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Titanocene(1)-Promoted Multicomponent Reactions Utilizing Alkynyl
Sulfones, Alkenyl Sulfones, and Carbonyl Compounds:
A Novel Method for the Synthesis of Vinylallenes
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Takeshi Takeda*!*!

Abstract: Titanocene(m)-promoted cross coupling of alkynyl- and (Z)-alkenyl sul-
fones affords o-(phenylsulfonyl)alkenyltitanium species. Further treatment of
these species with the titanocene(1l) reagent generates titanium vinylvinylidene
complexes, which react with carbonyl compounds in one pot to produce substitut-
ed vinylallenes with complete stereoselectivity. By using a,f-unsaturated ketones,

Keywords: allenes - cross-coupling -
ketones multicomponent
reactions - olefination

1,3,4,6-tetraenes are also obtained stereoselectively.

Introduction

Multicomponent reactions are useful and efficient methods
in organic synthesis.! The major advantages of these reac-
tions are 1) a single purification step, 2) higher yields than
the stepwise assembly, 3) the use of simple and diverse mod-
ules to construct complex molecules, and 4) the use of only
a single promoter or catalyst. These advantages make this
approach suitable for combinatorial synthesis. In the last
decade, late transition-metal-catalyzed (Pd,” Rh,®! Ni, and
RuP!) multicomponent reactions have been extensively stud-
ied. The low-valent group 4 metal species were also em-
ployed for the multicomponent reactions.! For example,
preparations of aromatic and heteroaromatic compounds
have been achieved by divalent titanium” and zirconium®
species-mediated couplings of alkynes and nitriles, which in-
volve the cycloaddition of intermediary five-membered met-
allacycles with multiple bonds.

Recently we disclosed a novel methodology for the cross-
coupling of unsaturated compounds promoted by the titano-
cene(n) species [Cp,Ti{P(OEt);},] 1 (Scheme 1) via the for-
mation of five-membered titanacycles.”! Alkenylation of car-
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bonyl compounds with vinyl pivalate or (Z)-alkenyl sulfones
proceeds by simply mixing these compounds with 1, and
conjugated dienes are obtained with high stereoselectivity
by the reaction of the alkenyl sulfones with alkynes. Consid-
ering its reaction pathway, we expected that this new cross-
coupling would have the potential for a wide variety of ap-
plications. Here we describe synthesis of vinylallenes by the
three-component reaction of alkynyl sulfones 2, (Z)-alkenyl
sulfones 3, and carbonyl compounds 4 promoted by the low-
valent titanium species 1.

Results and Discussion

When the alkynyl phenyl sulfone 2a was treated with a
small excess of (Z)-alkenyl methyl sulfone 3a at 0 to 25°C
for 2.5h, the (E,E)-dienyl sulfone 5a was produced with
complete stereoselectivity along with a small amount of the
conjugated diene 6a (Scheme 1; entry 1, Table 1). The yield
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Scheme 1. Titanocene(1) 1-promoted cross-coupling of the alkynyl- and
(Z)-alkenyl sulfones 2a and 3a.
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Table 1. Titanocene(1) 1-promoted reaction of 2a with 3a.

Entry 2a [equiv] 3a [equiv] Yield 5a [%] Yield 6a [%]
1 1.0 1.2 35 8
2 1.0 1.5 54 6
3 1.0 2.0 51 6
4lal 1.2 1.0 38 6

[a] (E)-2-Hexyl-1-(phenylsulfonyl)-1-decen-3-yne was produced in 24 %
yield.

of Sa was significantly increased by the use of an excess
amount of the (Z)-alkenyl sulfone 3a (entry 2, Table 1). On
the contrary, the use of an excess amount of 2a gave a
rather complex mixture and the yield of the coupling prod-
uct 5a was decreased due to the concomitant formation of
the self-coupling product of 2a, (E)-2-hexyl-1-(phenylsul-
fonyl)-1-decen-3-yne (entry 4, Table 1).

The formation of dienyl sulfone § is explained by the re-
gioselective construction of the titanacyclopentene inter-
mediate 7 (Scheme 2). The following elimination of the

PhO,S 5 [Cp,Ti{P(OEt),},] $‘p2
1 PhO,S 'R
I+ € \ —
iy SO,Me RT soMe
2 3 7
TiCp,SO,Me H,0
X R? R X R?
PhO,S _ PhO,S
R' - Cp,Ti(OH)SO,Me R'
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1 \ - Cp,Ti(SO,Ph)(SO,Me)
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R' — Cp,Ti(OH), R
9 6

Scheme 2. Plausible pathway for the cross-coupling of alkynyl- and (Z)-
alkenyl sulfones 2 and 3 in the presence of the titanocene(m) reagent 1.

methylsulfonyl group from 7 produces the o-(phenylsulfo-
nyl)dienyltitanium species 8 which affords the dienyl sulfone
5 on hydrolysis. The formation of the conjugated diene 6 is
of great interest because it suggests that the vinylvinylidene
complex of titanium 9 can be produced by further reaction
of 8 with the titanocene(m) reagent 1.

