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Abstract: Conjugated dienediynes and enediynes with definite
geometry have been prepared in a one-pot manner. This protocol in-
volves two types of coupling reaction, a Suzuki-type coupling and
either a Hay coupling or a Cadiot—Chodkiewicz coupling. Thus, the
copper-mediated cross-coupling reaction of (E)-alk-1-enyldi-
siamylborane with (trimethylsilyl)ethynyl bromide is carried out in
the presence of 1 M NaOMe to generate (E)-alk-3-en-1-yne, which
is subjected to either palladium/copper-catalyzed homocoupling in
the presence of DABCO or copper-catalyzed heterocoupling with
1-iodoalk-1-yne in the presence of TBD or pyrrolidine in a single
reaction pot without isolating (E)-alk-3-en-1-yne. The homocou-
pling has realized the stereoselective construction of (1E,7E)-alka-
1,7-diene-3,5-diynes, and the heterocoupling has achieved the for-
mation of (E)-alk-1-ene-3,5-diynes. In addition, starting from (Z)-
alk-1-enyldisiamylborane instead of the E-isomer, this series of re-
actions has led to the formation of (1Z,7Z2)-alka-1,7-diene-3,5-
diynes and (Z)-alk-1-ene-3,5-diynes, albeit limiting the scope of the
substrate.

Key words: alkenylborane, (trimethylsilyl)ethynyl bromide, alk-1-
en-3-yne, Suzuki-type reaction, acetylenic coupling

Conjugated diyne and polyyne units are found in natural
products and materials science. A huge number of metal-
catalyzed homo- and heterocoupling reactions have been
reported for the formation of diynes,! and these reactions
have been applied to the synthesis of natural products® and
the construction of m-conjugated oligomers and poly-
mers.> Hay coupling has particular importance from the
viewpoint of copper-catalyzed oxidative homocoupling
reaction of terminal alkyne.* A large number of methods
for the synthesis of symmetrical diynes have been devel-
oped so far using terminal alkynes,’ 1-haloalk-1-ynes,®
and alk-1-ynyl metals.” On the other hand, Cadiot—
Chodkiewicz coupling is a powerful copper-catalyzed
heterocoupling protocol involving terminal alkyne and 1-
haloalk-1-yne.® A number of variations have thus been de-
veloped, including palladium-catalyzed coupling reac-
tion.’ In parallel with the development, other methods
have also been reported for preparing unsymmetrical
diynes and polyynes.!®!2 Consequently, both of the
homo- and heterocoupling reactions are among the most
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important strategies for the synthesis of n-extended com-
pounds.

We have investigated the assembly of n-extended conju-
gation utilizing terminal conjugated enynes,'* which can
be generated by copper-mediated cross-coupling reaction
of alk-1-enyldisiamylborane with (trimethylsilyl)ethynyl
bromide.'* As part of our research directed toward synthe-
sizing m-extended compounds, we describe herein a one-
pot synthesis of alka-1,7-diene-3,5-diynes and alk-1-ene-
3,5-diynes employing homo- and heterocoupling of termi-
nal conjugated enynes.

Oxidative homocoupling using O, as an oxidant is signif-
icant for the environmental concerns, and homocoupling
under aerobic conditions makes it an easy and environ-
mentally benign process. We first employed a palladium-
free protocol where homocoupling could be performed in
the presence of a catalytic system of AgOTs—CuCl,—
TMEDA at room temperature under O, atmosphere.* (E)-
Oct-3-en-1-yne (2a) was chosen as a test substrate for the
homocoupling reaction. Thus, the cross-coupling reaction
of (E)-hex-1-enyldisiamylborane (1a) (1 mmol) with (tri-
methylsilyl)ethynyl bromide (0.67 mmol) was carried out
in the presence of Cu(acac), (0.05 mmol) and 1 M NaOMe
(0.75 mmol) at —15 °C to room temperature overnight to
generate compound 2a (ca. 0.5 mmol).'> Without isolation
of 2a, the homocoupling was conducted in the presence of
CuCl, (0.05 mmol), AgOTs (0.05 mmol), TMEDA
(N,N,N’,N’-tetramethylethylenediamine) (0.05 mL), and
DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) (0.25 mL) in
THF at room temperature under air. After stirring over-
night, the desired product, (5E,11E)-hexadeca-5,11-di-
ene-7,9-diyne (3a), was formed in 52% yield estimated by
GC analysis (Scheme 1). The reaction conditions includ-
ing use of various Ag salts were examined; however, all
attempts failed to improve the yield of 3a. Accordingly,
we next applied a palladium-catalyzed protocol to the ho-
mocoupling.

On the basis of the reaction conditions reported by Zhang
et al.,® homocoupling of in situ prepared compound 2a
(ca. 0.5 mmol) was examined using PdCl,(PPh;), (0.01
mmol), Cul (0.01 mmol), and DABCO (1,4-diazabicyc-
lo[2.2.2]octane) (0.6 mmol). It was found that the homo-
coupling reaction proceeded even under air'® to give the
desired product 3a, after three hours at room temperature,
in 76% yield estimated by GC analysis. We then checked
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Cu(acac),, 1 M NaOMe _ CuCly, AgOTs -
2B __ Me;SiC= CBr =¥_\ TMEDA, DBU = —¥_\
n-Bu -15°Ctort. n-Bu rt. n-Bu n-Bu
1a 2a 3a

Scheme 1

the effect of combinations of PdCl,(PPhs),, Cul, and
DABCO on the homocoupling of 2a under air, and the re-
sults are shown in Table 1. The homocoupling in the ab-
sence of PdCl,(PPh,), could hardly proceed (Table 1,
entry 1), and the homocoupling in the absence of DABCO
gave product 3a in only low yield (entry 2). In contrast to
the above two cases, Cul had little effect on the formation
of 3a (entry 3). This result can be attributed to using
Cu(acac), to generate compound 2a. It should be noted
that at least both PdC1,(PPh,), and DABCO were required
for the homocoupling of in situ prepared compound 2a.

