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Abstract 

A serves of 1,3-enynes has been carboxylated m a mckel-catalysed electrochemtcal reactton carrted 

out in a smgle-compartment cell fitted wtth a consumable magnesmm anode. When 2,2’-bipyridme 

(btpy) or pentamethyldiethylene trtamine (PMDTAJ are added as the ancrllaty hgands, an overall 

hydrocarboxylatton of the triple bond occurs through stereoselectrve cls-addrtton. 

Introduction 

Simultaneous activation of CO, and unsaturated hydrocarbons by transition- 
metal complexes represents an interesting possibility for forming new carbon- 
carbon bonds, allowing use of CO, as the raw material for the synthesis of fine 
chemicals [l-3]. 

The incorporation of CO, into isolated C-C triple bonds can be brought about 
by using Ni” complexes [4-71. Among conjugated systems, the carboxylation of 
1,3-dienes has been thoroughly investigated for catalysis by Pd, Ni and Rh 
complexes [1,8]. However, there has, to our knowledge, been no report dealing 
with the direct carbon dioxide incorporation into conjugated enynes, 1 (Scheme 1). 
The reactivity of such conjugated systems towards CO, presents interesting ques- 
tions; e.g., will CO, be incorporated at the double or the triple bond, and how will 
the conjugation and the substrate substitution affect the new carbon-carbon bond 
formation? There is already a useful range of reactions of conjugated enynes in the 
presence of organometallic reagents: their hydrogenation by homogeneous Pd*+ 
complexes takes place at the triple bond [9], whereas with Ru complexes 1,2-ad- 
dition to the double bond predominates [lo]. Furthermore, the addition of copper 
reagents to these systems leads to different regiochemistries depending on the 
enyne structure [ 111. 
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Scheme 1 

We present here our results on the direct, nickel-catalysed electrochemical 
incorporation of CO, into 1,3-enynes 1 leading to the preparation of stereodefined 
diene carboxylic acids of type 2 and 3 as depicted m Scheme 1. 

Results and discussion 

General comderations 
The synthesis of doubly-unsaturated carboxylic acids such as the dienes 2 or 3 

from hydrocarbons 1 by conventional methods generally requires a multistep 
procedure [12]. In our method the preparation of regioisomers 2 and 3 is per- 
formed in one step under mild conditions. The electrochemical method involves 
use of a catalytic amount of a Ni” complex (0.1 equiv. with respect to the enyne), 
either NiBr,-dme (dme = 1,2_dimethoxyethane) associated with the ancillary ligand 
PMDTA (PMDTA = pentamethyldiethylene triamine) or Ni(bipy),(BF,), (bipy = 
2,2’-bipyridine). The carboxylations are carried out at l-5 atm of CO, in DMF at 
constant intensity, in a single-compartment electrolysis cell fitted with a magne- 
sium anode. We have previously used this method successfully in the conversion of 
monoalkynes to substituted acrylic acids 17,131. 

The results of the carboxylation of a series of enynes la-lg are presented in 
Tables 1-3. Electrolysis was stopped after consumptton of 2.5-4 F per mol of 
enyne. The 1,3-enynes were chosen m order to examine the effect of various 
substitution patterns on reactivity, and were prepared by literature methods [14]. 

Terminal and internal enyne derivatives la and If were used as model com- 
pounds in an examination of the influence of the reaction conditions and of the 
ancillary ligand on the CO, incorporation. A significant influence of the ligand in 
the electrocarboxylation of alkynes was prevtously pointed out [7c]. 

Table 1 summarizes some of the results. It will be seen that whereas PMDTA 
and bipy were efficient ligands in bringing about the carboxylation, triphenylphos- 
phine (entries 5,6,12) was not. With both PMDTA and bipy, the main products 
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Table 1 

Influence of the catalytic system and the reactIon condltlons on the electrochemical carboxylatlon of 

1,3-enynes 
e. catalyst 

l+CO, - 2+3 

Entry Enyne Catalytic P(CO2)” Recovered 1 Monocarboxy- 

1 la 
2 la 
3 la 
4 la 
5 la 
6 la 
7 If 
8 If 
9 If 

10 If 
11 If 
12 If 

system (atm) hc acids 2, 3 

NIBr,dme + 2 PMDTA 1 

NiBr,dme + 2 PMDTA 5 

Nl(blpy),(BFz,), 1 

Nl(bipy),(BF,), 5 

NIBr,dme + 3 PPh, 1 

NIBr,dme + 3 PPh, 5 

NIBr,dme + 2 PMDTA 1 

NIBr,dme + 2 PMDTA lb 

NIBr,dme + 2 PMDTA 5 

Nl(blpy),(BF,), 1 

Ni(blpy),(BF,), 5 

NIBrzdme + 3 PPh, 5 

25 

20 

50 

10 

95 

95 

90 

65 

80 

85 

45 

95 

70 

80 

5 

68 

5 

20 

15 

10 

35 

’ At T = 20°C * At T = 60°C 

were monocarboxylic acids 2 and 3 (Scheme 11, resulting from the incorporation of 
one molecule of CO, into the conjugated system. PMDTA is an aliphatic tris-amine 
with the ability to show mono-, bis- or trischelation to the metal centre [13], and it 
is more basic and sterically more crowded than aromatic bipy. On the other hand, 
bipy has an important back-donation ability. 