Above results indicate that the titanocene(m) reagent 1
promotes both the tandem cross-coupling of unsaturated
sulfones 2 and 3 and the reductive desulfurization of the re-
sulting 1-titanio-1-(phenylsulfonyl)-1,3-dienes 8 to produce
the titanium vinylvinylidene complexes 9. Preparation and
reactions of nucleophilic titanium carbene complexes have
been extensively studied, and these organotitanium species
are employed as synthetic reagents or catalysts in a wide
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range of organic syntheses, such as carbonyl olefination!"”!
and olefin metathesis.'!! Recently, we reported that titanium
vinylvinylidene complexes, generated from the reaction of
1,1-dichloro-1,3-dienes with 1, reacted with ketones'? and
alkynes!"™ to produce vinylallenes and conjugated trienes,
respectively. On the basis of the above, we, therefore, exam-
ined one-pot assembly of vinylallenes 10 by using unsaturat-
ed sulfones 2, 3 and carbonyl compounds 4 (Scheme 3).
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Scheme 3. Formation of vinylallenes by the titanocene(i) 1-promoted
three-component reaction.

As was expected, the reaction of the organotitanium spe-
cies, generated by the treatment of the sulfones 2a and 3¢
with 1 at 0 to 25°C for 1.5 h, with a small excess of 1,5-di-
phenylpentan-3-one 4e gave the vinylallene 10h (entry 1,
Table 2). A slight increase of the yield of 10h was observed
when two equivalents of 4e and six equivalents of 1 were
used (entry 3, Table 2).

In a similar fashion, various vinylallenes 10 were readily
obtained by the successive addition of different alkynyl
phenyl sulfones 2, (Z)-alkenyl methyl sulfones 3,' and car-
bonyl compounds 4 to a THF solution of the titanocene(1r)
reagent 1 (Tables 3 and 4). Although (Z)-alkenyl phenyl sul-
fones can also be employed in this reaction, their prepara-
tion is troublesome because of photoisomerization of their
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Table 2. Three-component reaction between 2a, 3¢, and 4el?

Entry 1 [equiv] 4e [equiv] Yield 10h [%]
1 5.0 12 59
2 5.0 2.0 55
3 6.0 2.0 65
4 6.0 4.0 64

[a] The coupling of 2a and 3¢ (1.5 equiv) was carried out at 0°C for
30 min and then at 25°C for 1h. The resulting organotitanium species
was treated with 4e at 25°C for 1 h.

precursors, (Z)-alkenyl sulfides.™ Trisubstituted allenes 10j
and 10k were also obtained by the use of aldehydes 4f and
4g as the third components, though the yields were moder-
ate (entries 10 and 11, Table 3). The aromatic and a,B-unsa-
turated ketones 4h—j can be employed for the assembly of
doubly conjugated allenes 101-n (Table 4).

As listed in Tables 3 and 4, all the vinylallenes 10 were ob-
tained with complete stereoselectivity; the configuration of
the double bond originating from (Z)-alkenyl sulfones is E,
suggesting that the formation of the titanacycle 7 proceeds
with retention of configuration of 3. The subsequent syn
elimination of the methylsulfonyl group via the conforma-
tion 7A affords the dienyltitanium species 8 A stereoselec-
tively (Scheme 4). Preferential syn elimination over anti
elimination could be due to the intramolecular coordination
of the sulfonyl oxygen to the titanium atom.

Vinylallenes are useful synthetic intermediates for the
construction of a variety of cyclic compounds by Diels—
Alder reactions," transition-metal-catalyzed cycloaddi-
tions,!"”’ thermal electrocyclic reactions,"® and cheletropic
SO, addition.* The major route to vinylallenes utilizes sub-
stitution of a-1%% or y-ethynylallyl alcohol deriva-
tives.' 2 y_Vinylpropargyl alcohol derivatives are also em-
ployed as starting materials for this preparation.¢t&™22 Syn_
thesis of vinylallenes by the reaction of vinylmetals with
propargyl alcohol derivatives,"®! conjugate addition of or-
ganocuprates to acetylenic Michael acceptors,'* palladium-
catalyzed coupling of alkenyl halides with allenylindium re-
agents,'"*? and the Wittig—Horner reaction using 1-lithio-
1,3-dienyl phosphine oxides®! have also been reported.
These preparations, however, sometimes suffer from the dif-
ficulties in obtaining appropriate starting materials. The
present one-pot assembly of vinylallenes enjoys the advant-
age that a variety of vinyl- and divinylallenes are obtained
by using readily available starting materials.

