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We describe a convenient method for the synthekimuti-substituted allenes fromy&
substitution reactions organoaluminum with prophapetates: Then&' substitutionreactior
of organoaluminum (0.4 mmol) with propargyl acesaf@.5 mmol) mediated by PdQippf)(1
mol%) at 60°C in THF without ligand could produce multi-substiid allenesn moderate t
good yields(up to 98%) and high selectivities (up 39%). Their structures have be
determined by HRMS antH(**C)NMR data.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Allenes are very useful building blocks and funcéibgroups
that are widely applied for many transformations drganic

synthesis[1-9]. Allene moieties have also been foindatural

products [10-11], pharmaceuticals[10-11], and malec
materials [12]. Because of these, the synthesisllehes has
inspired ample interest of organic and medical dbem

Developing efficient reactions for the synthesisaiénes from
simple and readily available organic compounds &ryv
important[13-36]. Until now numerous synthetic metblogies
have been developed to access allenes[37-47]. Antbege
methods hitherto developed, the metal-catalyze@®’'-§pe

displacement of propargyl alcohol derivatives witigamometal
species is one of the most generally useful onesef@e 1) [43-
46]. However, this type of reactions has been leptoeed due to
a complication of two competitive pathways. A key css of
this reaction relies mainly on suitable catalytistems and/or
appropriate organometallic reagents that can $edégtproduce

reagent at 60C in short reaction time with good vyields for tri-
and tetra-substituted allenes. The process was eiamql easily
performed, and it provides an efficient method tfee synthesis
of multi-substituted allene derivatives. Notably,oar procedure
palladium is used as the single catalyst and ligdrek.
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Scheme 1. @ and $2 processes of metal-catalyzed coupling

either compoun@ or 3. Therefore, the development of rapid and reactions of propargyl derivatives with organometalucleophiles.

more efficient procedures for the synthesis of redte still
remains a challenge.

Our previous studies show that organoaluminium netsgare
highly efficient nucleophiles for cross-couplingaotions with
aromatic halides[48-50] or benzylic halides[51], darthe
investigations have demonstrated that palladiumaisgood

catalytic metal[52-53]To continue our effort to develop coupling

reactions using reactive organometallic reagent88354-58],
we herein report a palladium(ll)-catalyzed, ligangef {2’-
substitution reactions of propargyl acetates witfaapaluminum

2. Results and Discussion

Our initial studies used 1,3-diphenylprop-2-ynyl @&ate (a)
[33,59] and trimethylaluminum(AIMg¢ as model substrates.
According to our previous studied results, in pratiany study,
treatment of propargyl acetatdaj with AlMe; use various
palladium salt as catalyst and@O; (1.0 equiv.) as base without
ligandin THF at 60°C for 6 h. The results showed that Pd(QACc)
Pd(PPh),, Pd(PPH),Cl, and PdGA(dppf) were all effective in
catalyzing the @&’ substitution reaction of AlMewith propargyl
acetate 1a) (Table 1, entries 1-4). However, the catalytic syst
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of PdClL(dppf)/K,CO; showed the highest capability of
conversion (100%) among metals/dO; combinations (Table 1,
entry 6). While using PO, as base, the Pd@ippf)-catalyzed
the K2’ substitution reaction of propargyl acetatea)( with
AlMe; produced the product 1-methyl-1,3-diphenyl-allefia)’¢
and 1,3-diphenylbutyne3§) only in 45% conversion (Table 1,
entry 7). When treatment of propargyl acetd@ (vith AIMe; in
THF at 60°C in the absence of KO, to afford both 1-methyl-
1,3-diphenyl-allenea) and 1,3-diphenylbutyne34) with only a
81% conversion and a ratio of 28: 72 in favor o dikyne3a

conditions, and the results are summarized in Taklentries 1-
2). A brief examination of the influence of solveah the
conversion of the produ@a and 3a revealed that THF was the
solvent of choice. In toluene or hexane, the cosivarwas less
efficient (Table 2, entries 1-2). Further studiedicated that the
reaction time influenced the conversion of the pri@a and 3a

It was found that the most favorable reaction timé h (Table 2,
entry 4). Extensive screening showed that the opéiththe §2’
substitution reaction conditions were 1 mol % Pdgpeit, 1.0
mmol K,CO; 0.4 mmol AlMe, 0.5 mmol propargyl acetate in

(Table 1, entry 8)Compared with the results of Entry 6, it can be THF at 60°C for 4 h.

seen that potassium carbonate plays an importdatinothe
reaction, which may be the result of the formatiéralominum
carbonate adducts.

Table 1 Effect of the palladium source, the loading ofsMeand the base on
the $i2’ substitution reactiofl.

Qhe AM 1mol% Pdl, Me + N
PH\ i o THF, 60°C, 6 h Wﬂ\ Ph)\
1a Ph Base (1.0equiv.) Ph Ph
Entry PdLn Base Conv. (%) 2a/3a(%)°
1 PdC} K,CO;, 5 99/1
2 Pd(acag) K,CO, 11 99/1
3 Pd(PPK.Cl, K,CO; 35 99/1
4 Pd(OACc) K,CO;, 21 99/1
5 Pd(PPK), K,CO; 53 99/1
6 PdC}(dppf) K,CO; 100 99/1
7 PdC}(dppf) KPO, 45 99/1
8 PdCh(dppf) - 81 28/72
ot PdCL(dppf) K,CO; 100 64/36
1¢F PdCh(dppf) K,.CO; 100 99/1
11 PdCL(dppf) K,CO; 100 99/1
120 PdCh(dppf) K,CO; 40 99/1

#1a/AIMe4/PdL, = 0.5/0.5/0.005mmol.Conversion oRa+3awas determined
by *H NMR spectra’The ratio of2a/3a was determined byHNMR. ¢ 1a
/AIMe4/PdL, = 0.5/0.3/0.005mmoF 1a/AlMes/PdL, = 0.5/0.4/0.005mmol
1a/AlMey/PdL, = 0.5/0.6/0.005mmol¢1a/AIMes/PdCh(dppf)/K:CO; = 0.5/
0.4/0.005/0.5 mmol, R.T.

Subsequently, the effect of the amount of AlMeas also

investigated. When the AlMdoading was decreased from 0.5 o4

mmol to 0.4 mmol or increased from 0.5 mmol to Budol, the
reaction conversation and selectivity remained anged (Table
1, entries 10 and 11). While the AlyM&ading was decreased
from 0.5 mmol to 0.3 mmol, the reaction selectivitycreased
from 99:1 to 64:36 (Table 1, entry 9). Furthermondien the
reaction temperature was decreased from °60 to room
temperature, the conversion of the prod2et and 3a was
decreased from 100% to 40% (Table 1, entries 10lanhd

Table 2 Effect ofthe solvent, the reaction time and the reaction tempera
on Si2’ substitution reactiofl.

OAc 1 mol%
__PdCldppf) _ Hﬁ\/
AlMe
PH/‘\ " ®3 ~Solvent, Temp. Solvent, Temp., h)\
1a Ph Time, K,CO;4
Entry  Solvent Time (h) Conv.(%) 2a/3a(%)C
1 Toluene 6 71 99/1
2 n-Hexane 6 55 99/1
3 THF 3 94 99/1
4 THF 4 100097  99/1
5 THF 5 100097 99/1

#la /AlMesy PdCh(dppf)/K,CO; = 0.5/0.4/0.005/0.5 mmol, 6C0C. °
Conversion of2a+3awas determined byH NMR spectra’ The ratio of
2a/3awas determined bYHNMR. YIsolated yield.

To further study the reactivity and selectivitye treaction ofLa

Table 3. PAdCh(dppf)-catalyzed the\®' substitution reaction gfropargy!
acetates with AlMg*

R Me

OAc
PdChL(dppf)(1 mol%)
RZJ,-L\ + AMes (2 mL), 4 h, 60C RZI\(MG * RZJRN )
R! K,CO5(1.0equiv.) R? R
1 2 3
Enry 1 R R R Prod. 2:3° 2Yield(%)
1 la H Ph Ph 2a 99/1 97
2 1b H Ph 2-MePh 2b 99/1 85
3 1c H Ph 3-MePh 2c 99/1 97
4 1d H Ph 4-MePh  2d 99/1 98
5 le H Ph 2-MeOPh 2e 99/1 97
6 f H Ph 2-CIPh  2f 99/1 95
7 1g H Ph 4-BrPh 29 99/1 66
8 lh H Ph Inaphthyl 2h 99/1 87
9 li H Ph Zhaphthyl  2i 99/1 80
10 1j Me Ph Me 2j 99/1 89
11 1k Me 2-FPh Me 2k 99/1 91
12 1l Me 3-BrPh Me 2l 99/1 73
13 1Im Me 2-thienyl Me 2m 99/1 66
14 in Me Ph Et 2n 99/1 95
15 1lc Me 2-FPh Et 20 99/1 91
16 1p Me 3-FPh Et 2p 99/1 97
17 1g Me 4-FPh Et 2q 99/1 80
18 1r Me 3-CIPh Et 2r 99/1 89
19 1 Me 3-BrPh Et 2s 99/1 63(66f
20 1t Me 4-MePh Et 2t 99/1 92
21 lu Me 2-thienyl Et 2u 99/1 70
22 1v Me Ph Ph 2v 99/1 58
23 1w Me Ph €IPh 2w 99/1 84
1x Me Ph #£Ph 2X 99/1 74

21/AlMes/PdCL(dppf)/PPR/ K,CO; = 0.5/0.4/0.005/0.5 mmol, 4h, 6G.°
The ratio of2/3 was determined bYHNMR. ¢ Isolated yield, two rung.5h.

