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Semihydrogenation of , -un sat u rated ynoates and -ynones bear ing a -alkoxy group can be per formed
us ing triphenylphosphine and wa ter. , -Un sat u rated ynoates were re duced to a mix ture of cis and trans

, -un sat u rated enoates, whereas, ynones were re duced to trans  , -un sat u rated enones as the only prod ucts.

IN TRO DUC TION

Of the many meth ods avail able for re duc tion of al -
kynes, cat a lytic hy dro ge na tion is one of the most con ve nient.
The com plete re duc tion of al kynes to the al kanes is eas ily ac -
com plished with hy dro gen over cat a lytic plat i num, pal la -
dium or Raney nickel.1 How ever, most use ful from a syn -
thetic point of view is the semihydrogenation2 of al kynes to
the Z-alkenes us ing Lindlar’s cat a lyst3 or to the E-alkenes us -
ing so dium and liq uid am mo nia.4 More over, the re duc tion of
propargyl al co hols to the trans al lyl ic al co hols can also be
per formed us ing lith ium alu mi num hy dride.5  The above
known meth ods have fallen al most ex clu sively into the do -
main of met als or metal hy drides and of ten en coun tered se -
vere re ac tion con di tions. There fore, an in ex pen sive re agent,
which may ex hibit a sim ple re ac tion con di tion for the semi -
hydrogenation of al kynes, will at tract much at ten tion. It was
pre vi ously re ported that con ju gated ynones isomerized to the
dienones in the pres ence of a cat a lytic amount of triphenyl -
phosphine;6 how ever, the less elec tron-deficient ynoates, re -
quired the more nucleophilic tributylphosphine6 or higher
tem per a tures.7 The use of triphenylphosphine for the sim ple
func tional groups trans for ma tion as de scribed above en cour -
ages us to fur ther in ves ti gate this re agent. Herein, we wish to
re port a new type of re ac tion me di ated by triphenylphosphine 
that pro vides a con ve nient re duc tion of , -un sat u rated
propargyl ethers to the cor re spond ing al lyl ic ethers.

RE SULTS AND DIS CUS SION

The , -un sat u rated ynoates and -ynones bear ing a
-alkoxy group were eas ily pre pared start ing from propargyl

al co hol (see ex per i men tal sec tion). Re ac tion of the ynoate 1a
and triphenylphosphine (1.1 equiv) in to lu ene at 5 C af -
forded within 6 h a mix ture of cis and trans al lyl ic al co hols 2a

(cis -2a/trans-2a = 2.8/1) in 79% yield af ter aque ous quench -
ing and flash col umn chro ma tog ra phy on sil ica gel (en try 1,
Ta ble 1). In an ef fort to ac cel er ate this pro cess, we con sid ered 
the use of a 2.0 mo lar equiv of triphenylphosphine. Thus, the
re ac tion of 1a with triphenylphosphine (2.0 equiv) in to lu ene
at 5 C gen er ated within 2 h the cis-2a and trans-2a with the
sim i lar cis/trans ra tio and iso lated yield. Var i ous , -un sat u -
rated ynoates 1b-e were re duced to cis- and trans , -un sat u -
rated enoates 2b-e us ing triphenylphosphine (2.0 equiv) un -
der the same re ac tion con di tions and the re sults are listed in
Ta ble 1 (en tries 2-5). Whereas, , -un sat u rated ynones 1f-i
un der went a smooth re duc tion even at -78 C. The strong
elec tron-withdrawing acyl substituent fa cil i tates the re duc -
tion and the ynones 1f-i are re duced at -78 C to enones 2f-i
within 2 h in 47-79% yield (en tries 6-9, Ta ble 1). Only the
trans  , -un sat u rated enone is iso lated in each case. The
com pat i bil ity of a phenyl (en try 7), an ole fin (en try 8) and a
diene (en try 9) moi ety, which may not sur vive in so dium/am -
mo nia or tran si tion metal cat a lyzed re duc tion re ac tions, high -
lights the vir tues of this semihydrogenation re ac tion. It must
be men tioned that an elec tron-withdrawing group such as an
es ter or a keto at tached to the tri ple bond is re quired for the
semihydrogenation us ing triphenyphosphine and wa ter.
Phenylacetylene de riv a tive 3 is re cov ered quan ti ta tively af ter 
treat ment with triphenylphosphine in refluxing to lu ene for 12 
h (en try 10, Ta ble 1).

