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ABSTRACT: The metal-free ring expansion of cyclopropanols
containing a pendant styrene moiety was successfully achieved
using a proton-coupled electron transfer enabled by an organic
photoredox catalyst. Through this, variants of 1-tetralone and 1-
benzosuberone bearing a substituent at the benzylic position were
selectively obtained through the regioselective ring closure of alkyl
radical intermediates depending on the substitution pattern of the
alkene moiety.

1-Tetralones and 1-benzosuberones are broadly found in
natural products such as Hamigeran A, Merochlorin B, and
Parviflorol (Figure 1a).1 In addition, they have been used as
versatile building blocks in the synthesis of complex
molecules.2 Accordingly, considerable effort has been devoted
to achieve efficient construction of these benzo-fused ketone
frameworks.3−5 However, metal-free catalytic methods for the
synthesis of 1-tetralones and 1-benzosuberones bearing
substituents at the benzylic position are underdeveloped.6

The radical-mediated ring enlargements, such as the
Beckwith−Dowd ring-expansion reaction, are powerful tools
in organic synthesis as they provide efficient access to cyclic
ketones via alkoxy radical intermediates.7 In particular, readily
available cycloalkanols can be used as convenient precursors
for the synthesis of cyclic ketones because the single-electron
oxidation of cycloalkanols generates reactive carbon-centered
radicals via β-scission of cycloalkoxy radical intermediates. For
example, both Zhu et al. and Gong et al. independently
reported the radical ring expansion of 1-arylcyclobutanols
mediated by AgI or CeIV to prepare 1-tetralone derivatives
(Figure 1b).8,9 However, these transformations require a noble
metal-based catalyst or a transition metal oxidant, leading to
metal waste after completion of the reaction. In addition, the
products obtained from these reactions are limited to
variations on 1-tetralone that have unsubstituted γ-positions.
Recently, more attention has been paid to proton-coupled

electron transfer (PCET) as it enables redox-neutral and highly
atom-economical transformations.10 In their pioneering work,
Knowles et al. developed the PCET-initiated ring expansion of
5−7-membered cyclic alcohols using an Ir-based photoredox
catalyst to selectively afford 6−9-membered cyclic ketones
bearing substituents at the α- and/or β-positions (Figure 1c).11

Although transition metal oxidants were unnecessary in this
method, the cyclic alcohol substrates were limited to

heterocycles or carbocycles with a tertiary center that produces
stabilized α-amino, α-alkoxy, or tertiary alkyl radical inter-
mediates after ring opening. Therefore, a new strategy is
required to synthesize benzo-fused ketones using PCET-
initiated ring expansion: we designed a novel cyclopropanol
substrate 1 with a pendant styrene moiety with the expectation
that the strained cyclopropanol obviates the need for radical
stabilizing groups (Figure 1d).12 The required substrate 1 was
readily prepared from commercially available 2′-iodoacetophe-
none using Simmons−Smith cyclopropanation and well-
established cross-coupling reactions (see the Supporting
Information for details). Herein, we report our study along
this line to establish the efficient synthesis of γ-substituted 1-
tetralones and δ-substituted 1-benzosuberones. To the best of
our knowledge, this is the first example of using PCET for the
ring expansion of cyclopropanols.10,11

We began a preliminary study using 1a as the model
substrate (Table 1). Several photoredox catalysts were first
assessed under blue-light irradiation in the presence of a
commercially available base PnBu3Et

+(EtO)2POO−. The
reaction of 1a in the presence of [Ir(dF(CF3)ppy)2(dtbbpy)]-
PF6 (A) [E1/2(*P/P

−) = 1.21 V vs SCE in MeCN]13 yielded
33% of the desired 1-tetralone 2a, although 4a, the
stereoisomer of 1a, was obtained in 8% yield (entry 1). The
use of 4DPAIPN (B) [E1/2(*P/P

−) = 1.10 V vs SCE in
MeCN]14 increased the yield of 4a, while the yield of 2a
decreased (entry 2). These results suggest that photocatalysts
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with relatively high oxidation potentials are required to
promote the PCET process of 1a. Therefore, we tested
4CzIPN (C) [E1/2(*P/P

−) = 1.35 V vs SCE in MeCN].15 This
photocatalyst exhibited better catalytic activity, yielding 54% of
2a (entry 3), while 4CzPN (D) [E1/2(*P/P

−) = 1.40 V vs SCE
in MeCN]15 was not as effective as C (entry 4). The use of
Mes-Acr-Me+ [E1/2(*P/P