With the optimized conditions in hand, the scopéhid reaction
was studied by using various propargyl acetates,ragdlts are
presented in Table 3 (entries 1-24). The corresipgnproducts
tri- and tetra-substituted allenes (i.2a-2x) were obtained in
good yields with high selectivities. Reactions oforaatic
propargyl acetates with either electron-donating etectron-
withdrawing groups on the aromatic ring furnished dnd tetra-
substituted allenes (i.2b-2g, 2k-2I, 20-2t and 2w, 2x) in good
isolated yields from 66% to 98% (Table 3, entrieg 41,12, 15-
20, 23 and 24). Aromatic propargyl acetates cormigini-
naphthyl and 2-naphthyl substituents also produttesl tri-
substituted allene products (i.2h and 2i) with 99% selectivity
in yields of 80% and 87% (Table 3, entries 8 andTée {2’
substitution reactions of AlMewith heteroaromatic propargyl
acetates containing thienyl group was also explaad,after 4 h,
tetra-substituted allene2m and 2u were formed with 99%
selectivity in yields of 66% and 70%, respectivéljable 3,
entries 13 and 21). More importantly, the tetrassilited allenes
bearing biaryl grou@v-2x resulting from propargyl acetatés-
1x were obtained in 99% selectivity with isolated yietafs58-
84% (Table 3, entries 22-24).

with AIMe; under others conditions were investigated. Firstly,To broaden the reaction scope, we subsequently eganthe
various solvents were screened under the model isaact S 2’ substitution reactions of AlEt Results showed that the



reactions of the secondary propargyl acetatés c, d, y, z)or
the tertiary propargyl acetatd{m, t, o, r, aa)underwent the
coupling reactions smoothly to give the tri- orraesubstituted
allenes (i.e.4b, 4c, 4d, 4y, 4z, 4aa, 4m, 4t, 40, Ywith high
selectivity (up to 99:1) and good isolated yiel68-94%, Table 4,
entries 1-10). Under the same conditions, aliphptiopargyl
acetates bearing TMS grodg reacted with AlEfto provide the
tri-substituted allenedz with good isolated yields (83%) and
high selectivity (99%) (Table 4, entry 5). In adidit, the tetra-
substituted allenes bearing a thienyl group resulting from
propargyl acetatdm was obtained with isolated yield of 50%
and 99% selectivity (Table 4, entry 7).

Table 4. PdCl(dppf) -catalyzed the\@' substitution reaction gsropargyl
acetates with Al

QA PACL(dppf)(1 mol%) i T

Rzi\ + At THF (2 mL), 4 h, 60C RZJ\/B * Rzi\ .

R K,COx(1.0equiv.) Rl R

1 4 5

Entry 1 R R R  Prod. 45 4Yield(%)

1 b H Ph 2-MePh 4b 98/2 86

2 1c H Ph 3-MePh 4c 95/5 83

3 1d H Ph 4-MePh 4d 95/5 81

4 ly H Ph 3-BrPh 4y 98/2 79

5 1z H TMS 4-CIPh 4z 99/1 83

6 laa Me 4-MePh Me 4aa 98/2 79

7 Im Me 2-thienyl Me 4am 99/1 50

8 it Me 4-MePh Et 4t 98/2 83

9 lo Me 2-FPh Et 40 99/1 74

10 1Ir Me 3-CIPh Et 4r 99/1 94

21/AlMes/PdCh(dppf)/PPR/ K,CO; = 0.5/0.4/0.005/0.5 mmol, 4h, 6G.°
The ratio of4/5 was determined BYNMR. ¢ Isolated yield, two runs.

3. Conclusion

In conclusion, a palladium-catalyzed cross-coupliegction of
substituted propargyl acetates with trimethylaluminteagents
is reported. The &’ substitutionreactions of aromatic propargyl
acetates with trimethylaluminum or triethylaluminwafford tri-
and tetra-substituted allenes in good to exceleitls with high
selectivities. The @&’ substitution reactions of aromatic
propargyl acetates containing 1/2-naphthyl substits
producing the tri-substituted allenes productglofind2i in 87%
and 80% yields with 99% selectivity. They25 substitution
reactions of 2-methyl-4-arylbut-3-yn-2-yl  acetate thwi
trimethylaluminum or triethylaluminum can smootlygive the
tetra-substituted allenes product2ff-x) and4(aa, m, t, o, r)in
excellent yields (up to 97%) with high selectivitiggp to 99%).
This methodology provides useful procedure fordiethesis of
tri- and tetra-substituted allenes. Further studies the
application of this catalyst to other organoaluminteagents are
currently under way.

4. Experimental Section

4.1. Materials and instruments

3
4.2 General Procedures for the Synthesis of Propargyl Acetates
1(a-i)

To a solution of the alkyne (16.5 mmol) in anhydr@HF (25ml)
at -78°C under nitrogen atmosphere was added n-BLf.iM
(16.5 mmol). The reaction was stirred at this terapge for 20
minutes then at room temperature for 1h. After eaptp -78°C,
the aldehyde (15.0 mmol) was added and the reastésnstirred
at room temperature for 1h. After addition of atetanhydrous
(30.0 mmol) at €C, the reaction mixture was warmed to room
temperature and stirred for 2h before quenched avitlaturated
aqueous NELCI solution . The mixture was extracted with diethyl
ether (3 x 30 mL). The combined organic layers weashed
with brine, dried over magnesium sulfate, filterex &vaporated
to give the crude products. The crude product wagested to
flash column chromatography on silica gel (hexameethyl
acetate and hexane) to afford the correspondingapgylic
acetatel (a-i).

1,3-Diphenylprop-2-ynyl acetate (1a) [59]: Yield:1.06g (85
%),Yellow oil. '"H NMR (400 MHz, CDC})) §: 7.60 (dd,J,= 8.4
Hz, J, = 1.6 Hz, 2H), 7.48-7.46 (m, 2 H), 7.42- 7.34 (m, 3 H)
7.32-7.27 (m, 3 H), 6.70 (s, 1H), 2.11 (s, 3H) ppr&: NMR
(100 MHz, CDC}) §: 169.9, 137.3, 132.0, 129.1, 128.9, 128.8,
128.4,127.9, 122.2, 87.2, 85.7, 66.2, 21.2 ppm.

3-Phenyl-1-o-tolylprop-2-ynyl acetate (1b) [33]: Yield:1.66
g, 84%, yellow oil."H NMR (400 MHz, CDC}) & 7.69-7.65
(m, 1H), 7.50-7.46 (m, 2H), 7.35-7.28 (m, 5H), 7248 (m,
1H), 6.77 (s, 1H), 2.46 (s, 3H), 2.15 (s, 3H) ppit NMR
(100 MHz, CDC}) & 169.8, 136.4, 135.3, 131.9, 130.7,
128.9, 128.7, 128.3, 128.1, 126.4, 122.3, 86.95,864.2,
21.0, 19.2 ppm.

3-Phenyl-1m-tolylprop-2-ynyl acetate (1¢) [33]: Yield:1.68
g, 85%, yellow oil.'H NMR (400 MHz, CDC)) & 7.51-7.45
(m, 2H), 7.44-7.38 (m, 2H), 7.35-7.29 (m, 4H), 7(BJ =
7.6 Hz, 1H), 6.67 (s, 1H), 2.38 (s, 3H), 2.14 (Bl) Hpm.
¥C{*H} NMR (100 MHz, CDCE) J 169.9, 138.6, 137.1,
131.9, 129.9, 128.8, 128.6, 128.5, 128.2, 124.2,21286.8,
85.7,66.1, 21.5, 21.2 ppm.

3-Phenyl-1p-tolylprop-2-ynyl acetate (1d) [33]: Yield:1.53
g, 78%, yellow oil.'H NMR (400 MHz, CDC}) & 7.51-7.44
(m, 4H), 7.37-7.28 (m, 3H), 7.24-7.20 (m, 2H), 6(67 1H),
2.39 (s, 3H), 2.14 (s, 3H) ppM*C NMR (100 MHz, CDGJ)
d 169.9, 138.9, 134.3, 131.9, 129.3, 128.8, 12827.8,
122.1, 86.9, 85.7, 65.9, 21.2, 21.0 ppm.
1-(2-Methoxyphenyl)-3-phenylprop-2-ynyl acetate (1€
[33]: Yield: 1.74 g, 83%, yellow oil'"H NMR (400 MHz,
CDCly) o 7.76 (ddJ, = 1.6,J, = 7.6 Hz, 1H), 7.51-7.43 (m,
2H), 7.39-7.33 (m, 1H), 7.32-7.27 (m, 3H), 7.051(d), 7.04-
7.01 (m, 1H), 6.92 (ddl = 1.2, 8.4 Hz, 1H), 3.83 (s, 3H), 2.13
(s, 3H) ppm.**C NMR (100 MHz, CDG)) J 169.8, 156.8,
131.9, 130.4, 129.1, 128.6, 128.2, 125.2, 122.5,612110.8,
86.5, 85.7, 61.0, 55.6, 21.1 ppm.

