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ABSTRACT
Ortho-alkoxy trifluoroacetophenones undergo efficient cyclization to benzofuranols under UV light irradiation (370 nm). Key to
success is a 1,6-hydrogen atom transfer (1,6-HAT), which is enabled by the unique properties of the trifluoroacetophenone unit and
strategic positioning of the methoxy group. The reaction proceeds best under dilute conditions, in polar aprotic solvents, and with
high-intensity irradiation. Although triplet quenching and intermolecular HAT limit certain aromatic substitution patterns, the
reaction still accommodates a diverse set of substrates, providing access to tertiary benzofuranols, including spirocyclic compounds
(12 examples, up to 92% yield, up to 90:10 diastereomeric ratios [dr]). Subsequent dehydration provides trifluoromethyl-substituted
benzofurans, offering a convenient route to these heterocycles.

1 Introduction

Irradiation of ketones populates their excited states, inducing
radical behavior distinct from their ground-state reactivity [1].
A landmark example is the Norrish–Yang photocyclization to
forge cyclobutanols (Scheme 1a) [2, 3]. This reaction is known to
occur via an intramolecular 1,5-hydrogen atom transfer (1,5-HAT)
followed by radical recombination. It has found significant appli-
cations in the synthesis of complex scaffolds andnatural products,
most likely due to its operational simplicity and catalyst-free
nature (Scheme 1b, top) [4, 5]. However, the general sequence also
offers the potential to access rings of different sizes, a possibility
that remains less explored due to generally less favorable biradical
generation [6, 7]. In particular, few strategies have targeted five-
membered rings through 1,6-hydrogen atom transfer (1,6-HAT)
pathways (Scheme 1b, bottom) [8, 9]. This scarcity arises because
suitable ketones require long triplet lifetimes, as relatively high
entropic barriers must be overcome to reach favorable transition-
state geometries (Scheme 1c) [10, 11].

During a recent study on benzocyclobutenol synthesis, we noted
that the unique excited state properties of trifluoroacetophenones
for HAT processes (Scheme 1b, top right) [12]. We therefore
envisioned that these motifs could enable the formation of five-
membered analogs in the absence of γ-hydrogens via 1,6-HAT
[13–16]. Thus, alkoxy-substituted trifluoroacetophenones would
offer a convenient route to trifluoromethyl-substituted benzofura-
nols, which are difficult to access by othermethods, with only few
reported strategies [17, 18]. Moreover, trifluoromethyl-decorated
heterocycles are of considerable interest in medicinal chemistry,
providing further motivation to pursue the presented strategy
[19–21].

2 Results and Discussion

We commenced our survey using ortho-methoxy trifluoro-
acetophenone 1a as a model substrate, which can be readily
synthesized from commercially available 2-bromo anisole in one
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SCHEME 1 (a) Excited state chemistry of ketones. (b) Overview of
the developments for photochemical cyclization. (c) Challenges for using
1,6-hydrogen atom transfer (1,6-HAT) as a key step.

step. Initially, we employed our previously optimized conditions
to excite the trifluoroacetophenone moiety of 1a (Table 1, Entry
1). To our delight, the expected benzofuranol 2a was obtained,
but both conversion and yield were low. These results prompted a
detailed optimization of the reaction parameters. The limited con-
version suggested that a more efficient light source was required
to effectively excite the substrate. When using a 40 W 370 nm
Kessil lamp, full conversion was achieved, although the product
yield remained low (Entry 2), indicating that factors beyond
substrate excitation were limiting the efficiency of the reaction.

Next, we investigated the effect of solvent polarity. Switching from
non-polar to polar solvents improved the yields, with acetonitrile
performing best, affording benzofuranol 2a in 49% yield (Entries
3–5). When reducing the light intensity of the Kessil lamp by
50%, lower conversion and diminished yields were witnessed
(Entry 6). Finally, lowering the substrate concentration from
40 mM to 20 and 10 mM significantly minimized intermolecular
side reactions and enhanced the yield of the desired product 2a
(Entries 7–8). When the reaction was performed on a 0.3 mmol
scale, benzofuranol 2a could be isolated in 83% yield using the
optimized conditions (Entry 8).

We next sought to explore the scope of the reaction (Scheme 2).
To enable a fair comparison of reaction yields, we extended
the reaction times for some substrates beyond the optimized
conditions to achieve complete conversion of the starting mate-
rials. Substituents on the aryl ring exhibited markedly different
reactivity profiles compared to the model substrate. Fluorine
substitution at the 4-position required 6 h reaction times, but
afforded the desired product 2b in good yield (Scheme 2a). We
then shifted our focus to substitutions at the 3-position of the
aryl ring. The trifluoromethyl derivative behaved comparably to
the model substrate, whereas the 3-chloro analog required longer
reaction times and was less efficient. Thus, benzofuranols 2c and

TABLE 1 Optimization conditions for the synthesis of trifluorodihydrofuranols.

Entry Solvent Concentration (mM) Conversion (%) Yield (%)

1a Benzene-d6 40 <5 <5
2 Benzene-d6 40 100 20
3 Cyclohexane 40 100 –b

4 Dichloroethane 40 100 –b

5 Acetonitrile-d3 40 100 49
6c Acetonitrile-d3 40 58 30
7 Acetonitrile-d3 20 100 67
8 Acetonitrile-d3 10 100 91 (83)d

Note: Reactions were carried out in 0.5 mL of solvent in an NMR tube and irradiated with a Kessil lamp (370 nm). Conversions and yields were determined by 19F
NMR of the crude mixture using PhCF3 as the internal standard.
aA LuzChem photoreactor with mercury lamps (355 nm) was used.
bA complex mixture of products was formed.
cThe light intensity of the Kessil lamp was reduced by 50%.
dIsolated yield is given in parenthesis. The isolation reaction was run on a 0.3 mmol scale.
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SCHEME 2 Reactions were carried out on 0.3 mmol scale in 30 mL
of solvent and irradiated for 2 h with a 40 W 370 nm Kessil lamp. (a)
Reaction time is 6 h. (b) Reaction time is 5 h.

