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Abstract: A Pd(ll)-catalyzed C—H activation/C—O cyclization
reaction directed by a proximate hydroxyl group has been
developed. This reaction provides a new method for constructing
dihydrobenzofurans, including spirocyclic analogues, a process
that is potentially applicable to natural product synthesis.

Among the myriad ring-forming reactions in organic synthesis,
the direct cyclization of tethered carbon atoms or heteroatoms onto
proximate C—H bonds is uniquely straightforward and potentially
one of the most versatile and practical methods (eq 1).* In this
context, a number of Pd-catalyzed C—N bond-forming reactions
based on amine-directed C—H activation have been developed for
the synthesis of azaheterocycles? In contrast, intramolecular
reactions of hydroxyl groups with C—H bonds to form furan or
pyran derivatives have not been reported to date.

n C-H Activation
H y — X=N,0 (1)

Dihydrobenzofuran rings are common structural motifsin many
natural products® and pharmaceuticals, including those used to treat
traumatic central nervous system (CNS) injury, arteriosclerosis, and
hepatopathy (Scheme 1).° Hence, effective methods for the
construction of dihydrobenzofurans have been actively pursued
during the past several decades.®® Notably, C—O coupling reactions
catalyzed by Pd(0)” and Cu(l)® have become indispensible in the
preparation of such motifs. Herein we report a new dihydroben-
zofuran ring-forming process via hydroxyl-directed C—H activation/
C—0 bond formation. This reaction provides a potentially powerful
disconnection for complex dihydrobenzofuran-containing natural
products and drug molecules, particularly since the alcohol precur-
sors can readily be prepared from ketones or esters and Grignard
reagents.

Scheme 1. Natural Products and Pharmaceuticals That Contain
Dihydrobenzofuran Rings

Methyl rocaglate: R = CO;Me.

Stachybotrylactam Rocaglamide: R = CONH;.

Oxycontin

In comparison with amine-directed C—H activation/C—N
bond-forming reactions, dihydrobenzofuran formation via C—H
activation offers a distinct challenge. Hydroxyl-directed C—H
activation is far from being well-established. Nevertheless, our
recent report of the first example of hydroxyl-directed C—H
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activation promoted by Li,CO; provided us with a stepping stone
to explore this idea.®*° Focusing on the combination of Pd(Il)
and Li,COg, we surveyed awide range of one- and two-electron
oxidants in an effort to induce C—O reductive elimination from
putative Pd(11), Pd(I11),** or Pd(1V)*? intermediates. For instance,
we previously used Ag(l)/Cu(ll) to promote C—N reductive
elimination in a lactam-forming reaction.>® However, these
oxidants were ineffective in this case (Table 1, entries 1—3).
We further tested a one-electron oxidant, Ce(SQ,),, which gave
complete recovery of starting material (entry 4).29 Since a wide
range of peroxides have been reported to oxidize Pd(l1) to Pd(IV)
in anumber of C—H oxygenation reactions,*? we next screened
these established peroxide oxidants but again failed to observe
the desired product (entries 5—8). Although a few well-
established oxidants for halogenation™® could not induce this
cyclization reaction (entries 9—12), we found that a strongly
oxidizing fluorinating reagent, NFSI, gave the desired dihy-
drobenzofuran product in 23% yield, which improved to 73%
when 10 mol % Pd(OAc), was used (entry 13). Apparently,
intramolecular C—O reductive elimination from the Pd(1V)
species is favored over C—F reductive elimination. Encouraged
by this result, we further tested Phl(OAc),, a generally effective
oxidant,™ and the yield increased to 88% (entry 14). Other high-
valent iodonium salts, such as Phl(TFA), and Phl(OPiv),, gave
lower yields (entries 15 and 16). We extensively screened bases
[see the Supporting Information (SI)] and found that Li,CO3 and
Na,HPO, were the most effective. In the absence of base, the reaction
a0 proceeded to give the desired product in 45% yield, accompanied by
subgtantid starting materid decompodtion (see the S).

Table 1. Pd(Il)-Catalyzed C—H Activation/C—0O Cyclization: Survey
of Oxidants®P©

Pd(OAGc); (5 mol%)
Li,CO3 (15 equiv.), oxidant @:24
H CsFs, 100°C,36h
1a 2a
entry oxidant (equiv) yield (%) entry oxidant (equiv) yield (%)
1 AgOAc (3.0) 0 9 10Ac (3.0) 0
2 Cu(OAc), (L5) 0 10 NCS(L5) 0
3 AgOAc/CuCl, (15/15) 0 11 NIS(L5) 0
4 Ce(SOu); (2.0) 0 12 FTMPT (15) O
5 MeCOst-Bu (1.5) 0 13 NFSl (1.5) 23 (739
6 K,S0s (5.0) 0 14 Phi(OAc), (1.5) 88
7  oxone (5.0) 0 15 PhI(TFA), (1.5) 13
8 (t-BuO), (1.5) 0 16 PhI(OPiv), (1.5) 50