'H NMR and™C NMR spectra were recorded on a Varian 4001-(2-Chlorophenyl)-3-phenylprop-2-ynyl acetate(1f) [33]:

MHz spectrometer. The chemical shifts are reportddtive to

Yield: 1.81 g, 85%, yellow oiftH NMR (400 MHz, CDC}) &

TMS. Analytical thin-layer chromatography (TLC) was 7.86-7.83 (m, 1H), 7.51-7.44 (m, 2H), 7.43-7.39 (bH)),

performed on silica 60F-254 plates. Flash
chromatography was carried out on silica gel (200-#sh).
All reactions were carried out under nitrogen atmesph
Chemical reagents and solvents were purchased froma®a
beta and Aldrich, and were used without further peaifon with
the exception of these reagents: THRCEtHexane and Toluene
were distilled from Sodium under Nitrogen. Compourafs
propargyl acetateda1z and laa were prepared according to
literature procedures[33,59]. Purification of tleaction products
was carried out by flash chromatography.

column

7.38-7.29 (m, 5H), 6.96 (s, 1H), 2.15 (s, 3H) ppia. NMR
(100 MHz, CDC}) & 169.6, 134.6, 133.5, 132.1, 130.3,
129.8, 129.5, 128.8, 128.3, 127.2, 122.1, 87.%,88.3, 21.0
ppm.

1-(4-Bromophenyl)-3-phenylprop-2-ynyl acetate(1g) [58]:
Yield: 2.06 g, 84%, yellow oiltH NMR (400 MHz, CDC)) &
7.56-7.50 (m, 2H), 7.49-7.44 (m, 2H), 7.42-7.38(2H),
7.36-7.33 (m, 3H), 6.67 (s, 1H), 2.14 (s, 3H) pPEL.NMR
(100 MHz, CDC}) & 169.5, 143.4, 131.9, 131.8, 128.5,
128.3, 128.2,122.8, 119.8, 90.3, 84.1, 72.6, p@rth.



4
1-(Naphthalen-1-yl)-3-phenylprop-2-ynyl Acetate (1HB3]:
Yield: 1.185g (75 %), Yellow oil:*H NMR (400 MHz, CDC}) 6
8.29 (d,J = 8.4 Hz, 1H), 7.88 (dJ= 7.2 Hz, 1H) 7.82(1)= 7.0
Hz, 2H), 7.54 (t J = 7.6 Hz, 1H), 7.48- 7.41 (m, 4 H), 7.33 (s,
1H), 7.22 (t,J = 3.0Hz, 3H), 2.08 (s, 3H) ppm’C NMR (100

Journal of Organometallic Chemistry

7.45-7.41 (m, 1H), 7.30-7.24 (m, 1H), 7.08-7.01 (H),2.12-
2.07 (m, 1H), 2.05 (s, 3H), 1.97-1.88 (m, 1H), 1.753(4), 1.10
(t, J = 3.8 Hz, 3H)ppm=C NMR (100 MHz, CDGCJ) J: 169.4,
163.0 (d,J = 250.2 Hz), 133.8 (d] = 1.3 Hz), 130.1 (dJ = 7.9
Hz), 123. 9 (dJ = 3.8 Hz), 115.5 (dJ = 20.7Hz), 111.5 (dJ =

MHz, CDCk) ¢: 170.0, 134.1, 132.5, 132.0, 130.7, 130.1,15.6Hz), 94.6 (d,J = 3.4Hz), 78.6, 76.2, 34.7, 26.1, 22.0,

128.9(d,J = 5.7Hz), 128.4,126.7(d] = 3.1Hz), 126.1, 125.3,
123.9, 122.2, 87.7, 85.8, 64.7, 21.2.ppm.

1-(Naphthalen-2-yl)-3-phenylprop-2-ynyl  Acetate(1i) [33]:
Yield: 1.343g (85 %), Yellow oil'H NMR (400 MHz, CDC)) §:
8.04 (s, 1H), 7.86-7.79 (m, 3 H), 7.69 (dd= 8.4 Hz,J,= 1.2
Hz, 1H), 7.50-7.45 (m, 4 H), 7.28@= 2.6 Hz, 3H), 6.88(s, 1H),
2.11(s, 3H) ppm**C NMR (100 MHz, CDGCJ) §: 169.8, 134.5,
133.5, 133.1, 132.0, 128.9, 128.7, 128.3, 128.3)(d,1.8Hz),
127.7, 127.2, 126.7, 126.5, 125.2, 122.1, 87.47,856.3, 21.2

ppm.
4.3 General procedures for the synthesis of propargyl acetates
1(-x)

n-BuLi (9.5 mL, 15.2mmol, 1.6M in hexane) was added t
anhydrous THF (30 mL) under an argon atmospheretantlask

was cooled to —78°C. Then, alkyne (12.2mmol) was @dde

dropwise and stirred for 30 minutes at %Z8 Subsequently,
acetone (0.92 g, 1.16 mL, 15.85mmol) was added dsgpwihe
reaction mixture was stirred for 2 h at room tempes Then,
acetate anhydrous (1.68 g, 1.56 mL, 16.5mmol) wadedd
dropwise at 0 °C. The mixture was stirred overnightaom
temperature and. After completion, sat. aq.,8H15 mL) was
added and the mixture was extracted with diethylrefBex 15
mL), washed with sat. NaHG@®10 mL), HO (10 mL) and dried

over NaSQ,. The crude product was chromatographed on silic

gel (ethyl acetate/hexane) to afford the correspmngropargyl
acetatel (j-x).

2-Methyl-4-phenylbut-3-yn-2-yl acetate(1j) [57]: Yield: 0.654g
(60 %), Yellow oil."H NMR (400 MHz, CDCJ) §: 7.43-7.41 (m,
2H), 7.24-7.28 (m, 3H), 2.02 (s, 3H), 1.74 (s, 6H) ppP&NMR
(100 MHz, CDC}) ¢: 169.1, 131.7, 128.2, 128.1, 122.6, 90.1
83.9, 72.3, 28.9, 21.8 ppm.

2-Methyl-4-(2-fluorophenyl)but -3-yn-2-yl Acetate (XK) [58]:
Yield: 0.791g (67 %), Yellow oil'H NMR (400 MHz, CDC}))
0:7.44-7.40 (m, 1H), 7.30-7.24 (m, 1H), 7.08-7.01 2H), 2.05
(s, 3H), 1.76 (s, 6H)ppnt’C NMR (100 MHz, CDG)) : 169.4,
162.8 (d,J = 250.0 Hz), 133.8 (dJ = 1.1 Hz), 130.2 (dJ =
7.9Hz), 123.8 (dJ = 3.8 Hz), 115.4 (dj = 20.8 Hz), 111.3 (d]
=15.5 Hz), 95.5 (d] = 3.3Hz), 72.4, 29.0, 22.0ppm.

2-Methyl-4-(3-bromophenyl)but-3-yn-2-yl Acetate (1) [58]:
Yield: 0.743g (50 %), Yellow oil'H NMR (400 MHz, CDC))
5:7.59 (s, 1H), 7.44-7.29 (m, 3H), 7.17-7.14 (m, 1H)62(d,J =
1.6Hz, 3H), 1.75 (dJ = 2.0Hz, 6H) ppm,”C NMR (100 MHz,
CDCl) ¢: 169.3, 134.6, 131.5, 130.4, 129.7, 128.2, 12122,0,
91.6, 82.5, 72.2, 29.0, 22.0 ppm.

2-Methyl-4-(2-thienyl)but-3-yn-2-yl Acetate (1m)[58]: Yield:
0.907g (81 %), Yellow oil.'H NMR (400 MHz, CDCJ) : 7.21-
7.19 (m, 1H), 7.18-7.17 (m, 1H), 6.92-6.90 (m, 1HRQA2(t,J =
2.2Hz, 3H), 1.71 (s, 1H) ppm-*C NMR (100 MHz, CDCJ) :
169.3, 132.4, 127.3, 126.9, 122.5, 94.0, 77.4,,72%40, 22.0

ppm.

3-Methyl-1-phenylpent -1-yn-3-yl Acetate (1n)[58]: Yield:
0.684g (59 %), Yellow oil'H NMR (400 MHz, CDCJ) §: 7.43
(t, 3= 3.6 Hz, 2H), 7.29-7.25 (m, 3H), 2.11-2.04 (m, 4H}6L.
1.87 (m, 1H), 1.74 (s, 3H), 1.08 @,= 7.4 Hz, 3H) ppm:C
NMR (100 MHz, CDC})) ¢: 169.4, 131.9, 128.3, 128.2, 122.8,
89.3, 85.1, 76.2, 34.7, 26.1, 22.0, 8.8 ppm.