To optimize the reaction conditions, oxidative homocou-
pling of 2a was carried out using various Pd catalysts and
bases in the presence of Cul at room temperature under
air, and the results are summarized in Table 2. Several Pd
catalysts, such as PdCl,(PPh,),, PdCl,, Pd,(dba);-CHCl,,
PdCl,(dppf), and Pd(OAc),, were screened for this homo-
coupling reaction, and thus PdCl,(PPh,), proved to be the
best Pd catalyst (Table 2, entries 1-6). DBU is a non-nu-
cleophilic and strong base in marked contrast to DABCO.
Nevertheless, DBU was substantially effective for the ho-
mocoupling, albeit being inferior to DABCO (entry 7).
Common tertiary amine bases, such as Et;N and i-Pr,NEt,
were less effective and gave low yields even after pro-
longing to 24 hours (entries 8 and 9). These results con-
firmed that using PdCl,(PPh;), as the catalyst and
DABCO as the base in combination with Cul as the co-
catalyst was the optimal catalyst/base combination.

The optimal conditions were applied to the homocoupling
of a variety of (E)-alk-3-en-1-ynes 2. As shown in

LiBEtgH | =\
B \ 1
2 : 1 2B R
X R! 4

—25°Ctor.t.

Scheme 2

Table 3, in situ prepared compounds 2 underwent smooth
homocoupling to afford (1E,7F)-alka-1,7-diene-3,5-
diynes 3 in moderate to high yields in a one-pot manner.
(E)-(Cyclohex-1-enyl)but-3-en-1-yne (2¢), bearing a con-
jugated C=C bond besides a conjugated enyne, gave high-
er yield compared with compound 2a, which had no
conjugation other than a conjugated enyne (Table 3, entry
1 vs. entry 3). (E)-4-Phenylbut-3-en-1-yne (2b), possess-
ing a conjugated phenyl group, also afforded the corre-
sponding product in high yield (entry 2). (E)-4-(4-
Methylphenyl)but-3-en-1-yne (2d) and (E)-4-(4-trifluo-
romethylphenyl)but-3-en-1-yne (2e), having an electron-
donating or an electron-withdrawing substituent on phe-
nyl ring, did not influence the progress of the homocou-
pling, while both compounds 2d and 2e gave lower yields
compared to compound 2b (entries 4 and 5 vs. entry 2). It
is noteworthy that the homocoupling of compound 2 bear-
ing a phenyl ring, such as 2b, 2d, and 2e, provides w-con-
jugated molecules. To synthesize conjugated dienediynes
with the opposite geometry, (Z)-alk-3-en-1-ynes 5 were
subjected to the homocoupling reaction under the same
conditions as those used for compounds 2. Compounds 5
were generated by copper-mediated cross-coupling reac-
tion between (trimethylsilyl)ethynyl bromide and (Z)-alk-
1-enyldisiamylboranes 4, which were prepared by treat-
ment of (Z)-1-haloalk-1-enyldisiamylboranes with
LiBEt;H (Scheme 2).!” The homocoupling reactions of
(Z£)-oct-3-en-1-yne (5a) and (Z)-4-phenylbut-3-en-1-yne
(5b) gave the corresponding products, (1Z,7Z7)-alka-1,7-
diene-3,5-diynes 6, in good yields (entries 6 and 7). Un-
fortunately, the homocoupling reactions of (Z)-(cyclohex-
I-enyl)but-3-en-1-yne (5¢) and (Z)-4-(4-methylphe-
nyl)but-3-en-1-yne (5d) caused isomerization to form the
corresponding (1E,7F)-alka-1,7-diene-3,5-diynes 3 (en-
tries 8 and 9). The reason why the synthesis of 6 depends
on substrate is unclear at present.

Table 1 Effect of Combinations of PdCl,(PPh;),, Cul, and DABCO on Oxidative Homocoupling of 2a under Air*

s = CARE —_—
E\n-Bu -15°Ctor.t. ¥_\n-Bu r.t. n-Bu/: L_\n-Bu
1a 2a 3a
Entry Combination Yield (%)® of 3a
1 Cul/DABCO 3
2 PdCL,(PPhs),/Cul 15
3 PdCl,(PPh;),/DABCO 62
4 PdCL(PPh,),/Cul/DABCO 76

2 Reaction conditions: (1) 1a (1.0 mmol), Me;SiC=CBr (0.67 mmol), Cu(acac), (0.05 mmol), I M NaOMe (0.75 mmol), —15 °C to r.t., over-
night; (2) PdCI,(PPhs), (0.01 mmol), Cul (0.01 mmol), DABCO (0.6 mmol), r.t., 3 h.

® Yields were estimated by GC on the basis of 2a (0.5 mmol) formed.
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Table 2 Pd Catalyst and Base Screening for Oxidative Homocoupling of 2a®

Cu(acac), 1 M NaOMe

Me3SiC= CBr - Pd, Cul, base, air S —
n-Bu -15°Ctort. L_\n-Bu #» n-Bu/: Hn-Bu
1a 2a 3a
Entry Pd catalyst Base Yield (%)® of 3a
1 PdCl,(PPh;), DABCO 76
2 PdCl, DABCO 70
3 Pd,(dba);-CHCIL;¢ DABCO 26
4 Pd,(dba);-CHCI,/Ph,P*¢ DABCO 70
5 PdCl,(dppf) DABCO 23
6 Pd(OAc), DABCO 13
7 PdCl,(PPh;), DBU 62
8 PdCl,(PPh;), Et;N° 38
9 PdCl,(PPh;), i-Pr,NEt* 33

2 Reaction conditions: (1) 1a (1.0 mmol), Me;SiC=CBr (0.67 mmol), Cu(acac), (0.05 mmol), I M NaOMe (0.75 mmol), —15 °C to r.t., over-
night; (2) Pd catalyst (0.01 mmol), Cul (0.01 mmol), base (0.6 mmol), r.t., 3 h, unless otherwise stated.

