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Abstract: 2-Silyloxyfurans are among the most exploited Mukaiyama-type vinylogous nucleophiles from which a
myriad of bioactive γ-butyrolactones have been accessed. Although a plethora of “polar” reactions featuring this
scaffold as a key player have been developed so far, its behavior in radical chemistry is still in its infancy. Herein, the
development of two complementary vinylogous, radical-mediated benzylations of 2-silyloxyfurans, promoted by
visible light and suitable photoredox catalysts, is described. Common to both photocatalytic cycles is the reduction
of a suitable redox active ester forging a key benzyl radical intermediate, which undergoes two different fates. First,
the photoinduced oxidation of the silyloxyfuran generates an unprecedented silyl-radical cation species able to trap
the nucleophilic benzyl radical. Alternatively, with specific electron-rich substrates, the benzyl radical can be con-
verted to the corresponding benzyl carbocation intermediate via a net-neutral radical-polar crossover pathway,
enabling a vinylogous, polar benzylation reaction. A broad scope of chiral, γ-benzyl butenolides is obtained in
one step, some of which are used as strategic precursors to access bioactive phenyl-γ-valerolactone metabolites.

Keywords: benzyl radical, lactones, photoredox catalysis, principle of vinylogy, radical-polar crossover

1. Introduction
Since their first appearance in the mid-70s,[1]

2-silyloxyfurans 1 (the extended silylketene acetals
of furan-2(5H)one I, Figure 1A) have become among
the most exploited Mukaiyama-type vinylogous
nucleophiles.[2] These scaffolds are invaluable starting
materials from which a myriad of densely functionalized

chiral butenolides and butyrolactones have been
constructed.[3] Of note, the silicon moiety in dienolate
1 provides stability while also imparting increased
highest occupied molecular orbital (HOMO) at the
remote γ-position of the electron-rich furan ring; this
favors its remote γ-C(sp2)–H functionalization with a
plethora of electrophiles, including C(sp2)-centered rep-
resentatives, hence forging novel and valuable C─C
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linkages (Figure 1A,B).[2] This behavior has elevated
such cyclic silyl dienolates to a prominent role in ever-
green “polar” transformations, such as the vinylogous
Mukaiyama aldol, Mannich, and Michael addition reac-
tions, declined in a diverse toolbox of regio-, diastereo-
and enantioselective variants.[4]

Among the first and most studied transformations
of nonvinylogous (silyl)enolates is their α-alkylation
reaction with primary or secondary C(sp3)-centered
electrophiles like alkyl/allyl halides, thereby forming
novel C─C bonds adjacent to the carbonyl group
(Figure 1C).[5] Surprisingly, the vinylogous extension
of such reactions is highly underrepresented, and mostly
limited to transition metal-catalyzed allylic alkylation
reactions.[6] This void is quite unexpected since the
streamlined alkylation of 1 with suitable C(sp3)-centered
alkyl electrophiles would in principle provide quick
access to the α- or γ-alkyl butenolides II, III, or IV
(Figure 1A) and their saturated butyrolactone congeners,
which constitute the structural core of many natural
products and pharmaceuticals displaying an impressive
range of biological activities.[7] Among these, hydroxy-
phenyl-γ-valerolactones of type V (PVLs, Figure 1D), a
family of chiral compounds featuring a butyrolactone
core bearing a (poly)hydroxylated benzyl side chain at
C5, have risen to prominence in food science and
nutrition.[8] PVLs and their corresponding open-ring
4-hydroxy-5-phenylvaleric acid derivatives VI (PVAs)
were found as the main colonic metabolites of flavan-
3-ols, the major class of flavonoids in the human diet,

and increasing research evidence attributes to these scaf-
folds potential roles in the prevention of cardiovascular
diseases, diabetes, and cancer. On these premises, the
development of general, catalytic methods for the direct
alkylation of prochiral, vinylogous silyl ketene acetals
represents an ongoing challenge in organic synthesis.
Besides these HOMO-driven polar transformations, enol
silanes have also been exploited as versatile platforms in
radical chemistry,[9] behaving essentially as 1) electron-
rich, nucleophilic singly occupied molecular orbital
(SOMO)-phile reagents capable of intercepting
electrophilic radicals (Scheme 1A),[10] or 2) as readily
available radical-cation precursors via chemical ([O])
or photoinduced electron transfer (PET) oxidation,
promoted by either photosensitization or photoredox
catalysis (Scheme 1B).[11]

Indeed, silyl enol ethers and silyl ketene acetals are
known to be easily oxidizable organic substrates, with
E0

1/2 for oxidation ranging from þ0.8 to þ1.3 V (in
MeCN vs saturated calomel electrode (SCE)).[12] Such
bias enables their oxidation by single-electron transfer
quite easily, affording the corresponding silyl radical-
cation intermediates VII (Scheme 1B). These species
may then either react as such, as strongly electrophilic
radicals or, more commonly, as α-keto radicals VIII,
after desilylation under suitable conditions.[13] Once
formed, electrophilic radicals VII or VIII may react
either with other radical species via radical–radical cou-
pling, or couple with suitable electron-rich SOMO-phile
reagents, to afford the corresponding α-alkyl adducts

