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The benzofuran core is a ubiquitous heterocyclic motif that is
very common in natural products and biologically active
compounds. Among this prolific family of heterocycles, the
3-arylbenzofuran framework can be found in a series of
pharmacologically relevant structures.

In the course of our research on copper-catalyzed
oxidative processes, we attempted an intramolecular oxida-
tive O-arylation on ortho-hydroxybenzophenones. Surpris-
ingly, in one of the assays, 3-phenylbenzofuran 2a was isolated
instead of the expected xanthone derivative. We were initially
puzzled by such an unexpected result, as this transformation
was utterly unrelated to the methods for 3-arylbenzofuran
synthesis described in the literature.”! Moreover, it had
nothing in common with the general entries to the benzofuran
core, as an unprecedented simultaneous formation of the
furan O1—C2 and C2—C3 bonds was involved."!

Herein, we present the synthesis of a series of
3-arylbenzofurans and the progress made to gain a more
profound knowledge of the possible pathways that could
explain this novel entry to the benzofuran core. As an
additional proof to support our proposal, an innovative
cyclization of ortho-hydroxy-a-arylstyrenes is also presented.

As shown in Table 1, treatment of 2-hydroxybenzo-
phenone 1a with CuOAc (50 mol %) in the presence of one
atmosphere of oxygen, 8-hydroxyquinoline (8-OQ, 40 mol %)
and potassium carbonate (1 equiv) in N,N-dimethylacetamide
(DMA) at 140°C provided 3-phenylbenzofuran 2a in 80 %
yield. An array of assays was performed to optimize the
reaction conditions:*! these assays reveal that other bases,
ligands (even closely structurally related ones, such as
sulfoxine), and/or solvents provide negligible results, and
only Cu(OAc),-H,O and Cul can be used as alternate copper
sources (75 % and 53 % yields, respectively). The extension of
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Table 1: One-pot approach to benzofurans from benzophenones, and
functional group tolerance studies.?
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[a] Reaction conditions: Ketone 1, CuOAc (50 mol %), 8-OQ (50 mol %),
K,CO; (1 equiv) and anhydrous DMA (10 mLmmol™ of 1), 140°C, 24 h.;
DMA = N,N-dimethylacetamide, 8-OQ = 8-hydroxyquinoline. [b] Yield of
isolated product. [c] The yields from the reaction using Cu(OAc),-H,O
(50 mol %) as the copper source are shown in parentheses.

the procedure to a number of commercially available or
readily synthesized*! diarylketone derivatives 1 afforded the
benzofuran derivatives 2 (displayed in Table 1) bearing alkyl,
alkoxy, heteroaryl, or halogen functional groups. However,
strong electron-withdrawing groups such as nitro or sulfonic
acid on the aryl rings were not tolerated by this procedure.
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Furthermore, the presence of an aryl or heteroaryl ring
attached to the 2-hydroxybenzoyl moiety is a requirement for
this reaction, as o-hydroxyacetophenones and other alkyl
ketones and esters did not react under the above condi-
tions."** Considering the relatively high amount of copper salt
employed, we decided to attempt to recycle it, using oxidative
cyclization to 3-phenylbenzofuran 2a as a model reaction.
After workup and product separation from the initial
reaction, further runs were conducted by just adding the
hydroxyketone 1a and K,CO; to a DMA solution of the
active catalyst. The second run provided a 64 % yield, whereas
a slightly lower 54% was obtained on the third run.
Unfortunately, only traces of the target ketone were observed
in the following runs. It was also possible to perform the
reaction either by using Cu(OAc),-H,O as an alternative
copper source (for a comparison, see Table 1) or with smaller
amounts of CuOAc (40 mol % and 20 mol %), but in these
cases the above recycling procedure gave significantly poorer
results (69 % to 25% to <5% for 40 mol % CuOAc; 37 % to
8% to < 5% for20 mol % CuOAc;and 75% t032% to <5%
for 50 mol % Cu(OAc),-H,0).