2d could be isolated in 78% and 39%yield, respectively. In contrast,
the 3,5-di-tert-butyl substituted acetophenone reacted smoothly
and provided benzofuranol 2e in 92% yield. We also examined
the behavior of secondary and tertiary alkoxy substitution, as
steric factors can influence both H-atom abstraction rates and
the subsequent cyclization. Extension of the alkyl chain by ethyl
and octyl groups afforded the desired products 2f-g in moderate
yields and dr, whereas allyl and benzyl groups generally provided
superior results (2h-i), potentially due to better stabilization of
the 1,5-biradical intermediate. We further explored secondary
O-alkyl substituents to generate tertiary radical intermediates
and assess the impact on reactivity. The isopropyl-substituted
substrate afforded the product 2j in lowyield, although it can form
a stable radical intermediate; however, steric hindrance likely
hampers either H-atom abstraction or consecutive cyclization.
Overall, these substrates yielded the corresponding spirocyclic
compounds 2k-m in moderate yields.

It needs to be noted that some substitutions at the aromatic ring(s)
were not tolerated in the photocyclization reaction (Scheme 2b).
Among them, acetophenones bearing 3-methoxy (1n) and 3-

SCHEME 3 For standard conditions, see Table 1, Entry 8. (a)
Mechanistic outline. (b) Triplet quenching experiment. (c) Competition
between the 1,5-hydrogen atom transfer (1,5-HAT) and 1,6-hydrogen
atom transfer (1,6-HAT). (d) Competition between intramolecular and
intermolecular HAT reactions.

cyano (1o) groups remained unreacted. UV–Vis spectra revealed
that their absorption profiles were nearly identical to the model
substrate (see the Supporting Information for further infor-
mation). In addition, 2-naphthylmethoxy trifluoroacetophenone
(1p) showed no conversion, even after extended irradiation
times. On the other hand, substrate 1q bearing a 5-methyl sub-
stituent decomposed when subjected to the optimized reaction
conditions.

To explain the unproductive reaction outcomes for such small
structural changes, we had a closer look on the reaction mecha-
nism (Scheme 3). Irradiation of aryl ketones is known to generate
n,π* and π,π* triplet excited states of 1 that are energetically close
to each other (Scheme 3a) [22, 23]. Population of the n,π* state
imparts radical character to the oxygen atom, enabling H-atom
abstraction toward biradical 3, whereas the π,π* state imparts
ionic character, which is inefficient for H-atom abstraction and
likely reverts back to the startingmaterial 1 by internal conversion
(IC). We suspect that methoxy substituent leads to a preferred
population of the π,π* triplet state, explaining their unreactive
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SCHEME 4 Development of a one-pot sequence toward trifluo-
romethyl substituted benzofurans underlining the utility of the developed
method.

nature due to insufficient 1,6-HAT [24]. On the other hand,
naphthalene is known to be a competent triplet quencher. Thus,
self-quenching of the n,π* triplet excited state by the naphthyl
group can be assumed [25]. We were able to confirm this
hypothesis by the irradiation ofmodel substrate 1a in the presence
of one equivalent (eq.) of naphthalene (4) (Scheme 3b). We were
also able to show that 1,5-HAT is preferred over 1,6-HAT by using
substrate 1r bearing both a methyl and methoxy substituent in
the two ortho positions of the trifluoroacetyl group (Scheme 3c).
In this case, the benzocyclobutenol 5 was isolated in 95% as the
sole product. The formation of benzofuranol 2rwas not observed.
Interestingly, when 4-methylanisol (6) was added to the optimal
photocyclization conditions for 1a, full conversion but no forma-
tion of 2awas observed, suggesting that intermolecular HATmay
outcompete the required intramolecular version (Scheme 3d, see
the Supporting Information for further details). This would also
explain the decomposition of the tolyl-derived substrate 1q (cf.
Scheme 2b).

We envisioned that dehydration of the products could pro-
vide access to 3-trifluoromethyl-substituted benzofurans [26, 27].
Being aware of the challenge of generating a carbocation adjacent
to a trifluoromethyl group, several reaction conditions were
evaluated (see section 5.1 of the Supporting Information for fur-
ther information). Among them, trifluoromethanesulfonic acid
(TfOH) proved effective, affording the desired products 7a and 7h
in acceptable yields when using a one-pot process (Scheme 4).

3 Conclusion

In summary, we have established a photochemical cyclization
strategy for the synthesis of trifluoromethyl-substituted furanols
and furans from readily available trifluoroacetophenones. The
transformation proceeds via a 1,6-HAT/radical recombination
sequence that forges the key C─C bond and enables access to
sterically demanding benzofuranols, including spirocyclic frame-
works. In caseswhere diastereomeric products can be formed, the
method providesmoderate to good levels of selectivity (up to 90:10
dr). Ongoing efforts are directed toward extending this strategy to
more complex, lipid-like molecules [28].

4 Experimental Section

4.1 General Procedure for Photocyclization
Reaction

Ortho-methoxy-2,2,2-trifluoroacetophenonewas dissolved in ace-
tonitrile (0.01 M) and was irradiated using a 40 W 370 nm Gen

2 KSPR160L Kessil LED lamp for 2 h at room temperature.
The solvent was removed under reduced pressure. The crude
mixture was purified via flash column chromatography (SiO2,
hexane/EtOAc).
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