Figure 1. A–C) The “polar” vinylogous addition of 2-silyloxyfurans 1 to carbon-centered electrophiles E. D) Hydroxyphenyl
γ-valerolactones and their 4-hydroxy-5-phenylvaleric acid derivatives as the main colonic metabolites of dietary flavan-3-ols.
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IX.[14] While few notable examples have recently
appeared, dealing with coupling of silyl (poly)enol
ethers with electrophilic radicals (Scheme 1A 0),[15] to
the best of our knowledge, vinylogous reactions based
on PET oxidation of extended silyl (poly)enolates are
still unprecedented (Scheme 1B 0).[15d] In this instance,
the envisioned photoinduced oxidation would generate
the corresponding (silyl)radical cations VII 0 (or their
desilylated counterparts VIII 0) which might couple with
suitable electron-rich olefins or C-centered radicals to
afford the corresponding γ-alkyl adducts X, hence
expanding the uncharted chemical space of accessible
products, and opening challenging yet intriguing
α versus γ regioselectivity issues. Focusing on furan 1
as a privileged vinylogous electron-rich silyloxydiene
system, its ability to directly engage benzyl radicals
via the pathway depicted in Scheme 1A 0 would be
rewarding yet highly challenging since both diene 1
and the benzylic radical possess the same “nucleophilic
behavior” (a sort of philicity mismatch).[16] To override
this “philicity issue,” the general option presented in
Scheme 1B 0 could be applied to 1, by promoting a
radical–radical cross-coupling between the (silyl)
radical cation 1•þ, generated in situ via PET oxidation
of 1, and a suitable benzyl radical counterpart 2•

(Scheme 2).[11,17]

With this in mind, we sought to develop novel cata-
lytic, vinylogous alkylation reactions with suitable ben-
zyl radical precursors by exploiting a PET strategy on
vinylogous silyloxyfurans 1. Herein, we showcase the
fulfillment of this idea unveiling a novel protocol (here
called Protocol A) of a vinylogous, radical benzylation
reaction between silyloxyfurans 1 and N-(arylacetoxy)
phthalimides 2 (NHPI esters)[18] as key precursors
of benzyl radical intermediates 2• (Scheme 2A).[19]

Furthermore, surveying specific electron-rich benzyl
radicals 2•, which are prone to be converted to the cor-
responding benzyl carbocations 2þ, a second, comple-
mentary protocol could be disclosed (Protocol B,
Scheme 2C). Here, a net-neutral radical polar crossover
pathway[20] enabled an unprecedented vinylogous polar
alkylation reaction. Both strategies proved successful
and enabled access to chiral γ-benzyl butenolides of type
3 in one step, some of which were used as strategic pre-
cursors of bioactive phenyl-γ-valerolactone metabolites.

2. Results and Discussion
2.1. Protocol A: Reaction Development

To prove the feasibility of our idea, we choose triisopro-
pylsilyloxyfuran (TIPSOF, 1a) and N-(phenylacetoxy)

Scheme 1. A–A 0) Silyl (poly)enol ethers as nucleophilic SOMO-philes. B–B 0) Silyl (poly)enol ethers as electrophilic radical-cation
precursors.
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phthalimide 2a in a 1:2 ratio as model substrates
(Table 1). Initially, we tested the reaction using
2.5 mol% of Ir(dF-CF3-ppy)2(dtbpy)PF6 (Ir-1), a known
photocatalyst potentially capable of oxidizing 1 to its
sought radical-cation intermediate [E*ox=þ1.21 V vs
SCE].[21] Under blue-light irradiation, in degassed
MeCN, at 30 °C for 16 h, the reaction provided a crude
whose 1H-NMR spectrum revealed the formation of the
expected γ-adduct 3aa, and minor amounts of two tau-
tomeric α-adducts, iso-4aa and 4aa, in a 1:0.1:0.4 ratio
and in a 50% combined NMR yield (Table 1, entry 1).
Other oxidizing metal- and organophotocatalysts proved
competent in this model reaction, even though no
improvements in the overall yield and regioselectivity
were observed (entries 2–3, see also Table S1,
Supporting Information). Also, different silyloxyfurans
other than 1a were evaluated under the same reaction
conditions without improvements: in fact, while the
use of the less hindered trimethylsilyloxyfuran 1b
resulted in the recovery of desilylated starting materials
(entry 4), the tert-butyldimethylsilyl congener 1c oper-
ated similarly, but not better than 1a giving access to
3aa with a combined yield of 40% (Table 1, entry 5).
As for the solvent, an in-depth screening of various
options was performed (see Table S2, Supporting
Information), and degassed MeCN resulted the best

