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Pentafluorophenylboronic acid catalyzes the regioselec-
tive coupling of structurally diverse allylic alcohols with a
variety of electron-rich aromatic and heteroaromatic
substrates under ambient conditions. The commercially
available catalyst is recoverable and air and moisture
stable, and the reaction produces water as the only
byproduct.

Since its discovery over 130 years ago,' the Friedel—Crafts
(FC) alkylation reaction has been established as a powerful
and versatile method for C—C bond formation.? This is due
primarily to its broad scope and ability to directly functio-
nalize rings at a C—H bond.? Significant disadvantages of
classical methods, primarily due to environmental concerns,
have been addressed to some extent, namely their reliance on
harsh reaction conditions, stoichiometric quantities of elec-
trophile activators, and the resulting waste produced. From
an environmental and atom-economical standpoint, the
ideal FC process would be catalytic and employ hydroxide
as a leaving group on the electrophile and, thus, generate
only water as a byproduct of the reaction. This approach has
so far been limited, primarily by the poor leaving group
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ability of the OH group, but has been achieved with some
success in recent years with the use of z-activated alcohols
as electrophiles.* Allylic, propargylic, and benzylic alcohols
(or combinations thereof) lead to resonance-stabilized car-
bocations that can be generated under mild conditions. The
products of these reactions have the added advantage of
functionality that may be further elaborated.

Several classes of catalysts have been successfully applied
to the FC reaction of allylic alcohols, including Bronstead
acids,’ conventional Lewis acids,® and transition metals.” So
far, reaction scope in terms of allylic alcohols, particularly
with respect to cyclic ones, remains limited. Given the nature
of the proposed allylic carbocation intermediates, regioselec-
tivity in terms of the sight of nucleophilic attack can be
problematic. In several cases, a large excess of the nucleo-
phile is required, and all of the methods reported require
either strongly acidic or toxic and often expensive metal-
based catalysts. Thus, an environmentally benign, mild,
selective, and recoverable catalyst would be a useful alter-
native.

Diversely substituted arylboronic acids are widely avail-
able due primarily to their common use in Suzuki—Miyaura
cross-coupling reactions.® In contrast to their use as reac-
tants, there are only sporadic reports of their use as cata-
lysts,” despite several attractive features, including the Lewis
acidity of the boron atom, their ability to complex with
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SCHEME 1. Attempted Allylic Alcohol Rearrangement
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sterically hindered alcohols, solubility in organic solvents,
and stability in the presence of air and moisture.'® Further-
more, arylboronic acids are easily recovered from complex
mixtures via basic extraction.""

During the course of a study on boronic acid catalyzed
rearrangement reactions of allylic alcohols (e.g., 1f to 2),'> we
noted the formation of dehydration byproducts (e.g., 3a
and 3b), which suggested the possible intermediacy of a
carbocation (4, Scheme 1). We reasoned that these inter-
mediates could be trapped with nucleophiles to afford useful
substitution products (5).

Indeed, treatment of a mixture of alcohol 1a, 2-methylfur-
an (6), and 4 A molecular sieves in CH,Cl, with pentafluor-
ophenylboronic acid at room temperature for 16 h afforded
allylated methylfuran 5a in good yield and excellent regios-
electivity with respect to both the position of alkylation on
the furan ring and the site of nucleophilic attack (Table 1,
entry 1). Similarly, alcohol 1b underwent addition regio- and
stereoselectively to afford Sb in near-quantitative yield, with
only the E product observed (entry 2). Compound 1¢, with an
unsubstituted phenyl substituent, failed to react under the
specified conditions (entry 3), but upon modification with an
electron-donating substituent in 1d, the reaction proceeds in
good yield, with excellent regio- and stereoselectivity. Similarly
to 1lc, electron-poor derivative le failed to react (entry 5).
Endocyclic allylic alcohols are also effective substrates in the
reaction. Phenyl-substituted, medium-sized ring substrates
1f—h undergo reaction in good to near-quantitative yields,
affording single regioisomers Sf—h, respectively, as products
(entries 6—38). Alkyl (1i) as well as alkynyl (1j,) substrates are
well tolerated, albeit with the latter producing products in
somewhat decreased yields (entries 9—11). Bis-allylic alcohol
substrate 11 undergoes substitution exclusively at the exo-
cyclic site and exhibits low E/Z selectivity in the product (51,
entry 12). The related, semisaturated exocyclic-only deriva-
tive 1m failed to undergo reaction under the specified con-
ditions (entry 13).

