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The methylenindene scaffold can be prepared from readily available gem-dibromoolefins using an efficient palladium-catalyzed tandem
intermolecular Suzuki/intramolecular Heck reaction. The reaction is highly modular and proceeds under mild conditions. The choice of ligand
was found to be crucial to control the selectivity of the reaction. Isolation of intermediates under different conditions provides insight into the

mechanism.

The chemistry of gem-dihaloolefins, once almost entirely
limited to alkyne synthesis, has undergone a renaissance
through the application of palladium catalysis.? Of particular
interest isthe growing area of heterocycle synthesis through
tandem catalysis, wherein the (2)-bromide of a trisubstituted
alkene undergoes an intramolecular cross coupling (cycliza-
tion) and the (E)-bromide participatesin an orthogonal inter-
or intramolecular coupling reaction which functionalizes or
annulates the ring, respectively. This strategy has been
applied to the synthesis of indoles® benzothiophenes*
benzofurans,” isocoumarins,® and other heterocycles’ and is
characterized by its efficient and modular nature. Despite
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the utility of the methods which have been developed, only
limited insight has been gained into their mechanisms.® In
particular, it is in many cases unclear which coupling step
occurs first.

Methyleneindenes have become highly sought after
because of their ability to be converted into functionalized
indenes, which are of interest as pharmaceutical agents,’
as metallocene precursors in olefin polymerization,'© and
in material science applications.** A number of approaches
to methyleneindenes have been reported, but these typi-
cally suffer from harsh reaction conditions, poor selectiv-
ity, or limited scope.*> ** Herein, we disclose a mild,
efficient method for the synthesis of methyleneindenes from
gem-dibromoolefins and show how variation of reaction
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conditions alters the course of the reaction. This strategy
provides three points of diversity; a boronic acid, a mono-
substituted alkene Heck acceptor, and an o-bromobenzalde-
hyde can be varied to provide a high degree of modularity
(Scheme 1).

Scheme 1. Retrosynthetic Analysis

1

R
= Tandem Br  Ramirez R
" A Catalysis @/Y Olefination CCO
| [ Ar— Z g
AN r

\ Heck +
2 + R
R +
Ar-B(OH), CBr,

We used substrate la to explore conditions for the
tandem reaction (see Table 1). We began with the
conditions previously developed for tandem Suzuki/
amination and Suzuki/Heck couplings of gem-dihalo-
olefins;*P in both cases, conversion was poor, though a
single product was isolated and identified as 3 (entries 1 and
2). Although previous reports have indicated that intermo-
lecular coupling of a trisubstituted gem-dihal oolefin occurs
selectively at the (E)-bromide,*® it has been demonstrated
that a coordinating group such as an alkyne or heteroatom
can direct oxidative addition of Pd to the (2)-bromide, leading
to a reversal of selectivity for certain intramolecular cou-
plings.’® Interestingly, the indenyl bromide 3 does not
undergo Suzuki coupling despite the presence of a boronic
acid.

In an attempt to alter the selectivity, we investigated a
mixed solvent system using trifurylphosphine (TFP) as
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ligand, as first described by Shen.'’” We were pleased to
discover that not only can selectivity be reversed to give
4 (3 is no longer observed) but also the desired tandem
product 2a can be obtained simply by increasing the
reaction time (entries 3 and 4). Screening of various
parameters led us to our optimal conditions: boronic acid
(1.5 equiv), Pd,dbas (2.5 mol %), TFP (10 mol %), and
Cs,COs (4 equiv) in dioxane/water 5:2 at 60 °C. We also
discovered that enhanced yields of 3 are obtained when
'BusPHBF, was used as the ligand (entry 6). Further
studies are in progress to explain the nature of this
selectivity.

Table 1. Screening of Reaction Parameters (Selected Entries)®

D+ D)=

B AB(OH), \ \
N Pd/L MeO.C™ o, MeO,C 3
base
solvent A Ar
1a COMe  temp Y y
Br
| = CO,Me
4 COMe 5
entry ligand base temp (°C) 2a:3:4:5°
1 SPhos K;PO, 110 0:15:0:0
2 Bu /NBr¢ KsPOy/EtsN 110 0:24:0:0
3%e TFP NayCOs 60 31:0:55:nd
4¢ TFP Nay,COs 60 64:0:0:nd
5¢ TFP Cs9CO3 60 77:0:0:16
6 ‘BusPHBF,; CsyCO3 110 0:45:0:0

@ Reactions were run using 0.2 mmol of 1a, 1.0 equiv of 3,4-
dimethoxypheylboronic acid, 2.5 mol % of Pd,dbas, 10 mol % of ligand,
and 4.0 equiv of base in 1 mL of dioxane overnight. ° Isolated yields.
1.0 equiv of Bu,NBr was used instead of 10 mol % of
ligand. ¢ Reaction was run for 3 h. ©0.4 mL of water were added. Ar =
3,4-dimethoxyphenyl.

