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General. All reactions were carried out under dry Ar atmosphere, unless otherwise
indicated. THF was freshly distilled from sodium/benzophenone. Dichloroethane and DMF was
freshly distilled from CaH,. ZnBr, and ZnCl, were flame-dried in vacuo (1 mmHg). The other
commercially available reagents were used directly, unless otherwise indicated. Reactions were
monitored by GLC and TLC analysis of reaction aliquots. GLC and NMR yields were
determined by using hydrocarbons and dibromomethane, respectively, as internal standards.
Flash chromatography was carried out on 230400 mesh silica gel 60 or neutral alumina. GLC
analysis was pefformed on an HP 6890 Gas Chromatograph using HP-5 capillary column (30
mx0.32 mm, 0.5 ym film). 'H and ®C NMR spectra were recorded on a Varian Gemini-200 (200
MHz) or a Varian Inova-300 (300MHz) spectrometer. IR spectra were recorded on Perkin-Elmer
Spectrum 2000 FTIR spectrometer. Isomeric purity of the compounds reported herein was

determined from the 'H and *C NMR spectra.

Me3Si——:_\__
\ Br
(E)-1-Bromo-4-trimethylsilyl-1-buten-3-yne. To a solution of (trimethylsilyl)acetylene

( 2.8 mL, 20 mmol) in THF (30 mL) was added via a syringe MeMgBr (8 mL of 3M ether

solution; 24 mmol). The reaction mixture was stirred at room temperature for 3 h, and a solution
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of anhydrous ZnBr, (5.85 g, 26 mmol) in THF (10 mL) was added at 0°C. The mixture was
stirred at 0°C for 30min and added via cannula to a solution of (E)-1-bromo-2-iodoethylene (5.12
g, 22 mmol) and Pd(PPh,), (0.46g, 0.02 equiv) in THF (15 ml). The resultant mixture was stirred
at room temperature for 10h, quenched with aqueous NH,Cl, and extracted with pentane. The
pentane fraction ‘was washed with aqueous NaHCO; and brine, dried over MgSOy,, and distilled to
afford 3.29g (81% yield) of the title compound (> 99% E by BC NMR spectroscopy) as a
colorless liquid: bp 72-74°C(15 mmHg); '"H NMR (CDCl) § 0.19 (s, 9H), 6.21(d, J=14.1Hz, 1H),
6.75(d, J=14.1Hz, 1H); *C NMR (CDCl;) § -0.325(3H), 97.33, 100.91, 117.61, 119.97; IR(neat)

3075, 2168, 2111, 1696, 1577, 1252, 1199, 1062, 845 cm™.

S A

l-((E,E,E)-3-Methyl-1,3,5-0ctatrien-7-ynyl)-2,6,6-trimethyl-l-cyclohekene. An oven-
dried, round-bottomed flask was charged with Cp,ZrCl, (0.584 g, 2 mmol). To this were added
sequentially at 0°C 1,2-dichloroethane (10 mL), Me;Al (0.38 mL, 4 mmol) and (E)-1-(buten-3-
ynyl)-2,6,6-trimethyl-1-cyclohexene (0.348 g, 2 mmol). The reaction mixture was stirred at room
temperature for 4 h, at which point carboalumination was complete, as determined by GLC. The
dichloroethane and excess Mes;Al were removed by evaporation at 50°C in vacuo, and dry THF
(4mL)) was added. In another flask, Pd,(dba); (46 mg, 0.05 mmol) was dissolved in DMF (6 mL)
to which TFP (46 mg, 0.2 mmol) was added at 0°C. After 10 min, a clear pale green solution thus
obtained was treated with (E)-1-bromo-4-trimethylsilyl-1-buten-3-yne (426 mg, 2.1 mmol). After
5 additional minutes, the alkenylalane obtained above was transferred via cannula to this solution
at 0 °C, which was followed by addition of ZnCl; (272 mg, 2 mmot}) in THF (1 mL), and the cross
coupling reaction was followed by GLC analysis. After stirring at room temperature for 6 h, the

reaction mixture was quenched with water, extracted with pentane, dried over MgSOs,,