® Yields were estimated by GC on the basis of 2a (0.5 mmol) formed.
¢ Reagent: Pd,(dba);-CHCl; (0.005 mmol).

4 Reagent: PhyP (0.02 mmol).

¢ Reaction time: 24 h.

Table3 Homocoupling Reaction of Terminal Conjugated Enyne Prepared in situ®

B — -
>J+2 \ — /_—_
Y Cu(acac),, 1 M NaOMe ¥—\R1 PdCly(PPhg),, Cul R1/= EW
1 Me3SiC= CBr / ) DABCO, air / 3
—15°Ctort. \ . \
g R =" w YT N —"" g
2 = ——
4 5 6
Entry R! Product Yield (%)°
1 n-Bu 3a (76)°
2 Ph 3b 93
3 cyclohex-1-enyl 3c 89
4 4-MeC¢H, 3d 63
5 4-CFyCeH,y 3e 60
6 n-Bu 6a (74)°
7 Ph 6b 81
8 cyclohex-1-enyl 6¢ =
9 4-MeCH, 6d 0

2 Reaction conditions: (1) 1 or 4 (4.0 mmol), Me;SiC=CBr (2.68 mmol), Cu(acac), (0.2 mmol), I M NaOMe (3.0 mmol), —15 °C to r.t., over-
night; (2) PdC1,(PPhs;), (0.04 mmol), Cul (0.04 mmol), DABCO (2.4 mmol), r.t., 34 h.

® Isolated yields on the basis of 2 or 5'® (2 mmol) formed.

¢ Yields were estimated by GC. Isolated yields by column chromatography could not be estimated due to a co-eluting impurity.
4No desired product could be isolated due to isomerization to the corresponding compound 3.
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The one-pot synthesis of conjugated enediynes via a
Suzuki-type reaction/heterocoupling reaction sequence
was investigated next. On the basis of the reaction condi-
tions reported by Alami et al.,’® heterocoupling of in situ
prepared (E)-oct-3-en-1-yne (2a) (ca. 0.5 mmol) with 1-
iodohex-1-yne (0.5 mmol) was carried out in the presence
of Cul (0.05 mmol) and base (1 mmol) under different
conditions in order to optimize the reaction conditions,
and the results are listed in Table 4. Some bases, such as
pyrrolidine, piperidine, DBU, and TBD (1,5,7-triazabicy-
clo[4.4.0]dec-5-ene), were screened, and thus TBD was
found to be the best base at any reaction temperature em-
ployed. In particular, when conducted at —15 °C to room
temperature, the desired product, (E)-tetradec-5-ene-7,9-
diyne (7aa), was formed in 81% yield estimated by GC
analysis. We further examined the effect of the amount of
Cul on the yield of 7aa. It was revealed that the yield was
directly proportional to the amount of Cul. Increasing the
amount of Cul from 10 to 20 mol% afforded an 88% yield,
while decreasing it to 5 mol% gave a 76% yield estimated
by GC analysis. Thus, it is appropriate to carry out the het-
erocoupling in the presence of 20 mol% of Cul (0.1
mmol) and two equivalents of TBD (1 mmol) at —15 °C to
room temperature (Method A).

Heterocoupling reaction of different types of in situ pre-
pared (E)-alk-3-en-1-ynes (2) with 1-iodohex-1-yne or 1-
iodo-2-phenylethyne was conducted according to Method
A, and the results are summarized in Table 5. (E)-Oct-3-
en-1-yne (2a) and (E)-5,5-dimethylhex-3-en-1-yne (2f)
underwent smooth heterocoupling to afford the corre-
sponding (E)-alk-1-ene-3,5-diynes 7 in moderate to good
yields (Table 5, entries 1, 2, 8, and 9). However, the het-
erocoupling reactions of (E)-4-phenylbut-3-en-1-yne (2b)
and (E)-4-(cyclohex-1-enyl)but-3-en-1-yne (2¢) with 1-
iodohex-1-yne gave unsatisfactory results (entries 3 and
6), and the heterocoupling of 2b with 1-iodo-2-phenyl-
ethyne resulted in failure (entry 5). Considering the mech-
anism  proposed for the Cadiot—Chodkiewicz
heterocoupling reaction, the formation of copper(I)
acetylide is crucial to subsequent oxidative addition to 1-
haloalk-1-yne to generate an intermediate copper(IIl) spe-

cies.® Hence, solvent should play a critical role for the for-
mation of copper(I) acetylide. This led us to examine the
heterocoupling of 2b with 1-iodohex-1-yne using aprotic
polar solvent such as DMF and MeCN. It was found that
use of DMF together with pyrrolidine as the base im-
proved the yield of (E)-1-phenyldec-1-ene-3,5-diyne
(7ba) considerably. Moreover, the reaction could be per-
formed in the presence of only 5 mol% of Cul (entry 4,
Method B). The heterocoupling of 2¢ with 1-iodohex-1-
yne by Method B also showed a substantial improvement
in the yield of (E)-1-(cyclohex-1-enyl)dec-1-ene-3,5-
diyne (7ca) (entry 7). However, no improvement to the
formation of (E)-1,6-diphenylhex-1-ene-3,5-diyne (7bb)
was observed under the same reaction conditions. Next
we explored the heterocoupling reactions of (Z)-oct-3-en-
1-yne (5a) and (Z)-4-phenylbut-3-en-1-yne (Sb), selected
as typical substrates, with 1-iodohex-1-yne or 1-iodo-2-
phenylethyne. The heterocoupling of 5a with 1-iodohex-
1-yne based on Method A proceeded smoothly to furnish
the desired product, (Z)-tetradec-5-ene-7,9-diyne (8aa),
in moderate yield (entry 10); however, the other three het-
erocoupling reactions gave low or no products (entries 11,
13, and 16). Although Method B showed no improvement
in the yield of (Z)-1-phenyldec-1-ene-3,5-diyne (8ba)
(entry 14), by addition of 2 mol% of PdCl,(PPh;), as a co-
catalyst the yield of 8ba was improved dramatically (entry
15).

