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Abstract: We report a protocol for oxidative [3+2] cyclo-
additions of phenols and alkenes applicable to the modular
synthesis of a large family of dihydrobenzofuran natural
products. Visible-light-activated transition metal photocatalysis
enables the use of ammonium persulfate as an easily handled,
benign terminal oxidant. The broad range of organic substrates
that are readily oxidized by photoredox catalysis suggests that
this strategy may be applicable to a variety of useful oxidative
transformations.

The choice of the terminal oxidant is an important consid-
eration in the design of oxidative reactions.[1] Many of the
most commonly used oxidants in organic synthesis produce
stoichiometric amounts of byproducts that can be practically
or environmentally problematic. Our laboratory has a long-
standing interest in the propensity of photoexcited Ru*-
(bpy)3

2+ to undergo redox reactions with a diverse range of
quenchers,[2] a feature that has been increasingly exploited in
the design of synthetic reactions.[3] We wondered if photo-
redox catalysis might offer a general strategy to employ
benign, kinetically inert oxidants in oxidative transforma-
tions. Recent interest in photoredox catalysis has largely been
focused on redox-neutral and net reductive reactions; the
examples of net oxidative transformations published to date
have generally utilized either stoichiometric halocarbon
oxidants,[4] which are not ideal from an environmental
standpoint, or molecular oxygen,[5] which is a triplet quencher
of many photoexcited molecules[6] that can negatively impact
the overall efficiency of photocatalytic reactions. Thus, there
exists a need for a more practical, general approach to the
design of oxidative photoredox reactions.

We became interested in studying phenol oxidation as
a starting point to explore this challenge. Phenols participate
in a rich variety of oxidatively induced transformations,[7]

which can produce a number of complex structures commonly
found in bioactive molecules. For example, many neolignans,
resveratrol oligomers, and peptide-derived natural products

feature a 2,3-dihydrobenzofuran core (Figure 1),[8] the bio-
genic origin of which presumably involves an oxidative [3+2]
phenol–alkene cycloaddition. Several synthetic approaches to
this transformation have been reported,[9] but they often
suffer from low yields, limited scope, or a need for specialized
equipment.[10, 11] The most practical methods for this reaction
reported to date exploit hypervalent iodine(III) reagents,[12]

which generate iodoarenes as stoichiometric byproducts. We
report herein an alternate photocatalytic protocol for the
[3+2] phenol–olefin cycloaddition that enables the use of
ammonium persulfate as an inexpensive terminal oxidant
with a benign bisulfate salt as the stoichiometric byproduct.[13]

Our initial investigations (Table 1) focused on the photo-
catalytic reaction of p-methoxyphenol (3) with methylisoeu-
genol (4). A screen of oxidants in the presence of Ru(bpy)3

2+

(1) revealed that inorganic and organic hydroperoxides were
ineffective (entries 1–4), whereas the desired cycloadduct is
formed slowly upon irradiation in the presence of Oxone
(entry 5). This observation led us to examine other persul-
fates, and K2S2O8 proved to be a more effective terminal
oxidant (entry 6). Peroxydisulfates have long been known as
oxidative quenchers of photoexcited ruthenium polypyridyl
complexes,[14] but their use as terminal oxidants for synthetic
photocatalytic reactions has been limited.[15] A brief screen of

Figure 1. Bioactive dihydrobenzofuran-containing natural products and
an oxidative [3+2] cycloaddition strategy for their synthesis.
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photocatalysts revealed that the more strongly oxidizing
Ru(bpz)3

2+ (2) chromophore gave higher rates than Ru-
(bpy)3

2+, affording a good yield of the cycloadduct after 24 h.
We also examined other peroxydisulfate salts and found that
(NH4)2S2O8 led to optimal yields. Finally, control studies
indicated that this reaction requires both catalyst and light
(entries 10–11), validating the photocatalytic nature of this
process.

A broad range of coupling partners participate readily in
this oxidative [3+2] cycloaddition (Figure 2). The reaction
requires electron-rich phenols bearing alkoxy substituents at
the 2- or 4-position, consistent with the need to stabilize the
putative phenoxonium intermediate. Within this constraint,
however, the scope proved to be quite broad. Benzyl (7) and
allyl (8) ethers were tolerated easily without any trace of
oxidative degradation, as were unprotected alcohols (9).
Other substituents are also tolerated, including aryl substitu-
ents (11), bulky alkyl groups (12), and halides (14). Unsym-
metrical 3-substituted phenols undergo clean, highly regiose-
lective [3+2] cycloadditions (15 and 16), suggesting that the
reaction is susceptible to steric control. Nevertheless, 3,5-
disubstituted phenols do not exhibit a significantly lower
reactivity (17), and condensed polycyclic phenols are also
excellent substrates for this reaction (18). We also examined

the scope of this reaction with respect to the styrene
component. In line with the highly electrophilic nature of
the phenoxonium intermediate, electron-rich styrenes bear-

Table 1: Optimization of conditions for oxidative [3+2] cycloaddition.

Entry[a] Catalyst Oxidant Yield [%][b]

1 Ru(bpy)3(PF6)2 H2O2 (30% aq) 0
2 Ru(bpy)3(PF6)2 H2O2·urea 0
3 Ru(bpy)3(PF6)2 tBuOOH 0
4 Ru(bpy)3(PF6)2 m-CPBA 0
5 Ru(bpy)3(PF6)2 Oxone 7
6 Ru(bpy)3(PF6)2 K2S2O8 20
7 Ru(bpz)3(PF6)2 K2S2O8 75
8 Ru(bpz)3(PF6)2 Na2S2O8 23
9 Ru(bpz)3(PF6)2 (NH4)2S2O8 78
10[c] Ru(bpz)3(PF6)2 (NH4)2S2O8 0
11 none (NH4)2S2O8 0

[a] All reactions were irradiated for 24 h using 0.10 mmol phenol,
0.13 mmol styrene, 0.20 mmol oxidant, and 0.005 mmol catalyst, unless
otherwise noted. [b] Yields determined by 1H NMR spectroscopy using
trimethylsilyl benzene as an internal standard. [c] Reaction performed in
the dark.