With these optimized conditions in hand, we set out to
test the scope of our method (see Scheme 2). The reaction
tolerated a wide range of boronic acids, including electron-
rich, electron-poor, sterically crowded, and heteroaryl species
(entries 2a—h). Both electron-deficient alkenes and styryl
derivatives could be used as Heck acceptors (entries 2i—n).
The efficiency was improved as the electron density on the
aryl ring increased: a substrate bearing an electron-donating
methoxy group (entry 2p) led to higher yields than the
electron-neutral system, while electron-poor substrates gave
reduced yields (entries 2q—s). Incorporation of a sterically
demanding substituent ortho to the Heck acceptor greatly
decelerated the Heck reaction: under normal conditions, only
the Suzuki coupling occurs (entry 2t). A thiophenyl substrate
reacted sluggishly, giving the desired product in only 18%
yield (entry 2u). This could be due to coordination of the
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Scheme 2. Scope of Tandem Reaction
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2 Reactions carried out using 0.2 mmol of 1, 1.5 equiv of boronic
acid, 2.5 mol % of Pd,dbas, 10 mol % of TFP, and 4 equiv of Cs,CO3
in 1,4-dioxane (1 mL)/H,0 (0.4 mL) at 60 °C for 18 h. ® 1.0 mmol scale.

sulfur to the vinylpalladium intermediate, which would slow
the Heck process.®
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To study the mechansim further, potential intermediates
3 and 4 were subjected to the reaction conditions (Scheme
3). Intermediate 3 gave poor conversion and low yield, even
after prolonged reaction times, while intermediate 4 gave
exactly the product distribution obtained from the tandem
reaction. This supports the idea that under the optimized
conditions it is the (E)-bromide that undergoes oxidative
addition first. The alkyne byproduct 5 was also subjected to
the reaction conditions but was found to be completely
unreactive.

Scheme 3. Investigation of Potential Reaction Intermediates®
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2 Conditions are identical to those in Table 2. Ar = 3,4-dimethox-
yphenyl.

To establish that cyclization was occurring via a Heck-
type mechanism, (Z)-alkene starting material 6 was synthe-
sized. When this akene was subjected to the reaction
conditions, the alternate product isomer was obtained (eq
1). This demonstrates that the textbook Heck reaction
mechanism (syn-carbopalladation followed by bond rotation
and syn-g-hydride elimination) is operative in the tandem
process.'®

/@[OME
Xy P (HORB OMe
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\ (
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| Cs,CO;
COyM
MeO,C 5 dioxane/H,O 7 64% e
80 °C 1 64%

An overview of the proposed mechansim is displayed
in Scheme 4. Path | is followed exclusively when small
monodentate phosphines are used as ligands. In this
pathway, oxidative addition of Pd® to the (E)-bromide
occurs, followed by transmetalation with a boronate and
reductive elimination of intermediate 4 to regenerate a

(19) For athorough account of Heck reaction mechanisms, see: Jutand,
A. In The Mizoroki—Heck Reaction; Oestreich, M., Ed.; John Wiley and
Sons: Hoboken, 2009; p 1.
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Scheme 4. Mechanism of the Tandem Reaction®
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Pd° species. This intermediate may then undergo an E2
elimination to give alkyne byproduct 5 or reenter the
catalytic cycle through oxidative addition to the remaining
alkenyl bromide. In the latter case, the alkenylpalladium
undergoes carbopalladation, followed by bond rotation and
SB-hydride elimination to give the (Z)-methyleneindene 2a.
When an electron-rich, sterically crowded ligand such as
'BusP or SPhos is used, Path 1l is followed. In this case,
apparent oxidative addition to the (Z)-bromide occurs, and
the Heck reaction proceeds as expected giving product 3.
Under the conditions conducive to Path I, product 3 does
not undergo subsequent Suzuki coupling despite the
presence of a boronic acid. Whether the (2)-alkenylpal-
ladium intermediate indeed arises from a selective oxida-
tive addition, possibly directed by the olefin of the Heck
acceptor, or isin fact obtained by an isomerization of the
(E)-alkenylpalladium bromide is a question we are cur-
rently studying in our laboratories.
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