In conclusion, we have developed a one-pot method for
the syntheses of (1E,7E)- and (1Z,7Z)-alka-1,7-diene-3,5-
diynes via a Suzuki-type cross-coupling reaction/homo-
coupling reaction sequence and of (E)- and (Z)-alk-1-ene-
3,5-diynes via a Suzuki-type cross-coupling reaction/het-
erocoupling reaction sequence. The two one-pot multi-
step procedures developed herein have the advantage of
using reduced number of workup and purification steps.
The Suzuki-type cross-coupling reaction can be carried
out under mild conditions to form terminal conjugated
enynes with definite geometry. The homocoupling reac-
tion of in situ prepared terminal conjugated enyne has
been achieved in the presence of PdCl,(PPh;),—Cul-
DABCO catalytic system at room temperature under aer-

Table 4 Effect of Base and Reaction Temperature on Heterocoupling of 2a with 1-lodohex-1-yne?

Cu(acac),, 1 M NaOMe _ Cul, base o
2B MesSIC= CBr N rBuc=cl ”'B”_———L\
— — —
1a n-Bu -15°Ctort. 2a n-Bu 7aa n-Bu
Base Yield (%)® of 7aa
r.t. 0°Ctor.t. -15°Ctor.t.

pyrrolidine 31 59 60
piperidine 37 40 59
DBU 30 56 58
TBD 57 72 81

* Reaction conditions: (1) 1a (1.0 mmol), Me;SiC=CBr (0.67 mmol), Cu(acac), (0.05 mmol), I M NaOMe (0.75 mmol), —15 °C to r.t., over-
night; (2) Cul (0.05 mmol), base (1.0 mmol), n-BuC=CI (0.5 mmol), overnight.

® Yields were estimated by GC based on the amount of n-BuC=CI used.
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Table S Heterocoupling Reaction of in situ Prepared Terminal Conjugated Enyne with 1-lodoalk-1-yne*

Cu(acac),, 1 M NaOMe
Me3SiC= CBr

-15°Ctor.t.

H”gw

Cu(acac),, 1 M NaOMe

Cul, TBD
R2C=ClI

A
ER ( )/ -15°Ctort. \ RR——=—
T gt Cul, pyrrolidine L_\ Rl
2 ®) \_ R2C=CI,DMF 7

-15°Ctor.t.

Cul, TBD
R2C=Cl

A) \
o -15°Ctor.t.
>J+2 B R MedSIO= OB =" R-—=="" g
—15°Ctort. Cul, PACIy(PPhg),
4 5 © pyrrolidine 8
R2C= CI, DMF
-15°Ctor.t.

Entry R! R? Product Yield (%)°
1 n-Bu n-Bu 7aa 83
2 n-Bu Ph 7ab 60
3 Ph n-Bu 7ba (35)
4 55¢
5 Ph Ph 7bb _
6 cyclohex-1-enyl n-Bu Tca (28)
7 66°
8 t-Bu n-Bu 7fa 78
9 t-Bu Ph 7tb 77

10 n-Bu n-Bu 8aa 62

11 n-Bu Ph 8ab 26

12 C)

13 Ph n-Bu 8ba (6)

14 4

15 69°

16 Ph Ph 8bb 0

2 Reaction conditions: (1) 1 or 4 (4.0 mmol), Me;SiC=CBr (2.68 mmol), Cu(acac), (0.2 mmol), 1 M NaOMe (3.0 mmol), —15 °C to r.t., over-
night; (2) Method A: Cul (0.4 mmol), TBD (4.0 mmol), R2C=CI (2.0 mmol), —15 °C to r.t., overnight, unless otherwise stated.

® Isolated yields based on R2C=CI employed. GC yields are shown in parentheses.

¢ Reaction conditions: (2) Method B: Cul (0.1 mmol), pyrrolidine (4.0 mmol), n-BuC=CI (2.0 mmol), DMF (16 mL), —15 °C to r.t., overnight.

4 No desired product could be isolated due to very low yield.

¢ Reaction conditions: (2) Method C: Cul (0.1 mmol), PdCl,(PPh;), (0.

—15 °C to r.t., overnight.

obic conditions. In the heterocoupling reaction with 1-io-
doalk-1-yne, two methods have been employed. For in
situ prepared aliphatic terminal conjugated enynes the re-
action has been realized in the presence of Cul and TBD
at —15 °C to room temperature, while for in situ prepared
terminal conjugated enynes having a phenyl group or an
additional conjugated C=C bond the reaction has been ac-
complished in the presence of Cul [or Cul and
PdCl,(PPh;),] and pyrrolidine in DMF at —15 °C to room
temperature. The present study extends synthetic applica-
tions of terminal conjugated enynes as intermediates in a
one-pot manner.

04 mmol), pyrrolidine (4.0 mmol), R?C=CI (2.0 mmol), DMF (16 mL),

NMR spectra were recorded on a JEOL JNM-A-500 spectrometer
with TMS as internal standard. IR spectra were recorded on a
Shimadzu FT-IR 8300 spectrometer, and only the strongest/struc-
turally most important absorption peaks are listed. Mass spectra
were performed on a JEOL JMS-SX102A spectrometer (EI, 70 eV)
or JEOL JMS-T100GCV spectrometer (EI, 70 eV). GC analyses
were performed with a Shimadzu GC-14B gas chromatograph
equipped with a glass column (5% FFAP on Uniport B, 1 m or 5%
SE-30 on Uniport B, 1 m), a flame ionization detector, and a
Shimadzu C-R8A digital integrator-recorder. TLC analyses were
carried out using aluminum sheets precoated with silica gel 60 F,s,
or glass plates pre-coated Al,O; 60 F,s, purchased from Merck.
Product purification was performed by flash chromatography using
Merck silica gel (silica gel 60, 40-63 pm) or column chromatogra-
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phy using Merck Al,O; (Al,O5 60 active basic, 70-230 um). All re-
actions except oxidative homocoupling reaction were carried out
under an argon atmosphere. Unless otherwise noted, commercially
available materials were used without any purification. Alk-1-yne,
2-methylbut-2-ene, and DMF were used after distillation over CaH,
under argon. THF was distilled from Na-benzophenone ketyl under
argon before use. A solution of LiBEt;H in THF was purchased
from Aldrich. (Trimethylsilyl)ethynyl bromide,' 1-iodoalk-1-yne
(from hex-1-yne and phenylethyne),?® 1-bromoalk-1-yne (from cy-
clohex-1-enylethyne and 4-ethynyltoluene),'*?!'and a solution of
BH, in THF?? were prepared according to the literature procedures.