Conclusion

We have established a novel multicomponent reaction pro-
moted by the low-valent titanium species 1, which consists
of 1) cross-coupling of alkynyl- and (Z)-alkenyl sulfones,
2) generation of the titanium vinylvinylidene complexes, and
3) olefination of carbonyl compounds. Since titanium car-
bene complexes are versatile tools for organic synthesis,”"
the present formation of vinylvinylidene complexes provides
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Table 3. Preparation of vinylallenes by using aliphatic ketones and alde-
hydes.

Entry 2 3 4

Yield 10 [%]

1kl 2a 3a 4a Ph\/Y'

10b (74)

(93]
=
)
=
w
=
-
o
o
O

Ph 10c (68)

4l 2b 3a 4b Ph 7
Ph 10d (64)

D

st 2b 3¢ 4c H'acsv/\:/r' Ph
Ph 10e (62)
Ph _ )‘w Ph
6l 2¢ 3b 4c
10f (67)
Ph
7t 2b 3a 4d Pha_~z” CiH,
P\/\T 10g (60)
8lel 2a 3¢ de Cs /
Cest 10h (66)
L
olal 2a 3a de Ph\/\(' Ph
CeHis  10i (75)
Phe_- ~_-CiHs
10" 2b 3a 4f U
10j (48)
PhW‘NPh
110 2a 3b 4g
CHis 10k (49)

[a] Performed with the general procedure A described in the Experimen-
tal Section. [b] Performed with the general procedure B described in the
Experimental Section.

a novel approach for the construction of acyclic unsaturated
systems.

Experimental Section

General considerations: 'H (300 MHz) and “C (75 MHz) NMR spectra
were recorded in CDCl; by using tetramethylsilane (TMS) as an internal
standard. Chemical shifts (6) are quoted in parts per million from TMS
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Table 4. Preparation of vinylallenes by using aromatic and a,f-unsaturat-
ed ketones. !

Entry 2 3 4 Yield 10 [%]
1 2a 3¢ 4h HisCon~ez™ Ph
CeHiz 101 (62)
)\/\
2 2b 3a 4i thij% CeHys
Ph 10m (66)
Ph
=
3 2b 3¢ 4j

H::Ce Vij% C:H,
Ph 10n (49)

[a] Performed with the general procedure C described in the Experimen-
tal Section.
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Scheme 4. Stereochemistry of elimination.

for 'H and CDCI, for "*C spectroscopy. IR absorptions are reported in
cm™'. All reactions were performed under an argon atmosphere in dried
glassware. THF was distilled from sodium and benzophenone. Prepara-
tive thin layer chromatography (PTLC) was carried out by using Wakogel
B-SF.

Reaction of 1-(phenylsulfonyl)-1-octyne (2a) with (Z)-1-(methylsul-
fonyl)-2-phenylethene (3a): Finely powdered molecular sieves 4 A
(60 mg), magnesium turnings (16 mg, 0.66 mmol), and [Cp,TiCl,]
(149 mg, 0.6 mmol) were placed in a flask and dried by heating with a
heat gun in vacuo (2-3 mmHg). After cooling, THF (1.5mL) and P-
(OEt); (0.21 mL, 1.2 mmol) were added successively with stirring at
25°C. After 3 h, the reaction mixture was cooled to 0°C. A THF (1 mL)
solution of 3a (82 mg, 0.45 mmol) was added dropwise over 5 min to the
mixture and then the mixture was stirred for 30 min. Next, a THF (1 mL)
solution of 2a (75 mg, 0.3 mmol) was added dropwise over 10 min, stir-
ring was continued for 30 min at 0°C and then for 2 h at 25°C. The reac-
tion was quenched by addition of 1M NaOH, and the insoluble materials
were filtered off through Celite and washed with ether. The layers were
separated, and the aqueous layer was extracted with ether. The combined
organic extracts were dried (Na,SO,) and the solvent was evaporated.
Purification of the residue by PTLC (hexane/AcOEt 4:1) gave (1E3E)-
2-hexyl-4-phenyl-1-(phenylsulfonyl)buta-1,3-diene (5a) (57 mg, 54 %)
and (E)-3-hexyl-1-phenylbuta-1,3-diene (6a) (4 mg, 6%).