choice in terms of both efficiency and regioselectivity.
The use of deuterated CD3CN (48% yield, entry 6)
instead of MeCN did not affect the efficiency of reaction,
while adding water as an activator of RAEs 2,[22] failed
to improve our process, affording a 1:0.2:0.3 mixture of
products (3aa:iso-4aa:4aa) with a meagre 31% com-
bined yield (entry 7). We also found that the presence
of basic additives such as DIPEA (5 mol%) or a raise
of reaction temperature up toþ45 °C proved detrimental
to the reaction outcome (entries 8 and 9). During this
survey, we were challenged by the presence of a series
of by-products in the reaction crudes, whose ratio was
scarcely reproducible. As a hint of the radical process,
we were able to identify them as meso-furan-2(5H)
one γ,γ 0-bis adduct 5a and (�)-5b (typically as 1:1
diastereomeric mixture),[23] diphenylethane 6 (likely
derived by homocoupling of benzyl radicals), and the
residual phthalimide 7 (see Figure S3 and S4,
Supporting Information). The formation of these by-
products proved detrimental to the efficiency of the reac-
tion, so we moved on trying to reduce their presence.
Shortening the reaction time from 16 to 2 h allowed to
reduce the level of by-products in favor of a 1:0.5 3aa/
iso-4aamixture (free from 4aa) in a 62% yield (entry 10).

Interestingly, after purification of the crude via flash
chromatography, only pure 3aa and 4aa (in a 1:0.5 ratio)

Scheme 2. A) NHPI esters as benzyl radical precursors. B,C) This work: photoinduced γ-benzylations of 2-silyloxyfurans 1 with
benzyl NHPIs 2 via Protocol A and Protocol B.
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could be isolated (60% combined yield, 43% pure 3aa)
entailing a favorable switch of the unconjugated buteno-
lide iso-4aa to its conjugated tautomer 4aa. We solved
the overall issue by adjusting the molar ratio between 1a
and 2a: using a 2:1 mixture of 1a and 2a in MeCN at
30 °C for 2 h, a 1:0.5 3aa/iso-4aa mixture with an opti-
mal 75% combined NMR yield was afforded, secured by
the isolation of pure 3aa and 4aa after column chroma-
tography with almost the same efficiency (entry 11). Of

note, pure γ-benzylated adduct was isolated as a single
regioisomer in a satisfactory 50% yield. Finally, control
experiments revealed that both light and photocatalyst
were necessary to generate the products (entry 12).

2.2. Protocol A: Evaluation of Substrate Scope

With the optimal conditions at hand, we next probed the
generality of the reaction scope (Scheme 3). To face this
task, we commenced with the synthesis of a panel of
differently functionalized N-(arylacetoxy)phthalimides
2, which were readily available from the corresponding
carboxylic acids and N-hydroxyphthalimide via a
slightly modified literature procedure (see Represen-
tative Procedure A in the Supporting Information).

We began surveying both electron-deficient and
electron-rich para-substituted NHPI esters which proved
to be competent radical precursors under the optimized
reaction conditions. Indeed, the corresponding adducts
3ab-3ag were obtained in good overall yields, with
the (4-tert-butyl)benzyl derivative 3af being the best
entry (85% combined yield of a 2:1 γ:α regioisomeric
mixture; 57% isolated yield of the pure γ-adduct).
Both ortho- and meta-substituted derivatives behaved
similarly, furnishing up to 2:1 γ:α mixtures of products
3aj-3an in moderate to good 50–73% combined yields
(30–55% of pure γ-adducts). However, 4-methoxybenzyl-
and 4-phenoxybenzyl derivatives 3ah and 3ai deviated
from this trend, providing the corresponding adducts in
meagre 30–35% combined yields. Interestingly, a
thiophene-based derivative 3ao was also accessible with
comparable results, with a good 43% of pure γ-adduct
obtained after chromatographic purification of the crude.
We next moved to test secondary and tertiary benzyl
radical precursors. Again, both prostereogenic (methyl)
benzyl precursor and the tertiary (dimethyl)benzyl conge-
ner proved viable under the optimized reaction conditions,
yielding the corresponding adducts 3ap and 3aq in good
yields and regioselectivities, albeit the former was isolated
as an inseparable 1:1 diastereomeric mixture. Similar
behavior was also exerted by a drug-like scaffold such
as ibuprofen derivative 2r, which provided the corre-
sponding adduct 3ar in a moderate 45% combined yield
as a 2:1 γ:α mixture. A couple of reactions (e.g., 3aa and
3af ) were also scaled up on a 3mmol scale (�0.8 g) with-
out detriment of both efficiency and regioselectivity.
Furthermore, we tested γ- and α-methyl-substituted
silyloxyfurans 1d and 1e, readily available respectively
from α-angelicalactone and 3-methyl-2(5H)-furanone
using standard conditions (see Section S2.2, Supporting
Information). Under the optimized reaction conditions,
both scaffolds reacted with 2a with similar efficiency
(48–63% combined NMR yields), albeit with opposite
regioselectivity; indeed, γ-methyl silyloxyfuran 1d
reacted with 2a to give a slight excess of α-adduct 4da
(1:1.2 3da:4da), while its α-methyl congener 1e provided
the γ-adduct 3ea preferably (3.5:1 3ea:4ea). Finally, the

Table 1. Protocol A: optimization of reaction conditions
(selected entries).