(1E,7E)-Alka-1,7-diene-3,5-diynes 3; General Procedure

To a solution of BH; (4 mmol) in THF (0.33 M solution) was added
2-methylbut-2-ene (0.56 g, 8 mmol) dropwise at —15 °C under ar-
gon, and the reaction mixture was stirred for 2 h at 0 °C to form a
solution of disiamylborane in THF. To this solution was added alk-
1-yne (4 mmol) dropwise at —15 °C and the mixture was stirred for
2 hat 0 °C. A solution of (E)-alk-1-enyldisiamylborane 1 in THF,
thus prepared, was cooled to —15 °C, and Cu(acac), (0.052 g, 0.2
mmol) was added to the solution under a flow of argon, followed by
dropwise addition of (trimethylsilyl)ethynyl bromide (0.474 g, 2.68
mmol) and 1 M NaOMe in MeOH (3 mL, 3 mmol). The resulting
mixture was allowed to warm gradually to r.t. and stirred overnight.
The mixture was then cooled to 0 °C, PdCl1,(PPh;), (0.028 g, 0.04
mmol), Cul (0.008 g, 0.04 mmol), and DABCO (0.269 g, 2.4 mmol)
were added to the cooled mixture under air, and the resultant mix-
ture was stirred at r.t. for 3—4 h. The reaction mixture was treated
with aq 3 M NaOH (4 mL) and 30% H,0O, (2 mL) at 0 °C and stirred
for 1 h at the same temperature to decompose the residual organobo-
ron compound. The resulting mixture was extracted with Et,O (2 X
30 mL), the combined Et,0 extracts were washed with brine (10
mL), dried (Na,SO,), and filtered. The solvent was evaporated un-
der reduced pressure and the residue was purified by flash chroma-
tography on silica gel to provide product 3.

(5E,11E)-Hexadeca-5,11-diene-7,9-diyne (3a)
Eluent: pentane.
IR (neat): 3020, 2956, 2927, 2871, 2858, 1465, 1379, 1301, 952

cmL.

'H NMR (500 MHz, CDCl,): & =0.89 (t, J=7.3 Hz, 6 H), 1.27—
1.42 (m, 8 H), 2.10-2.16 (m, 4 H), 5.54 (d, J = 15.6 Hz, 2 H), 6.29
(dt, J = 15.6, 7.3 Hz, 2 H).

13C NMR (125 MHz, CDCLy): § = 13.8 (2 CH,), 22.1 (2 CH,), 30.6
(2 CH,), 33.0 (2 CH,), 72.5 (2 x =C), 79.8 (2 x =C), 108.6 (2 x
=CH), 148.5 (2 x =CH).

HRMS (EI): m/z [M*] calcd for C,¢H,,: 214.1722; found: 214.1728.
(1E,7E)-1,8-Diphenylocta-1,7-diene-3,5-diyne (3b)

Eluent: pentane—~CH,Cl, (9:1); mp 119-121 °C.

IR (neat): 1446, 956, 746, 690 cm™".

'HNMR (500 MHz, CDCL,): § = 6.26 (d, J = 15.6 Hz, 2 H), 7.10 (d,
J=15.6 Hz, 2 H), 7.28-7.37 (m, 6 H), 7.38-7.43 (m, 4 H).

13C NMR (125 MHz, CDCly): § =763 (2 x =C), 82.0 (2 x =C),
106.8 (2 x =CH), 126.4 (4 X CH,o), 128.8 (4 X CH,o), 129.2 (2 X
CH, o). 135.7 (2 X Cppopn), 144.4 (2 x =CH).

HRMS (EI): m/z [M*] calcd for C,,H, 4: 254.1095; found: 254.1086.

(1E,7E)-1,8-Di(cyclohex-1-enyl)octa-1,7-diene-3,5-diyne (3c)
Eluent: pentane—CH,Cl, (9:1); mp 102-104 °C.

IR (neat): 3020, 2947, 2929, 950 cm™'.
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'H NMR (500 MHz, CDCl;): § = 1.56-1.63 (m, 4 H), 1.64—1.70 (m,
4 H),2.06-2.12 (m, 4 H), 2.14-2.20 (m, 4 H), 5.54 (d, J = 15.6 Hz,
2 H), 5.89 (m, 2 H), 6.70 (d, J = 15.6 Hz, 2 H).

13C NMR (125 MHz, CDCl,): § =22.1 (2 CH,), 22.1 (2 CH,), 23.7
(2 CH,), 26.2 (2 CH,), 75.3 (2 x =C), 82.2 (2 x =C), 102.8 (2 X
=CH)’ 134.2 (ZX =CHcyclohexenyl)7 135.6 (ZX =Ccyclohexeny1)7 147.8
(2 x =CH).

HRMS (EI): m/z [M*] calcd for C,,H,,: 262.1721; found: 262.1713.

(1E,7E)-1,8-Bis(4-methylphenyl)octa-1,7-diene-3,5-diyne (3d)
Eluent: pentane—~CH,Cl, (9:1); mp 163-165 °C.

IR (neat): 956, 798 cm™.