Other aryl-substituted cyclic allylic alcohols (In—p) are
highly effective substrates for the reaction, regardless of
electronic (entries 14 and 15) or steric (entry 16) factors,
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TABLE 1.  Allylation of 2-Methylfuran
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“The product is an inseparable 10:3 mixture of diastereomers.

affording products Sn—p in near-quantitative yields. Similarly,
enantiomerically and diastereomerically pure carvone-derived
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TABLE 2.  Comparison with Other Catalysts TABLE 3.  Allylation of Other Nucleophiles
catalyst OMe RZOH C(BFSB(OI‘?))z |R?
(10 mol%) 7\ ‘ R' 3 10 mol% R
6 + 10 - Me™ g ‘ At TR ArWRs
it 4 4AM.S., CH,CI .
conditions 50 n(h R . 16h 2z a(9._.R*
entry catalyst conditions yield (%) entry Ar-H 1 product: yield (%)
1 C¢FsB(OH), 4 A M.S. CH,Cl,, 16 h, 1t 95 X X ph
2 TsOH CH;CN, 16 h, 1t 38 Meo@ 1o O_/=<Ph
3 BF;-OEt, CH,Cl,, 16 h, 1t 81
4 FeCls MeNO,, 16 h, rt 52 _ aro
5 AuCly 4 A M.S. CH,Cl,, 16 h, rt 92 ! 7:X=0OMe 1a 7a: 95%
2 8 X=H 1a 8a: 0%
N Ph
alcohol 1q affords product 5q in excellent yield, but as a 10:3 3 @:} 1a Z ph

mixture of diastereomers.

In order to compare our method with established proto-
cols for FC reactions of this type, we tested the reaction of
cyclic substrate 1o with 6 with a selection of known catalysts
(Table 2). In each case, the literature method was adhered to
with the exception of catalyst loading (10 mol % was used in
each case), and the molar ratio of alcohol to aromatic
substrate (a 1:1 ratio was used) so that results in terms of
yield and purity could be compared directly.'* As a protic
acid, TsOH afforded the product in low yield (entry 2), with
significant byproduct formation as illustrated by the NMR
spectra of the crude reaction product 50. By comparison,
BF; was effective, affording the product in moderate purity
and good yield (entry 3). 14 FeCls, which has been shown to be
very effective in FC reactions of benzylic alcohols,'® afforded
the product in modest yield and with significant impurities
(entry 4). Of the four alternative catalysts tested, AuCl;
performed the best (entry 5).°¢ These conditions afforded
50 in comparable yield to ours (entry 1), with only very minor
impurities evident by NMR. However, pentafluorophenyl-
boronic acid is significantly less expensive than AuCl; on a
per mole basis.

Having established the scope of the reaction with 2-
methylfuran as the nucleophile, we began testing the efficacy
of a variety of other electron-rich heterocycles in the reaction
with a selection of our allylic alcohol substrates (Table 3).
1,3-Dimethoxybenzene (7), indole (9), 2-methoxynaphtha-
lene (10), and pyrrole (11) all react with alcohol 1a to afford
the corresponding products (7a, 9a—11a) in good to excellent
yields, with excellent regioselectivity with respect to the site
of allylic substitution (entries 1, 3—5). In the case of pyrrole,
a ca. 5:1 mixture of C* and C? allylation products was
observed (entry 5). In contrast, anisole (8) failed to react
with 1a (entry 2). Indole reacts with alcohol 1r to afford the
product 9rin good yield, but with moderate E/Z selectivity as
an inseparable mixture of stereoisomers (entry 6). 1,3,5-
Trimethoxybenzene 12 is also an effective nucleophile, af-
fording monoallylated product 12s in moderate yield, along
with a small amount of diallylated product 12t (entry 7). Free
2-naphthol 13 alkylates selectively at C' upon treatment with

(13) Purlt%/ of the products was compared qualitatively by comparison of
the 'H and '?C NMR spectra of the reaction mixtures prior to chromato-
graphic purification. See the Supporting Information.
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“Inseparable 4:1 mixture of E/Z isomers. "23% of disubstitued
product (12t) was isolated.

cyclic alcohol 1i to afford 13i in high yield (entry 8).
Compounds 9, 12, and 11 are also effective substrates for
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coupling with cyclic derivative 1i, affording the correspond-
ing products 9i, 12i, and 11i in good yields. Similarly to
coupling with 1a (entry 5), pyrrole (11), upon treatment
with 1i, affords a mixture of regioisomers with moderate
selectivity (entry 11).