Scheme I out lines a po ten tial mech a nism for the re duc -
tion of the 4-alkoxy ynoates and -ynones in which the role of
triphenylphosphine is pro posed as a nucleophile. Con ju gated
ad di tion of triphenylphosphine to the tri ple bond pro duced
the zwit teri on ic in ter me di ate 4. Al though allene in ter me di -
ates were pro posed in the isomerization of tri ple bonds to the
dienes us ing triphenylphosphine,6,7 allene 5 was not iso lated.
This may in di cate that the pro ton ex change be tween the vi nyl
car ban ion and the al lyl ic hy dro gen (to give 6) was not fa vor -
able. It is as sumed that the elec tron re pul sion im posed by the
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ad ja cent lone pair elec trons of the ox y gen atom im peded the
for ma tion of the al lyl ic car ban ion. Ad di tion of wa ter to 4 gen -
er ated the in ter me di ate 7. Re ac tion of 7 with wa ter af forded
the , -un sat u rated enoate or enone 2 af ter elim i na tion of

triphenylphosphine ox ide. A deu te rium study fur ther proved
the pro posed re ac tion path. Thus, quench ing the re ac tion
mix ture ob tained from ad di tion of triphenylphosphine to 1c
with D2O gen er ated the dideuteriated com pound  8 in 61%
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Table 1. Triphenylphosphine-Mediated Reduction of Electron-Deficient Propargyl Ethers to the Allylic Ethers
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yield. The NMR study of 8 showed the deu te rium in cor po ra -
tion (greater than 97%) at both vi nyl car bons and less than 3% 
of the deu te rium la bel ing at the al lyl ic car bon (eq. 1).

Based upon the re ac tion path sug gested in Scheme I,
both cis  and trans 4-alkoxyenoates and -enones are formed
un der the re ac tion con di tions. How ever, the , -un sat u rated
cis-enones readily con vert to the , -un sat u rated trans-
 enones upon aque ous workup.2 Thus, only the trans-enones
are iso lated from re duc tion of , -un sat u rated ynones with
triphenylphosphine (en tries 6-9, Ta ble 1).

The re sult ing , -un sat u rated enoates cis-2b and trans-
 2b can fur ther be ma nip u lated as fol lows. Treat ment of cis-2b
with DDQ (2.0 equiv) in CH2Cl2 at 30 C af forded within 4 h
ethyl cis-4-hydroxy-2-butenoate (9),8 which un der went
lactonization upon pu ri fi ca tion on sil ica gel to af ford 2(5H)-
 furanone (10)9 in 68% over all yield (eq. 2). Un der the same

re ac tion con di tions, trans-2b pro duced ethyl trans-4- hydroxy -
2-butenoate ( 11)10 in 71% yield (eq. 3).

In sum mary, we have de scribed a novel, prac ti cal
method for semihydrogenation of , -un sat u rated ynoates
and -ynones bear ing a -alkoxy group to the cor re spond ing

, -un sat u rated enoates and -enones. The fact that the semi -
hydrogenation of the car bon-carbon tri ple bonds pro ceeds
un der mild re ac tion con di tions us ing triphenylphosphine and
wa ter of fers a new syn thetic method for this im por tant or -
ganic trans for ma tion.

EX PER I MEN TAL

All re ac tions were run un der a ni tro gen at mo sphere in
oven-dried glass ware un less oth er wise in di cated. An hy drous
sol vents or re ac tion mix tures were trans ferred via an oven-
 dried sy ringe or can nula. To lu ene was dis tilled from cal cium
hy dride un der ni tro gen. Tetrahydrofuran (THF) was dis tilled
un der ni tro gen from a deep blue so dium ben zo phe none ketyl
so lu tion. Flash col umn chro ma tog ra phy, fol low ing the
method of Still,11 was car ried out with E. Merck 230-400
mesh sil ica gel us ing the in di cated sol vents. An a lyt i cal thin-
 layer chro ma tog ra phy was per formed with sil ica gel 60 F254