concentrated, and examined by GLC, 'H and *C NMR spectroscopy using mesitylene as an
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internal standard. The cross coupling product of 2§9% stereoisomeric purity was formed in 76%
NMR yield along with 1-trimethylsilyl-3-penten-l,1-yne, 1-(2,6,6-trimethyl-1-cyclohexenyl)-3-
methyl-1,3-butadiene, 1-(2,6,6-trimethyl-l-cyclohéxenyl)—3-methy1—1,3-pentadiene, and 1,8-
bis(trimethylsilyl)-3,5-octadien-1,7-diyne formed 1n 20%, 5%, 9% and 7% yields, respectively.
The crude product was passed through a short (15 cm) silica gel column using pentane as an
eluent. After the pentane was evaporated, 10 mL %)f methanol was added to the residue, which
was then treated with K;CO; (276 mg, 2 mmol). After stirring for 3h at room temperature, the
reaction mixture was quenched with water, extracte?d with pentane, washed with aqueous NH,Cl
and brine, dried over MgSQO,, filtered, and concentrated. Flash chromatograghy (silica gel,
pentane) afforded 336 mg (70%, >99% isomericaliy pure by °C NMR spectroscopy) of the title
compound as a red oil: 'H NMR (CDCl;) § 1.04(s, 6H), 1.48(m. 2H), 1.62(m, 2H), 1.72(s, 3H),
1.96(s, 3H), 2.03(m, 2H), 3.10(d, J=2.4Hz, 1H), 5.;57(dd, J=2.4 and 15.5Hz, 1H), 6.10(m, 2H),
6.28(d, J=15.8Hz, 1H), 7.07(dd, J=11.7 and 15.5ﬁz, 1H); C NMR (CDCl,y) 8§ 13.25, 19.74,
22.23, 29.44(2C), 33.58, 34.74, 40.08, 80.49, 84.;15, 109.31, 129.02, 129.41, 130.39, 137.49,
138.13, 139.54, 140.35; IR(neat) 3312, 2906, 28?7, 2095, 1593, 1444, 1360, 965, 637 cm’;

HRMS calculated for C;sH,4: 240.1878; found 240.1887.

Vitamin A. To a slurry of Cp,ZrCl; (234 mg, 0.8 mmol) in 4 mL of 1,2-dichloroethane
was added Me;Al (0.15 mL, 1.6 mmol) at room te;nperature. To the lemon yellow solution thus
obtained was added dropwise 1-((E,E,E)—3—mejthy1—1,3,5-octatrien-7-ynyl)-2,6,6-trimethy1—1-
cyclohexene (192 mg, 0.8 mmol) in 2 mL of 1,2-dichloroethane at 0 °C. After the mixture was
stirred for 20 h at room temperature, volatile corﬁpounds were evaporated at reduced pressure

(maximum 50 °C, 0.3 mmHg). The organic compounds were extracted with n-hexane, and the