& Unless otherwise noted, the reaction conditions were as follows: la
(0.2 mmoal), Pd(OAc), (0.01 mmol, 5 mol %), oxidant (0.3 mmol, 1.5
equiv), Li,CO; (0.3 mmol, 1.5 equiv), CeFs (2 mL), 100 °C, 36 h. PH
NMR yields using CH,Br, as the internd standard are reported. © NCS =
N-chlorosuccinimide, NIS = N-iodosuccinimide, NFSI = N-fluoro-
benzenesulfonimide, FTMPT = 1-fluoro-2,4,6-trimethylpyridinium triflate.
dUsing 10 mol % Pd(OAc), at 70 °C.
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Next, a variety of tertiary alcohols were cyclized to give the
corresponding dihydrobenzofuransin good to excellent yields (Table
2). Both electron-donating groups, such as OMe and Me (2b—f),
and electron-withdrawing groups, such as CFs;, F, Cl, Br, and
COOMe (2g—m), were tolerated on the aryl ring. The presence of
Cl and Br in the products is very useful for further synthetic
elaborations. Alkyl and aryl substituents at the o- and 3-positions
of the alcohols did not adversely affect the reaction (2n—s), while
the presence of an a-ester group decreased the yield to 50% (2t).
Unsurprisingly, cyclization of secondary acohol 1u gave the desired
product in substantially lower yield (2u), presumably because of
competitive oxidation of the acohol to the ketone, which was
observed.

Table 2. Pd(ll)-Catalyzed C—H Activation/C—O Cyclization®®

mmmm

2c, 83% ﬂd 85% 2e, T6%°
2, 75% 2g, 85% 2h, 86% 2i, 88%
cr” : o B : QR : o szm
2j, 85%° 2k, 91% 21, 83% 2m, 90%
Pr
Wal J e n.pr i-BL
2n, 82% 20, 88% 2p, 91% 2q, 70%
Et H
@0&4 o 2 <
2r, B1%° 2s, 80%° 2t, 50%¢ 2u, 42%°

2 Unless otherwise noted, the reaction conditions were as follows: 1
(0.2 mmol), Pd(OAC), (0.01 mmol, 5 mal %), Phi(OAc), (0.3 mmoal, 1.5
equiv), Li,CO; (0.3 mmol, 1.5 equiv), C¢Fs (2 mL), 100 °C, 36 h.
b|solated yields are reported. © Na,HPO, was used instead of Li,COs.
dUsing 10 mol % Pd(OAC),.

Since ortho-brominated substrates are known to undergo C—0O
cyclization through Pd(0) and Cu(l) catalysis,”® substrate 1v was
subjected to this newly developed protocol, and the dihydroben-
zofuran product 2v was obtained in 88% vyield. This result
demonstrates the complementary reactivity of this new transforma-
tion (Scheme 2), and the remaining bromideis avery useful handle
for subsequent transformations.

Scheme 2. Pd(0)- and Pd(ll)-Catalyzed C—O Cyclization
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1v 2v, 88% yield

To test whether this transformation could be applied in the
synthesis of natural products and drug molecules containing
spirocyclic dihydrobenzofurans, we prepared tertiary alcohols 1w
and 1x by reacting cyclohexanone and 1-decalone, respectively,
with Grignard reagents. Gratifyingly, both alcohols smoothly
cyclized to give the corresponding spirocyclic products in good
yields (Scheme 3).

A plausible mechanism appears to involve Pd(11)-catalyzed C—H
cleavage followed by oxidation of Pd(ll) to a higher oxidation
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Scheme 3. Construction of Spirocyclic Core Skeletons via
Pd(Il)-Catalyzed C—O Cyclization

H Pd(OAc); (5 mol%)
=4 Li>CO;3 (1.5 equiv.)
P PhI(OAC), (1.5 equiv.) -, MO
f CsFs, 100°C, 36 h [
1w, cyclohexanol 2w, 85% yield
1x, decahydronaphthalenol 2x, 83% yield

state,**? from which C—O reductive elimination takes place
(Scheme 4). Notably, the reaction was found to proceed to some
extent in the absence of the base. Since the formation of the
[PA(11)—OR] species asthe C—H activation precursor is unfavorable
under neutral conditions, we propose that the hydroxyl moiety
coordinates with Pd(I1) as a neutral ¢ donor.

Scheme 4. Plausible Mechanism

Pd'"(OAc), m

2a 1a
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In summary, we have developed a Pd(l1)-catalyzed hydroxyl-
directed C—H activation/C—O cyclization reaction. This reaction
provides a new method for constructing dihydrobenzofurans,
including spirocyclic compounds that are potentially relevant to
natural product synthesis.
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