Compound 5a: '"HNMR (300 MHz, CDCl,): 6=7.96 (d, J=7.0 Hz, 2H),
7.65-7.49 (m, 3H), 7.46-7.24 (m, 5H), 6.93 (d, /=16.1 Hz, 1H), 6.57 (d,
J=16.1Hz, 1H), 6.36 (s, 1H), 2.83 (t, J=7.7 Hz, 2H), 1.60-1.15 (m, 8H),
0.90 ppm (t, J=6.9 Hz, 3H); "CNMR (75MHz, CDCL): 6=1544,
142.5, 135.6, 135.4, 133.0, 129.13, 129.09, 128.8, 128.3, 128.0, 127.2, 127.1,
31.5,29.7, 29.6, 27.4, 22.5, 14.0 ppm; IR (neat): 7=2928, 2858, 1622, 1568,
1447, 1305, 1146, 1085, 964, 752, 720, 688, 648 cm™'; elemental analysis
caled (%) for C,,H,0,S: C 74.54, H 7.39; found: C 74.50, H 7.63.
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Compound 6a: "HNMR (300 MHz, CDCl,): 6 =7.48-7.14 (m, 5H), 6.81
(d, J=16.1 Hz, 1H), 6.58 (d, /=163 Hz, 1H), 5.13 (d, J=1.6 Hz, 1H),
5.05 (d, J=1.1 Hz, 1H), 2.32 (dt, J=0.4, 7.7 Hz, 2H), 1.47-1.14 (m, 8H),
0.90 ppm (t, J=6.6 Hz, 3H); "CNMR (75MHz, CDCL): 0=146.4,
137.5, 131.2, 128.6, 127.9, 127.3, 126.4, 116.0, 32.1, 31.7, 29.3, 28.3, 22.6,
14.1 ppm; IR (neat): 7=3026, 2927, 2857, 1729, 1603, 1494, 1449, 1072,
961, 886, 753, 693 cm ™.