plas tic plates of 0.2-mm thick ness. The term “con cen tra tion”
re fers to the re moval of sol vent with an as pi ra tor pump. The
term “un der ni tro gen” im plies that the ap pa ra tus was evac u -
ated (oil pump) and then filled with ni tro gen three times. Nu -
clear mag netic res o nance (NMR) spec tra were re corded at
200 and 400 MHz for 1H NMR and 50.2 and 100.4 MHz for
13C NMR, and Varian G-200 (200 MHz) spec trom e ters. In fra -
red (IR) spec tra were re corded with a JASCO IR-700 spec -
trom e ter. Mass spec tra were ac quired on a JEOL JMS-D 100
spec trom e ter at an ion iza tion po ten tial of 70 eV and are re -
ported as mass/charge (m/z) with per cent rel a tive abun dance.
High-resolution mass spec tra were ob tained with an AEI
MS-9 dou ble-focusing mass spec trom e ter and a JEOL JMS-
 HX 110 spec trom e ter at the De part ment of Chem is try, Cen -
tral In stru ment Cen ter, Hsin-Chu, Tai wan. El e men tal anal y -
ses were ob tained with a Perkin-Elmer CHN-2400 el e men tal
an a lyzer at the Microanalytical Ser vice Lab o ra tory of Na -
tional Tai wan Uni ver sity.
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Starting Ma te rials
The fol low ing start ing ma te ri als were pre pared ac cord -

ing to lit er a ture pro ce dures: ethyl 4-carbethoxy methoxy -
but-2-ynoate (1d),12 ethyl 4-(2-cyanoethoxy)but-2-ynoate
(1e)12 and 5-(4-methoxybenzyloxy)pent-3-yn-2-one (1f).13

Ethyl 4-ethoxycarbonyloxybut-2-ynoate (1a)
A mix ture of propargyl al co hol (0.48 g, 8.50 mmol) and 

n-BuLi (12.5 mL, 18.70 mmol) in 20 mL of THF was stirred
at -78 C for 0.5 h un der ni tro gen. The re ac tion mix ture was
quenched with 1.77 mL (18.70 mmol) of ethyl chloroformate
at -78 C. The re ac tion mix ture was stirred at -78 C for 30
min and 5 C for 2 h be fore be ing di luted with a mix ture of
ethyl ac e tate and hex anes (1/5, 50 mL). The re sul tant so lu tion 
was washed with wa ter (100 mL  3) and brine (100 mL  3),
dried over an hy drous mag ne sium sul fate, and con cen trated to 
give the crude mix ture. The crude mix ture was pu ri fied via
flash col umn chro ma tog ra phy (sil ica gel, 5% ethyl ac e tate/
hex anes) to give 1a (1.32 g, 6.53 mmol, 77%) as a col or less
oil: IR (CH2Cl2) 2991, 2982, 2251, 1712, 1620 cm-1; 1H NMR 
(400 MHz, CDCl3)  4.85 (s, 2H), 4.27 (m, 4H), 1.33 (t, J =
7.3 Hz, 3H), 1.32 (t, J = 7.3 Hz, 3H); 13C NMR (100.4 MHz,
CDCl3)  154.1, 152.6, 80.0, 78.4, 64.7, 62.1, 54.2, 14.0,
13.8; MS (EI) m/z (rel in ten sity) 201 (M++1, 1), 155 (100),
127 (16), 111 (16), 108 (27), 101 (14), 84 (30), 67 (10);
HRMS (EI) m/z calcd for C9H13O5 (M++1) 201.0764, found
201.0762.

Ethyl 4-(4-methoxybenzyloxy)but-2-ynoate (1b)
A mix ture of propargyl al co hol (5.0 g, 89.28 mmol) and 

so dium hy dride (3.9 g, 60% in min eral oil, 97.50 mmol) in 30
mL of THF was stirred at 5 C for 0.5 h un der ni tro gen. The
re ac tion mix ture was quenched with 4-methoxybenzyl bro -
mide (17.95 g, 89.28 mmol) and stirred at 25 C for 8 h. The
re ac tion mix ture was di luted with hex ane fol lowed by the
usual workup to give the crude mix ture. The crude mix ture
was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel, 5% 
ethyl ac e tate/hex anes) to give 3-(4-Methoxybenzyloxy) pro -
pyne (12.60 g, 71.59 mmol, 80%). To a mix ture of 3-(4-
 Methoxybenzyloxy)propyne (5.0 g, 28.41 mmol) and n-BuLi 
(1.6 M in hex anes, 18.7 mL, 29.92 mmol) in 25 mL of THF at
-78 C un der ni tro gen was added ethyl chloroformate (3.24 g, 
29.83 mmol). The re ac tion mix ture was stirred at -78 C for
30 min and 5 C for 2 h and was di luted with a mix ture of
ethyl ac e tate and hex anes (1/1, 100 mL). The re sul tant so lu -
tion was washed with wa ter (100 mL  3) and brine (100 mL