−) = 2.06 V vs SCE in MeCN]16 gave
a complex mixture, resulting in a lower yield of 2a (entry 5).
Subsequently, we investigated various bases previously
reported to be effective for the ring-opening reaction of cyclic
alcohols via a PCET process (entries 6−9).12a−c We found that
the use of PnBu4

+(PhO)2POO
− slightly improved the reaction

outcome (entry 8). When the reaction was performed at 0 °C,
the yield increased to 72% (entry 10). The yield of 2a was
improved further by increasing the amount of photocatalyst C
(entry 11). In addition, control reactions without a photo-
catalyst, base, or blue-light irradiation resulted in no
conversion of 1a, indicating the essential role each component
plays in this reaction (see the Supporting Information for
details).
With the optimal reaction conditions determined, we

examined the scope of the substrates (Scheme 1). First, we
performed the reaction of 1a using 1.5 mol % 4CzIPN at a 1
mmol scale. The reaction proceeded smoothly to afford 2a in
72% yield. Substrates possessing methyl (1b), n-butyl (1c),
and benzyl (1d) esters at the olefin terminus gave the desired
products 2b−d, respectively, in good yields. Dimethylamino-
carbonyl (1e) and benzenesulfonyl (1f) groups were tolerated,
and the yields of 2e and 2f were 81% and 68%, respectively.
When substrates bearing cyano (1g) and 2-pyridyl (1h) groups

were used, the corresponding products 2g and 2h, respectively,
were obtained in moderate yields. Incorporating a methyl
group at the α-position of the ester moiety did not affect the
catalytic efficiency, yielding 79% of 2i. Remarkably, 1-tetralone
2j bearing a quaternary carbon at the benzylic position was
obtained in 49% yield from substrate 1j, which possessed a 2-
methylcyclopenet-2-ene-1-one moiety. The reaction of sub-
strates with 4-bromo (1k), 5-chloro (1l), or 4,5-dimethoxy
(1m) groups on the aromatic ring afforded the corresponding
1-tetralones 2k−m in good yields. Notably, a high yield of 1-
tetralone 2m, bearing a 1,2-dimethoxybenzene moiety that
could be easily oxidized, was obtained, indicating that the
reaction conditions were mild. The introduction of a methyl
group into the cyclopropane ring was allowed to obtain
disubstituted 1-tetralone 2n in 77% yield with 2:1 dr.
We previously reported the rhodium-catalyzed cycloisome-

rization of ester-tethered 1,6-diynes with a cyclopropanol
moiety, such as 1o, which leads to tetralone/exocyclic diene
hybrid molecules.3d We found that the reaction starts with
oxidative coupling of the diyne moiety leading to a
rhodacyclopentadiene intermediate, and as such substrate 1p,
which had no diyne moiety, failed to undergo ring expansion.
In contrast to these earlier findings, the reaction of 1o under
the modified PCET conditions afforded a yield of 44% for 4-
alkylidene-1-tetralone 2o (Z:E = 10:1) with the propiolate
moiety intact. Moreover, 1-(2-alkynylphenyl)cyclopropanol 1p

Figure 1. Natural products containing a benzo-fused cyclic ketone
and ring expansion of cyclic alcohols leading to cyclic ketones.

Table 1. Optimization Studya

entry photocatalyst base 2a (%)c,d 4a (%)c,e

1b A PnBu3Et
+(EtO)2POO

− 33 8
2 B PnBu3Et

+(EtO)2POO
− 12 31

3 C PnBu3Et
+(EtO)2POO

− 54 10
4 D PnBu3Et

+(EtO)2POO
− 33 37

5 E PnBu3Et
+(EtO)2POO

− 22 15
6 C collidine 15 16
7 C PnBu4

+CF3COO
− 39 ND

8 C PnBu4
+(PhO)2POO

− 57 1
9 C NnBu4

+(PhO)2POO
− 51 ND

10f C PnBu4
+(PhO)2POO

− 72 ND
11f,g C PnBu4

+(PhO)2POO
− 86 (85) ND

aReactions were performed on a 0.1 mmol scale at a concentration of
0.1 M. bA blue LED (385 nm) was used as a light source.
cDetermined by 1H NMR using 2-methoxynaphthalene as an internal
standard. dIsolated yield shown in parentheses. eND, not detected.
fThe reaction was performed at 0 °C. gWith 5.0 mol % 4CzIPN.
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was converted to the corresponding 1-tetralone 2p in 56%
yield as the Z isomer, while the E isomer of 2p was not
observed. Unfortunately, the reaction of aryl-substituted alkyne
1q did not proceed.
In contrast, the reaction of 1,1-diarylethene-type substrate 1r