Preparation of vinylallenes 10

General procedure A: THF (1.5mL) and P(OEt); (0.41 mL, 2.4 mmol)
were added successively with stirring at 25°C to a flask charged with
finely powdered molecular sieves 4 A (120 mg), magnesium turnings
(32 mg, 1.3 mmol), and [Cp,TiCl,] (299 mg, 1.2 mmol). After 3 h, the re-
action mixture was cooled to 0°C. A THF (1 mL) solution of 3a (55 mg,
0.3 mmol) was added dropwise over 5 min to the mixture and it was stir-
red for 15 min. Next, a THF (1 mL) solution of 2a (50 mg, 0.2 mmol) was
added dropwise over 10 min, stirring was continued for 30 min at 0°C
and then for 1h at 25°C. A THF (1mL) solution of 4a (35mg,
0.4 mmol) was added to the reaction mixture, which was further stirred
for 1 h. The reaction was quenched by addition of 1M NaOH, and the in-
soluble materials were filtered off through Celite and washed with ether.
The layers were separated, and the aqueous layer was extracted with
ether. After the combined organic extracts were dried (K,CO;), the sol-
vent was evaporated. Purification of the residue by PTLC (hexane) gave
(E)-5-ethyl-3-hexyl-1-phenylhepta-1,3,4-triene  (10a) (41 mg, 73%).
'"HNMR (300 MHz, CDCl;): 6=7.50-7.10 (m, 5H), 6.69 (d, J=16.3 Hz,
1H), 6.43 (d, J=16.3 Hz, 1H), 2.23 (t, /J=7.5 Hz, 2H), 2.03 (q, /=7.4 Hz,
4H), 1.59-1.23 (m, 8H), 1.01 (t, /=7.3 Hz, 6H), 0.90 ppm (t, /=6.6 Hz,
3H); "CNMR (75 MHz, CDCl,): 6=204.1, 138.0, 129.4, 128.5, 126.7,
126.0, 125.3, 109.2, 107.6, 31.9, 29.4, 29.1, 28.0, 26.0, 22.7, 14.1, 12.5 ppm;
IR (neat): 7=3025, 2928, 1938, 1621, 1599, 1494, 1456, 1376, 1323, 1072,
957, 747, 691 cm™'; elemental analysis caled (%) for C,Hjy: C 89.29, H
10.71; found: C 89.34, H 11.07.
(E)-3-Ethyl-5-hexyl-9-phenylnona-3,4,6-triene (10b): The reaction was
carried out according to general procedure A by using 2a (50 mg,
0.2 mmol), 3b (63 mg, 0.3 mmol), and 4a (35 mg, 0.4 mmol) to produce
10b (46 mg, 74%). 'HNMR (300 MHz, CDCl;): 6=7.33-7.11 (m, 5H),
595 (d, /J=158Hz, 1H), 557 (dt, J=15.6, 6.9 Hz, 1H), 2.73 (t, J=
7.9 Hz, 2H), 2.47-2.30 (m, 2H), 2.08 (t, J=7.4Hz, 2H), 198 (q, /=
7.4 Hz, 4H), 1.55-1.19 (m, 8H), 0.97 (t, J=7.3 Hz, 6H), 0.89 ppm (t, J=
6.8 Hz, 3H); "CNMR (75 MHz, CDCly): §=202.1, 142.1, 130.0, 128.5,
128.2, 126.3, 125.7, 108.7, 106.8, 36.2, 35.0, 31.9, 29.4, 29.3, 28.0, 26.0, 22.7,
14.1, 12.6 ppm; IR (neat): 7=3026, 2927, 1941, 1604, 1496, 1454, 1376,
1324, 1031, 962, 745, 698 cm™'; elemental analysis calcd (%) for CyHs,: C
88.96, H 11.04; found: C 89.33, H 10.82.
(E)-3-Ethyl-5-phenethyl-9-phenylnona-3,4,6-triene (10c): The reaction
was carried out according to general procedure A by using 2b (54 mg,
0.2 mmol), 3b (63 mg, 0.3 mmol), and 4a (35 mg, 0.4 mmol) to produce
10¢ (45 mg, 68%). '"HNMR (300 MHz, CDCl;): 6=7.40-7.09 (m, 10H),
5.98 (d, J=15.8 Hz, 1H), 5.60 (dt, /=158, 6.9 Hz, 1H), 2.85-2.61 (m,
4H), 2.54-2.33 (m, 4H), 1.95 (q, J=7.3 Hz, 4H), 0.94 ppm (t, J=7.3 Hz,
6H); "CNMR (75 MHz, CDCly): 6=202.1, 142.6, 142.0, 129.7, 128.43,
128.36, 128.3, 128.2, 126.5, 125.73, 125.65, 109.5, 106.3, 36.2, 35.0, 34.3,
31.1, 26.0, 12.5 ppm; IR (neat): #=3085, 3061, 3026, 2963, 2929, 1941,
1604, 1496, 1454, 1374, 1324, 1077, 1030, 962, 746, 698 cm™'; elemental
analysis caled (%) for C,sHjy: C 90.85, H 9.15; found: C 90.94, H 9.54.
[2-Phenethyl-2-(E)-(phenylethenyl)ethenylidene]cyclohexane (10d): The
reaction was carried out according to general procedure A by using 2b
(54 mg, 0.2 mmol), 3a (55 mg, 0.3 mmol), and 4b (39 mg, 0.4 mmol) to
produce 10d (40 mg, 64%). '"HNMR (300 MHz, CDCl;): 6=7.50-7.08
(m, 10H), 6.71 (d, J=16.3 Hz, 1H), 6.43 (d, J=16.3 Hz, 1H), 2.83 (t, /=
7.8 Hz, 2H), 2.55 (t, J=7.8Hz, 2H), 2.08 (t, /J=5.5Hz, 4H), 1.72-
1.44 ppm (m, 6H); *CNMR (75 MHz, CDCl;): §=201.9, 142.3, 137.9,
128.9, 128.5, 128.4, 128.2, 126.8, 126.0, 125.7, 125.6, 104.1, 102.6, 34.0,
31.5, 30.6, 27.6, 26.1 ppm; IR (neat): 7=3025, 2927, 2852, 1942, 1621,
1599, 1496, 1446, 1265, 958, 908, 747, 693 cm™'; elemental analysis calcd
(%) for C,,H,e: C 91.67, H 8.33; found: C 91.73, H 8.51.
(E)-3-Methyl-5-phenethyl-1-phenyltrideca-3,4,6-triene (10e): The reac-
tion was carried out according to general procedure A by using 2b
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(54 mg, 0.2 mmol), 3¢ (57 mg, 0.3 mmol), and 4¢ (59 mg, 0.4 mmol) to
produce 10e (46 mg, 62%). '"HNMR (300 MHz, CDCl;): 6=7.33-7.10
(m, 10H), 5.81 (d, J=15.8 Hz, 1H), 5.53 (dt, /J=15.8, 6.9 Hz, 1H), 2.75-
2.56 (m, 4H), 2.45-2.30 (m, 2H), 2.24 (t, J=7.8 Hz, 2H), 2.07 (dt, J=17.0,
6.7 Hz, 2H), 1.65 (s, 3H), 1.45-1.19 (m, 8H), 0.89 ppm (t, J=6.7 Hz,
3H); "CNMR (75 MHz, CDCL): 6=203.1, 142.5, 142.2, 128.5, 128.4,
128.3, 128.2, 125.7, 125.6, 104.1, 100.1, 36.0, 34.0, 33.0, 31.7, 30.8, 29.6,
28.9, 22.6, 19.2, 14.1 ppm; IR (neat): 7=3061, 3026, 2925, 2854, 1945,
1604, 1496, 1454, 1367, 1194, 1076, 1031, 963, 746, 697 cm™"; elemental
analysis caled (%) for CysHse: C 90.26, H 9.74; found: C 90.33, H 10.03.
(E)-5-Cyclohexyl-3-methyl-1,9-diphenylnona-3,4,6-triene (10 f): The reac-
tion was carried out according to general procedure A by using 2c¢
(50 mg, 0.2 mmol), 3b (63 mg, 0.3 mmol) and 4¢ (59 mg, 0.4 mmol) to
produce 10f (50 mg, 67%). '"H NMR (300 MHz, CDCl;): 6=7.32-7.12
(m, 10H), 5.73 (d, J=15.8 Hz, 1H), 5.58 (dt, J=15.8, 6.6 Hz, 1H), 2.79—
2.62 (m, 4H), 2.43-2.22 (m, 4H), 2.01 (tt, J=11.4, 3.0 Hz, 1H), 1.85-1.58
(m, 5H), 1.73 (s, 3H), 1.38-0.90 ppm (m, 5H); "CNMR (75 MHz,
CDCly): 6=202.0, 142.3, 142.1, 128.5, 128.41, 128.37, 128.3, 128.2, 127.0,
125.73, 125.67, 110.5, 100.7, 37.8, 36.2, 36.1, 35.0, 34.1, 33.1, 32.9, 26.71,
26.69, 26.4, 19.4 ppm; IR (neat): 7=3085, 3061, 3026, 2924, 2850, 1942,
1604, 1496, 1451, 1367, 1336, 1199, 1177, 1076, 1031, 964, 746, 698 cm ';
elemental analysis calcd (%) for CysHsy: C 90.75, H 9.25; found: C 90.65,
H 9.19.