As mentioned above, a literature search revealed a com-
plete lack of precedent for the presented formation of the
benzofuran core. Nevertheless, we undertook mechanistic
studies to elucidate the probable pathways. The reaction
could be initiated from a Cope-type ketene formation
(structure IT) from DMA solvent in an oxidizing atmosphere,
or alternatively by an initial addition of the ligand to the
solvent followed by a Cope elimination that generates ketene
hemiketal III (Scheme 1). In both cases, DMA participation is
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Scheme 1. A tentative proposal for ketene formation from DMA.

clear; other solvents, such as DMF, DMSO, N,N-dimethyl-
formamide dimethyl acetal, MeOH, or AcOEt, provided
negligible results. Formation of ketene-type N,N-dimethyl-
keteniminium ions by thermal elimination of DMA has
already been reported, as has the trapping of such reactive
keteniminium species with hydroxy compounds.**¢! Ligand
addition to II would generate III, which could attack the
ketone carbonyl of starting benzophenone 1, thus forming
unsaturated ester V after dehydration (Scheme 2). From this
key intermediate, two alternative routes can be proposed.
Pathway A is based on the participation of epoxides VIa or
VIb, formed either by an epoxidation®™ of V (VIa) or by
a sequential decarboxylation/epoxidation (VIb). Decarbox-
ylation and/or dehydration of intermediate VII would
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Scheme 2. Possible pathways for copper-promoted benzofuran forma-
tion.

provide target 2. Pathway B involves a Wacker-type cycliza-
tion™® of 2-hydroxy-a-phenylstyrene VII (Scheme 2).

Support for pathway A comes from literature examples of
the aerobic epoxidation of olefins.”! However, most of the
related research to date is limited to multi-metal catalysts
and/or relatively high oxygen pressures.”’ In our case, only
a single copper catalyst would be involved and only under an
atmospheric pressure of oxygen. It should also be pointed out
that the reaction does not proceed in the absence of oxygen.
Pathway B, on the other hand, involves an unprecedented
copper-catalyzed Wacker-type cyclization. Whereas palla-
dium-catalyzed Wacker reactions in the presence or absence
of copper reoxidants are well-known processes in synthetic
chemistry (and many of them are conducted in DMA),[
a literature search revealed that no examples of copper-
catalyzed Wacker oxidations have been described so far.
Intrigued by this challenging proposal, ICP-MS analyses of
the copper source employed, the carbonate base, and starting
material 1a were performed, showing that the palladium
content in the reaction mixture was around 10~° mol %, which
is a homeophatic amount for any Wacker cyclization.®!

A number of additional experiments were carried out to
shed light on this rather obscure mechanistic crossover. The
first one involved the use of [Dy]DMA as solvent. No
deuterated positions were observed in the resulting product
2. A closer look at Scheme 2 ([Dy]DMA has been used as
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a starting material in both Scheme 1 and Scheme 2 to clarify
this point) shows that the dehydration and decarboxylation
steps (from IV to V, from V to VII, and from VIII to 2) can
provide non-deuterated product 2 by pathway A. In path-
way B, deuterium could be also lost at the Wacker cyclization
step (from VII to 2). “C-Labeled DMA (with "*C-enriched
acetyl carbon atoms; see carbon atoms C in Scheme 1 and
Scheme 2) was next employed and the corresponding *C2
labeled product was obtained (Scheme 2) with a similar
enrichment percentage. Further to this unquestionable proof
of the participation of the DMA solvent in the reaction,
a more profitable assay was finally performed, submitting
readily synthesized” intermediate VII to the same reaction
conditions.

As shown in Table 2, several 2-hydroxy-a-arylstyrenes 3
were treated with our CuOAc/8-hydroxyquinoline/DMA/O,
system to afford target benzofurans 2 in moderate to good
yields. Halogen, alkyl, and alkoxy functional groups were
again well tolerated under these oxidative conditions.
Because of the difficulty of preparing 2'-substituted
2-hydroxy-a-arylstyrene derivatives,”! the effect of steric

Table 2: Formation of the benzofuran core by copper-catalyzed oxidative
cyclization of 2-hydroxy-a-arylstyrene derivatives.?!
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[a] Reaction conditions: Alkene 3, CuOAc (50 mol %), 8-OQ (50 mol %),
K,CO; (1 equiv), and anhydrous DMA (10 mLmmol™" of 3), 140°C,

24 h.; DMA= N,N-dimethylacetamide, 8-OQ = &-hydroxyquinoline.

[b] Yield of isolated product.
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hindrance on this reaction was not evaluated. No examples
of copper-catalyzed electrophilic addition processes'” from
2-hydroxystyrenes have been found, and the need for
molecular oxygen to produce the desired reaction outcome
in this case was also significant. Recycling of the DMA phase
containing the promoter was tested with the parent styrene 3a
in a similar procedure to that performed with 1a. Using the
same loading as in the optimized procedure (CuOAc
(50 mol %), 8-OQ (0.4 equiv)), the second run provided
a 51 % yield of the target heterocycle 2a, the third a 38%
yield and only traces of 2a were detected in the following
runs.