Entrya) Deviations from
the initial conditions

Yield
[%]b)

r.r.c)

3aa:iso-4aa:4aa

1 None 50 (32) 1:0.1:0.4
2 fac-Ir(ppy)3 (Ir-2) <5 n.d.
3 Ir(ppy)2(dtbpy)PF6 (Ir-3) 35 1:0:0.3
4 1b instead of 1a <5 n.d.
5 1c instead of 1a 40 1:0.1:0.4
6 CD3CN as solvent 48 1:0.1:0.4
7 þH2O (25 equiv) 31 1:0.2:0.3
8 þDIPEA (5 mol%) 29 1:0:0.6
9 45 °C 38 1:0.2:0.3
10 2 h reaction time 62 (43) 1:0.5:0
11 2 equiv. 1a,

1 equiv. 2a; 2 h
75 (50) 1:0.5:0

12d) No photocatalyst
nor light

0 n.d.

a) Initial reaction conditions: 1a (0.07 mmol), 2a (0.14 mmol, 2.0
equiv), and Ir-1 (2.5 mol%) in degassed MeCN [0.07M] at
30 °C, irradiated with blue LEDs (450 nm) for 16 h;

b) Combined NMR yield determined by 1H NMR analysis of the
crude with trimethylorthoformate as internal standard. Isolated
yield of pure 3aa in parentheses;

c) Regioisomeric ratio (r.r.) determined by 1H NMR of the crude;
d) Reactions performed independently without blue LEDs or
without photocatalyst. n.d. = not determined. For details, see
Table S1–S5, Supporting Information.
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highly electron-deficient 2,4-dinitrobenzyl derivative 2y
was also tested: however, it failed to produce the corre-
sponding butenolide 3ay under the optimized reaction
conditions.

2.3. Protocol B: Reaction Development

Being the 4-hydroxybenzyl moiety a group embedded in
many bio-relevant phenyl γ-valerolactone metabolites,
the inferior performance observed for 3ah and 3ai with
Protocol A prompted us to investigate reaction condi-
tions more fitted for such electron-rich substrates
(Table 2). To this end, we embarked on a second screen-
ing of catalysts and conditions focused on optimizing the
photoinduced benzylation of 1a with 2h. Surprisingly,
among the photocatalysts tested, fac-Ir(ppy)3 (Ir-2) per-
formed at best (Table 2, entry 3), yielding a 1:0.3 3ah:
iso-4ah mixture of adducts with a promising 40% NMR
combined yield (30% isolated yield of the sole γ-adduct).
As for the previous screening, driving the reaction in
CD3CN (Table 2, entry 7) allowed us to follow the reac-
tion progression by 1H NMR. We acknowledged a
slower rate as compared to the previous one: indeed,

the reaction carried out for 16 h performed well with
a sensible improvement in the yield (55%). In line with
previous results, we detected phthalimide 7 and bis-
adduct 8 and as the main by-products of the reaction,
a preliminary proof of the formation of benzyl radical
intermediates. To our delight, keeping the reaction for
16 h, under slightly more concentrated conditions
[0.1 M], and reverting the 1a:2h stoichiometry to 1:2
proved a smart option, providing a 1:0.25 3ah:4ah mix-
ture of adducts with a rewarding 88% combined yield
(70% isolated yield for the sole 3ah, Table 2, entry 9).

2.4. Protocol B: Evaluation of Substrate Scope

Under the optimized reaction conditions, a small panel
of electron-rich NHPI esters, differently substituted at
the 2 0- 3 0- and 4 0-positions, were tested as reaction part-
ners in the radical benzylations of 1a (Scheme 4).

Overall, Protocol B performed better than Protocol A
on these substrates in terms of both efficiency and γ ver-
sus α regiocontrol. Among all electron-rich, radical pre-
cursors tested, the best performances were achieved by
benzyl substrates bearing a 4 0-OMe group, as evidenced

Scheme 3. All reactions were performed using: 1 (0.28 mmol, 2.0 equiv), 2 (0.14 mmol, 1.0 equiv), and Ir-1 (2.5 mol%) irradiated with
blue LEDs (450 nm) in degassed MeCN [0.07M] at 30 °C for 2 h. Combined NMR yields (y) of 3 and iso-4 as revealed by 1H NMR of
the crude with trimethylorthoformate as internal standard. In parentheses the isolated yield of pure 3. In all cases, only the conjugated
α-adducts 4were isolated after chromatographic purification. γ:α ratio was assessed by 1H NMR of the reaction crude. [a]Reaction scaled
up on a 3 mmol scale of 2.
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by adducts 3av, 3aw, and 3ax, which were obtained in
good 50–75% combined NMR yields (45–60% isolated
yields of pure γ-adducts) and with good regiocontrol
(from 2.5:1 to 4:1 γ/α ratios). One result was particularly
rewarding, namely, the 2 0,4 0-dimethoxybenzyl deriva-
tive 3au, which stood out as a unicum, since it was
obtained almost quantitively as the sole γ-adduct.