(E)-3,5-Diphenethyl-1-phenylnona-1,3,4-triene (10g): The reaction was
carried out according to general procedure A by using 2b (54 mg,
0.2 mmol), 3a (55 mg, 0.3 mmol), and 4d (76 mg, 0.4 mmol) to produce
10g (49 mg, 60%). 'H NMR (300 MHz, CDCL,): 6="7.43-7.06 (m, 15H),
6.56 (d, /=163 Hz, 1H), 642 (d, J=16.3 Hz, 1H), 2.85-2.58 (m, 4H),
2.52 (t, J=7.4Hz, 2H), 2.30 (t, J=7.8 Hz, 2H), 2.00 (t, /=7.0 Hz, 2H),
1.44-1.19 (m, 4H), 0.89 ppm (t, J=6.7 Hz, 3H); "CNMR (75 MHz,
CDCl): 0=204.8, 142.3, 142.0, 137.8, 128.7, 128.5, 128.41, 128.39, 128.3,
128.2, 126.8, 126.1, 125.80, 125.77, 125.7, 106.2, 105.6, 34.4, 34.0, 33.9,
32.7, 30.7, 29.9, 22.5, 14.0 ppm; IR (neat): 7=3083, 3060, 3026, 2925,
2856, 1939, 1621, 1602, 1495, 1453, 1073, 1030, 958, 747, 695 cm™; ele-
mental analysis caled (%) for C;Hs,: C 91.57, H 8.43; found: C 91.56, H
8.28.

(E)-5-Hexyl-3-phenethyl-1-phenyltrideca-3,4,6-triene (10h): The reaction
was carried out according to general procedure A by using 2a (50 mg,
0.2 mmol), 3¢ (57 mg, 0.3 mmol), and 4e (95 mg, 0.4 mmol) to produce
10h (58 mg, 66 %). '"H NMR (300 MHz, CDCl,): 6="7.32-7.10 (m, 10H),
5.72 (d, J=15.8Hz, 1H), 5.50 (dt, J=15.8, 6.8 Hz, 1H), 2.70 (t, J=
79Hz, 4H), 231 (t, J=7.7Hz, 4H), 2.13-1.92 (m, 4H), 1.45-1.17 (m,
16H), 0.89 ppm (t, J=6.6 Hz, 6H); "CNMR (75 MHz, CDCl,): 6=
202.8, 142.3, 128.7, 128.4, 128.2, 128.1, 125.7, 106.9, 103.9, 34.9, 34.2, 33.0,
31.9, 31.8, 29.6, 29.4, 29.2, 29.0, 27.9, 22.7, 22.6, 14.15, 14.12 ppm; IR
(neat): v=3085, 3062, 3026, 2925, 1941, 1604, 1496, 1454, 1378, 1336,
1196, 1072, 1031, 963, 905, 745, 698 cm™'; elemental analysis calcd (%)
for C3;Hyq: C 89.53, H 10.47; found: C 89.61, H 10.84.
(E)-3-Hexyl-5-phenethyl-1,7-diphenylhepta-1,3,4-triene (10i): The reac-
tion was carried out according to general procedure A by using 2a
(50 mg, 0.2 mmol), 3a (55 mg, 0.3 mmol), and 4e (95 mg, 0.4 mmol) to
produce 10i (65mg, 75%). 'HNMR (300 MHz, CDCl;): 6="7.40-7.12
(m, 15H), 6.43 (d, /=16.3 Hz, 1H), 6.36 (d, J=16.3 Hz, 1H), 2.74 (t, /=
7.8 Hz, 4H), 2.37 (t, J=7.6 Hz, 4H), 2.15 (t, /J=7.1 Hz, 2H), 1.46-1.18
(m, 8H), 0.90 ppm (t, J=6.7 Hz, 3H); "CNMR (75 MHz, CDCL,): 6 =
205.0, 142.0, 137.9, 128.7, 128.46, 128.42, 128.2, 126.8, 126.1, 125.8, 125.7,
107.5, 104.2, 34.7, 34.0, 31.8, 29.4, 29.0, 27.9, 22.7, 14.1 ppm; IR (neat):
7=3060, 3026, 2925, 2855, 1939, 1620, 1602, 1496, 1453, 1073, 1030, 959,
747, 696 cm™!; elemental analysis caled (%) for Cy;Hyg: C 91.19, H 8.81;
found: C 91.08, H 8.83.