extract was transferred into another flask via cannula. To this was added n-BuLi (0.32 mL, 2.5 M
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in hexanes, 0.8 mmol). THF (4 ml) was added io dissolve the precipitate, and the resultant
solution was added to a suspension of paraformaldehyde (72 mg, 2.4 mmol) in THF (4 mL). The
reaction mixture was stirred for 5 h, quenched witﬁ H,0, and extracted with ether. The extract
was washed with brine, dried over MgSO, and coﬁcentrated. Column chromatography (neutral
alumina, 85:15 EtOAc-hexane) afforded 153mg of vitamin A (67% yield, > 99% isomerically
pure by >C NMR spectroscopy): '"H NMR (Cchiz) 8 1.03(s, 6H), 1.47(m, 2H), 1.62(m, 2H),
1.71(s, 3H), 1.86(s, 3H), 1.96(s, 3H), 2.01(m, 2H),3 4.28(d, J=6.9Hz, 2H), 5.68(t, J=6.9Hz, 1H),
6.14(m, 3H), 6.30(d, J=15.1Hz, 1H), 6.64(dd, J=11.1 and 15.1 Hz, 1H); “C NMR(CD,CL,) &
12.71, 12.79, 19.63, 21.81, 29.05(2C), 33.38, 34.52, 39.97, 59.66, 12542, 127.13, 129.60,
130.43, 130.93, 136.46, 136.68, 136.92, 137.99, 13‘8.14; IR(neat) 3400, 3040, 1722, 1341, 1274,
1080, 973cm™. The 'H and *C NMR spectral dfata are in good agreement with those of an
authentic sample obtained from Aldrich Chemical Company.
6,10-Dimethyl-3E,5E,9-undecatrien-l-ynéa. The Zr-catalyzed carboalumination and Pd-
and Zn- catalyzed cross coupling were performed as in the preparation of 1-((E,E,E)-3-methyl-
1,3,5-octatrien-7—ynyl)-2,6,6-trimethyl-l-cyclohexehe by using the following reagents in the
amounts indicated in paratheses: CPZZrCIZ (438 ﬁlg, 1.5 mmol), Me;Al (0.29 mL, 3 mmol),
CICH,CH,CI (8 ml), 6-methyl-5-hepten-1-yne(162 mg, 1.5 mmol), Pd,(dba); (34 mg, 0.0375
mmol), TFP (35 mg, 0.15 mmol), DMF (8 mL), (E)-1-bromo-4-trimethylsilyl—1-buten-3-yne( 325
mg, 1.6 mmol), ZnCl, (204 mg, 1.5 mmol). Examination of the crude product by GLC and 'H and
*C NMR spectroscopy indicated that the desired cfoss-coupling product of >99% stereoisomeric
purity was formed in 86% yield along with 1—uimefhylsilyl—3-penten—1-yne and 2,6-dimethyl-1,5-
heptadiene formed in 17% and 8% yields, respectively. Its deprotection utilized MeOH (8 mL)
and K,CO; (207 mg, 1.5 mmol), and afforded 196n;g (75%, >99% stereoisomerically pure by PC

NMR spectroscopy) of the title compound as a palé yellow oil: '"H NMR (CDCl5) & 1.61(s, 3H),
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1.69(s, 3H), 1.74(s, 3H), 2.10(s, 4H), 2.99(d, J=2.2Hz, 1H), 5.08(t, J=1.4Hz, 1H), 5.46(dd, J=2.2
and 15.5 Hz, 1H), 5.90(d, J=11.2Hz, 1H), 6.92(dd, J=11.2 and 15.5Hz, 1H); >C NMR (CDCl3) §
17.47, 18.15, 26.15, 26.91, 40.51, 79.13, 84.23, 107.74, 124.13, 124.66, 132.36, 140.49, 143.78;
IR(neat) 3308, 2968, 2095, 1636, 1446, 1377, 1217, 953, 759, 640cm™; HRMS calculated for

Ci3His: 174.1409; found 174.1400.

4\\\\ X

6,10,14-Trimethyl-3E,SE,7E ,9E,13-pentadecapentaen-1-yne. The Zr-catalyzed
carboalumination and Pd- and Zn- catalyzed cross coupling were performed as in the preparation
of 1-((E,E,E)-3-methyl-1,3,5-octatrien-7-ynyl)-2,6,6-trimethyl-1-cyclohexene by wusing the
following reagents in the amounts indicated in paratheses: Cp,ZrCl, (584 mg, 2 mmol), Me;Al
(0.38 mL, 4 mmol), CICH,CH,Cl (10 ml), 6,10-dimethyl-3E,5E,9-undecatrien-1-yne (348 mg, 2
mmol), Pd,(dba); (46 mg, 0.05 mmol), TFP (46 mg, 072 mmol), DMF (7 mL), (E)-1-bromo-4-
trimethylsilyl-1-buten-3-yne (426 mg, 2.1 mmol), ZnCl, (272 mg, 2 mmol). Examination of the
crude product by GLC, 'H and ">C NMR spectroscopy indicated that the desired cross-coupling
product of >99% stereoisomeric purity by *C NMR spectroscopy was formed in 82% yield along
with 1-trimethylsilyl-3-penten-1-yne and 2,6,10-trimethyl-1, 3E,5E, 9-undecatetraene formed in
19% and 12% yields, respectively. Its deﬁrotection utilized MeOH (12 mL) and K,CO; (276 mg,
2 mmol). Examination of the crude product by '"H NMR indicated the formation of the title
compound in 76% yield. Column chromatography (silica gel, pentane) afford 331 mg (69%,
>99% stereoisomerically pure by °C NMR spectroscopy) of the title compound as a yellow oil:
'H NMR (CDCls) 8 1.63(s, 3H), 1.71¢s, 3H) 1.84(s, 3H), 1.96(s, 3H), 2.14(d, J=3.0Hz, 4H),
3.12(d, J=2.2Hz, 1H), 5.12(m, 1H), 5.57(dd, J=2.2 and 15.4Hz, 1H), 5.96(d, J=11.0Hz, 1H),
6.11(d, J=11.7Hz, 1H), 6.20(d, J=15.0 Hz, 1H), 6.59(dd, J=11.0 and 15.0Hz, 1H), 7.05(dd,