Interestingly, under Protocol B conditions, benzyl-
NHPI ester 2a and several other electron-poor congeners
such as the 4 0-Br-benzyl derivative 2c failed to react
with 1a, clearly indicating a distinct pathway with
respect to the reaction promoted by Ir-1 (vide infra).
Furthermore, methylated furans 1d and 1e also proved
viable substrates for 2h: indeed, γ-methylfuran 1d
reacted with 2h to afford a 2.5:1 γ:α mixture of adducts
3dh and iso-4dh with 65% combined yield (50% iso-
lated yield of the sole γ-adduct 3dh, bearing a quaternary
carbon center); while its α-methyl congener 1e yielded
the corresponding adducts 3eh and 4eh in a rewarding
82% combined yield, albeit with a decreased γ:α regio-
selectivity (1.7:1 3eh/4eh). This result, if compared to
the behavior of 1e with Protocol A (Scheme 3),
prompted a different mechanism (e.g., a HOMO-driven
Mukaiyama-type reaction, vide infra), which could be
less susceptible to the steric bias of the methyl group.
Finally, as observed with Protocol A, dinitrobenzyl
derivative 2y proved completely inactive.

2.5. Synthetic Utility

The synthetic utility of the disclosed photoinduced
benzylation protocols A and B was demonstrated by
the accomplishment of a second-generation synthesis
of a series of bioactive, chiral hydroxyphenyl-γ-
valerolactones PVLs and a 4-(hydroxyphenyl)valeric
acid (PVA) scaffold in racemic form (Scheme 5).
Some years ago, we succeeded in developing an asym-
metric entry to chiral, enantiopure PVLs starting from
2-silyloxyfuran 1a and alkoxy-substituted benzalde-
hydes as common precursors.[24] In that occasion, enan-
tioenriched γ-valerolactone targets were secured in five
to six steps, 18–63% overall yields and 82–98% ee.
Despite the elegance of the catalytic method and the
value of the high enantioselectivity reached, the process
suffered from several flaws, such as the need for very
low temperature (�78 °C) and the “not-easy-to-handle”
stoichiometric SiCl4. In addition, despite the apparently
simple structure, streamlined procedures to access the
corresponding chiral, open chain derivatives PVAs,
are quite rare and mainly limited to metabolomic stand-
ards scales.[25]

With a plethora of methoxy-substituted γ-benzyl bute-
nolides available via either Protocols A or B (Scheme 3
and 4), the desired lactone targets could have been shortly
at hand, via reduction of the C3-C4 double bond of the
butenolide (Et3SiH, Pd/C in MeOH) followed by standard
deprotection of the methoxy moieties with BBr3
(Scheme 5). This plan proved feasible, and different
PVLs 9-13 were successfully prepared in 3 steps from
1a and the corresponding radical precursors 2, in moder-
ate to good overall yields (26–56%). Furthermore, treat-
ment of lactone 9 with potassium trimethylsilanolate[26]

enabled access to the potassium salt of the corresponding
4-hydroxy-5-(4-hydroxyphenyl)valeric acid 14, opening

Table 2. Protocol B: optimization of reaction conditions
(selected entries).

Entrya) Deviations from
the initial conditions

Yield
[%]b)

r.r.c)

3ah:iso-4ah:4ah

1 None 30 (20) 1:0.4:0
2 Ru(bpy)3Cl2

(Ru-1)
<5 n.d.

3 fac-Ir(ppy)3 (Ir-2) 40 (30) 1:0.3:0
4 1b instead of 1a 20 1:0.5:0
5 1c instead of 1a 35 1:0.5:0
6 Ir-2 for 16 h 58 (45) 1:0:0.3
7 Ir-2, CD3CN; 16 h 55 1:0:0.4
8 Ir-2, 16 h,

1:1 1a/2h
65 1:0:0.3

9 Ir-2, 16 h;
1:2 1a/2h, [0.1M]

88 (70) 1:0:0.25

10d) No photocatalyst
nor light

0 n.d.

a) Initial reaction conditions: 1a (2.0 equiv); 2 h (0.14 mmol, 1
equiv) and Ir-1 (2.5 mol%) in degassed MeCN [0.07M] at
30 °C irradiated with blue LEDs (450 nm) for 2 h;

b) Combined NMR yield, determined by 1H NMR analysis of the
crude with trimethylorthoformate as internal standard. Isolated
yield of pure 3ah in parentheses;

c) Regioisomeric ratio (r.r.) determined by 1H NMR of the crude;
d) Reactions performed independently without blue LEDs or with-
out photocatalyst. n.d. = not determined. For details, see Table
S6–S10, Supporting Information.
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the way to a novel, streamlined access to this class of
polyphenol metabolites (Scheme 5B).