General procedure B: THF (1.5 mL) and P(OEt); (0.34 mL, 2.0 mmol)
were added successively with stirring at 25°C to a flask charged with
finely powdered molecular sieves 4 A (100 mg), magnesium turnings
(27 mg, 1.1 mmol), and [Cp,TiCl,] (249 mg, 1.0 mmol). After 3 h, the re-
action mixture was cooled to 0°C. A THF (1 mL) solution of 3a (55 mg,
0.3 mmol) was added dropwise over 5 min to the mixture and it was stir-
red for 15 min. Next, a THF (1 mL) solution of 2b (54 mg, 0.2 mmol)
was added dropwise over 10 min, stirring was continued for 30 min at
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0°C and then for 2 h at 25°C. A THF (1 mL) solution of 4f (103 mg,
0.8 mmol) was added to the reaction mixture, which was further stirred
for 1 h. The usual workup and purification gave (E)-6-ethyl-3-phenethyl-
1-phenyldeca-1,3 4-triene  (10j) (33 mg, 48%). 'HNMR (300 MHz,
CDCLy): 6=7.46-7.14 (m, 10H), 6.69 (d, /=163 Hz, 1H), 6.47 (d, J=
16.3 Hz, 1H), 5.18 (d, J=7.9 Hz, 1H), 2.84 (t, J=8.1 Hz, 2H), 2.62-2.48
(m, 2H), 2.02-1.87 (m, 1H), 1.56-1.17 (m, 8H), 1.03-0.79 ppm (m, 6H);
BCNMR (75 MHz, CDCL): 6=207.0, 142.3, 137.7, 128.6, 128.4, 128.3,
128.0, 127.9, 127.0, 126.4, 126.1, 125.8, 104.8, 97.0, 41.6, 34.7, 34.5, 34.3,
30.9, 29.6, 29.5, 28.2, 28.1, 22.8, 22.7, 14.2, 14.1, 11.9, 11.7 ppm; IR (neat):
7=3026, 2956, 2926, 2857, 1939, 1602, 1495, 1453, 958, 746, 693 cm™'; ele-
mental analysis calcd (%) for C,cHs,: C 90.64, H 9.36; found: C 90.60, H
9.63.

(E)-5-Hexyl-1,9-diphenylnona-3,4,6-triene (10k): The reaction was car-
ried out according to general procedure B by using 2a (50 mg, 0.2 mmol),
3b (63 mg, 0.3 mmol), and 4g (107 mg, 0.8 mmol) to produce 10k (35 mg,
49%). '"H NMR (300 MHz, CDCl;): 6=7.38-7.08 (m, 10H), 5.85 (d, /=
15.8 Hz, 1H), 5.70-5.46 (m, 1H), 5.36-5.19 (m, 1H), 2.72 (t, J=7.0 Hz,
2H), 2.69 (t, J=6.8 Hz, 2H), 2.48-2.22 (m, 4H), 2.13-1.92 (m, 2H), 1.46—
1.15 (m, 8H), 0.89 ppm (t, J=6.7 Hz, 3H); "C NMR (75 MHz, CDCl,):
0=205.7, 142.0, 141.8, 128.7, 128.5, 128.4, 128.3, 128.2, 127.5, 125.8, 125.7,
105.2, 91.1, 36.1, 35.5, 34.9, 31.8, 30.9, 29.2, 28.8, 27.7, 22.7, 14.1 ppm; IR
(neat): 7=3062, 3026, 2925, 2855, 1942, 1604, 1496, 1454, 1030, 963, 744,
698 cm™'; elemental analysis calcd (%) for CyHs: C 90.44, H 9.56;
found: C 90.13, H 9.60.