'HNMR (500 MHz, CDCL,): § = 2.35 (s, 6 H), 6.20 (d, J = 16.1 Hz,
2 H), 7.06 (d, J = 16.1 Hz, 2 H), 7.14 (d, J = 8.3 Hz, 4 H), 7.29 (d,
J=83Hz, 4 H).

13C NMR (125 MHz, CDCL,): § = 21.3 (2 CH,), 76.1 (2 x=C), 82.1
(2 x=C), 105.7 (2 x =CH), 126.3 (4 x CH,,), 129.5 (4 x CH,,,,),
133.1 2% C,.,), 139.4 (2% C,op), 144.3 (2 x =CH).

HRMS (EI): m/z [M*] calcd for C,,H,4: 282.1408; found: 282.1397.

(1E,7E)-1,8-Bis[4-(trifluoromethyl)phenyl]octa-1,7-diene-3,5-
diyne (3e)
Eluent: pentane—-CH,Cl, (9:1); mp 192-194 °C.

IR (neat): 1323, 1176, 1126, 1110, 1068, 1014, 943, 813 cm™'.

'HNMR (500 MHz, CDCL,): § = 6.35 (d, J = 16.1 Hz, 2 H), 7.12 (d,
J=16.1 Hz, 2 H), 7.50 (d, J = 8.3 Hz, 4 H), 7.60 (d, /= 8.3 Hz, 4
H).

13C NMR (125 MHz, CDCLy): § = 77.4 (2 x =C), 81.9 (2 x =C),
109.4 (2x =CH), 123.9 (q, Jep=272 Hz, 2 CF,), 125.8 (4
CH,om)» 126.6 (4 X CH, o), 128.7 (2 X Cyrom)s 130.8 (q, Jop =33
Hz,2 X C,,.,), 142.9 (2 x =CH).

HRMS (EI): m/z [M*] caled for C,,H,,Fs: 390.0843; found:
390.0831.

(1Z,7Z)-Alka-1,7-diene-3,5-diynes 6; General Procedure

To a solution of disiamylborane (4 mmol) in THF (12 mL) was add-
ed 1-haloalk-1-yne (4 mmol) dropwise at —15 °C under argon, and
the reaction mixture was stirred for 2 h at 0 °C to form a solution of
(2)-1-haloalk-1-enyldisiamylborane in THF. To this solution was
added a THF solution of 1 M LiBEt;H (4 mL, 4 mmol) dropwise at
—25 °C, and the mixture was allowed to warm gradually to r.t. over
1 h. Et;B, liberated from LiBEt;H, was removed under reduced
pressure, accompanied by the solvent. After the addition of THF (12
mL) to the residue under argon, the resulting solution of (Z)-alk-1-
enyldisiamylborane 4 was treated in the same manner as described
in the general procedure for the synthesis of 3.

(5Z,11Z)-Hexadeca-5,11-diene-7,9-diyne (6a)
Eluent: pentane.

IR (neat): 3020, 2956, 2929, 2871, 2858, 1465, 1436, 1388, 1379,
732 cm.

'H NMR (500 MHz, CDCL,): §=0.91 (t, J=7.3 Hz, 6 H), 1.30—
1.44 (m, 8 H), 2.32-2.38 (m, 4 H), 5.54 (d, J = 10.2 Hz, 2 H), 6.06
(dt, J = 102, 7.3 Hz, 2 H).

13C NMR (125 MHz, CDCL,): § = 13.9 (2 CH,), 22.2 (2 CH,), 30.5
(2 CH,), 33.9 (2 CH,), 77.7 (2 x =C), 79.0 (2 x =C), 108.1 (2 x
=CH), 148.1 (2 x =CH).

HRMS (EI): m/z [M*] calcd for C,¢H,,: 214.1722; found: 214.1710.
(12,7Z)-1,8-Diphenylocta-1,7-diene-3,5-diyne (6b)

Eluent: pentane—CH,Cl, (9:1); mp 48-50 °C.

IR (neat): 3060, 3026, 1492, 1446, 950, 781, 688 cm™.
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'HNMR (500 MHz, CDCl): § = 5.83 (d,J = 11.7 Hz, 2 H), 6.79 (d,
J=11.7Hz, 2 H), 7.28-7.44 (m, 6 H), 7.82-7.89 (m, 4 H).

13C NMR (125 MHz, CDCl,): & = 80.5 (2 x =C), 82.2 (2 x =C),
105.9 (2 x =CH), 128.4 (4 x CH,,,,,)), 128.6 (4 x CH,,,,,), 129.2 (2 x
CH,o)s 136.0 (2 X Cyopn), 142.4 (2 x =CH).

HRMS (EI): m/z [M*] calcd for C,,H, ,: 254.1095; found: 254.1080.

(E)-Alk-1-ene-3,5-diynes 7; General Procedure

The cross-coupling reaction of (E)-alk-1-enyldisiamylborane 1 (4
mmol) in THF (12 mL) with (trimethylsilyl)ethynyl bromide (0.474
g, 2.68 mmol) was carried out in the same manner as described in
the general procedure for the synthesis of 3.

Method A: To the reaction mixture was added Cul (0.076 g, 0.4
mmol) and TBD (0.557 g, 4 mmol) at —15 °C under a flow of argon,
followed by dropwise addition of 1-iodoalk-1-yne (2 mmol). The
resulting mixture was allowed to warm gradually to r.t. and stirred
overnight. The reaction mixture was treated by bubbling air through
the solution with a tube pump for 2 h at r.t. to oxidize the residual
organoboron compound. The resulting mixture was extracted with
pentane (2 X 30 mL), the combined pentane layers were washed
with H,O (10 mL), dried (K,COs;), and filtered. The solvent was
evaporated under reduced pressure and the residue was purified by
column chromatography on Al,O; (basic) to provide product 7.

Method B: After removal of solvent under reduced pressure, DMF
(16 mL) was added to the residue containing (E)-alk-3-en-1-yne 2
under argon. The mixture was then cooled to —15 °C, Cul (0.019 g,
0.1 mmol) was added to the cooled mixture under a flow of argon,
followed by dropwise addition of pyrrolidine (0.284 g, 4 mmol) and
1-iodoalk-1-yne (2 mmol). The resulting mixture was allowed to
warm gradually to r.t. and stirred overnight. The workup was the
same as that described in Method A.