2.6. Mechanistic Investigations

Having assessed the synthetic versatility of Protocol A
and Protocol B, we next investigated the mechanistic

aspects of the disclosed photoinduced benzylations, as
applied to model silyloxyfuran 1a (Figure 2). First,
cyclic voltammetry (CV) experiments were conducted
to determine the redox potentials of key substrates 1a,
2a, and 2h in MeCN (Figure 2A). As expected, 1a
showed an irreversible oxidation wave with a peak
potential of þ1.17 V (vs Ag pseudoreference), thereby
confirming its tendency to be oxidized by photoexcited
Ir-1. Concerning NHPI esters 2a and 2h, in line with
other alkyl redox active esters (see Section S7.1,
Supporting Information), a couple of similar reductive
waves were produced with peak potentials �1.48 and
�1.46 V, respectively. We then moved to a series of
TEMPO-trapping experiments under protocols A and
B, to elucidate the nature of the radical species involved
in the reaction (Figure 2B,D). First, treatment of 1a with
2.0 equivalents of 2,2,6,6-tetramethylpiperidine 1-oxyl
radical (TEMPO), with or without the NHPI ester 2a
yielded the corresponding γ-adduct 15 as the sole
product in near-quantitative yield (Figure 2B, entries
1 and 2).

In turn, complete inertia was recorded when the same
reaction was conducted on the radical precursor 2a
alone, or without light or Ir-1 (entries 3 and 4). These
results, together with the appropriate Stern–Volmer
experiments (Figure 2C, left), which revealed that 1a
is a better quencher of photoexcited Ir-1 than 2a, clearly

Scheme 4. All reactions were performed using: 1 (0.25 mmol); 2 (2.0 equiv), and Ir-2 (2.5 mol%), irradiated with blue LEDs (450 nm)
in degassed MeCN [0.1M] at 30 °C for 16 h. Combined NMR yields (y) of γ-3 and α-4 adducts as determined by 1H NMR of the crude
with trimethylorthoformate as internal standard. In parentheses the isolated yield of pure γ-adducts 3. γ:α ratio was assessed by 1H NMR
of the reaction crude. [a]Reaction scaled up to a 1.0 mmol scale of 1a.

Scheme 5. A) A three-step strategy to access chiral PVLs 9-13.
B) Accessing PVA 14 (potassium salt). PA = Protocol A; PB =
Protocol B as outlined in Scheme 3 and 4, respectively. Yield (y)
refers to isolated, overall yield for the three-step sequence.
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suggest that, with Protocol A, silyloxyfuran 1a is oxi-
dized by Ir-1 to the expected (silyl) radical cation
1•þ. Turning to Protocol B, we tested the reaction
between 1a and the 4-methoxybenzyl derivative 2h in
the presence of TEMPO (2.0 equiv, Figure 2D). Here,
after 16 h at 30 °C, we detected the formation of
benzyl-TEMPO adduct 16h (33%) together with 4-
methoxybenzaldehyde 17h as the main product (60%
NMR yield, entry 1). Note that no reactivity was
observed with 1a alone (entry 2), whereas compound
16h was detected but in traces when 2h was reacted with
TEMPO without 1a (entry 3). In addition, a Stern–
Volmer quenching study (Figure 2C, right) revealed that
2 h is a better quencher for excited Ir-2 than 1a, suggest-
ing a quite different mechanism with respect to Ir-1. A
series of experiments were then carried out in the pres-
ence of carbocation quencher 1,3,5-trimethoxybenzene
(TMB) as described in Figure 2F. Indeed, treatment
of 1a with 2h under the conditions of Protocol B, using
1.5 equivalents of TMB and catalytic Ir-2, yielded
adduct 18h in a 38% yield along with the corresponding
γ-adduct 3ah (Figure 2F, entry 1). No reaction was
observed in the absence of 2h (entry 2), which in turn
reacted properly with TMB in the absence of 1a, afford-
ing the corresponding adduct 18h in a 70% isolated yield
(entry 3). These results agree with the formation of a

strongly electrophilic, benzyl carbocation intermediate
2hþ by suitable oxidation of 2h•, unveiling a plausible
radical-polar crossover pathway for Protocol B (vide
infra). Finally, On–Off experiments (Figure 2E) revealed
that no conversion occurred in the dark, and reactions
resumed in the presence of light, showcasing the require-
ment for continuous light irradiation, and suggesting cat-
alytic cycles instead of a radical chain as operative
pathways for the disclosed reactions. Notably, these
results were also corroborated by the very low quantum
yields determined for the two processes: Φ= 0.02 for
Protocol A, and Φ= 0.05 for Protocol B (see the
Supporting Information).