No reaction of la occurred in the absence of Ni-complex and the enyne was 
quantitatively recovered after the electrolysis. 

A change in the CO, pressure from 1 to 5 atm had a positive effect on the 
conversion of la and If when bipy was the ligand (compare entries 3,4 and lO,ll), 
but only a small effect was observed with PMDTA (entries 1,2). The effect of the 
temperature increase from 20 to 60°C was important at 1 atm of CO, (entries 7,8) 
but negligible at 5 atm. The regioselectivity 2 : 3 was only slightly affected by the 
changes in the reaction conditions. However, the ratio 2:3 was dependent on the 
enyne substitution and on the nature of the ligand. Tables 2 and 3 present the 
results obtained for the carboxylation of la-lg with Ni-PMDTA and Ni-bipy, 
respectively, as the catalytic systems. 

Carboxylations with Ni-PMDTA as the catalytic system 
With PMDTA as the ligand (at 5 atm CO,, 2o”C), carboxylic acids 2 and 3 were 

formed in the ratio shown in Table 2. It is noteworthy that in all the examples 
examined a single CO, molecule was incorporated chemioselectively into the 
conjugated system in an hydrocarboxylation-type reaction, with exclusive addition 
to the triple bond. 

The carboxylation of terminal enyne la occurred regioselectively, the CO, 
becoming attached to the internal carbon of the triple bond. Isomers 2a and 3a 
were isolated in a 9: 1 ratio. When the terminal alkynyl position of la was 
substituted by a methyl or a propyl group, as in lb or lc, the reaction yielded, in 
the case of lb, 2b and 3b with loss of regioselectivity (2b/3b = 1). In the case of lc, 
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Table 2 

Ni-PMDTA catalysed electrochemrcal carboxylatron of 1,3-enynes at 20°C and 5 atm of CO, 

Entry Enyne Conversron Reaction products Ratro 

(%) (% isolated yield) a 23 
- - 

la 

lb 

80 

40 

2a (84) 

2b (38) 

7 

lc 20 

Id 70 

le 30 

If 20 

lg 50 

Zc(26) - 3c (49) 

CO,H 

Zd (43) 

=“c6H13 

&H 

2e (33) 
- CsH,, 

CsHy 
CO,H 

2f (52) 

GH,, 
LVCsH,, 

&H 

28 (40) 

3a (9) 

3b (38) 

=(_,W 
7 

‘CO,H 

3d (43) 

vC6H,3 

7 

CO,H 

3e (33) 

C HmcSH” 5 11 7 
CO,H 

3f (22) 

CsH,, 
+,C,H,, 

7 
CO,H 

90 10 

50:50 

35 65 

50 50 

50 50 

70:30 

50:50 

a For experrmental condrtrons, see Expertmental sectron. Yrelds refer to the amount of Isolated methyl 

ester relatrve to the amount of enyne that has reacted 

Table 3 

Nr(bipy),(BF,), catalysed electrochemrcal carboxylatron of 1,3-enynes at 20°C and 5 atm of CO, 

1+co, 
e, NI-blpy (10%) 

a 2+3+4 (or 5) 

Entry Enyne Conversron Reactron products a Ratro 

(%) (% Isolated yreld) 23 

1 la 90 2a (68) +3a (7) + 5 (25) 90: 10 

2 lb 85 b Zb(38)+3b(21) 65 35 

3 IC 40 2c (30)+3c (45)+4c (13) 40.60 

4 Id 70 Zd (36) + 3d (36) + 4d (7) 50.50 
5 le 45 2e (23) + 3e (43) + 4e (22) 35.65 

6 lf 55 Zf (38) + 3f (25) + 4f (27) 60 40 

7 lg 55 Zg (26) + 3g (47) + 4g (18) 35 65 

’ See Table 2, note a. b In addrtron to Zb and 3b, diene from reductron of lb was formed m 29% yreld 
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isomers 2c and 3c were formed with reversed regioselectivity (2c/3c z l/2) com- 
pared to la. Each of these regioisomers is, however, a single stereoisomer, arising 
from c&addition of H and CO,H across the triple bond. This &stereoselectivity 
was found in all the examples that we examined. 

Methylene derivatives Id and le gave a 1: 1 mixture of regioisomers. Both 
stereocontrolled (Z)- and (E)-6,8_tetradecaenynes If and lg (prepared by selective 
reduction of the corresponding 1,3-diyne) were also carboxylated in order to 
examine the possibility of isomerization involving the conjugated double bond. The 
(Z&isomer If afforded 2f and 3f in a 7 : 3 ratio. The incorporation of CO, occurred 
in a stereocontrolled c&addition on the triple bond as previously, without double 
bond isomerization involving the ene-part of the molecule. The (E)-enyne lg 
yielded both of the expected acids in a 1: 1 mixture with no double bond 
equilibration. 