J=11.7 and 15.4Hz, 1H); >C NMR (CDCl;) § 12.81, 16.93, 17.64, 25.64, 26.56, 40.16, 80.18,

83.99, 108.76, 123.81, 125.41, 126.27, 128.95, 131.67, 134.38, 139.14, 139.78, 140.75; IR(neat)
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3308, 2959, 1682, 1456, 1266, 961, 759, 741 cm™'; HRMS calculated for C,gH,4: 240.1878; found
240.1871.
A Y O Y0 Y0 Vo Ve VN
B-Carotene. To a slurry of Cp,ZrCl, (207 mg, 0.71 mmol) in 4 mL of 1,2-dichloroethane
was added Me;Al (0.13 mL, 1.42 mmol) at room temperature. To the lemon yellow solution thus
obtained was added dropwise 1-((E.E,E)-3-methyl-1,3,5-octatrien-7-ynyl)-2,6,6-trimethyl-1-
cyclohexene (170 mg, 0.71 mmol) in 2 mL of 1,2-dichloroethane at O °C. After the mixture was
stirred for 20 h at room temperature, volatile compounds were evaporated at reduced pressure(
maximum 50 °C, 0.3 mmHg), and dry THF (2 mL) was added. In another flask, Pd,(dba); (16
mg, 0.018 mmol) was dissolved in DMF (3 mL) to which TFP (16 mg, 0.071 mmol) was added at
0°C. After 10 min, a clear pale green solution thus obtained was treated with (E)-1-bromo-2-
iodoethylene (84 mg, 0.36 mmol). After 5 additional minutes, the alkenylalane obtained above
was transferred via cannula to this solution at 0 °C, which was followed by addition of ZnCl, (96
mg, 0.71 mmol) in THF (0.5 mL). After stirrihg at room temperature for 5 h, the reaction mixture
was quenched with water, extracted with ether, washed with brine, dried over MgSQO,, and
concentrated. Column chromatography (neutral alumina, pentane) afforded 129 mg of -carotene
(68% yield, > 99% isomerically pure by C NMR spectroscopy) as a red solid: '"H NMR (CDCl,)
3 1.09¢s, 12H), 1.54(m, 4H), 1.68(q1, 4H), 1.78(s, 6H), 2.03(s, 12H), 2.08(m, 4H), 6.67-6.72(m,
4H), 6.18-6.44(m, 10H); >’C NMR(CDCls) & 13.02, 13.08, 19.54, 22.03, 29.25(2C), 33.39, 34.55,
39.93, 125.31, 126.92, 129.64, 130.26, 131.12, 132.69, 136.28, 136.74, 137.51, 138.04, 138.19;
IR(neat) 3030, 2915, 2850, 1724, 1455, 1376, 971, 832, 725 cm™. The 'H and ">C NMR spectral

data are in good agreement with those of an authentic sample obtained from Aldrich Chemical

