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The Heck reaction of an unsymmetrically substituted [3Jcumu-
lene has been investigated. Although a carbonyl conjugated
alkene is present, the arylpalladium species selectively inserts
into the C3—4 double bond, and a subsequent C-H activation
reaction with a neighboring phenyl group gives the indene
derivatives with a tetrasubstituted olefin moiety.

Cumulene derivatives have attracted a lot of attention due to their
high reactivity and unique chemical behavior' as nucleophiles,
electrophiles, and occasionally dienophiles. Most investigations on
reactivity have focused on symmetrically substituted cumulene
derivatives possessing the same substituents on both sides of the
molecule,>'> but reports on the reactivity of unsymmetrically
substituted cumulene derivatives are limited.>

We have recently demonstrated the reaction behavior of
2-methyl-5,5-diphenylpenta-2,34-trienal (1),* a stable unsymme-
trically substituted [3]cumulene, in Diels-Alder (DA) and Friedel-
Crafts reactions.’ That study has revealed that the distinct double
bonds, which possess different electronic and steric properties,
show completely different reactivities. The DA reaction of 1 with
cyclopentadiene selectively occurs on the C2-3 double bond to
afford tetrasubstituted allenyl adducts. In sharp contrast, the
Friedel-Crafts reaction with electron-rich hetero-aromatics yields
tetrasubstituted conjugated dienes via a conjugate addition—
protonation on C3-4.

As part of our continuing investigations on the reaction
behavior of 1 in transition metal catalyzed transformations, we
have explored the Heck reaction. Initially, we expected a reactivity
similar to the DA reaction might provide allene 3 via insertion of
an arylpalladium species into the carbonyl conjugated C2-3
double bond® (path a) and successive B-hydride elimination of 2.
However, the reaction unexpectedly afforded 2,3-diaryl indene
derivative 5. This product is explained by a reaction that proceeds
through a domino process, which includes the selective insertion of
the arylpalladium species at the C3-4 double bond (path b) and a
further C—H activation reaction’ with a neighboring phenyl moiety
to palladacycle 4 (Fig. 1). Herein, we report the details of this
domino Heck—C-H activation reaction.

We initially surveyed the appropriate conditions for the Heck
reaction with a variety of aryl halides (Table 1). Upon treating 1
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Fig. 1 Domino Heck-C-H activation reaction of 1.

and phenyl iodide with 10 mol% of Pd(OAc), and i-Pr,NEt,
the reaction proceeded smoothly to afford indene derivative 5a as
an E-Z mixture in 54% yield (entry 1). Using 2.0 equivalent of
phenyl iodide improved the chemical yield (entry 2),f but adding
more phenyl iodide did not afford a remarkable improvement

(entry 3).8

Table 1 Domino Heck—C-H activation reactions of cumulene 1

Ar-X pn
Pd(OAG), (10 mol%) O‘
1 Ar
i-ProNEt (3.0 eq)
CH4CN, 80 °C \ cHO
HaC
Yield® Ratio”
Entry Ar-X Equiv. #/h Product (%) (Z E)
1¢ Phl 10 2 5a 54 37:1.0
2 Phl 2.0 1 5a 59 (69)7 3.6:1.0
3 Phl 3.0 1 5a 61 34:1.0
4 PhBr 1.0 3 — — —
5 ;' R=0Me 2.0 1 5b 46 3.6:1.0
6 R = OMs 2.0 T 39 24:1.0
7 R =NO, 2.0 1 5d 66 43:1.0
8 R=Br 20 1 Se 55 2.7:1.0
R
9 | R=0OMe 2.0 2 5f 47 23:1.0
1 5g 62 23:1.0
1.0