Carboxylations with Ni-bipy as the catalytic system 
Table 3 shows the results obtained for the carboxylations catalysed by 

Ni(bipy),(BF,),. Several differences from the results with the Ni-PMDTA systems 
are noteworthy. Better conversions are generally achieved under the same condi- 
tions. The main products are carboxylic acids 2 and 3, but a double CO, incorpo- 
ration was observed with several substrates (entries 3-7. This double carboxylation 
took place exclusively at the triple bond in a l,Zaddition, yielding unsaturated 
diacids of type 4 (eq. 1) in up to 27% (entry 6). A double carboxylation of 
electron-deficient alkynes by Ni-bipy, leading to saturated l,Zdiacids, has been 
observed previously [7b], but this is the first example of formation of maleic acid 
derivatives from CZC in a one-step reaction starting from CO,. 

1) e, Ndbtpy),(BF&, 
R3 R* 

1+2co2 2)H0+ > 2+3+ = R’ 

3 R+kO CO,H 2 H 

(1) 

4 
The terminal enyne la gave carboxylic acid 2a regioselectively (2a/3a = 9/l), as 

with Ni-PMDTA. However, with bipy as the ligand, a new compound 5 (not 
formed with PMDTA) was isolated in 25% yield. The product 5 results from cyclic 
trimerization of the yne-part of la. Trimerization of alkynes in the presence of Ni” 
complexes is a known reaction, favoured in the case of terminal acetylenes [15]. 
When the electrolysis of la in the presence of Ni(bipy),(BF,), (0.1 equiv.) was 
carried out in the absence of CO, (eq. 2), 5 was formed in 55% yield (35% of la 
was recovered). 

e. Ndblpy)3(BF,), (10%) 

la 

(2) 

5a (55%) 
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Anode : Mg + Mg2++ 2e 

Cathode : Ni” + L + 2e + LNi’ 

Scheme 2 

This cyclization was not observed for internal enynes lb-lg. 
The ratio 2 : 3 as a function of the enyne substitution showed the same trends as 

those observed with PMDTA. In the series la, lb and lc, isomer 2 is very 
predominant in the case of terminal la; the methyl-substituted lb reacts with loss 
of regioselectivity, and the propyl-substituted lc shows the reverse reglochemical 
behaviour, 3c being the predominant isomer. This behaviour can be related to the 
electrocarboxylation of isolated triple bonds by Ni-bipy [7]: for terminal alkynes 
such as phenylacetylene a selective carboxylation of the 2-position is favoured, 
whereas in the case of phenylpropyne the regioselectivity is reversed. 

Reaction mechanism 
Consideration of the mechanism of the carboxylation may help understanding of 

the regiochemical outcome. The first step in the reaction is the electrochemical 2e 
reduction of Ni” to Ni” at the cathode. At the anode, consisting of a magnesium 
rod, the metal is oxidized into Mg2+ ions (Scheme 2). This is followed by 
coordination of the enyne and CO, to the LNi’ complex, as shown by cyclic 
voltammetry m the case of la with Ni-bipy, shown in Fig. 1. 

The reduction of Ni(bipy)s2+ to Ni(bipy), m a DMF solution containing 
tetrabutylammonium tetrafluoroborate occurs reversibly at - 1.2 V vs. SCE. This 
wave is followed by a one-electron reduction of the Ni’(bipy), at - 1.9 V [16-181 
as shown in curve a). The effect of the addition of 1 equiv. of la is shown in curve 
b). The first wave is advanced to - 1.15 V and becomes irreversible, and the 

- JO 

- 2s 

1 V (SCE) 

- 25 

- so 

FIN. 1. Cychc voltammograms obtamed with freshly pohshed gold mlcroelectrode (3 mm*) at 20°C at a 

scan rate of 200 mV s-’ for a solution of Nl(blpy)3(BF4)2 (0 3 mmol) m DMF (30 ml) contammg 0 1 M 
tetrabutylammonmm tetrafluoroborate as supportmg electrolyte (a) Under argon (b) After addltlon of 

la (0 3 mmol) (c) Solution as m (b) saturated with CO,. 
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(anode) 

Fig 2 Proposed mechamstlc cycle 

second wave at - 1.9 V is shifted to - 1.75 V, indicative of a rapid coordination of 
the enyne on the Ni” with a bipy-enyne exchange. In the presence of CO, (curve 
c)) the voltammogram exhibits a non-reversible Ni”/Ni’ transition at - 1.15 V 
and an irreversible catalytic current at - 1.6 V, these corresponding to the electron 
transfer to CO, coordinated to Ni-bipy. By analogy with the electrocarboxylation 
of monoalkynes by Ni(bipy),(BF,), [16] we suggest the formation of the new C-C 
bond via intermediate metallacycles of type 6 and 7 (Fig. 2). In the case of 
4-octyne, an analogous metallacycle was isolated from the reaction [161. In the 
presence of Mg*+ ions generated in the anodic oxidation process, the metalla- 
cycles are opened with formation of magnesium carboxylates and liberation of the 
nickel species into the catalytic cycle. The presence of the Mg*+ ions is essential 
for the catalytic reaction; the nickel is not recycled in the absence of these ions. 
The proton needed at the stage of cleavage of 6 and 7 comes from the supporting 
electrolyte or the DMF solvent [16]. 