With all this data at hand, two plausible catalytic
cycles were formulated. For the reactions triggered under
Protocol A (Scheme 6A), a reductive quenching cycle
would be operative: here, the photoexcited Ir-1(III)*
(E*ox=þ1.21 V)[21] oxidizes 1a (E*ox=þ1.17 V) to
the radical-cation 1a•þ which could react as such or, it
might undergo rapid desilylation (by MeCN or phthali-
mide anion) to the corresponding furanone radical γ-I• in
resonance with α-I•. Such radical species then secure for-
mation of products 3 by coupling to the benzyl radical 2•,
generated in situ via decarboxylative reduction of benzyl
NHPI esters 2 mediated by Ir-1(II) hence closing the
cycle. On the other hand, the reaction under Protocol

Figure 2. Mechanistic insights and control experiments to support the proposed mechanisms. A) CV Experiments (E1/2=V vs Ag
pseudoreference, MeCn). B) Protocol A: Control experiments with TEMPO. C) Stem–Volmer quenching studies. D) Protocol B:
Control experiments with TEMPO. E) On–Off experiments. F) Protocol B: Control experiments with 1, 3, 5-trimethoxybenzene (TMB).
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B (Scheme 6B) seems to be promoted by a net-neutral,
radical polar crossover mechanism.[20] Here, the decar-
boxylative reduction of 2h (Ered=�1.46 V) operated
by photoexcited Ir-2 (E*red=�1.73 V)[21] occurs first,
generating the corresponding radical intermediate 2h•

which undergoes facile oxidation to the corresponding
benzyl carbocation 2hþ due to the presence of a strong
electron-donating group at the para-position. This is
corroborated by the reported redox potential of the
4-methoxybenzyl radical 2h• (þ0.26 V vs SCE;[19]

þ0.20 V vs Ag as pseudoreference, see section S7.1.8,
Supporting Information) and similar electron-rich con-
geners, whose oxidation to the corresponding carboca-
tions by Ir-2(IV) (þ0.77 V)[21] is feasible and might
help closing the photoredox oxidative quenching cycle.
A Mukaiyama-type, polar, vinylogous benzylation reac-
tion between 1a and 2hþ would finally generate the
observed benzyl-substituted butenolide 3ah.

2.7. Computational Analysis

To gain insight into the mechanism of Protocol A, we
wondered which actual species would be responsible
for the observed reactivity and γ/α regioselectivity, under
the optimized reaction conditions. A series of density
functional theory calculations were hence performed[27]

to elucidate the electronic distribution of triisopropylsi-
lyloxy furan 1a, its silyl radical-cation 1a•þ, and the fur-
anone radical I• in terms of HOMO/SOMO orbitals
composition, spin density distribution, and Fukui’s indi-
ces (Figure 3B,D). Additionally, global and local elec-
trophilicity and nucleophilicity indices were used to
investigate the reactivity of the studied (silyl) furanone
radicals (Figure 3A). As evidenced in Figure 3A, while
the furanone radical I• resulted as a more prominent

nucleophilic species (ω0= 5.1 vs N0= 8.5, entry 5),
the triisopropylsilyl radical cation 1a•þ appeared to be
rather amphiphilic, with a more pronounced electrophilic
character (ω0= 8.5 vs N0= 7.1, entry 2). Very similar
results were obtained also for the trimethylsilyl radical-
cation 1b•þ (ω0= 8.3 vs N0= 6.9, entry 4, see the
Supporting Information), unveiling an unprecedented
umpolung reactivity when switching from HOMO- to
SOMO-driven reactivity of silyl ketene acetals 1.
Since the benzylic radical coupling partners 2 used in
Protocol A display a more evident nucleophilic charac-
ter, especially those bearing EDG substituents,[16] it is
highly likely that the radical cations 1•þ serve as more
competent reaction partners compared to radical I•.

This suggests that the radical coupling event would
precede the desilylation step in the catalytic cycle of pro-
tocol A (Scheme 6).[28] Regarding the observed regiose-
lectivity, the analysis of molecular orbitals composition,
spin density distribution and condensed Fukui indices at
radical centers (f0) for both the triisopropylsilyl radical-
cation 1a•þ and the furanone radical I• (Figure 3C,D)
revealed that the radical center is preferentially located
at C5, showing a slight preference for the γ-addition,
consistent with experimental observations. Finally, as
expected, the neutral, closed-shell triisopropylsilyloxy
furan 1a exhibited a strongly pronounced nucleophilic
character (ω0= 0.7 vs N0= 3.3, entry 1 in Figure 3A),
supporting its known reactivity in trapping electrophilic
carbocations, as in Protocol B. Both HOMO orbital com-
position analysis and condensed Fukui indices (f� ), once
again, revealed a slight preference for the γ-addition
(Figure 3B). Not surprisingly, very similar results
were obtained also for the trimethylsilyloxy furan 1b
(ω0= 0.7 vs N0= 3.4, entry 3 in Figure 3A).