10 R =OMs 2.0 3
11 R =NO, 2.0 1 5h 47 2.5:
R

“Isolated yields of E-Z mixtures. > Determined by integration of the
"H NMR spectrum. ¢ The reaction mixture was heated to 100 °C.
4 Calculated by integration of the 'H NMR spectrum of the crude
reaction material using dimethyl oxalate as an internal standard.
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Functionalized phenyl iodides were also applied to this reaction
(entries 5-11). The reaction with p-methoxyphenyl iodide gave the
corresponding indene derivative 5b in 46% yield (entry 5).° In
addition, aryl iodides with electron-withdrawing groups were
compatible. Although p-mesyloxyphenyl iodide gave a moderate
result (entry 6),” a nitro substituent increased the yield to 66%
(entry 7). Because phenyl bromide did not react (entry 4), the
transformation with p-bromophenyl iodide afforded Se without
bromo substituent loss (entry 8).

Aryl iodides with both electron-releasing and withdrawing
groups at the meta-position also yielded the corresponding
products in moderate yields (entries 9-11).

The aromatic region in the NMR spectra for products 5a—5h
was highly overlapped, which made structural confirmations and
stereochemistry determinations of the tetrasubstituted double
bond problematic. Therefore, we prepared cumulene 8, an
appropriate substrate for structural determination that produced
simple NMR signals for the domino products.

Cumulene 8 was prepared in a similar manner to 1.* Lithiation
of 2-methyl-1-butene-3-yne (6) with n-BulLi and subsequent
addition of 4.4'-dimethylbenzophenone afforded the alkynyl
alcohol. Without further purification, oxidation of the double
bond with dimethyldioxirane gave alkynyl epoxide 7 in 74% yield
in two steps. Treatment of 7 with BF5-Et,O afforded desired
cumulene derivative 8 (Scheme 1).

As expected, the domino reaction of 8 with p-nitrophenyl iodide
proceeded smoothly to give an £F~Z mixture of 9, which had much
simpler signals in the aromatic region than 5a due to both the
methyl and nitro substituents on the phenyl rings. Therefore, a
complete assignment of each signal was possible. The NOE
correlations between the aromatic (Ha) and the methyl protons
and between the aromatic (Hb) and the formyl proton clearly
indicate that the Z-isomer on the tetrasubstituted olefin is the
major product. On the other hand, NOEs between Hc and the
formyl proton, and between Hd and the methyl protons were
observed in the E-isomer (Scheme 2).

Moreover, X-ray crystallographic analysis of 9, which includes
the stereochemistry, was unambiguously determined as shown in
Fig. 2.'%

Scheme 3 depicts a plausible mechanism for the domino Heck—
C-H activation reaction. The first crucial step of the Heck reaction
is insertion of arylpalladium iodide into the C3-4 double bond to
give intermediate 10."""'> Because p-hydride elimination of 10 is
not accessible, C-H activation of the neighboring phenyl moiety
proceeds smoothly to afford six-membered palladacycle 4, which is
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Scheme 1  Reagents and conditions: (a) n-BuLi, Et;O, —50 °C, 30 min,
then 4,4'-dimethylbenzophenone, —50 °C, 24 h; (b) dimethyldioxirane, rt,
1 h, 74% (2 steps); (c) BF5-Et,O, THF, —78 °C, 3 h, 58%.
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Fig. 2 ORTEP drawing of (Z2)-9 with thermal ellipsoids at the 20%
probability level.

successively cyclized to give indene derivative 5 via reductive
elimination of the palladium intermediate.