3-Methyl-1-(2-fluorophenyl)pent-1-yn-3-yl Acetate (b) [58]:
Yield: 0.838g (67 %), Yellow oil'H NMR (400 MHz, CDC)) ¢:

8.7ppm.

3-Methyl-1-(3-fluorophenyl)pent-1-yn-3-yl Acetate (p) [58]:
Yield: 0.588g (47 %), Yellow oil'H NMR (400 MHz, CDC)) ¢:
7.27-7.20 (m, 2H), 7.15-7.11 (m, 1H), 7.02-6.97 (H),12.10-
2.01 (m, 4H), 1.96-1.87 (m, 1H), 1.73 (s, 3H), 1.07J( 3.0
Hz,3H) ppm.°C NMR (100 MHz, CDG)) §: 169.4, 163.6 (d] =
244.8 Hz), 129.8 (d] = 8.6 Hz), 127.8 (dJ = 3.0 Hz), 124.7 (d,
J=9.4 Hz) 118.7 (d) = 22.6 Hz), 115.7 (d] = 21.0 Hz), 90.35,
83.9 (d,J= 3.4 Hz), 76.0, 34.6, 26.0, 21.9, 8.7 ppm.

3-Methyl-1-(4-fluorophenyl)pent-1-yn-3-yl Acetate (§) [58]:
Yield: 0.400g (32 %), Yellow oil'H NMR (400 MHz, CDCJ) 5
7.38 (g,J = 3.2 Hz, 2H), 6.94 (t) = 8.0Hz, 2H), 2.06-1.97 (m,
4H), 1.92-1.83 (m, 1H), 1.69 (s, 3H), 1.04 Jt= 7.4 Hz, 3H)
ppm.**C NMR (100 MHz, CDG)) J: 169.4, 162.6 (dJ = 247.9
Hz), 133.8 (d,J = 8.3Hz), 118.9 (dJ = 3.4 Hz), 115.5 (dJ =
21.9Hz), 89.1, 84.1, 76.1, 34.6, 26.1, 22.0, 8.7 .ppm

3-Methyl-1-(3-chlorophenyl)pent-1-yn-3-yl Acetate (1) [58]:

Yield: 0.746g (56 %), Yellow oil'*H NMR (400 MHz, CDC}) 6

7.43-7.39 (m, 1H), 7.33-7.26 (m, 1H), 7.24-7.22 (iH),17.20-
7.15 (m, 1H), 2.06-1.97 (m, 4H), 1.92-1.83 (m, 1HY0L(s, 3H),
1.04 (t,J = 7.4Hz, 3H) ppm*C NMR (100 MHz, CDGC)) :

169.3, 133.9, 131.6, 129.9, 129.4, 128.5, 124.4,%¥8.6, 75.8,
34.5,25.9, 21.9, 8.6 ppm.

%-Methyl-l-(S-bromophenyl)pent-l-yn-S-yI Acetate (1s[58]:
Yield: 0.715g (46 %), Yellow oil:*H NMR (400 MHz, CDC}) 4
7.58 (t,J = 1.8 Hz, 1H), 7.45-7.41 (m, 1H), 7.29-7.26 (m, 1H),
7.15 (t,J = 7.8 Hz, 1H), 2.11-2.00 (m, 4H), 1.97-1.86 (m, 1H),
1.73 (d,J = 6.8 Hz, 3H), 1.10-1.05 (m, 3H) ppMC NMR (100
MHz, CDCL) d: 169.5, 134.7, 131.8(d,= 39.8Hz), 130.1(d] =

,76.2 Hz), 128.3 (dJ = 12.6 Hz), 124.9, 122.5 (d= 77.9 Hz),

90.1 (d,J = 136.7 Hz), 84.4(d) = 147.6 Hz), 76.2(d) = 33.0
Hz), 34.7(d,J = 7.1 Hz), 26.1 (dJ = 12.5 Hz), 22.1(d) = 6.8
Hz), 8.8(d,J = 4.1 Hz) ppm.

3-Methyl-1-(4-methylphenyl)pent-1-yn-3-yl Acetate () [58]:
Yield: 0.812g (66 %), Yellow oil'H NMR (400 MHz, CDC)) ¢:
7.31 (d,J = 7.6 Hz, 2H), 7.07 (dJ = 8.0 Hz, 2H), 2.31 (s, 3H),
2.09-2.00 (m, 4H),1.94-1.85 (m, 1H), 1.72 (s, 3H),61(0 J =
7.2 Hz, 3H) ppm.**C NMR (100 MHz, CDGCJ) §: 169.5, 138.4,
131.8, 129.0, 119.8, 88.7, 85.2, 76.4, 34.7, 2B22], 21.5, 8.8

ppm.

3-methyl-1-(thiophen-2-yl)pent-1-yn-3-yl acetate (@) Yield:
0.952g (80 %), Yellow oil'H NMR (400 MHz, CDCJ) &: 7.24-
7.20 (m, 2H), 6.96- 6.94 (m, 1H), 2.08-2.03 (m, 4HR611.89
(m, 1H), 1.73 (s, 3H), 1.07 (@ = 7.2 Hz,3H) ppm=C NMR
(100 MHz, CDC})) ¢: 169.4, 132.4, 127.3, 126.9, 93.2, 78.4,
76.2, 34.6, 26.0, 22.0, 8.8 ppm. HRMS(ESI):m/z cafod
C1oH150,S" (M + H)" 223.07145, found 223.07132.

2,4-Diphenylbut-3-yn-2-yl Acetate (1v)58]: Yield: 0.770g (77
%), Yellow oil. '"H NMR (400 MHz, CDC}J) ¢: 7.63 (d,J = 7.6
Hz, 2 H), 7.52-7.50 ( m, 2 H), 7.36 &= 7.6 Hz, 2H), 7.30-7.27
(m, 4H), 2.06 (s, 3H), 1.96 (s, 3H) ppHC NMR (100 MHz,
CDCly) 6: 168.6, 142.8, 132.0, 128.6, 128.4, 128.3, 121728,0,
1225, 88.6, 87.2, 76.1, 32.2, 21.9 ppm.

4-(4-Chlorophenyl)-2-phenylbut-3-yn-2-yl Acetate (1w)[58]:

Yield: 1.101 g (70 %), Yellow oi:H NMR (400 MHz, CDCJ)) &:
7.59-7.55 (m, 2H), 7.52-7.49 (m, 2H), 7.34-7.29 (iM),3.07 (s,
3H), 1.94 (s, 3H) ppm:*C NMR (100 MHz, CDCJ) 6: 168.6,
141.5, 133.7, 132.0, 128.8, 128.6, 128.4, 126.8,3188.1, 87.5,
75.6, 32.1, 21.8 ppm



4-(4-Fluorophenyl)-2-phenylbut-3-yn-2-yl Acetate (1x [58]:
Yield: 0.715 g (48 %), Yellow oitH NMR (400 MHz, CDCJ) ¢:
7.64-7.60 (m, 2H), 7.52-7.50 (m, 2H), 7.33-7.30 (iH),37.06-
7.02 (m, 2H), 2.07 (s, 3H), 1.96 (s, 3H) ppiiC NMR (100
MHz, CDCk) &: 168.7, 162.4 (dJ) = 245.1 Hz), 138.7, 132.0,
128.8, 128.4, 127.1 (d,= 8.2 Hz), 122.4, 115.3 (d,= 20.5 Hz),
88.3, 87.5, 75.7, 32.2, 21.9 ppm.
1-(3-bromophenyl)-3-phenylpop-2-ynyl acetate(ly): 2.18 g,
83%, yellow oil."H NMR (400 MHz, CDCJ)) & 7.74 (s, 1H),
7.52-7.46 (m, 4H), 7.31-7.23(m, 4H), 6.65 (s, 1H),22(5,
3H)ppm. “C NMR (100 MHz, CDG)) J 169.6, 139.4, 132.1,
131.9, 130.8, 130.3, 129.0, 128.4, 126.4, 122.7,8.87.5, 85.0,
65.2, 21.1ppm.
1-(4-Chlorophenyl)-3-(trimethylsilyl)prop-2-ynyl acetate (12)
[58]:1.56 g, 74%, yellow oifH NMR (400 MHz, CDCJ) & 7.45
(d,J = 8.4 Hz, 2H), 7.31 (d] = 8.4 Hz, 2H), 6.45 (s, 1H), 2.06
(s, 3H), 1.24 (s, 9H) ppmMiC NMR (100 MHz, CDGJ)) & 169.6,
135.4, 134.5, 129.2, 128.7, 96.5, 74.9, 65.1, 3('A, 21.1, -0.4
ppm.

2-Methyl-4-(4-methylphenyl)but-3-yn-2-yl acetate(laa) [58]:
2.19 g, 83%, yellow oi"H NMR (400 MHz, CDC}J) J 7.31 (d,J

= 8.0 Hz, 2H), 7.07 (dJ = 8.0 Hz, 2H), 2.30 (s, 3H), 2.01 (s,
3H), 1.72 (s, 6H) ppm™*CNMR (100 MHz, CDCJ) & 169.5,
138.4, 131.8, 129.1, 119.7, 89.6, 84.2, 72.6, Z2A), 21.5 ppm.