The regiochemical outcome is controlled at the stage of metallacycle formation, 
and is essentially governed by steric factors, the metal occupying the less hindered 
part of the triple bond. When R’ = H, intermediate 6 (leading to isomer 2) strongly 
predominates (Scheme 3). The ratio of 7 (e.g. acid 3) increases when R’ provides 
more steric hindrance than the ene-portion. 

A less effective coordination of CO, to the Ni-PPh, system could account for 
the low reactivity observed for enyne carboxylation when triphenylphosphine is 
used as the ligand. 

Conclusion 

We have presented the first example of incorporation of carbon dioxide into 
conjugated enyne derivatives catalysed by electrogenerated nickel complexes. For 
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Scheme 3. Predommant regloisomerlc metallacycles 6 and 7 as a function of the steric hmdrance of the 

enyne 

both Ni-PMDTA and Ni-bipy systems studied, the electrocarboxylation involves a 
cis reductive addition of CO, to the yne-part of the molecule and enables the 
preparation of stereodefined doubly-unsaturated carboxylic acids of type 2 and 3. 
The regiochemistry of the CO, incorporation parallels that in the electrocarboxyl- 
ation of monoalkynes: terminal 1,3-enynes (R’ = H) show high regio-control, in 
contrast to substituted derivatives (R’ = alkyl). 

Experimental section 

All the chemicals employed were of reagent grade. Dimethylformamide (Pro- 
labo) was distilled under argon from calcium hydride and copper sulphate under 
reduced pressure and was stored over 4A molecular sieves. Tetrabutylammonium 
tetrafluoroborate (TBABF,, Fluka) was dried overnight at 70°C in UUCUO. 
Ni(bipy),(BF,),, 1, was prepared as described in ref. 7a. Carbon dioxide was N45 
Wphagaz). 

‘H and 13C NMR spectra were recorded on a Bruker AC 200 E spectrometer 
and IR spectra on a Perkin Elmer 577 spectrophotometer. Mass spectra were 
obtained with a Finnigan ITD 800 spectrometer coupled to a Varian 300 chro- 
matograph with DB-1 capillary column, either by electron impact or with CH, or 
NH, as the ionizing agent. Gas chromatography was performed on either a 
Intersmat IGC 120 chromatograph fitted with a Se-30 stainless steel (l/8 in-13 ft) 
column or a Delsi DI 200 instrument equipped with a 25 m DB-1 capillary column. 

General electrolysis procedure 
For carboxylations at atmospheric CO, pressure, the two electrode, single-com- 

partment electrochemical cell was similar to that described previously [7a]. A 
closed stainless-steel cell was used for carboxylations at P(C0,) = 5 atm. The 
anode was a cylindrical rod of magnesium (99.8, diameter 1 cm) surrounded by a 
carbon fibre cathode (apparent surface 20 cm’). A DMF (40 ml) solution of nickel 
complex (either Ni(bipy),(BF,), [7a] (0.3 mmol) or NiBr, . dme (0.3 mmol) + 
PMDTA (0.6 mmol)), containing “Bu,N+BF,- (0.3 mmol) and 1 (3 mmol) was 
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electrolysed under carbon dioxide (AIphagaz N45, 1 or 5 atm), at a constant 
intensity of 50 mA. Faradaic yields were in the range of 50-80% for reaction times 
of 5-7 h. 

The reaction mixture was esterified directly in DMF by adding anhydrous 
I&CO, (4 mmol) and iodomethane (8 mmol) and stirring the mixture at 50°C for 5 
h. The solution was hydrolysed and extracted with Et,O, and the organic layers 
washed with H,O, dried over MgSO,, and evaporated. The methyl esters corre- 
sponding to acids 2, 3 and 4 were isolated by column chromatography (normal or 
flash on silica gel) with pentane/ Et 2O mixtures as eluent. 

Following the general electrolysis procedure, the carboxylic acid methyl esters 
were isolated in the yields reported in Tables 2 and 3. 