Company.
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y-Carotene. To a slurry of Cp,ZrCl; (350 mg, 1.2 mmol) in 5 mL of 1,2-dichloroethane
was added Me;Al (0.23 mL, 2.4 mmol) at room temperature. To the lemon yellow solution thus
obtained was added dropwise 1-((E,E,E)-3-methyl-1,3,5-octatrien-7-ynyl)-2,6,6-trimethyl-1-
cyclohexene (288 mg, 1.2 mmol) in 2 mL of 1,2-dichloroethane at 0 °C. After the mixture was
stirred for 20 h at room temperature, volatile compounds were evaporated at reduced pressure
(maximum 50°C, 0.3 mmHg), and dry THF (3 mL) was added. The THF solution was then added
via cannula to a solution of (E)-1-bromo-2-iodoethylene (308 mg, 1.32 mmol) and Pd(PPhs), (69
mg, 0.05 equiv) in DMF (7 mL) at 0 °C, which was followed by addition of ZnCl, (96 mg, 0.71
mmol) in THF (0.5 mL). After stirring at room temperature for 2 h, the reaction mixture was
quenched with water, extracted with pentane, washed with brine, dried over MgSO,, and
concentrated. The crude product was pagsed through a short (10 cm) neutral alumina column
using pentane as an eluent, and kept as a solution in dry THF (2 mL) to minimize its
decomposition before the next cross coupling.

To a slurry of Cp,ZrCl; (292 mg, 1 mmol) in 4 mL of 1,2-dichloroethane was added
Me;Al (0.19 mL, 2 mmol) at room temperature. To the lemon yellow solution thus obtained was
added dropwise 6,10,14-trimethyl-3E,5E,7E,9E,13-pentadecapentaen-1-yne (240 mg, 1 mmol) in
2 mL of 1,2-dichloroethane at 0 °C. After the mixture was stirred for 12 h at room temperature,
volatile compounds were evaporated at reduced pressure (maximum 50 °C, 0.3 mmHg), and dry
THF (3 mL) was added. In another flask, Pd,(dba); (23 mg, 0.025 mmol) was dissolved in DMF
(3 mL) to which TFP (23mg, 0.1 mmol) was added at 0°C. After 10 min, a clear pale green
solution thus obtained was trea(ed with 1-((E,E,E,E,E)-3,7-dimethyl-10-bromo-1,3,5,7,9-
decapentaenyl)-2,6,6-trimethyl-1-cyclohexene in THF obtained above. After 5 additional

minutes, the alkenylalane obtained above was transferred via cannula to this solution at 0°C,
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which was followed by addition of ZnCl, (136 mg, 1 mmol) in THF (0.8 mL). After stirring at
room temperature for 5 h, the reaction mixture was quenched with water, extracted with ether,
washed with brine, dried over MgSO,, and concentrated. Column chromatography (neutral
alumina, pentane) afford 284mg of y-carotene (53% yield, > 99% isomerically pure by PC
spectroscopy) as a red solid: '"H NMR (CD,Cl,) 8§ 1.04(s, 6H), 1.44-1.54(m, 2H), 1.63(s, 3H),
1.58-1.65(m, 2H), 1.69(s, 3H), 1.72(s, 3H), 1.82(s,3H), 1.98(s, 12H), 2.00-2.08(m, 2H), 2.13(s,
4H), 5.04-5.19(m, 1H), 5.96(d, J=11.0Hz, 1H), 6.11-6.40(m, 9H), 6.52(dd, J=11.0 and 14.9Hz,
1H), 6.62-6.73(m, 4H); "C NMR(CD.Cl,) & 12.72, 12.78, 12.81, 12.87, 16.89, 17.64, 19.53,
21.73, 25.64, 26.92, 28.97(2C), 33.34, 34.44, 39.93, 40.44, 124.18, 125.23, 125.46(2C), 125.95,
127.03, 129.64, 130.29, 130.35, 131.05, 131.69, 131.93, 132.64, 132.82, 135.45, 136.37, 136.54,
136.88, 136.91, 137.36, 137.52, 137.99, 138.13, 139.90; IR(neat) 3123, 2926, 2303, 2197, 1750,

1717, 1559, 1395, 993, 954, 828, 711, 679cm’’. HRMS calculated for CyoHss: M™+1, 537.4460;

found 537.4448.
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