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ABSTRACT

A hydroheteroarylation reaction of vinyl phenols using an alkyl chloride as the sacrificial hydride source is reported. The method tolerates a wide
range of heterocycles as the exogenous nucleophile including indoles and pyrroles. The resulting products are easily processed to biologically
relevant scaffolds.

In recent years, substantial attention has been given to
metal-catalyzed hydrofunctionalization reactions, in par-
ticular to hydroheteroarylation reactions.1 When using
vinyl arenes as substrates, these reactions rapidly generate
molecular complexity while also accessing 1,1-diaryl sub-
structures commonly found in biologically active com-
pounds.2 Various methods have been reported to access
such compounds including Au-3 and Ni-catalyzed4 hydro-
heteroarylation reactions. In this regard, our laboratory

has reported the use of styrenes5 and dienes6 as substrates
in oxidative Pd(II)-catalyzed hydrofunctionalization reac-
tions with organometallic reagents and either an alcohol5�7

or alkylzinc reagents8 as the hydride source. These reac-
tions have generally been limited to the introduction of
simple arenes and alkyl groups as the organometallic
reaction partner. Considering this limitation and our
recent discovery of lead compounds 1 and 2, which illicit
activity in breast cancer assays and arrest cells in different
phases of the cell cycle,9 we became interested in develop-
ing new alkene hydrofunctionalization reactions, which
allow for the facile incorporation of broad classes of
heteroaromatic compounds (Figure 1a).Hereinwe present
the design and development of such a reaction of vinyl
phenol derivatives, to access diverse analogues of 1 and 2,
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which is proposed to be initiated by a Pd(0)-catalyzed
oxidative addition of an alkyl chloride to ultimately gen-
erate a Pd-hydride.

We previously reported a hydroalkoxylation reaction of
vinyl phenols utilizing a coupled alcohol oxidation to form
a Pd-hydride followed by addition of the alcohol to a
proposed o-quinone methide intermediate.7a Under these
conditions, poor yields was observed when employing N-
methylindole as the exogenous nucleophile (Figure 1b).
Furthermore, indole derivatives lacking aprotecting group
on nitrogen are not tolerated under our reported Pd(II)
oxidative catalytic conditions severely limiting the scope of
the process.9On the basis of these observations, alternative
methods to generate the requisite Pd-hydride were con-
sidered. Specifically, oxidative addition of an alkyl electro-
phile to form A followed by β-hydride elimination to
generate a Pd-hydride B is proposed (Scheme 1). Of note,
β-hydride elimination is generally considereddeleterious in
cross-coupling of alkyl electrophiles. Using a vinyl phenol
as a substrate, addition of the Pd-hydride to yield C and
subsequent electron transfer from the substrate to Pd

forms a quinonemethide intermediate of typeD to provide
a potent latent electrophile for nucleophilic addition.10

Initial investigation of this proposed process began with
the selection of Pd2(dba)3, P(Cy)3, and an alkyl bromide as
the potential hydride source based on Fu’s reported Pd-
catalyzed alkyl�alkyl cross-couplings.11 It shouldbenoted
that Fu’s conditions are generally utilized to slow β-
hydride elimination of the Pd-alkyl generated from oxida-
tive addition of an alkyl electrophile. However, when the
reaction is performed above 50 �C,β-hydride elimination is
observed.11c Using vinyl phenol 3 and 1,2-dimethylindole
as the exogenous nucleophile, a 33% yield of the desired
productwas observedat 80 �C.Unfortunately, a 26%yield
of the alkylated phenolwas alsodetected (Table 1, entry 1).

Use of bidentate ligands did not improve the reaction
outcome (Table 1, entries 2�4). Modest improvement

was observed by changing the ligand loading (Table 1,

compare entries 1 and 5). Considering that the phenol

alkylation process most likely is the result of an SN2

reaction, other less reactive electrophiles were evaluated.

Using either a secondary bromide or an alkyl chloride, a

significant reduction of the phenol alkylation product was

observed with concomitant slowing of the desired hydro-

functionalization reaction (Table 1, entries 6 and 7). The

use of butyl chloride was preferred due to the low cost

(∼$ 0.03/g) and simplicity. Upon further optimization,

excellent yield and selectivity is achieved (Table 1, entry 8).

Figure 1. (a) Structure of proposed framework. (b) Addition
of N-methylindole to a vinyl phenol under previously reported
conditions.

Scheme 1. Proposed Mechanism

Table 1. Optimization of Reaction Conditions

entry X ligand RX t(h) % conva % 6b % 7b

1 20 P(Cy)3 2 equiv C12H25Br 48 87 33 26

2 10 dcpe 2 equiv C12H25Br 48 71 35 24

3 10 dppf 2 equiv C12H25Br 48 68 35 30

4 10 BINAP 2 equiv C12H25Br 48 44 20 18

5 17 P(Cy)3 2 equiv C12H25Br 48 76 42 26

6 17 P(Cy)3 4 equiv CyBr 60 65 63 <2

7 17 P(Cy)3 4 equiv C4H9CI 60 81 76 <2

8 17 P(Cy)3 6 equiv C4H9CI 72 98 82c <2

9 17 P(Cy)3 � 72 98 40c NA

10 _ _ _ 72 96 31c,d NA

aThe conversion was measured by GC with an internal standard.
bThe yield was determined by GC with an internal standard. c Isolated
yield. dNo Pd catalyst and base added. Concentration of the reaction
mixture (with respect to 3): 0.1 M.
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When, a control experiment in the absence of alkyl chloride