2-(cycloh~-l-ene)-prop-2-enoic acid methyl ester (2a). ‘H NMR (CDCI,) 6 5.97 
(s, lH), 5.72 (s, lH), 5.48 (s, lH), 3.77 (s, 3H), 2.17-2.12 (m, 4H), 1.75-1.54 (m, 
4H); 13C NMR (CDCI,) 6 168.31, 143.30, 133.17, 128.63, 119.16, 51.71, 26.19, 
25.52, 22.39, 21.71; IR (neat, NaCl) 3100, 3020, 2940, 2860, 2820, 1720, 1630, 1610, 
1590 cm-i; GCMS (m/e, %) 166 (W, loo), 151(16.9), 135(26.6), 107(67.7); exact 
mass calcd. for C,,Hi40, 166.0994, found 166.0989. 

(E)3-(cyclohex-l- )- ene prop-2-enoic acid methyl ester (3~). ‘H NMR (CDCI,) S 
7.29 (d, J= 15.8 Hz, lH), 6.18 (s, lH), 5.77 (d, J= 15.8 Hz, lH), 3.75 (s, 3H), 
2.22-2.14 (m, 4H), 1.76-1.56 (m, 4H); 13C NMR (CDCI,) 6 168.57, 148.30, 138.92, 
134.83, 114.04, 51.37, 26.39, 24.03, 21.96 (2C); IR (neat, NaCl) 3020, 2920, 2850, 
2830, 1720, 1630, 1615 cm-‘; GCMS (m/e, %) 166(M+, loo), 151(29.8), 135(38.7), 
107(63.2); exact mass calcd. for C,,H,,O, 166.0994, found 166.0998. 

(2E)-2-(cyclohex-I-ene)-but-2-enoic acid methyl ester (2b). ‘H NMR (CDCl,) 6 
6.84 (t, J= 7.1 Hz, lH), 5.45 (s, lH), 3.72 (s, 3H), 2.23-2.16 (m, 2H), 2.14-2.09 (m, 
2H), 1.79 (d, J = 7.1 Hz, 3H), 1.75-1.62 (m, 4H); 13C NMR (CDCl,) 6 167.76, 
142.05, 134.86, 132.82, 127.41, 51.59, 28.48, 25.17, 22.71, 22.00, 15.05; IR (neat, 
NaCl) 3020,2920, 2850,2830, 1710,163O; GCMS (m/e, %) 180(M+, loo), 165(5.3), 
149(33.5), 121(37.2); exact mass calcd. for C,,H,,O, 180.1150, found 180.1138. 

(2E)-2-methyl-3-(cyclohex-l-ene)-prop-2-enoic acid methyl ester (3b). ‘H NMR 
(CDCl,) S 7.06 (s, lH), 5.93 (s, lH), 3.75 (s, 3H), 2.14-2.10 (m, 4H), 2.02 (s, 3H), 
1.74-1.60 (m, 4H); i3C NMR (CDCI,) 6 169.71, 137.90, 136.91, 133.79, 124.46, 
51.76, 28.48, 25.97, 22.65, 21.71, 14.06; IR (neat, NaCl) 3020, 2920, 2850, 2830, 
1715, 1620 cm-i; GCMS (m/e, %) 180(M+, loo), 165(5.8), 149(33.7), 121(72.0); 
exact mass calcd. for C,,HIbOZ 180.1150, found 180.1145. 

(2EJ-2-Ccyclohex-I-enej-hex-2-enolc acid methyl ester (2~). ‘H NMR (CDCI,) 6 
6.74 (t, J= 7.6 Hz, lH), 5.46 (s, lH), 3.72 (s, 3H), 2.22-2.01 (m, 6H), 1.73-1.58 (m, 
4H), 1.54-1.26 (m, 2H), 0.89 (t, J = 7.2 Hz, 3H); i3C NMR (CDCI,) 6 169.61, 
142.18, 134.85, 133.48, 129.68, 51.66, 29.69, 28.10, 26.06, 23.53, 22.75, 21.74, 14.15; 
IR (neat, NaCl) 3020,2950,2920,2870,2850, 1710, 1665, 1620 cm-‘; GCMS (m/e, 
%) 208(M+, 73.5), 179(55.6), 177(11.7), 165(8.3), 149(10.5), 91(100); exact mass 
calcd. for C,,H,,O, 208.1463, found 208.1462. 