was performed at 30 °C and afforded δ-phenyl 1-benzosuber-
one (3r) in 51% yield, rather than the corresponding 1-
tetralone (2r). The reactions of substrates bearing 4-
(trifluoromethyl)phenyl (1s) and 4-chlorophenyl (1t) groups
resulted in the formation of 3s and 3t in 91% and 71% yields,
respectively. The introduction of the 3-methoxyphenyl group
resulted in a low yield of 3u, and most of the 1u remained
unreacted, although the 3-chlorophenyl group was successfully
incorporated to afford 3v in 87% yield. Notably, small amounts
of 1-tetralones 2t and 2u were observed when using 1t and 1u,
respectively. The substrate possessing a 2-fluorophenyl group
(1w) was converted to the corresponding 1-benzosuberone 3w
in 66% yield. When we used cyclopropanol substrate 1x, which
contained a methyl group instead of an aryl group at the
benzylic position, 3x was obtained in moderate yield.
Unsubstituted 1-benzosuberone (3y) was also selectively
obtained when 1y, which contained an unsubstituted styrene

moiety, was used as the substrate. The reaction of substrate 1z,
possessing a β-phenyl acrylate moiety, selectively afforded γ,δ-
disubstituted 1-benzosuberone 3z in 78% yield.17 The major
isomer of 3z was determined to be the cis isomer by X-ray
crystallographic analysis.,18 In contrast, the reaction of 1aa,
bearing a β-methyl acrylate moiety, provided 1-benzosuberone
3aa (2:1 dr) in 42% NMR yield along with 2aa in 21% NMR
yield. Finally, the reaction of a substrate bearing a 4,5-
dimethoxy group (1bb) proceeded smoothly to afford 3bb in
77% yield.
Subsequently, the PCET-induced ring-expansion conditions

were applied to cyclobutanol 5 and cyclopentanol 6; however,
phthalan-type products 7 and 8 were obtained instead of the
expected benzo-fused cyclic ketones. In the reaction of 6, the
intramolecular Michael addition of the alkoxy radical
intermediate might occur rather than the ring opening of the
cyclic alcohol moiety.19 In contrast, in the reaction of 5, the
alkoxy radical intermediate should be immediately transformed
into the primary alkyl radical species via β-scission, which is
indicated by the DFT calculation, although several control
experiments indicate that 7 was not formed via the ionic

Scheme 1. Substrate Scopea,b

aAll reactions were performed on a 0.1 mmol scale. bIsolated yields are shown. cWith 1.5 mol % 4CzIPN. dThe reaction was performed for 3 h.
eThe reaction was performed at 30 °C. fThe reaction was performed at −20 °C. gThe reaction was performed for 2 h. hDetermined by 1H NMR
analysis of the crude product mixture. iPnBu3Et

+(EtO)2POO
− was used as a base.
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reaction process (see the Supporting Information for details).
The reason for the formation of 7 is not clear at present.
A plausible reaction mechanism for the ring expansion of 1 is

shown in Scheme 2. First, alkoxy radical I is generated via

PCET of the alcohol moiety. The ring opening through β-
scission of I with the aid of ring-strain relief generates primary
alkyl radical intermediate II, which then undergoes cyclization
with the pendant alkene moiety. The regioselectivity of
nucleophilic radical addition depends on the alkene sub-
stituents. The radical cyclization of intermediate I bearing an
electron-withdrawing group (EWG) at the β-position of the
styrene moiety (R1 = H, and R3 = EWG) preferentially
proceeds in a 6-exo-trig mode, giving radical intermediate III.
In contrast, 7-endo-trig cyclization is favored for 1,1-diary-
lethene-type substrates (R1 = Ar, R2, and R3 = H) because of
the steric hindrance imposed by the α-aryl substituent and
generation of a stable dibenzylic radical intermediate IV. In
fact, the 6-exo-trig cyclization was allowed when using 1aa,
while the 7-endo-trig cyclization exclusively proceeds when
using 1x and 1z. Finally, a single-electron reduction of radical
intermediates III and IV and subsequent protonation of the
resultant carbanions afforded final products 2 and 3,
respectively, completing the photoredox cycle.
In summary, we have established a metal-free radical ring

expansion of 1-(2-alkenylaryl)cyclopropanols invoked by
PCET activation using an organic photoredox catalyst. The
reaction of substrates bearing an electron-withdrawing group at
the β-position of the styrene moiety selectively afforded γ-
substituted 1-tetralones via 6-exo-trig cyclization, while δ-
substituted 1-benzosuberones were selectively obtained from
1,1-diarylethene-type substrates via 7-endo-trig cyclization.
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