4.4 General Procedures for the Coupling Reaction of Propargyl
acetates with Trimethylaluminum or Triethylaluminum

Under a dry nitrogen atmosphere, a mixture of Rd@pf)
(0.0037 g, 0.005 mmol), and,8O; ( 0.0691 g, 0.50 mmol) in a
reaction vessel was added an trimethylaluminum
triethylaluminum (0.4 mmol) in 2 mL THF followed bgn
addition of propargyl acetate (0.50 mmol). The teslisolution
was stirred at 66C for 4 h. After completion the reaction, the
mixture was diluted with saturated ammonium chlosdéution

(5 mL) and extracted with ethyl acetate (3x 15 mIje
combined organic layers were dried over anhydrousSGa
filtered and evaporateish vacuum. The residue was subjected to
flash column chromatography on silica gel (hexameethyl
acetate and hexane) to afford the correspondiegalproductg.

1,3-Diphenylbuta-1,2-diene(2a) [33]: Yield: 0.100g (97 %),
Yellow oil. *H NMR (400 MHz, CDCI3)s: 7.48-7.44 (m, 2 H),
7.36-7.28 (m, 6 H), 7.25-7.20 (m, 2 H), 6.48JG; 2.8 Hz, 1
H), 2.23 (d,J = 2.8 Hz, 3 H) ppm-C NMR (100 MHz, CDCJ) 6:
206.9, 136.4, 134.6, 128.8, 128.6, 127.2[{ds 1.4Hz),127.0,
126.0, 104.7, 96.7, 16.9 ppm.

1-(2-Methylphenyl)-3-pethylbuta-1,2-diene (2b) [33]: Yield:
0.095 g, 85%, yellow oiH NMR (400 MHz, CDC}) & 7.46 (d,
J=7.6 Hz, 2H), 7.36-7.31 (m, 3H), 7.25-7.20 (m, 1H),777.11
(m, 3H), 6.66 (qJ = 3.2 Hz, 1H), 2.40 (s, 3H), 2.23 @= 3.2
Hz, 3H) ppm.**C NMR (100 MHz, CDG)): J = 207.5, 136.6,
135.3, 132.7, 130.8, 128.5, 127.5, 126.95, 1261926,2, 125.8,
103.5, 94.1, 20.1, 16.9 ppm.
1-(3-Methylphenyl)-3-phenylbuta-1,2-diene (2¢) [33]: Yield:
0.106 g, 97 %, yellow oil'*H NMR (400 MHz, CDCJ) & 7.45
(d, J = 8.0 Hz, 2H), 7.35 (t) = 7.2 Hz, 2H), 7.23 (dd] = 8.4,
16.4 Hz, 2H), 7.21-7.12 (m, 2H), 7.02 @= 7.2 Hz, 1H), 6.45
(q,J = 2.8 Hz, 1H), 2.33 (s, 3H), 2.23 (@@= 2.8 Hz, 3H) ppm.
¥*C NMR (100 MHz, CDCJ)) & 206.8, 138.2, 136.4, 134.4,
128.6, 128.4,127.9, 127.5, 127.1, 125.8, 124.4,31®6.6, 21.5,
16.8 ppm.

1-(4-Methylphenyl)-3-phenylbuta-1,2-diene (2d) [33]: Yield:
0.107g, 98%, yellow oil'H NMR (400 MHz, CDCJ) & 7.46-
7.43 (m, 2H), 7.34-7.31 (m, 2H), 7.25-7.20 (m, 3H}37(d,J =
8.0 Hz, 2H), 6.46 (q) = 2.8 Hz, 1H), 2.33 (s, 3H), 2.22 @~
2.8 Hz, 3H) ppmC{*H} NMR (100 MHz, CDC}) & 206.5,
136.6, 136.5, 131.6, 129.5, 128.3, 126.9, 126.8.7,2104.5,
96.4, 21.2, 16.9 ppm.

S
1-(2-Methoxyphenyl)-3-phenylbuta-1,2-diene (2¢) [33]:
Yield: 0.114 g, 97%, yellow oi'H NMR (400 MHz, CDC)) &
7.47-7.44 (m, 2H), 7.38-7.31 (m, 3H), 7.25-7.18 (iH),26.91-
6.86 (m, 3H), 3.86 (s, 3H), 2.22 (d,= 3.3 Hz, 3H) ppm®*C
NMR (100 MHz, CDC}) & 207.3, 156.1, 136.5, 128.4, 128.1,
127.8, 126.8, 125.7, 122.8, 120.7, 111.1, 103.8,%5b.6, 16.8
ppm.
1-(2-Chlorophneyl)-3-phenylbuta-1,2-diene (2f) [33]: Yield:
0.116 g, 96%, yellow oil'H NMR (400 MHz, CDC)) & 7.47-
7.40 (m, 3H), 7.37-7.33 (m, 3H), 7.25-7.22 (m, 1H},877.12
(m, 2H), 6.91 (qJ = 2.8 Hz, 1H), 2.23 (d] = 2.6 Hz, 3H) ppm.
*C NMR (100 MHz, CDGCJ)): = 207.8, 135.8, 132.2, 129.8,
128.5,128.4, 128.1, 127.2, 126.8, 125.7, 104.8,,9%.7 ppm.
1-(4-bromophneyl)-3-phenylbuta-1,2-diene(2h) [58]: Yield:
0.094g, 66%, yellow oil'H NMR (400 MHz, CDC})) & 7.45-
7.43 (m, 2H), 7.35-7.32 (m, 2H), 7.31-7.21 (m, 5H%46(q,J =
2.7 Hz, 1H), 2.23 (dJ = 2.6 Hz, 3H) ppm**C NMR (100 MHz,
CDCly) & 206.9, 136.1, 133.1, 132.6, 128.8, 128.5, 12”7,1,
125.8, 105.1, 95.7, 16.8 ppm.
1-(Naphthylen-1-yl)-3-phenylbuta-1,2-diene (2h]58]: Yield:
0.111g (87 %), Yellow oil.'"H NMR (400 MHz, CDCJ) é:
8.26(d,J = 7.6Hz,1H), 7.82 (d) = 7.2 Hz, 1H), 7.71 (d) = 8.0
Hz,1H), 7.56(dJ = 7.2 Hz, 1H), 7.51-7.44 (m, 4H), 7.39 Jt=
7.6 Hz, 1H), 7.33-7.30 (f] = 7.4 Hz, 2H), 7.21 (t) = 7.2 Hz,
1H), 7.15 (d,J = 2.0 Hz, 1H), 2.26 (dJ = 2.4 Hz,1H) ppmXC
NMR (100 MHz, CDC}) ¢: 208.3, 136.5, 134.1, 131.1, 130.8,
128.8, 128.6, 127.8, 127.1, 126.3, 126.0, 125.8.8,2125.7,
123.8, 103.5, 93.5, 17.0 ppm.

ort-(Naphthylen-2-yl)-3-phenylbuta-1,2-diene (2i)[57]: Yield:

0.102g (80 %), Yellow oil'*H NMR (400 MHz, CDC})) §: 7.76, -
7.69(m, 4H), 7.48 (dJ = 8.0 Hz, 3H), 7.44-7.37 (m, 2H), 7.32(t,
J = 7.6 Hz, 2H), 7.21 () = 7.2 Hz, 1H), 6.63 (dJ = 2.0 Hz,
1H), 2.25 (dJ = 2.4 Hz, 3H) ppm™C NMR (100 MHz, CDG))

5. 207.5, 136.4, 133.9, 132.8, 132.2, 128.6, 128.27.84,
127.82, 127.2, 126.4, 126.0, 125.79, 125.76, 124®4.9,
97.1,17.0 ppm.

1-(4-methylpenta-2,3-dien-2-yl)benzene (2j) [58]: Yield:
0.070g (89 %), Yellow oil."H NMR (400 MHz, CDC)) &
7.37(d,J = 8.0 Hz, 2H), 7.30(tJ = 6.0Hz, 2H), 7.16 (tJ] =
8.0Hz, 1H), 2.05(s, 3H), 1.79(s, 6H) ppHC NMR (100 MHz,
CDCly) d: 202.1, 138.9, 128.3, 126.2, 125.8, 98.2, 97.06,20
17.4 ppm.

1-Fluoro-2-(4-methylpenta-2,3-dien-2-yl)benzene (3k [58]:
Yield: 0.080g (91 %), Yellow oil*H NMR (400 MHz. CDC3) ¢:
7.17-7.13 (m ,1H), 7.02-6.99 (d,= 4 Hz, 1H), 6.96-6.85 (m
,2H), 1.97 (qJ;= J,= 4 Hz , 3H), 1.66 (1) = 3.2 Hz, 6H) ppm,
¥%C NMR (100 MHz, CDG)) §: 203.7 (dJ = 1.5 Hz), 160.2 (dJ
= 247.5 Hz), 129.4 (d] = 3.8 Hz), 127.9 (dJ= 8.2 Hz ), 127.4
(d, J = 11.7 Hz), 123.8 (dJ = 3.6 Hz), 116.0 (dJ = 22.7 Hz),
95.1 (d,J= 1.5 Hz), 93.8, 20.6, 19.4 (d= 2.8 Hz) ppm.