(2E)-2-propyl-3-(cyclohex-l-ene)-prop-2-enoic acid methyl ester (3~). ‘H NMR 
(CDCI,) 6 6.15 (s, lH), 5.72 (s, lH), 3.74 (s, 3H), 2.42 (t, J = 7.1 Hz, 2H), 2.23-2.02 
(m, 4H), 1.71-1.57 (m, 4H), 1.52-1.23 (m, 2H), 0.86 (t, J = 7.2 Hz, 3H); 13C NMR 
(CDCl,) 6 167.95, 143.24, 136.08, 133.23, 127.11, 51.66, 31.24, 28.84, 25.19, 22.75, 
22.26, 22.02, 13.93; IR (neat, NaCl) 3020, 2950, 2920, 2870, 2850, 1715, 1660, 1620 
cm-‘; GCMS (m/e, %I 208(W, 85.9), 179(31.9), 177(18.5), 149(45.9), 91(100); 
exact mass calcd. for C,,H,,O, 208.1463, found 208.1443. 
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(2E)-2-(I-methylethenyl)-hept-2-enoic acid methyl ester (2d). ‘H NMR (CDClJ 
6 6.79 (t, J = 7.6 Hz, lH), 5.07 (s, lH), 4.77 (s, lH), 3.74 (s, 3I-0, 2.19 (m, 2H), 1.88 
(s, 3H), 1.38-1.17 (m, 4H), 0.91 (t, J = 6.5 HZ, 3H); 13C NMR (CDClJ 6 167.25, 
143.38, 139.93, 132.95, 118.94, 51.42, 30.90, 28.73, 22.84, 22.19, 13.57; IR (neat, 
NaCl) 3080, 3020, 2950, 2920, 2870, 2860, 1715, 1625 cm-‘; GCMS (m/e, %) 
182(M+, 22.0), 167(65.1), 153(29.4), 151(44.0), 139(77.1), 123(37.6), 107(lOO); exact 
mass calcd. for C,,H,,O, 182.1307, found 182.1308. 

(2E)-2-butyl-4-methyl-penta-2,4-dienoic acid methyl ester (3d). ‘H NMR 
(CDCI,) 6 7.09 (s, lH), 5.16 (m, 2H), 3.75 (s, 3H), 2.47 (t, J= 7.3 Hz, 2H), 1.94 (s, 

3H), 1.36-1.16 (m, 4H), 0.91 (t, J = 6.5 HZ, 3H); 13C NMR (CDCI,) 8 168.67, 
140.47, 140.24, 132.26, 115.90, 51.42, 32.05, 26.99, 22.56, 22.29, 13.57; IR (neat, 
NaCl) 3080, 3020, 2950, 2920, 2870, 2860, 1715, 1625 cm-‘; GCMS (m/e, %) 
182(M+, 39.1), 167(11.8), 153(14.3), 151(19.9), 139(14.3), 125(30.4), 123(16.2), 
79(lOO); exact mass calcd. for CllH,s02 182.1307, found 182.1297. 

(2E)-2-ethenyl-non-2-enolc acid methyl ester (2e). ‘H NMR (CDCI,) 6 6.33 
(dd, J = 17.1 Hz, J = 10.9 Hz, lH), 5.96 (t, J = 7.7 Hz, lH), 5.24 (d, J= 17.0 Hz, 
lH), 5.08 (d, J= 10.9 HZ, 1H); 3.80 (s, 3H), 2.33-2.23 (m, 2H), 1.42-1.28 (m, BH), 
0.88 (t, J = 6.5 Hz, 3H); 13C NMR (CDCI,) 6 168.38, 140.25, 132.79, 129.03, 
114.48, 51.47, 31.55, 29.66, 28.84, 28.64, 22.51, 13.96; IR (neat, NaCl) 3090, 3010, 
2950, 2920, 2870, 2850, 1725, 1630, 1590 cm-‘; GCMS (m/e, %o) 196(M+, 22.8), 
165(12.6), 139(40.9), 137(10.2), Bl(100); exact mass calcd. for C,,H,,O, 196.1463, 
found 196.1471. 

(2E)-2-hexyl-penta-2,4-dlenolc acid methyl ester (3e). ‘H NMR (CDCI,) 8 7.15 
(d, J= 11.4 Hz, lH), 6.65 (ddd, J= 16.9 Hz, J= 11.4 Hz, J = 10.9 Hz, lH), 5.56 (d, 
J = 16.9 Hz, lH), 5.44 (d, J = 10.8 Hz, lH), 3.76 (s, 3H), 2.41 (t, J = 7.9 Hz, X-0, 
1.41-1.26 (m, 8H), 0.88 (t, J = 6.5 Hz, 3H); 13C NMR (CDCI,) 6 168.47, 138.45, 
134.65, 132.00, 124.19, 51.63, 31.55, 29.57, 29.08, 26.93, 22.51, 13.96; IR (neat, 
NaCl) 3085,3010, 2950,2920,2870,2850, 1720, 1630, 1590 cm-‘; GCMS (m/e, %) 
196(~+, 36.6), 165(15.8), 153(26.7), 137(11.4), 125(20.5), 111(73.3), 67000); exact 
mass calcd. for C,,H,,O, 196.1463, found 196.1462. 

2{(1E)-l-hexylidene}-(3Z)-non-3-enolc acid methyl ester (2fl. ‘H NMR 
(CDCI,) 6 6.82 (t, J = 7.4 Hz, lH), 5.92 (d, J = 11.4 Hz, lH), 5.66 (dt, J = 11.3 Hz, 
J = 7.2 HZ, lH), 3.74 (s, 3H), 2.27-2.12 (m, 2H), 1.92-1.82 (m, 2H), 1.46-1.26 (m, 
12H), 0.88 (m, 6H); 13C NMR (CDCI,) 6 168.34, 144.62, 135.10, 128.78, 121.90, 
51.64, 31.49, 31.44, 29.50, 29.02, 28.59, 28.02, 22.40 (2C), 13.91 (2C); IR (neat, 
NaCl) 3010, 2950, 2910, 2850, 1715, 1635, 1600 cm-‘; GCMS (m/e, %) 252(W, 
20.7), 209(14.0), 195(31.1), 193(15.2), 41(100); exact mass calcd. for C,,H& 
252.2089, found 252.2104. 