General procedure C: THF (1.5 mL) and P(OEt); (0.34 mL, 2.0 mmol)
were added successively with stirring at 25°C to a flask charged with
finely powdered molecular sieves 4 A (100 mg), magnesium turnings
(27 mg, 1.1 mmol), and [Cp,TiCl,] (249 mg, 1.0 mmol). After 3 h, the re-
action mixture was cooled to 0°C. A THF (1 mL) solution of 3¢ (57 mg,
0.3 mmol) was added dropwise over 5 min to the mixture and it was stir-
red for 15 min. Next, a THF (1 mL) solution of 2a (50 mg, 0.2 mmol) was
added dropwise over 10 min, stirring was continued for 30 min at 0°C
and then for 2 h at 25°C. After the reaction mixture had been cooled to
0°C, a THF (1 mL) solution of 4h (96 mg, 0.8 mmol) was added to the
reaction mixture, which was further stirred for 13 h at 0°C. The usual
workup and purification gave (E)-4-hexyl-2-phenyldodeca-2,3,5-triene
(101) (40 mg, 62%). '"H NMR (300 MHz, CDCl,): § =7.44-7.11 (m, 5H),
5.96 (d, J=15.6 Hz, 1H), 5.67 (dt, J=15.6, 6.9 Hz, 1H), 2.28-2.18 (m,
2H), 2.16-2.04 (m, 2H), 2.10 (s, 3H), 1.56-1.16 (m, 16H), 0.88 (t, /=
6.8 Hz, 3H), 0.85 ppm (t, J=6.6 Hz, 3H); "C NMR (75 MHz, CDCL,):
0=206.7, 137.8, 129.7, 128.2, 127.2, 126.3, 125.7, 106.9, 101.1, 33.1, 31.8,
31.7, 29.5, 29.3, 29.2, 29.0, 27.7, 22.7, 22.6, 17.1, 14.10, 14.08 ppm; IR
(neat): 7=2955, 2925, 2855, 1929, 1599, 1493, 1464, 1377, 1065, 1027, 962,
724, 692 cm™'; elemental analysis caled (%) for C,yHs: C 88.82, H 11.18;
found: C 89.14, H 11.49.
(1E,6E)-5-Methyl-3-phenethyl-1-phenyldodeca-1,3,4,6-tetraene ~ (10m):
The reaction was carried out according to general procedure C by using
2b (54 mg, 0.2 mmol), 3a (55 mg, 0.3 mmol), and 4i (112 mg, 0.8 mmol)
to produce 10m (47 mg, 66%). "H NMR (300 MHz, CDCl;): 6=7.51-
7.10 (m, 10H), 6.68 (d, /J=16.3 Hz, 1H), 6.48 (d, /=163 Hz, 1H), 5.86
(d, J=15.6 Hz, 1H), 5.56 (dt, J=15.6, 7.0 Hz, 1H), 2.82 (t, /J=7.6 Hz,
2H), 2.60 (t, J=17.7Hz, 2H), 2.09 (dt, J=6.9, 6.9 Hz, 2H), 1.76 (s, 3H),
1.47-1.19 (m, 6H), 0.90 ppm (t, J=6.7 Hz, 3H); "CNMR (75 MHz,
CDCly): =210.8, 142.1, 137.6, 130.1, 128.53, 128.48, 128.2, 127.6, 1274,
127.0, 126.8, 126.1, 125.8, 104.0, 101.7, 33.9, 32.9, 31.5, 30.8, 29.2, 22.5,
15.5, 14.1 ppm; IR (neat): 7=3060, 3026, 2925, 2855, 1922, 1622, 1601,
1495, 1453, 1377, 1074, 1030, 960, 747, 693 cm™'; elemental analysis calcd
(%) for CHs,: C 90.95, H 9.05; found: C 91.17, H 9.43.

(4E,9E)-6,8-Diphenethylhexadeca-4,6,7,9-tetraene (10n): The reaction
was carried out according to general procedure C by using 2b (54 mg,
0.2 mmol), 3¢ (57 mg, 0.3 mmol), and 4j (162 mg, 0.8 mmol) to produce
10n (42 mg, 49%). '"HNMR (300 MHz, CDCly): 6=7.33-7.12 (m, 10H),
5.802 (d, J=15.8 Hz, 1H), 5.798 (d, J=15.8 Hz, 1H), 5.67-5.51 (m, 2H),
2.78-2.57 (m, 4H), 2.52-2.31 (m, 4H), 2.14-1.98 (m, 4H), 1.49-1.18 (m,
10H), 0.91 (t, J=7.3 Hz, 3H), 0.89 ppm (t, /J=6.8 Hz, 3H); "C NMR
(75 MHz, CDCl,): 6=208.2, 142.3, 129.2, 128.9, 128.5, 128.2, 127.7, 127 .4,
125.7, 105.67, 105.66, 35.1, 34.0, 33.0, 31.7, 31.0, 29.5, 28.9, 22.7, 22.6, 14.1,
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13.7 ppm; IR (neat): 7=3026, 2956, 2925, 2856, 1926, 1604, 1496, 1454,
1378, 1189, 1075, 963, 744, 697 cm™!; elemental analysis caled (%) for
C;3,Hy,: € 90.08, H 9.92; found: C 90.26, H 10.21.
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