1-Bromo-3-(4-methylpenta-2,3-dien-2-yl)benzene (2I)[58]:
Yield: 0.070g (73 %), Yellow oil*H NMR (400 MHz. CDC3}) ¢:
7.44-7.41 (m, 1H),7.35 (dd,= 7.6 Hz,J, = 0.8 Hz, 1H), 7.29-
7.27 (m, 1H), 7.18-7.11 (m, 1H), 2.05 (s, 3H), 1.75J(¢ 4 Hz,
6H) ppm. *C NMR (100 MHz, CDG)) §: 202.1, 138.8, 137.8,
128.3, 127.0, 125.8, 123.0, 98.2, 96.8, 21.7, 20076, ppm.

2-(4-methylpenta-2,3-dien-2-yl)thiophene (2m)[58]: Yield:
0.054g (66 %), Yellow oil'H NMR (400 MHz,CDC}) ¢: 7.11
(d,J= 5.2 Hz, 1H), 6.95-6.93 (m, 1H), 6.84 Jt= 3.6 Hz, 1H),
2.04 (d,J = 0.8 Hz, 3H), 1.78 (dJ = 0.8 Hz, 6H) ppm™*C NMR
(100 MHz, CDCY}) ¢: 201.1, 145.1, 127.5, 124.0, 122.4, 98.0,
94.4,77.5,77.2,76.8, 20.6, 18.3 ppm.

1-(4-methylhexa-2,3-dien-2-yl)benzene (21i%8]: Yield: 0.082¢g
(95 %), Yellow oil.'*H NMR (400 MHz. CDC3) 6: 7.38 (d,J=8
Hz, 2H), 7.30 (tJ = 8 Hz, 2H), 7.16 (tJ = 6 Hz,1H), 2.11-



6
2.04(m , 5H) , 1.78 (s, 3H), 1.05-1.01 (m, 3pm. °C NMR
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7.41 (m, 2H), 7.38-7.35 (m, 2H), 7.34-7.30 (m, 2HR377.19

(100 MHz, CDCJ) : 201.3, 138.9, 129.1, 128.3, 126.1, 125.7,(m, 1H), 7.02-6.97 (m, 2H), 2.19 (s, 3H), 2.18 (s, Pidn.*C

103.4, 100.1, 27.6, 19.0, 17.5, 12.5 ppm.

1-Fluoro-2-(4-methylhexa-2,3-dien-2-yl)benzene (20)[58]:
Yield: 0.086g (91 %), Yellow oifH NMR (400 MHz,CDC}) :
7.20- 7.15 (m ,1H), 7.03- 7.00 (m ,1H), 6.97- 6.85,2H), 1.98
(t, J = 2.4Hz ,3H), 1.94-1.91 (m ,2H), 1.66 M= 3.6 Hz ,3H),
0.97- 0.92 (m ,3H)ppm+=C NMR (100 MHz, CDG)) §: 202.9
(d, J = 2.0 Hz), 160.4 (dJ = 247.6Hz), 129.6 (d]J = 3.9Hz),
127.8 (d,J =8.2 Hz), 127.5 (dJ = 13.7 Hz), 123.8 (d) = 3.6
Hz), 116.1 (dJ = 22.7 Hz), 101.4 (d) = 1.3 Hz), 95.7, 27.3
,19.6 (d,J = 2.8 Hz) 19.0, 12.3ppm.

1-Fluoro-3-(3-methylhexa-2,3-dien-2-yl)benzene  (2p) [58]:
Yield: 0.092g (97 %), Yellow oifH NMR (400 MHz, CDCJ) 6
7.25-7.21 (m, 1H), 7.14 (d] = 8Hz, 1H), 7.09-7.05 (m, 1H),
6.87-6.83 (m, 1H), 2.11-2.04 (m, 5H), 1.79 (s, 3HP21(t,J =
8Hz, 3H) ppm**C NMR (100 MHz, CDCJ) d: 201.6, 163.3 (dJ
= 242.5Hz), 141.7 (d] = 7.4Hz), 129.6 (d) =8.3Hz), 121.2(d)
= 2.6Hz), 112.7 (ddj, = 21.4,J, = 38.2 Hz), 104.0, 99.6 (d,=
2.5Hz), 27.5, 18.9, 17.4, 12.4 ppm.

1-Fluoro-4-(4-methylhexa-2,3-dien-2-yl)benzene (2q [58]:
Yield: 0.076g (80 %), Yellow oifH NMR (400 MHz, CDC}) 4
7.34- 7.30 (m, 2H), 6.98 (8,= 8.0 Hz ,2H), 2.04 (s, 5H), 1.78 (s,
3H), 1.04-1.00 (m, 3H) ppm3C NMR (100 MHz, CDGC)) o:
201.0, 161.6 (dJ = 241.2Hz), 127.0 (d] = 7.8Hz), 115.1, 114.9,
103.6, 99.3, 27.6, 9.0, 17.7, 12.4 ppm.

1-Chloro-3-(4-methylhexa-2,3-dien-2-yl)benzene  (2r) [58]:
Yield: 0.092g (89 %), Yellow oifH NMR (400 MHz, CDC}) 4
7.33 (s, 1H), 7.26- 7.19 (m, 2H), 7.14- 7.12 (m, 1M}1-2.04
(m, 5H), 1.79 (s, 3H), 1.02 (8 = 8.0 Hz ,3H) ppm.“C NMR

NMR (100 MHz, CDC}) ¢: 205.6 (d,J = 2.1 Hz), 205.63, 162.0
(d,J=244.3 Hz), 137.2, 133.3 (d~= 3.2 Hz), 128.6, 127.4 (4,
= 7.9 Hz), 127.0, 125.9, 1154 (d,= 21.4Hz), 102.7, 101.7,
17.2,17.0 ppm.

1-methyl-2-(3-phenylpenta-1,2-dien-1-yl)benzene (4b):Yield:
0.1014g (87%), yellow oil*H NMR (400 MHz, CDCJ) & 7.45-
7.38 (m, 3H), 7.30-7.27 (m, 2H), 7.19-7.08 (m, 4H),466.73
(m, 1H), 2.57-2.53 (m, 2H), 2.38 (s, 3H), 1.21-1.17 &) ppm
ppm.*C NMR (100 MHz, CDCJ) & 206.5, 136.5, 135.8, 132.6,
130.7, 128.8, 127.3, 127.00, 126.7, 126.3, 1261D.6l 96.9,
23.6, 20.1, 12.7 ppm. HRMS (ESI) m/z calcd fagtGe™ (M+H)”
235.14813, found 235.14836.

1-methyl-3-(3-phenylpenta-1,2-dien-1-yl)benzend4c): Yield:
0.0972g (83%), yellow oifH NMR (400 MHz, CDCJ) & 7.71-
7.68 (m, 2H), 7.55-7.51 (m, 2H), 7.45-7.38 (m, 4HR57(m,
1H), 6.78-6.76 (m, 1H), 2.85-2.79 (m, 2H), 2.55 Jds 4.0 Hz
,3H), 1.47-1.42 (m, 3H) ppmC NMR (100 MHz, CDCJ)) &
206.4, 138.4, 136.4, 134.7, 128.7, 128.6, 128.0,.52127.1,
126.2, 124.0, 111.6, 98.8, 23.3, 21.5, 12.7 ppm. ISRESI) m/z
caled for GgHye' (M+H)* 235.14813, found 235.14827.

1-methyl-4-(3-phenylpenta-1,2-dien-1-yl)benzeng4d): Yield:
0.095g (81 %), yellow oil'H NMR (400 MHz, CDCJ) & 7.64
(d,J =7.6 Hz 2H), 7.49 (t) = 7.6Hz ,2H), 7.44-7.36 (m, 3H),
7.30(d,J = 8.0 Hz ,2H), 6.74 (t) = 3.2Hz ,1H), 2.78-2.74 (m,
2H), 2.51 (s, 3H), 1.38 (] = 7.2Hz ,3H)ppm.°C NMR (100
MHz, CDCL) & 206.0, 136.8, 136.2, 131.9, 129.5, 128.5, 127.0,
126.9, 126.1, 121.4, 98.4, 23.9, 21.5, 12.8 ppm.

2-(5-methylhexa-3,4-dien-3-yl)thiophene (4m):Yield: 0.044g

(100 MHz, CDC}) §: 201.6, 141.1, 134.3, 129.4, 126.1, 125.7,(50%)’ yellow oil.*H NMR (400 MHz, CDCJ) & 7.15(d,J = 4.8

123.7,104.1, 99.4, 275, 18.9, 17.5, 12.4 ppm.