(2E,4Z)-2-pentyl-deca-2,4-dlenoic acid methyl ester (3f. ‘H NMR (CDClJ 6 
7.16(&J= 11.2Hz, lH),6.33(dd, J= 11.1 Hz, J= 11.1 Hz, lH),5.66(& J= 11.3 
Hi, J= 7.2 HZ, lH), 3.76 (s, 3H), 2.38 (t, J= 6.8 Hz, 2H), 2.17-2.05 (m, 2H), 
1.48-1.25 (m, 12H), 0.88 (m, 6H); 13C NMR (CDCl,) 6 169.15, 143.37, 138.87, 
129.70, 125.70, 51.59, 33.15, 31.59, 31.28, 29.26, 28.51, 26.77, 22.40 (20, 13.91 (2C); 
IR (neat, NaCl) 3010, 2950, 2910, 2850, 1710, 1630, 1600 cm-‘; GCMS (m/e, %) 
252(M+, 26.3) 221(14.3), 195(17.4), lBl(100); exact mass calcd. for C16H2R02 
252.2089, found 252.2071. 

(E,E)-,&hexylidene-non-3-enoic acid methyl ester (2g). ‘H NMR (CDClJ 6 
6.62 (t, J= 7.5 Hz, lH), 6.11 (m, lH), 6.06 (d, J= 15.1 Hz, U-0, 3.74 (s, 3H), 
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2.34-2.23 (m, 4H), 1.43-1.30 (m, 12H), 0.89 (t, J = 6.8 Hz, 6I-I); 13C NMR (CDCI,) 
6 168.09, 142.11, 136.37, 129.88, 121.87, 51.48, 33.51, 31.46, 31.34, 31.28 (20, 28.86, 
22.42 (2C), 13.92 (2C); IR (neat, NaCl) 3020, 2950, 2920, 2870, 2860, 1710, 1640, 
1600 cm-‘; GCMS (m/e, %o) 252(M+, 53.9), 221(14.8), 209(27.0), 195(41.7), 
181(13.9), 79(100); exact mass calcd. for C,,H,,O, 252.2089, found 252.2076. 

(E,E)-2-pen@-deca-2,4-dlenorc acid methyl ester (3g). ‘H NMR (CDCI,) 6 
7.15 (d, J= 11.1 HZ, lH), 6.33 (dd, J= 15.0 Hz, J= 11.1 Hz, lH), 6.04 (m, U-0, 
3.74 (s, 3H), 2.41-2.30 (m, 2H), 2.17 (t, J = 6.8 Hz, 2H), 1.41-1.32 (m, 1X-0, 0.89 
(t, J = 6.8 Hz, 6H); 13C NMR (CDCI,) S 168.79, 143.39, 138.88, 129.71, 125.70, 
51.48, 33.15, 31.59, 29.27, 28.61, 28.51, 26.77, 22.42 (2C), 13.92 (2C); IR (neat, 
NaCl) 3020, 2950, 2920, 2870, 2860, 1715, 1640, 1600 cm-‘; GCMS (m/e, %o) 
252(M+, 21.1), 221(10.2), 195(8.8), 181(100); exact mass calcd. for C,,H,,O, 
252.2089, found 252.2074. 

1,3,5-(tncyclohex-I-ene)-benzene (5). ‘H NMR (CDCI,) 6 7.23 (s, 3H), 6.09 (s, 
3H), 2.43-2.39 (m, 6H), 2.22-2.17 (m, 6H), 1.83-1.60 (m, 12H); 13C NMR (CDCI,) 
6 142.58, 137.20, 124.56, 120.43, 27.70, 25.84, 23.09, 22.19; IR (Ccl,, NaCI) 3020, 
2920, 2850, 2830, 1630, 1580 cm-‘; GCMS (m/e, %) 318(W, loo), 237(11.1); 
exact mass calcd. for C,,H,, 318.2348, found 318.2357. 

2-(cyclohex-I-ene)-3-propyl-buten-1,4-diolc acid dimethylester (4~). ‘H NMR 
(CDCI,) 6 5.63 (s, lH), 3.76 (s, 3H), 3.69 (s, 3H), 2.40 (t, J= 7.9 Hz, 2H), 2.04 (m, 
4H), 1.68-1.57 (m, 4H), 1.53-1.40 (m, 2H), 0.92 (t, J= 7.3 Hz, 3H); 13C NMR 
(CDCI,) S 170.20, 167.90, 139.45, 138.12, 135.45, 127.89, 51.87, 51.59, 33.27, 27.73, 
25.46, 22.52, 21.69, 21.53, 13.72; IR (neat, NaCl) 3030, 2950, 2920, 2870, 2850, 
1730, 1720, 1660, 1610 cm-‘; GCMS (m/e, %;) 266(M+, 5.3), 265(11.1), 237(100), 
235(41.5), 207(7.6); exact mass calcd. for C15HZ204 266.1518, found 266.1534. 