It is noteworthy that the direction of addition of the
arylpalladium iodide to 1 is also regioselective, in which the
palladium(i1) and aryl group are positioned at C3 and C4,
respectively, in 10.
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Scheme 3 Plausible reaction pathway of Heck—C-H activation reaction.
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Multiple aryl modified tetrasubstituted alkenes have attracted a
lot of attention as key structural elements for bioactive
compounds. One of the most prominent examples of such a
molecule is tamoxifen,'® which is a clinically used drug for breast
cancer. The Heck—C-H activation reaction of unsymmetrically
substituted cumulenes described here might be useful and valuable
for constructing such bioactive tetrasubstituted alkenes with
appropriate functional groups on both the aromatic and alkene
moieties. These bioactive tetrasubstituted alkenes may be key
substituents for the interaction with receptors and pivotal in
further chemical transformations. Moreover, products 5a-5h and 9
could be recognized as conformationally locked analogs of
tamoxifen, in which one of the aromatic rings is fixed as the
partial structure of the indene framework. Using these indene
derivatives as bioprobes for tamoxifen related nuclear receptor is
also interesting.

In summary, we have found a unique Heck—~C-H activation
reaction of 1, which provides indene derivatives with both a
functionalized aryl and tetrasubstituted alkene moieties.
Furthermore, studies which introduce heteroaromatics such as
indole and pyrrole to 1 as well as the biological evaluation of the
products are currently under investigation.

Notes and references

i Typical procedure for domino Heck—C-H activation reaction (Table 1,
entry 2):

Todobenzene (91 pL, 0.81 mmol), Pd(OAc), (9.2 mg, 41 pmol), and
i-Pr,NEt (0.21 mL, 1.2 mmol) were added to a solution of 1 (100 mg,
0.41 mmol) in CH3CN (4 mL) under an argon atmosphere. The mixture
was stirred at 80 °C for 1 h and then evaporated. The mixture was washed
with saturated aqueous NH4Cl and brine, extracted with CH,Cl,, dried
over MgSO,, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane-AcOEt, 9 : 1) to afford 2-
(2,3-diphenyl-1 H-inden-1-ylidene)propanal (5a) (78 mg, 59%, E: Z = 1.0:
3.6) as a red solid.

Duplicate reaction was performed to obtain the conversion. The yield
was calculated by the '"H NMR integration of the crude residue using
dimethyl oxalate as an internal standard.

'"H NMR (270 MHz, CDCl;, E-Z mixture): = 1.65 (E-isomer) (s,
CHy), 2.50 (Z-isomer) (s, CHz), 7.2-7.9 (m, Ar), 9.52 (Z-isomer) (s, CHO),
10.88 (E-isomer) (s, CHO). °C NMR (68 MHz, CDCls, E-Z mixture):
0= 141,142, 121.2, 1214, 126.2, 1264, 126.6, 126.8, 127.3, 127.5, 127.6,
127.8, 128.0, 128.1, 128.2, 128.3, 128.5, 128.6, 128.9, 129.1, 129.2, 129.5,
129.95, 130.00, 130.1, 132.3, 133.6, 136.7, 136.8, 137.4, 137.8, 143.6, 145.9,
152.0, 192.5, 193.0. IR (neat, cm™ ') 1659. FAB-MS mi/z 323 (M + H)". HR
MS caled for Co4H100 (M + H)* 323.1436, found 323.1450.

§ Crystallographic data for 9: Co,cH, NOs, M = 395.46, triclinic, space
group PI (#2), T = 298 K, a = 10.7108(14) A, b = 11.2338(13) A,
¢ = 102696(12) A, o = 96.444(10)°, f = 110.963(9)°, y = 110.197(9) A,
v =1043.02) A>, Z =2, D =125 g ecm 3, /. (Cu Ka) = 1.54178 A,

R = 0.1183, wR2[F?] = 0.3072 for 833 unique reflections. CCDC 609878.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b607684j
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8 Addition of a phosphine ligand such as P(o-tol); was ineffective.

9 Increasing the amount of aryl iodides to a ten times higher concentration
afforded biaryl derivatives 11 and 12 as side products.

10 Considering that the chemical shift of the Z-isomer aldehyde proton
of 9 shifts to a higher-field compared to the corresponding E-isomer due
to the anisotropic shielding of the neighboring p-nitrophenyl moiety
(Fig. 2), the major isomer of 5a—5h should be the Z-isomer.
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