In contrast to the mixtures obtained upon reaction of 12
with acyclic alcohols (entry 7), reaction with aryl- or alkynyl-
substituted cyclic derivates 1p and 1k affords monoallylated
products exclusively (12p and k, entries 12 and 13). A second
allylation in these cases may be precluded for steric reasons.
Indole is an effective nucleophile for reaction with electron-
rich aryl-substituted alcohol 1o and affords the product 9o in
excellent yield (entry 14).

SCHEME 2. Mechanistic Study

Ph OH

or
1f

In all examples of the coupling reaction studied thus far,
only products attributable to a formal conjugate nucleophi-
lic addition to the allylic alcohol have been observed, which
suggests the possibility that an Sn2’ mechanism is involved.
On the other hand, the site of attack also consistently
corresponds to the least hindered terminus of an allylic
carbocation, which would be formed during the course an
Sn1-type process. In order to determine which mechanism is
operative, we prepared alcohol 2 and subjected it to the
reaction conditions in the presence of 6. We obtained in 96%
isolated yield product 5f (Scheme 2), a nearly identical result
for the analogous reaction of 1e (cf. Table 1, entry 6). This
suggests formation of a delocalized carbocation followed by
nucleophilic attack, where steric effects control the regios-
electivity. Indeed, such a mechanism is consistent with the
partial loss of stereochemical information in Table 1, entry
17, and the failure of substrates that would lead to poorly
stabilized carbocations (e.g., 1e,m) to undergo reaction.
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In summary, we have developed a mild, catalytic method
for the allylation of electron-rich aromatic and heteroaro-
matic rings. This method is amenable to a large array of
cyclic and acyclic allylic substrates without the need for
preactivation of the alcohol moiety. This protocol compares
favorably to other methods in terms of yield and selectivity
for the desired product. Initial studies suggest that a reso-
nance-stabilized carbocation is involved and the observed
high regioselectivity is due mainly to steric control. Further
mechanistic studies and expansion of the scope of this
reaction are ongoing in our laboratory.

Experimental Section

S5a. To a vial containing 1a (0.5 mmol) in CH,Cl, (2.5 mL)
were added freshly dried powdered 4 A molecular sieves
(500 mg), 6 (1.0 equiv), and pentafluorophenyl boronic acid
(11 mg, 0.1 equiv). The vial was capped and the mixture allowed
to stir for 16 h at room temperature. The suspension was filtered
through a 1 in. plug of'silica, eluting with CH,Cl,, and the eluent
concentrated in vacuo. Purification of the residue by flash
chromatography (0—2% EtOAc/Hex) afforded the desired
product (5a) as a colorless oil (96 mg, 70%): '"H NMR (400 MHz,
CDCly) 6 7.37-7.33 (m, 2H), 7.31-7.28 (m, 1H), 7.25—7.22
(m, 7H), 6.25—6.21 (t, J = 7.5 Hz, IH), 5.90—5.89 (d, J/ = 3.0 Hz,
1H), 5.85—5.83(d,J = 3.0 Hz, 1H), 3.41-3.39(d, J = 7.5Hz, IH),
2.24 (s, 3H); *C NMR (100 MHz, CDCly) 6 152.4, 150.6, 143.1,
142.3,139.5, 129.8, 128.2, 128.1, 127.4, 127.14, 127.10, 124.4, 105.9,
105.8,29.0, 13.5; FTIR (neat) v 3057, 3027, 2921, 1953, 1889, 1661,
1494, 1445, 1020, 756 cm™'; HRMS (m/z) caled for CooH;70
273.1280, found 273.1282.
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