2-(I-methylethenyl)-3-butyl-buten-1,4-diolc acid dlmethylester (4d). ‘H NMR 
(CDCI,) 6 5.19 (s, lH), 4.94 (s, lH), 3.79 (s, 3H), 3.75 (s, 3H), 2.37 (t, J= 6.6 Hz, 
2H), 1.89 (s, 3H), 1.47-1.20 (m, 4H), 0.89 (t, J = 7.1 Hz, 3H); 13C NMR (CDCI,) 6 
169.28, 167.35, 139.98, 139.27, 138.25, 117.21, 52.28, 52.17, 37.63, 30.62, 30.56, 
22.62, 13.77; IR (neat, NaCl) 3080, 2960, 2920, 2870, 2860, 1730, 1720, 1650, 1625 
cm-‘; GCMS (m/e, %o) 225(M+- Me, 6.8), 209(32.3), 197(100), 181(6.4); exact 
mass calcd. for C,,H,O, 240.1362, found 240.1375. 

2-ethenyl-3-hexyl-buten-l,Cdioic acid dimethyl ester (4e). ‘H NMR (CDCI,) 6 
6.65 (dd, J= 10.9 Hz, J= 17.4 Hz, lH), 5.55 (d, J = 10.7 Hz, lH), 5.49 (d, J= 17.4 
Hz, lH), 3.85 (s, 3H), 3.76 (s, 3H), 2.44 (t, J = 6.7 Hz, 2H), 1.45-1.22 (m, 8H), 0.87 
(t, J = 6.8 Hz, 3H); 13C NMR (CDCI,) 6 168.72, 167.97, 139.97, 132.83, 129.52, 
122.99, 52.24 (2C), 31.46, 29.12, 27.84, 22.49 (2C), 13.99; IR (neat, NaCl) 3090, 
3020, 2950, 2920, 2870, 2850, 1735, 1720, 1655, 1620 cm-‘; GCMS (m/e, %) 
223(W- OMe, loo), 195(80.1), 183(42.2); exact mass calcd. for C’,H,,O, 
254.1518, found 254.1513. 

2-{(lZ)-hept-I-enyl}3-pen@-buten-1,4-dlorc acid dimethyl ester (4fi. ’ H NMR 
(CDCI,) 6 5.97 (d, J = 11.5 Hz, lH), 5.75 (dt, J = 11.5 Hz, J = 7.3 Hz, lH), 3.77 (s, 
3H), 3.76 (s, 3H), 2.33 (t, J= 7.0’Hz, 2H), 2.04-1.94 (m, 2H), 1.45-1.26 (m, 12H), 
0.88 (t, J= 6.7 Hz, 6H); 13C NMR (CDCI,) 6 168.84, 168.56, 139.11, 138.16, 
133.77, 121.38, 52.12 (2C), 31.54, 31.42, 29.96, 28.84, 28.61, 27.29, 22.42, 22.32, 
13.94, 13.85; IR (neat, NaCl) 3015, 2950, 2920, 2870, 2850, 1735, 1725, 1620, 1585 
cm-‘; GCMS (m/e, o/o) 279(M+- OMe, 68.4), 251(39.0), 221(42.1), 41(100); exact 
mass calcd. for C,,H,,O, 310.2144, found 310.2157. 
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2-{(lE)-hept-I-enyl}-3-pentyl-buten-1,Cdiozc acid dimethylester (4g). ‘H NMR 
(CDCI,) 6 6.32 (d, J= 15.8 Hz, lH), 5.95 (dt, J= 15.8 Hz, J= 6.9 Hz, lH), 3.85 (s, 
3H), 3.75 (s, 3H), 2.41 (t, J = 6.9 Hz, 2H), 2.25-2.15 (m, 2H), 1.44-1.22 (m, 12H), 
0.89 (t, J= 6.5 Hz, 6H); 13C NMR (CDCl,) 6 169.48, 167.61, 141.40, 141.23, 
129.11, 123.32, 52.17, 52.09, 33.53, 31.60, 31.29, 28.76, 28.25, 27.54, 22.39, 22.35, 
13.90 (2C); IR (neat, NaCl) 3025, 2950, 2920, 2870, 2850, 1735, 1715, 1625, 1595 

cm-‘; GCMS (m/e, %) 309(M+- H, 24.2), 279(88.4), 251(74.6), 238(93.1), 
221(100); exact mass calcd. for C,,H3004 310.2144, found 310.2162. 
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