(E)-Tetradec-5-ene-7,9-diyne (7aa)
Eluent: pentane.

IR (neat): 3020, 2956, 2929, 2871, 2860, 1465, 1427, 1379, 1301,
954 cm™.

'H NMR (500 MHz, CDCl,): § = 0.88 (t, J = 7.3 Hz, 3 H), 0.91 (t,
J=7.3Hz,3H), 1.27-1.47 (m, 6 H), 1.49-1.56 (m, 2 H), 2.09-2.14
(m, 2 H), 231 (t,J=7.3 Hz, 2 H), 5.48 (d, J = 15.9 Hz, 1 H), 6.27
(dt, J=15.9,7.3 Hz, 1 H).

13C NMR (125 MHz, CDCL): § = 13.5 (CH,), 13.8 (CH,), 19.2
(CH,), 21.9 (CH,), 22.1 (CH,), 30.3 (CH,), 30.6 (CH,), 32.9 (CH,),
65.2 (=C), 72.8 (=C), 74.0 (=C), 83.6 (=C), 108.6 (=CH), 148.2
(=CH).

HRMS (EI): m/z [M*] calcd for C,,H,,: 188.1565; found: 188.1568.

(E)-1-Phenyldec-5-ene-1,3-diyne (7ab)
Eluent: pentane-CH,Cl, (9:1).

IR (neat): 3020, 2956, 2927, 2871, 2858, 1620, 1595, 1488, 1465,
1456, 1442, 1026, 954, 754, 688 cm™.

'H NMR (500 MHz, CDCl,): §=0.90 (t, J=7.3 Hz, 3 H), 1.28—
1.43 (m, 4 H), 2.13-2.18 (m, 2 H), 5.58 (dt, J = 15.9, 1.5 Hz, 1 H),
6.35 (dt, J = 15.9, 7.3 Hz, 1 H), 7.27-7.38 (m, 3 H), 7.45-7.51 (m,
2 H).

13C NMR (125 MHz, CDCl,): & = 13.8 (CH,), 22.1 (CH,), 30.6
(CH,), 33.0 (CH,), 72.3 (=C), 77.8 (=C), 77.9 (=C), 80.9 (=C),
108.4 (=CH), 122.0 (Cy), 128.4 (2 X CH,ypy ) 128.9 (CH,,).
132.4 (2 X CH,,,,,), 149.1 (=CH).

HRMS (EI): m/z [M*] calcd for C,¢H,¢: 208.1252; found: 208.1257.

(E)-1-Phenyldec-1-ene-3,5-diyne (7ba)
Eluent: pentane—~CH,Cl, (9:1).

IR (neat): 3028, 2958, 2931, 2871, 2229, 1490, 1465, 1448, 1425,
1296, 950, 746, 690 cm™.

'H NMR (500 MHz, CDCLy): §=0.92 (t, J = 7.3 Hz, 3 H), 1.40-
1.48 (m, 2 H), 1.51-1.58 (m, 2 H), 2.35 (t, /= 7.3 Hz, 2 H), 6.16 (d,
J=16.1 Hz, 1 H), 7.04 (d, J = 16.1 Hz, 1 H), 7.27-7.34 (m, 3 H),
7.35-7.39 (m, 2 H).

13C NMR (125 MHz, CDCLy): § = 13.5 (CH,), 19.3 (CH,), 21.9
(CH,), 30.2 (CH,), 65.3 (=C), 74.3 (=C), 76.6 (=C), 85.5 (=C),
107.0 (=CH), 1263 (2x CH,,,), 128.7 (2 X CH,,,), 129.0
(CH,)s 135.8 (Cypory), 143.9 (=CH).

HRMS (EI): m/z [M*] calcd for C;¢H,s: 208.1252; found: 208.1244.

(E)-1-(Cyclohex-1-enyl)dec-1-ene-3,5-diyne (7ca)
Eluent: pentane.

IR (neat): 3028, 2956, 2931, 2860, 2827, 1622, 1589, 1456, 1434,
1350, 1330, 1292, 1238, 1136, 950, 790 cm™".

'H NMR (500 MHz, CDCl,): =091 (t, J=7.3 Hz, 3 H), 1.38-
1.47 (m, 2 H), 1.49-1.63 (m, 4 H), 1.64-1.70 (m, 2 H), 2.05-2.10
(m, 2 H), 2.14-2.19 (m, 2 H), 2.33 (t, J=7.3 Hz, 2 H), 5.46 (d,
J=16.1Hz, 1H),5.87 (brs, 1 H), 6.68 (d, J=16.1 Hz, 1 H).

13C NMR (125 MHz, CDCL,): & = 13.5 (CH,), 19.3 (CH,), 21.9
(CH,), 22.1 (CH,), 22.2 (CH,), 23.7 (CH,), 26.1 (CH,), 30.3 (CH,),
65.4 (=C), 75.2 (=C), 75.2 (=C), 84.6 (=C), 102.8 (=CH), 133.8
(=CHcyclohexenyl)’ 135.5 (=C ), 147.7 (=CH)

HRMS (EI): m/z [M*] calcd for C,¢H,,: 212.1565; found: 212.1564.

cyclohexenyl

(E)-2,2-Dimethyldodec-3-ene-5,7-diyne (7fa)
Eluent: pentane.

IR (neat): 2958, 2927, 2864, 1463, 1363, 958 cm™'.

'H NMR (500 MHz, CDCL,): § = 0.91 (t, J = 7.3 Hz, 3 H), 1.02 (s,
9 H), 1.38-1.46 (m, 2 H), 1.48-1.56 (m, 2 H), 2.31 (t, J = 7.3 Hz, 2
H), 5.40 (d, J = 16.1 Hz, 1 H), 6.30 (d, J = 16.1 Hz, 1 H).