The participation of phenoxy radicals and their addition
to the alkene moiety might be suggested as an alternative
pathway to a Wacker-type mechanism for the transformation
from intermediate VII (or styrenes 3) to benzofurans 2.
Nevertheless, the presence of stoichiometric amounts of
TEMPO, a known radical scavenger,'!l did not affect the
reaction outcome with either 1a or 3a. Dihydrobenzofuran
derivative 4 (Scheme 3), with the structure of intermediate
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Scheme 3. Detection of 3-hydroxy-3-phenyldihydrobenzofuran 4 in reac-
tion mixtures from 2-hydroxy-a-arylstyrene derivatives, and synthesis of
3-phenylbenzofuran 2a from epoxide 5 and unsaturated acid deriva-
tives 6 and 7.

VIII (R*=H; Scheme 2), was detected in the reaction
between styrene derivative 3a and m-chloroperbenzoic acid
(MCPBA), in an assay intended to obtain the corresponding
epoxide VIb. Unfortunately, 3a provided benzophenone 1a
and a small amount of the aforementioned species 4. Even
treatment of [2-(1-phenylvinyl)phenoxy]tert-butyldimethyl-
silane, which is readily prepared by silylation of 3a, with
MCPBA afforded 4 along with only traces of the expected
epoxide. A Johnson-Corey—Chaykovsky reaction™? per-
formed on 1la afforded epoxide S, which, under oxidative
cyclization conditions (O,, CuOAc, 8-OQ, K,CO;, DMA,
140°C), provided benzofuran 2a (Scheme 3). From all of
these assays it was clear that, although unstable, epoxide-type
intermediates such as VI were closely related to dihydrofuran
intermediates VIII and benzofurans 2 (Scheme 2). Finally, the
participation of unsaturated acid and lactone derivatives as
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intermediates (V and V’, Scheme 2) in the mechanism was
also examined and confirmed. 4-Phenylcoumarin 6 was easily
prepared (81 %) by reaction of ortho-hydroxybenzophenone
1a with dimethylmalonate,"™™ and then hydrolyzed" to give
3-(2-hydroxyphenyl)-3-phenylacrylic acid 7. Both lactone 6
and carboxylic acid 7 were then submitted to our oxidative
conditions, providing the corresponding benzofuran 2a with
good yields (80 % and 78 %, respectively; Scheme 3).

In summary, two synthetically useful entries to the
benzofuran core have been presented, starting from commer-
cially available or readily synthesized 2-hydroxybenzo-
phenones and 2-hydroxy-a-arylstyrene derivatives. Both
approaches are based on the same oxidative reaction
conditions, which involve the use of molecular oxygen at
atmospheric pressure and CuOAc/8-hydroxyquinoline/
K,CO; in DMA. Insights into the mechanistic pathways that
may take place in such unprecedented transformations is
provided, suggesting DMA activation to generate ketene
derivatives and either epoxidation under oxygen atmosphere
or Wacker cyclization as copper-catalyzed key steps. Accord-
ing to the proposed mechanism, DMA is the source of the
carbon unit required for this new approach to benzofurans
from 2-hydroxybenzophenones by the cascade formation of
0O1-C2 and C2—C3 bonds. The participation of 2-hydroxy-a-
arylstyrene intermediates is demonstrated by the fact that the
latter can be effectively used as substrates, thus leading to
benzofurans under similar oxidative conditions. The occur-
rence of other proposed intermediates, such as unsaturated
acids, lactones, epoxides, and dihydrofuran derivatives is also
discussed and demonstrated.

Experimental Section

General procedure for the synthesis of benzofurans 2 from
2-hydroxybenzophenones 1 or 2-hydroxy-o-arylstyrenes 3: A mixture
of the 2-hydroxybenzophenone 1 or 2-hydroxy-a-arylstyrene 3
(0.252 mmol), copper(I) acetate (15 mg, 0.123 mmol), 8-hydroxy-
quinoline (15 mg, 0.103 mmol), and K,CO; (35 mg, 0.252 mmol) in
anhydrous DMA (2.5 mL) was stirred in a round-bottom flask for
24 h at 140°C under an oxygen atmosphere. The reaction mixture was
cooled to room temperature, then H,O (5.0 mL) was added and the
resulting aqueous suspension was extracted with ethyl acetate (3 x
5SmL). The organic layer was washed with H,O (15 mL) and brine
(15 mL), dried over anhydrous Na,SO,, and concentrated in vacuo.
The crude product was purified by flash chromatography using ethyl
acetate/n-hexane 1:9 as eluent, to provide pure benzofuran 2.
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