1-Bromo-3-(3-methylhexa-2,3-dien-2-yl)benzene (2s)[58]:
Yield: 0.079g (63 %), Yellow oil'H NMR (400 MHz, CDCJ) 5
7.40-7.27 (m, 1H), 7.21-7.19 (m, 2H), 6.99-6.98 (iM),12.34 (s,
1H), 2.07-2.05 (m, 4H), 1.78 (s, 3H), 1.05-1.01 (m, ppin. **C
NMR (100 MHz, CDC})) ¢: 201.3, 138.9, 137.8, 128.3, 127.0,
126.4, 125.6, 122.8, 103.2, 100.1, 27.6, 19.0,, 126 ppm.

1-Methyl-4-(4-methylpenta-2,3-dien-2-yl)benzene (2t [58]:
Yield: 0.085g (92 %), Yellow oil'H NMR (400 MHz, CDCJ) 4
7.27 (d,J = 8.4 Hz, 2H), 7.10(dJ = 8.0 Hz, 2H), 2.32 (s, 3H),
2.09-2.03 (m, 5H), 1.77 (s, 3H), 1.02J& 7.4 Hz, 3H) ppm™C
NMR (100 MHz, CDC})) ¢: 201.0, 136.0, 135.8, 129.0, 125.6,
103.2, 100.0, 27.7,21.2,19.0, 17.6, 12.5 ppm.

2-(4-methylhexa-2,3-dien-2-yl)thiophene (2u)Yield: 0.062g
(70 %), Yellow oil. '"H NMR (400 MHz, CDCJ) §: 7.09 (d,J =
4.8 Hz, 1H), 6.94 (t) = 4.2 Hz, 1H), 6.84 (d) = 2.8 Hz, 1H),
2.08-2.03 (m, 5H), 1.77 (m, 3H), 1.04 Jt= 7.2 Hz, 3H) ppm.
®C NMR (100 MHz, CDGCJ)) 6: 200.3, 145.2, 127.4, 123.8,
122.2, 104.4, 96.5, 27.8, 19.0, 18.3, 12.4 ppm. HEBH:m/z
calcd for GH;sS™ (M + H)* 178.08162, found 178.08138.

2,4-Diphenylpenta-2,3-diene (2v)58]: Yield: 0.064g (58 %),
Yellow oil. '"H NMR (400 MHz, CDCJ) §: 7.44-7.42 (m, 4H),
7.33-7.29 (m, 4H), 7.22-7.20 (m, 2H), 2.20 (s, 6H) ppic
NMR (100 MHz, CDC}) 4: 206.0, 137.4, 128.6, 126.9, 125.9,
102.5, 16.9 ppm.

2-phenyl-4-(4-chlorophenyl)penta-2,3-diene (2w)58]: Yield:
0.107g (84 %), Yellow oifH NMR (400 MHz, CDCJ) §: 7.42-
7.39 (m, 2H), 7.35-7.27 (m, 6H), 7.25-7.19 (m, 2HL%2(s, 3H),
2.17 (s, 2H) ppm*C NMR (100 MHz, CDG)) §: 206.0, 137.0,
135.9, 132.6, 128.6 (d, = 2.8 Hz), 127.2, 127.0, 125.9, 102.9,
101.8, 16.9, 16.9 ppm.

2-phenyl-4-(4-fluorophenyl)penta-2,3-diene (2x)[58]: Yield:
0.088g (74 %), Yellow oif'H NMR (400 MHz, CDCJ) §: 7.43-

Hz, 1H), 7.00-6.96(m, 1H), 6.92-6.90(m, 1H), 2.43(g, 7.2 Hz,
2H), 1.85(s, 6H), 1.16(t) = 7.2 Hz ,3H) ppm.”*C NMR (100
MHz, CDCL) 6: 200.5, 144.5, 127.4, 123.6, 122.0, 101.3, 100.1,
24.6, 20.6, 20.5, 12.6ppntRMS (ESI) m/z calcd for GH,sS'
(M+H)* 179.08890, found 179.08853.

1-methyl-4-(5-methylhepta-3,4-dien-3-yl)benzene (%t Yield:
0.083g (83%), yellow oil'H NMR (400 MHz, CDC)) & 7.27 (d,
J=8.4Hz, 2H), 7.08 (d) = 7.6 Hz, 2H), 2.39 (q] = 7.2 Hz,
2H), 2.30 (s, 3H), 2.13-2.01(m, 2H), 1.78 (s, 3H)91(1)J = 7.6
Hz, 3H), 1.03 (tJ = 7.2 Hz, 3H)ppm.¥C NMR (100 MHz,
CDCl) d: 200.4, 135.7, 129.3, 129.0, 126.5, 125.8, 10108,3,
94.4, 27.7, 23.4, 21.1, 19.2, 12.9, 12.6pgaRMS (ESI) m/z
caled for GsHy, (M+H)" 201.16378, found 201.16356.

1-fluoro-2-(5-methylhepta-3,4-dien-3-yl)benzene (4o Yield:

0.075g (74%), yellow oil'H NMR (400 MHz, CDCJ) & 7.36-

7.25 (m, 1H), 7.17-7.09 (m, 1H), 7.07-6.96(m, 2H),02(4,J =

7.2 Hz, 2H ), 2.09-1.98 (m, 2H), 1.79 (m, 3H), 1.0731(fn,

6H).®C NMR (100 MHz, CDG)) §: 201.8, 160.3 (dJ = 246.7
Hz), 129.7 (d,J = 4.1 Hz) 127.8 (d) = 8.0 Hz), 123.8 (d] = 3.5

Hz), 115.1(dJ = 22.8 Hz), 105.6, 103.1 (d,= 72.4 Hz), 86.9 (d,
J = 6.5 Hz), 27.5, 25.6, 19.2, 12.9, 12.4ppARMS (ESI) m/z
calcd for GH,gF (M+H)* 205.13871, found 205.13860.

1-chloro-3-(5-methylhepta-3,4-dien-3-yl)benzeng4r): Yield:

0.103g (94%), yellow oil'H NMR (400 MHz, CDCJ) 4 7.34 (t,

J=2.0 Hz, 1H), 7.26-7.17 (m, 2H), 7.13-7.10 (m, 1H372(q,J

=7.2 Hz, 2H ), 2.15-2.03 (m, 2H), 1.80 (s, 3H), 1.09E 7.2

Hz, 3H), 1.03 (tJ = 7.6 Hz, 3H)ppm.*C NMR (100 MHz,
CDCly) §: 201.0, 140.9, 134.4, 129.5, 126.1 {d= 15.7 Hz),
124.0, 106.6, 106.3, 93.7, 27.6, 23.3, 19.0, 14.Z.5ppm.
HRMS (ESI) m/z calcd for GH;sCI" (M+H)* 221.10915, found
221.10960.

1-bromo-3-(3-phenylpenta-1,2-dienyl)benzene (4y): Yield:
0.117g (79%), yellow oil'H NMR (400 MHz, CDCJ) & 7.47-



7.42 (m, 3H), 7.34-7.30 (m, 3H), 7.25-7.21 (m, 2HY57(¢t,J =
7.6 Hz, 1H), 6.49 (1) = 3.2 Hz, 1H), 2.65-2.52 (m, 2H), 1.19 (t,
J = 7.2 Hz, 3H)ppm®C NMR (100 MHz, CDG)) §: 206.7,
137.3, 135.9, 130.3, 130.0, 129.6, 128.7, 127.4.212125.4,
123.1, 112.4, 97.7, 23.3, 12.7ppHRMS (ESI) m/z calcd for
CiHiBr™ (M+H)*" 299.04299, found 299.04373.

1-(1-(4-chlorophenyl)penta-1,2-dien-3-yl)trimethyldane (42):
Yield: 0.103g (83%), yellow oil'H NMR (400 MHz, CDC)) &
7.26-7.16 (m, 4H), 6.15-6.12 (m, 1H), 2.20-2.01(m,,2H] 1 (s,
9H), 1.00 (tJ = 7.2 Hz, 3H)ppm**C NMR (100 MHz, CDG)) &:
201.5,135.2, 131.8, 128.8, 127.7, 127.4, 120.8,4.96.4, 34.6,
30.4, 29.6, 20.6, 12.8ppmHRMS (ESI) m/z calcd for
C1H2CISIf(M+H)* 251.10173, found 251.10179.

1-methyl-4-(5-methylhexa-3,4-dien-3-yl)benzene (4paYield:
0.073g (79%), yellow oil'H NMR (400 MHz, CDCJ) & 7.27-
7.24 (m, 2H), 7.10-7.08 (m, 2H), 2.40-2.34 (m, 2HR®(d,J =
2.0 Hz, 3H), 1.79 (dJ = 2.4 Hz, 6H), 1.11-1.07 (m, 3H)C

NMR (100 MHz, CDC})) ¢: 201.3, 135.8, 135.7, 129.0, 125.9,

105.2, 98.9, 23.4, 21.1, 20.7, 12.8ppARMS (ESI) m/z calcd
for CiHio' (M+H)" 187.14813, found 187.14801.