Scheme 6. A) Proposed catalytic cycle for Protocol A. B) Proposed catalytic cycle for Protocol B, as exemplified by 2h. All reported
redox potentials (Eox in red and Ered in blue) refer to E1/2=V versus Ag as pseudoreference or SCE in MeCN, see ref. [21] and Section
S7.2, Supporting Information.
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3. Conclusion
The first, general and vinylogous γ-benzylation reaction
of silyloxyfurans 1 with N-(arylacetoxy)phthalimides 2
has been accomplished through the implementation of
two complementary protocols, PA and PB, promoted
by visible light and suitable photoredox catalysts. A
wide set of differently functionalized benzylated buteno-
lides were accessed in generally good yields in favor of
the γ-benzyl adduct of type 3. The synthetic potential of
the disclosed protocols has been showcased by late-stage
modification of several alkoxybenzyl butenolide
derivatives which were readily converted to a set of
bio-valuable hydroxyphenyl-γ-valerolactones and an

unprecedented 4-hydroxy-5-(4-hydroxyphenyl)valeric
acid derivative. As this study demonstrates, the amal-
gamation of polar processes with radical species opened
the way to new synthetic opportunities; here, harnessing
the principle of vinylogy with radicals emerged as a
valuable opportunity to bring new “chemical” life to
silyloxyfurans, one of the most exploited vinylogous
nucleophile classes in synthesis. Moreover, photoredox
catalysis unveiled novel vinylogous reactivity paths:
in protocol A, a polarity reversal of the siloxydiene
enabled, for the first time, its electron-poor version; in
protocol B, polar and radical chemistry merged to blos-
som an unprecedented vinylogousMukaiyama-type ben-
zylation reaction. Since this field is currently shaping up,

Figure 3. A) Calculated global and condensed local electrophilicity and nucleophilicity indices: N0= global nucleophilicity index
(eV); ω0= global electrophilicity index (eV). Nα, Nγ = Condensed nucleophilicity indices relative to C3 (α) and C5 (γ), respectively.
ωα, ωγ=Condensed electrophilicity indexes relative to C3 (α) and C5 (γ), respectively. B) Calculated HOMO and Fukui’s electronic
distribution (f� ) of 1a. C) SOMO, spin-density population and Fukui’s electronic distribution (f0) of the silyl radical cation 1a•þ.
D) SOMO, spin-density population and Fukui’s electronic distribution (f0) of furanone radical I•.
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there is a lot more that needs to be explored, especially in
terms of the broad scope of compatible vinylogous
nucleophiles and electrophiles to be used in conjunction
with suitable radical counterparts. Overall, we believe
that the disclosed strategies will become more widely
employed and will emerge as a powerful tool in synthetic
organic chemistry.
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D. Gryko, J. Org. Chem. 2019, 84, 15834.

[11] For a recent, comprehensive review on Photoinduced
Electron Transfer (PET) promoted transformations of enol
silanes, see: G. Yue, B. Liu, Tetrahedron Chem. 2024, 9,
100067.

[12] a) S. Fukuzumi, M. Fujita, J. Otera, Y. Fujita, J. Am. Chem.
Soc. 1992, 114, 10271; b) M. Schmittel, M. Lal, R. Lal,
M. Röck, A. Langels, Z. Rappoport, A. Basheer,
J. Schlirf, H.-J. Deiseroth, U. Flörke, G. Gescheidt,
Tetrahedron 2009, 65, 10842.

[13] a) J. O. Bunte, E. K. Heilmann, B. Hein, J. Mattay, Eur. J.
Org. Chem. 2004, 3535; b) P. G. Gassman, K. J. Bottorff,
J. Org. Chem. 1988, 53, 1097.

[14] The different behavior between a silyl radical cation spe-
cies and its corresponding desilylated congener has been
studied mainly on cyclization reactions. For seminal works
on this topic, see: a) M. Schmittel, M. Kelley, A. Burghart,
J. Chem. Soc., Perkin Trans. 1995, 2, 2327;
b) A. Heidbreder, J. Mattay, Tetrahedron Lett. 1992, 33,
1973; c) B. B. Snider, T. Kwon, J. Org. Chem. 1992,
57, 2399.

[15] a) J. Zhang, M. Liu, W. Zhang, C. Guo, Sci. Adv. 2025, 11,
eadu5594; b) C. Banoun, F. Bourdreux, G. Dagousset,
Chem. Commun. 2023, 59, 760; c) K. F. Szabó,
K. Goliszewska, J. Szurmak, K. Rybicka-Jasińska,
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EHOMO – EHOMO(TCE, tetracyanoethylene) for neutral molecules,
and as Eα

HOMO – Eα
HOMO(F•) for radical species. (See refs.

43-49 in the Supporting Information).
[28] Despite this evidence, we cannot rule out the possibility that

furanone radical I• might be the species involved in the rad-
ical coupling step of Protocol A. Indeed, two observations
would corroborate this hypothesis: a) the known, “fast”
desilylation step of silylenol ethers in MeCN, and b) the
complete γ-selectivity observed with TEMPO radical, which
probably involves radical cation 1a•þ (Figure 2b).
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