cyclopropane-fused structures could be
implicit in the present system to give benzocyclobutenones. The
fused cyclopropane INT3 was calculated to be relatively stable
with respect to acylsilane 5 (DGrel = +7.9 kcal mol−1) and,
although a stationary point for a concerted [2 + 1]-cycloaddition
via TS3 was located, the energy barrier associated with this
transition state appears prohibitively high (Fig. 3a, Path A) and
is unlikely to be traversable.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Alternatively, it was considered that the reaction proceeds via
the intramolecular 1,4-conjugate addition of the siloxycarbene
INT1S to the tethered vinyl ketone (Fig. 3a) to form zwitterionic
INT2 via TS2. A 1,6-silicon transfer via TS5 (DGINT2-TS5 =

23.2 kcal mol−1) might then occur to irreversibly trap the silyl
enol ether and afford 6, a pathway (Fig. 3a, Path C) which is
overall highly exergonic (DGINT2-PROD = −38.4 kcal mol−1).

It was also considered that a cyclopropane intermediate
(INT3) might be generated via intramolecular addition of the
enolate onto the oxonium ion in INT2. A reasonable transition
state for ring closure to INT3 was located (via TS4), with
conversion to 6 possible via a concerted ring-opening/silicon
transfer process via a 6-membered transition state (TS6,
Fig. 3a, Path B). This transition state possesses a relatively low
energy stationary point compared to TS5 due to the entropic
effects of molecular pre-organisation in INT3, however both
pathways share a very similar activation energy (DG ∼
23 kcal mol−1).

Experimentally, this photocyclisation process requires
signicantly longer reaction times (up to 24 h) than that needed
for related intramolecular transformations (e.g. 5–10
min).10a,16c,26 This suggests a high degree of reversibility within
the reaction mechanism involving re-formation of the starting
material from INT2 until silyl transfer can proceed to trap the
nal product via Path B or C. Ultimately Path B (Fig. 3a) was
computed to be the kinetically favoured pathway to afford
benzocyclobutenone 6 via the concerted silyl-transfer/ring-
opening of a putative fused cyclopropane adduct INT3.

Of note, the benzocyclobutenone adducts generated via the
photochemical carboannulation reaction are unique and differ
from the products generated from closely related systems
(Fig. 3b). For example, under NHC-catalysis, vinyl ketone teth-
ered benzaldehydes (e.g. 16) undergo a domino Stetter–aldol–
Michael reaction to afford spirocyclic bis-indanes (17).27 In this
example, an intermolecular Stetter reaction from the Breslow
intermediate occurs with a secondary substrate rather than the
expected intramolecular Stetter reaction with the tethered vinyl
ketone. Furthermore, photochemical irradiation of acrylate
tethered benzoylsilanes affords siloxyindene adducts (21) rather
than the benzocyclobutenone scaffolds generated from vinyl
ketone tethered benzoylsilanes.16c Mechanistically, the photo-
chemical carboannulation of acrylate tethered benzoylsilanes
was originally proposed to proceed via a 6p-electrocyclisation
followed by a 1,5-H shi to afford 21. However, based on the
outcomes of this study, we now consider that siloxyindene
formation may also proceed via 1,4-conjugate addition followed
by rearrangement and H-shi (Fig. 3b).28

To demonstrate additional synthetic utility, the derivatisa-
tion of various substrates generated throughout our study was
next investigated. Firstly, hydrolytic desilylation of 5b was
accomplished to provide benzaldehyde 16 in high yield
(Fig. 3b). Intriguingly, the copper catalysed conjugate borylation
of the ortho-olenated benzoylsilane 6c was accompanied by
subsequent aldol reaction with the acylsilane group to afford
a densely functionalised boryl indane 22 (Fig. 3c). Silyl enol
ethers are versatile carbon-based nucleophiles, and as such, the
ability of the benzocyclobutenone adducts 6 to be expeditiously
© 2024 The Author(s). Published by the Royal Society of Chemistry
diversied was explored. Triethylsilyl enol ether 6b was
repeatedly isolated on larger scales and in high yield (average
yield 90%) following irradiation. This compound could be
engaged as a nucleophile in the Mukaiyama aldol addition with
aldehydes to afford 23 in 87% yield, and underwent Michael
addition reaction with ethyl vinyl ketone to give 24 in 56% yield
(Fig. 3c). The silyl enol ether could also function as a protecting
group enabling the selective derivatisation of the cyclobutanone
ketone via reaction with phenylmagnesium bromide to afford
25 (Fig. 3c). Reaction of 6c with Selectuor® afforded the mono-
uorinated adduct 26 while reaction with N-chlorosuccinimide
afforded the des-hydro product 27 proposedly by a spontaneous
halogenation/elimination sequence (Fig. 3c).

1,4-Diketones are also established entry points to heterocy-
clic ring systems. Showcasing the utility of the photochemical
carbonannulation protocols described herein, cyclopentanone
1,4-diketone 13 was readily converted to the corresponding
1,4,5,6-tetrahydrocyclopenta[b]pyrrole 28 aer condensation
with benzylamine (Fig. 3c).
Conclusions

In summary, a unique mode of reactivity for siloxycarbenes was
discovered involving the visible light induced intramolecular
Stetter-type reaction of acylsilanes bearing tethered vinyl
ketones. To exploit this novel reactivity, acylsilanes were har-
nessed as photofunctional directing groups to achieve both the
(i) [Ru(p-cymene)Cl2]2 catalysed C–H olenation of benzoylsi-
lanes with vinyl ketones, and (ii) visible light induced car-
boannulation to afford benzocylobutenone-1,4-silyl enol ethers
(and derivatives thereof). This reaction manifold served as
a valuable platform to deliver further insights into the proper-
ties and reactivity of acylsilanes as both precursors for silox-
ycarbene intermediates (via visible light irradiation), and
directing groups for C–H functionalisation, where the acceler-
ating effect of triuoroethanol proved critical for achieving high
yields.
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