13C NMR (125 MHz, CDCl,): § = 13.5 (CH5), 19.2 (CH,), 21.9
(CH,), 28.8 (3 CH,), 30.3 (CH,), 34.2 (C), 65.2 (=C), 73.1 (=C),
74.2 (=C), 83.4 (=C), 104.1 (=CH), 158.1 (=CH).

HRMS (EI): m/z [M*] calcd for C,,H,,: 188.1565; found: 188.1555.

(E)-2,2-Dimethyl-7-phenyloct-3-ene-5,7-diyne (7fb)
Eluent: pentane—-CH,Cl, (9:1).

IR (neat): 2960, 2902, 2864, 1616, 1488, 1475, 1463, 1440, 1363,
1278, 1263, 1024, 960, 916, 754, 688 cm™'.

'HNMR (500 MHz, CDCL,): 5 = 1.04 (s, 9 H), 5.51 (d, J = 16.1 Hz,
1 H), 6.39 (d, J = 16.1 Hz, 1 H), 7.28-7.34 (m, 3 H), 7.46-7.49 (m,
2 H).

13C NMR (125 MHz, CDCl,): § = 28.7 (3 CH,), 34.4 (C), 72.7 (=C),
74.1 (=C), 80.3 (=C), 81.2 (=C), 104.0 (=CH), 122.0 (C,,,), 128.3
(2 x CH,,,), 128.9 (CH,,.,), 132.4 (2 x CH,,,,), 159.0 (=CH).

HRMS (EI): m/z [M*] calcd for C,¢H,¢: 208.1252; found: 208.1259.

(Z)-Alk-1-ene-3,5-diynes 8; General Procedure

The cross-coupling reaction of respective (Z)-alk-1-enyldisiamyl-
borane 4 (4 mmol) in THF (12 mL) with (trimethylsilyl)ethynyl
bromide (0.474 g, 2.68 mmol) was carried out in the same manner
as described in the general procedure for the synthesis of 3. The re-
sulting (Z)-alk-3-en-1-yne 5 was treated according to Method A in
the general procedure for the synthesis of 7.

Method C: Procedure was the same as that described in the Method
B, except that PdCl,(PPh;), (0.028 g, 0.04 mmol) was added after
the addition of Cul.

Synthesis 2011, No. 23, 3839-3847 © Thieme Stuttgart - New York
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(Z)-Tetradec-5-ene-7,9-diyne (8aa)
Eluent: pentane.

IR (neat): 2958, 2929, 2871, 2860, 1465, 731 cm™'.

'H NMR (500 MHz, CDCL,): § = 0.91 (t, J = 7.3 Hz, 3 H), 0.92 (t,
J=7.3Hz,3H), 1.30-1.47 (m, 6 H), 1.50-1.57 (m, 2 H), 2.30-2.36
(m, 4 H), 5.46 (d, J = 10.7 Hz, 1 H), 6.03 (dt, / = 10.7, 7.3 Hz, 1 H).

13C NMR (125 MHz, CDCLy): § = 13.5 (CHy), 13.9 (CH,), 19.3
(CH,), 21.9 (CH,), 22.2 (CH,), 30.3 (CH,), 30.4 (CH,), 30.9 (CH,),
65.1 (=C), 72.0 (=C), 78.1 (=C), 84.8 (=C), 108.1 (=CH), 147.7
(=CH).

HRMS (EI): m/z [M*] calcd for C,,H,,: 188.1565; found: 188.1559.

(Z)-1-Phenyldec-5-ene-1,3-diyne (8ab)
Eluent: pentane-CH,Cl, (9:1).

IR (neat): 3020, 2956, 2927, 2858, 1488, 1463, 1442, 1398, 1026,
914, 754, 732, 688 cm™!.

"H NMR (500 MHz, CDCl;): $=0.92 (t, J=7.3 Hz, 3 H), 1.32—
1.45 (m, 4 H), 2.34-2.41 (m, 2 H), 5.56 (d, J = 10.7 Hz, 1 H), 6.09
(dt, /=10.7,7.3 Hz, 1 H), 7.27-7.37 (m, 3 H), 7.46-7.51 (m, 2 H).

13C NMR (125 MHz, CDCLy): § = 13.9 (CH,), 22.2 (CH,), 30.6
(CH,), 30.9 (CH,), 74.1 (=C), 77.6 (=C), 79.0 (=C), 81.6 (=C),
107.9 (=CH), 121.9 (Cpom), 128.3 (2 x CHyro), 129.0 (CH,yon),
132.3 (2 x CH,y,,,), 148.6 (=CH).

HRMS (EI): m/z [M*] calcd for C,¢H,¢: 208.1252; found: 208.1245.

(Z)-1-Phenyldec-1-ene-3,5-diyne (8ba)
Eluent: pentane-CH,Cl, (9:1).

IR (neat): 2958, 2931, 2871, 2225, 1492, 1448, 781, 690 cm™".

'H NMR (500 MHz, CDCLy): §=0.92 (t, J = 7.3 Hz, 3 H), 1.39—
1.48 (m, 2 H), 1.50-1.59 (m, 2 H), 2.37 (t, J = 7.3 Hz, 2 H), 5.71
(dd,J=12.2,1.0Hz, 1 H),6.70 (d,J = 12.2 Hz, 1 H), 7.34-7.49 (m,
3 H), 7.77-7.85 (m, 2 H).

13C NMR (125 MHz, CDCl,): § = 13.5 (CH,), 19.4 (CH,), 21.9
(CH,), 30.2 (CH,), 65.3 (=C), 73.2 (=C), 81.1 (=C), 86.9 (=C),
106.2 (=CH), 128.3 (2 x CH,,,), 128.4 (2 x CH,,,), 128.9
(CH,o) 136.1 (Cyron)s 141.6 (=CH).

HRMS (EI): m/z [M*] calcd for C,¢H,¢: 208.1252; found: 208.1253.
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