Acknowledgments

We thank the Sichuan Provincial Department of science an

technology support program (No. 2015NZ0033) andgtiagluate
student innovation funds of Southwest
Nationalities (No. CX2017SZ010).
References
[1]. N. Krause.; A. S. K. Hashmi, Eds., Modern Allende@istry;
Wiley-VCH: Weinheim, 2004, Vols. 1 and 2
[2] S. M. Ma. Palladium-catalyzed two- or three-gmment cyclization
of functionalized allenes. In Palladium in OrgaSinthesis; J. Tsuji.,
Ed.; Springer: Berlin, 2005, pp 183-210.
[3] R. Zimmer.; C. U. DineshE. Nandanan.; F. A. Khan. Chem. Rev.
100(2000) 3067-3126.
[4] S. M. Ma. Acc. Chem. Res., 42 (2009)1679-1688.
[5] S. C. Yu.; S. M. Ma. Angew. Chem. Int. Ed. 50{2)3074-3112.
[6] B. Alcaide.; P. Almendros.; S. Cembellin.; TaMinez del Campo.; I.
Fernandez. Chem. Commun. 49(2013)1282-1284.
[7] B. Alcaide.; P. Almendros.; J. M. Alonso.; lefandez. J. Org.
Chem. 78(2013)6688-6701.
[8] Lechel, T.; Pfrengle, F.; Reissig, H. U.; ZiremR. ChemCat Chem,
5(2013)2100-2130.
[9]J. T. Ye.; S. M. Ma. Acc. Chem. Res., 47(20B8991000.
[10] A. Hoffmann-Rdéder.; N. Krause. Angew. Chent. Ed., 43(2004),
1196-1216; Angew. Chem., 116(2004)1216-1236.
[11] H. Kim.; L. J. Williams. Curr. Opin. Drug Diseery Dev.,
11(2008)870-894.
[12] P. Rivera-Fuentes.; F. Diederich. Angew. Chém. Ed., 51(2012)
2818-2828; Angew. Chem., 124(2014) 2872-2882.
[13] L. K. Sydnes. Chem. Rev., 103(2003) 1133-1150.
[14] N. Krause.; A. Hoffmann-Roder. Tetrahedron,(28®4)11671—
11694.
[15] K. M. Brummond.; J. E. Deforrest. Synthesi¢Z87)795-818.
[16] M. Ogasawara. Tetrahedron: Asymmetry, 20(2269)-271.
[17] S. C. Yu.; S. M. Ma. Chem. Commun., 47(201B535418.
[18] R. K. Neff.; D. E. Frantz. ACS Catal., 4(20549-528.
[19] H. Nakamura.; T. Kamakura.; M. Ishikura.; J. Biellmann. J.
Am.Chem. Soc., 126(2004)5958-5959.
[20] G. V. Karunakar.; M. Periasamy. J. Org. Cheil(2006)7463—
7466.
[21] C. Deutsch.; B. H. Lipshutz.; N. Krause. AngeBhem. Int. Ed.,
46(2007)1650-1653; Angew. Chem., 119(2007)1677-1681

Gam

University for

7

[22] V. Lavallo.; G. D. Frey.; S. Kousar.; B. Dortheu.; G. Bertrand.
Proc. Natl. Acad. Sci. USA, 104(2007)13569-13573.

[23] X. T. Pu.; J. M. Ready. J. Am. Chem. Soc.,(2808)10874-10875.

[24] H. Liu.; D. Leow.; K. W. Huang.; C. H. Tan. Am. Chem. Soc.,
131(2009)7212-7213.

[25] M. Ogasawara.; A. Okada.; K. Nakajima.; T. @h&shi. Org. Lett.,
11(2009)177-180.

[26] R. V. Kolakowski.; M. Manpadi.; Y. Zhang.; T. Emge.; L. J.
Williams. J. Am. Chem. Soc., 131(2009)12910-12911.

[27] X. Zhao.; Z. Z. Zhong.; L. L. Peng.; W. X. Zi@; J. B. Wang.
Chem. Commun., 45(2009)2535-2537;

[28] B. Bolte.; Y. Odabachian.; F. Gagosz. J. Amhe@®. Soc.,
132(2010), 7294-7296.

[29] Q. Xiao.; Y. Xia.; H. Li.; Y. Zhang.; J. B. Wg. Angew. Chem. Int.
Ed., 50(2011)1114-1117; Angew. Chem., 123(2011)+14489.

[30] M. L. Hossain.; F. Ye.; Y. Zhang.; J. B. Wang. Org. Chem.,
78(2013)1236-1241.

[31] T. Hashimoto.; K. Sakata.; F. Tamakuni.; MDditton.; K. Maruoka.
Nat. Chem., 5(2013)240-244.

[32] Z. Wu.; F. Berhal.; M. M. Zhao.; Z. G. Zhandl, Ayad.; V.
Ratovelomanana-Vidal. ACS Catal., 4(2014)44-48.

[33] Q. H. Li; J. Y. Jeng.; H. M. Gau. Eur. J. Orghem.,
35(20147916-7923.

[34] Q. H. Li.; J. W. Liao.; Y. L. Huang.; R. T. @mg.; H. M. Gau. Org.
Biomol. Chem., 38(2014)7634—-7642.

[35] J. Jonathan RuchtiE. M. Carreira Org. Lett., 18(2016)2174-2176.

[36] Q. Liu,; X. J. Tang.; Y. J. Cai.; S. M. M@rg. Lett., 19(2017)5174—

5177.

S. M. Ma.; S. C. Yu.; S. H. Yin. J. Org. Che®8(2003)8996-9002.

[38] Q. He.; S. M. Ma. Angew. Chem. Int. Ed., 43{2§988-990;
Angew. Chem., 116(2004)1006-1008.

[39] M. Yokota.; K. Fuchibe.; M. Ueda.; Y. Mayumil; Ichikawa. Org.
Lett., 11(2009)3994-3997.

[40] M. Brossat.; M.P. Heck.; C. Mioskowski. J. Org. Chem., 72(2007)
5938-5941.

[41] N. Phadke.; M. Findlater. Organometallics, ZB(4)16-18.

[42] 3. K. Kuang.; S.M. Ma. J. Am. Chem. Soc., 132(2010)1786-1787.

[43] G. J. Jiang.; Q. H. Zheng.; M. Dou.; L. G. Zhuw. Meng.; Z. X.
Yu. J. Org. Chem., 78(2013)11783-11793.

[44] Y. L. Wang.; W. L. Zhang.; S. M. Ma. J. Am. &h. Soc.,
135(2013)11517-11520.

[45] C. Deutsch.; B. H. Lipshutz.; N. Krause. AngeBhem. Int. Ed.,
46(2007)1650-1653.

[46] H. lto.; Y. Sasaki.;
130(2008)15774—15775.

[47] H. L. Li.; D. Mdller.; L. Guénée.; A. Alexakis. OrglLett.,
15(2013)334-337.

[48] D. B. Biradar.; H. M. Gau. Chem. Commun., 4¥(2)10467-10469.

[49] W. T. Shu.; S. L. Zhou.; H. M. Gau. Synthedi$(20094075-4081.

[50] S. L. Ku.; X. P. Hui.; C. A. Chen.; Y. Y. KuoH. M. Gau. Chem.
Commun.,43 (2007)3847-3849.

[51] D. B. Biradar.; H. M. Gau. Org. Biomol. Chemi.0(2012)4243—
4248.

[52] C. R. Chen.; S. L. Zhou.; D. B. Biradar.; H.. Mbau. Adv.
Synth.Catal., 352(2010)1718-1727.

[53] H. T. Yang.; S. L. Zhou.; F. S. Chang.; C. ®hen.; H. M. Gau.
Organometallics, 28(2009)5715-5721.

[54] S. T. Chang.; Q. H. Li.; R. T. Chiang.; H. @au. Tetrahedron,
68(2012), 3956-3962.

[55] Q. H. Li.; H. M. Gau. Synlett. 5(2012)747-750.

[56] Q. H. Li.; Y. Ding.; X. J. Yang. Chin. Chemett., 25(2014)1296—
1300.

[57] Z. Zhang.; S. Mo.; G. Zhang.; X. B. Shao.;H.Li.; Y. Zhong.
Synlett., 5(2017)611-614.

[58] Z. Zhang.; X. B. Shao.; G. Zhang.; Q. H. IX.;Y. Li. Synthesis.,
49(2017)3643-3653.

[59] R. Mahrwald.; S. Quint. Tetrahedron, 56(20QH3—7468.

M. Sawamura. J. Am. Cher8oc.,



Highlights

Palladium-catalyzed, ligand-fre@3 substitution reactions of organoaluminum with
propargyl acetates for the synthesisraflti-substitutechllenes

Xuebei Shao, Chang Wen, Gang Zhang, Kangping Gag,Wu, Qinghan Li]

1. 1 mol% Pd(dppf)Gl complexes showed high activity iny& substitution

reactions of organoaluminum with propargyl acetates

2. The multi-substituted allenes derivatives were iolgich in good to excellent yields

(50-98 %) with high selectivities (up to 99%).
3. Both aromatic and heteroaromatic propargyl aestare tolerated in the reactions.

4. This catalyst system provided one of the mostvenient approaches to the

construction omulti-substitutedallenes.
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