 3), dried over an hy drous mag ne sium sul fate, and con cen -
trated to give the crude mix ture. Flash col umn chro ma tog ra -
phy (sil ica gel, 8% ethyl ac e tate/hex anes) to give 1b (5.04 g,

20.32 mmol, 72%) as a col or less oil: IR (CH2Cl2) 3047, 2994, 
2984, 2236, 1711, 1613, 1586, 1512, 1466, 1367 cm -1; 1H
NMR (200 MHz, CDCl3)  7.28 (d, J = 8.4 Hz, 2H), 6.89 (d, J
= 8.6 Hz, 2H), 4.55 (s, 2H), 4.20-4.30 (m, 4H), 3.81 (s, 3H),
1.33 (t, J = 7.2 Hz, 3H); 13C NMR (50.2 MHz, CDCl3) 
159.51, 153.04, 129.74, 128.69, 113.78, 83.16, 78.02, 71.49,
61.92, 56.15, 55.03, 13.73; MS (EI) m/z  (rel in ten sity) 248
(M+, 78), 201 (18), 175 (26), 147 (27), 137 (43), 136 (42), 135 
(78), 121 (100), 120 (65); HRMS (EI) m/z calcd for C 14H16O4

248.1049, found 248.1051.

iso-Butyl 4-(4-methoxybenzyloxy)but-2-ynoate (1c)
A mix ture of 3-(4-Methoxybenzyloxy)propyne (1.5 g,

8.52 mmol) and n-BuLi (1.6 M in hex anes, 5.9 mL, 9.44
mmol) in 20.0 mL of THF at -78 C un der ni tro gen was
quenched with t-butyl chloroformate (1.29 g, 9.44 mmol) to
give 1c (2.25 g, 8.18 mmol, 96%) as a col or less oil: IR
(CH2Cl2) 3060, 2966, 2876, 2239, 1698, 1613, 1586, 1513,
1469, 1419 cm-1; 1H NMR (200 MHz, CDCl3)  7.25 (d, J =
8.6 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 4.51 (s, 2H), 4.21 (s,
2H), 3.95 (d, J = 6.6 Hz, 2H), 3.75 (s, 3H), 2.01-1.82 (m, 1H),
0.96 (s, 3H), 0.92 (s, 3H); 13C NMR (50.2 MHz, CDCl3) 
159.37, 152.97, 129.57, 128.58, 113.61, 83.13, 76.34, 71.63,
71.36, 56.02, 54.80, 27.21, 18.56; MS (EI)  m/z  (rel in ten sity)
276 (M+, 25), 219 (14), 190 (18), 175 (41), 146 (28), 137 (30), 
136 (41), 135 (82), 121 (100), 120 (58). Anal. Calcd for
C16H20O4: C, 69.54; H, 7.30. Found: C, 69.50; H, 7.03.

4-(4-Methoxybenzyloxy)-1-phenylbut-2-yn-1-one (1g)
A mix ture of 3 -(4-Methoxybenzyloxy)propyne (1.00 g, 

5.68 mmol) and n-BuLi (1.6 M in hex anes, 4.3 mL, 6.82
mmol) in 20.0 mL of THF at -78 C un der ni tro gen was
quenched with benzoyl chlo ride (0.88 g, 6.25 mmol) to give
1g (1.30 g, 4.81 mmol, 82%) as a col or less oil: IR (CH2Cl2)
3060, 3008, 2988, 2959, 2912, 2866, 2228, 2060, 1723, 1582, 
1465, 1422, 1349, 1275, 1268, 1243, 1001 cm -1; 1H NMR
(200 MHz, CDCl3)  8.14 (d, J = 7.0 Hz, 2H), 7.63-7.46 (m,
3H), 7.32 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 4.64 (s,
2H), 4.43 (s, 2H), 3.81 (s, 3H); 13C NMR (50.2 MHz, CDCl3)

 177.50, 159.69, 136.46, 134.29, 129.89, 129.63, 128.86,
128.65, 113.99, 90.29, 84.13, 71.86, 56.72, 55.18; MS (EI)
m/z (rel in ten sity) 280 (M+, 8), 250 (3), 222 (2), 175 (2), 144
(81), 137 (48), 121 (100), 105 (59), 77 (66), 54 (18). Anal.
Calcd for C18H16O3: C, 77.12; H, 5.75. Found: C, 76.71; H,
5.57.