Figure 2. Scope studies for the oxidative [3+2] cycloaddition. All
reactions conducted with 0.40 mmol phenol, 0.52 mmol alkene,
0.80 mmol (NH4)2S2O8, and 0.02 mmol 2·(PF6)2, unless otherwise
noted. Yields represent the averaged yields of the isolated products of
two reproducible experiments. [a] Reactions conducted with 0.80 mmol
alkene.
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ing para or ortho alkoxy groups were the most reactive
cycloaddition partners (19–21). However, styrenes lacking
these activating groups still reacted smoothly (22–24). As with
the phenol component, a variety of potentially sensitive
functional groups could be present on the alkene substrate,
including halides (25), sulfonamides (26), and acetals (27).
The reaction was also tolerant of steric bulk at the a and b

positions of the styrene (28–30).
Several experiments were conducted to probe the mech-

anism of this reaction (Scheme 1). Although both coupling
partners are electron-rich, we designed this reaction as an

entry into the versatile reactivity of oxidized phenol com-
pounds. In accord with this hypothesis, reactions conducted
with readily oxidized phenols such as 3 (Eox =+ 1.05 V vs.
SCE)[10b] proceed even in the presence of alkenes that possess
oxidation potentials outside of the working range for the
photocatalyst ([Ru]3+/2+, + 1.98 V; styrene 31, + 2.05 V).[16]

However, readily oxidized alkenes, such as anethole (4,
+ 1.10 V),[17] do not generate product in the presence of a less
electron-rich phenol (32, Eox =+ 1.30 V).[18] This suggests that
phenol oxidation, rather than alkene oxidation, is the key step
that initiates the cycloaddition.

Additionally, we observe an induction period of several
hours (see the Supporting Information, Figure S1), during
which an orange precipitate forms in the reaction mixture.
Upon filtration, the supernatant is not catalytically active
(Figure S2). The precipitate, however, can be used to catalyze
the [3+2] cycloaddition, and we observed no induction period
in this experiment (Figure S3). One reasonable interpretation
of these data is that the active photocatalyst is an insoluble
Ru(bpz)3

2+ persulfate complex that forms through a slow salt
metathesis process. Consistent with this interpretation,
authentic Ru(bpz)3(S2O8), precipitated from a combination
of Ru(bpz)3(PF6)2 with (Bu4N)2(S2O8) in the dark, proved to
be a competent catalyst, and we also observed no induction
period in this experiment (Figure S4).

Based upon these observations, we have proposed the
mechanistic model outlined in Scheme 2. A slow salt meta-
thesis results in the precipitation of Ru(bpz)3(S2O8). Photo-
excitation of this salt followed by oxidative quenching then
generates the active oxidant, Ru(bpz)3

3+, along with a sulfate
radical anion. The oxidation of phenol generates the corre-

sponding radical cation, which can be further oxidized to
generate a resonance-stabilized phenoxonium cation that is
trapped by an electron-rich olefin to afford the observed
dihydrobenzofuran.[12a]

Many bioactive natural products feature dihydrobenzo-
furan scaffolds, and the broad scope of the oxidative [3+2]
cycloaddition makes it readily applicable to the efficient
modular assembly of compounds in this class (Scheme 3). For
instance, the dihydrobenzofuran 35, isolated along with
several similar benzofuranoid neolignans from Piper
aequale,[19] presumably arises from an oxidative [3+2]
phenol cycloaddition. This putative biosynthesis can be
replicated using photocatalytic [3+2] cycloaddition of 33,
which is available in two high-yielding steps from 4-methox-
yphenol, with TBS-protected 4-propenylphenol 34. Subse-
quent deprotection of the silyl group affords the natural

Scheme 1. Evidence for initial phenol oxidation.

Scheme 2. Proposed mechanism for the oxidative [3+2] cycloaddition
of phenols using Ru(bpz)3

2+.

Scheme 3. Modular synthesis of neolignan natural products.
TBS = tert-butyldimethylsilyl; TBAF = tetrabutylammonium fluoride;
PMP= p-methoxyphenyl.
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product in 81 % yield over these two steps. Similarly, the
antiprotozoal neolignan 37, isolated from K. ixina,[20] is
available in three steps from cycloadduct 7. Selective hydro-
genolysis of the primary benzyl ether followed by treatment
with triflic anhydride affords aryl triflate 36 in 93 % yield over
two steps. Suzuki coupling with trans-propenyl boronic acid
produces 37 in 95% yield. Together, these syntheses demon-
strate the applicability of this photocatalytic method to access
this large family of bioactive benzofuranoid natural products.

In conclusion, we have developed a robust photocatalytic
method for the oxidative [3+2] cycloaddition of phenols and
electron-rich styrenes. Transition metal photoredox catalysis
enables the use of ammonium persulfate as a terminal
oxidant, which results in the formation of an innocuous and
easily separated inorganic byproduct. Given the diverse range
of organic substrates that participate readily in electron
transfer processes with photogenerated ruthenium poly-
pyridyl oxidants, this strategy should be widely applicable to
the design of other photocatalytically enabled oxidative
transformations. This broad objective is a continuing goal of
research in our laboratory.
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