was performed (Table 1, entry 9), to our surprise, product

formation was observed presumably via a 1,5-sigmatropic

rearrangementalbeit in loweryield.12aAdditionally, a reaction

of the vinyl phenol with 1,2-dimethyl indole in the absence of

any catalystwas performed to achieve a similar yield (Table 1,

entry 10). It should be noted that such 1,5-sigmatropic

rearrangements are not commonly used for o-QM formation

and functionalization and often require more forcing condi-

tions.12 While these control experiments suggest that alter-

native mechanistic pathways are operational for product

formation (vide infra), the presence of the Pd catalyst and

the alkyl chloride significantly improves the reactionoutcome.
Having optimized the reaction conditions, the reaction

scope was evaluated. Unprotected 1H-indole gave the
product in 80% isolated yield with >90% recovery

of the remaining nucleophile (Table 2, entry 2a).2e,13

Unprotected indoles/heteroaromatics as nucleophiles
are beneficial because they not only avoid an undesired
protection�deprotection sequence but also provide flexi-
bility for further synthetic modifications. N-alkyl substi-
tuted indoles perform well giving products in good yields
(entries 2b and 2c). Indoles with different steric and
electronic parameters are well tolerated under the reaction
conditions including various substitution at the 2-position
(entry 2d�2i). Additionally, a 3-substituted indole under-
goes addition from the 2-position allowing entry into this
important compound class (entry 2j). The reaction is not
limited to the use of indoles as the nucleophilic heterocycle
as demonstrated by the successful use of pyrroles, an
indolizine, and a furan (entry 2k�2o). Additionally, the
nature of the phenol was evaluated with both electron
withdrawing and electron rich vinyl phenols giving good
yields of the desired products (entry 2p�2s). Furthermore,
p-vinylphenol also reacts under the optimized conditions,
albeit a low yield of the product was observed (entry 2t).

The phenol, which is a mechanistic requirement for
o-QM formation, provides a handle for further functiona-
lization of the products into biologically relevant scaffolds
as demonstrated in Figure 2.2e Conversion of phenol 2a to
the corresponding aryl triflate followed by intramolecular
Heck reaction gives a known antioxidant 8 in 87% yield
(Figure 2a).14 Related tetracyclic indanoindole scaffolds
are also found in various biologically active compounds

Table 2. Substrate Scope of Hydrofunctionalization of Vinyl
Phenols

aYields are average of at least two runs at 0.3mmol scale. bReactions
performed at 100 �C. c 1 mL of nucleophile was used. dPerformed on
1.5 mmol scale. eRatio of C2/C3 alkylatlon = 4:1.

Figure 2. Rapid access to various biologically relevant scaffolds.
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showcasing diverse biological activity.14a,15 Compound 2a

can also be converted to compound 9 in excellent yield via
reduction of the corresponding aryl triflate (Figure 2b),
which leads to a styrene hydroheteroarylation product and
is a common pharmacological framework.2 Additionally,
the treatment of compound 2a with NBS gives the tetra-
cyclic compound 10 in excellent yield (Scheme 3c).
To further explore the utility of this method, an inverse

electron-demand Diels�Alder reaction with an electron-
rich cyclic enamine was conducted (Scheme 2). The reac-
tion proceeds smoothly to give chromane derivative 11 in
63% yield as a single diastereomer. This showcases the
utility of the developed method to generate relatively
complex frameworks from a simple substrate in a single
step.

While the control experiments performed in the optimi-
zation suggest that the catalyst and the alkyl chloride are
not required to observe product, the enhancement of yield
advocates for a role of both. Therefore, the origin of the
hydrogen atom in product 2a was explored through two
isotopic labeling experiments. First, treating deuterated
phenol 12with an alkyl bromide under otherwise standard

reaction conditions results in <5% deuterium incorpora-
tion into the product (Scheme 3a). In contrast, excellent
incorporationofdeuterium(>95%) isobservedwhenusing
a deuterated alkyl bromide (Scheme 3b).16 These experi-
ments suggest that a mechanism involving a Pd-hydride is
directly involved in product formation but does not rule out
multiple reaction pathways, including a 1,5-sigmatropic
rearrangement, for any specific substrate evaluated.17

In conclusion, we have successfully utilized a simple
and inexpensive alkyl chloride to generate a proposed Pd-
hydride, which is used to initiate an alkene hydrofunctiona-
lization reaction. This approach offers a distinct mechanistic
alternative to most reported hydrofunctionalization reac-
tions including previous work from our laboratory that has
focused on oxidative palladium catalysis. The reaction dis-
plays a broad scope in reaction partners, and the products
formed through this reaction can be rapidly processed to
biologically relevant scaffolds. Futurework is focused on the
evaluation and comparison of the compounds produced
using this method to compounds 1 and 2 in breast cancer
assays aswell as exploiting theuse of alkyl halides to generate
a Pd-hydride for new reaction development.
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Scheme 3. Deuterium-Labeling Experiments

Scheme 2. Inverse Electron Demand Diels-Alder Reaction
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