(E)-1-(4-Methoxybenzyloxy)hept-5-en-2-yn-4-one (1h)
A mix ture of 3 -(4-Methoxybenzyloxy)propyne (1.00 g, 

5.68 mmol) and n-BuLi (1.6 M in hex anes, 4.30 mL, 6.82

872     J. Chin. Chem. Soc., Vol. 48, No. 5, 2001 Tsai et al.



mmol) in 15.0 mL of THF at -78 C un der ni tro gen was
quenched with trans-crotonyl chlo ride (0.65 g, 6.25 mmol) to 
give 1h (0.95 g, 3.89 mmol, 69%) as a col or less oil: IR
(CH2Cl2) 3068, 2988, 2866, 2216, 1646, 1628, 1586, 1465,
1441, 1376, 1350, 1303, 1270, 1252, 1034 cm -1; 1H NMR
(200 MHz, CDCl3)  7.28 (d, J = 8.4 Hz, 2H), 7.24-7.09 (m,
1H), 6.89 (d, J = 8.2 Hz, 2H), 6.19 (d, J = 15.6 Hz, 1H), 4.56
(s, 2H), 4.31 (s, 2H), 3.79 (s, 3H), 1.97 (dd, J = 7.0, 1.6 Hz,
3H); 13C NMR (50.2 MHz, CDCl3)  177.81, 159.61, 150.18,
133.56, 129.80, 128.84, 113.92, 88.08, 83.46, 71.72, 56.58,
55.17, 18.30; MS (EI) m/z (rel in ten sity)  244 (M+, 5), 213 (1),
186 (5), 171 (5), 145 (10), 137 (59), 121 (100), 108 (84), 91
(12), 77 (30), 69 (23), 66 (5). Anal. Calcd for C15H16O3: C,
73.75; H, 6.60. Found: C, 73.45; H, 6.80.

(5E,7E)-1-(4-Methoxybenzyloxy)nona-5,7-dien-2-yn-4-one 
(1i)

A mix ture of 3 -(4-Methoxybenzyloxy)propyne (2.32 g, 
13.19 mmol) and n-BuLi (1.6 M in hex anes, 9.90 mL, 15.83
mmol) in 20.0 mL of THF at -78 C un der ni tro gen was
quenched with trans-sorbic acid chlo ride (2.07 g, 15.83
mmol) to give 1i (2.15 g, 7.95 mmol, 61%) as a col or less oil:
IR (CH2Cl2) 3069, 3047, 2989, 2840, 2211, 1624, 1587,
1514, 1420, 1300, 1243, 1082 cm -1; 1H NMR (200 MHz,
CDCl3)  7.41 (ddd, J = 15.4, 10.0, 2.8 Hz, 1H), 7.30 (d, J =
8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 6.30 (m, 2H), 6.14 (d, J
= 14.8 Hz, 1H), 4.58 (s, 2H), 4.34 (s, 2H), 3.80 (s, 3H), 1.90
(d, J = 5.0 Hz, 3H); 13C NMR (50.2 MHz, CDCl3)  178.00,
159.64, 149.24, 142.71, 130.09, 129.85, 129.51, 128.91,
113.95, 87.93, 83.83, 71.69, 56.67, 55.20, 18.86; MS (EI) m/z 
(rel in ten sity) 269 (M+, 1), 258 (11), 227 (5), 213 (4), 199
(12), 175 (5), 145 (18), 137 (34), 135 (42), 121 (100), 109 (9), 
77 (8), 66 (3); HRMS (EI) m/z calcd for C17H18O3  270.1256,
found 270.1254.

Gen eral pro ce dure for semihydrogenation of
4-alkoxyynoates and -ynones us ing triphenylphosphine
and wa ter

A mix ture of 4-alkoxyynoates or -ynones, triphenyl -
phosphine (2.0 mo lar equiv) in 20 mL of to lu ene was stirred
at 5 C (-78 C for ynones) for 2 h un der ni tro gen. The re ac -
tion mix ture was then quenched with 5 mL of wa ter at 5 C
and was di luted with a mix ture of ethyl ac e tate and hex anes
(1/5, 50 mL). The re sul tant so lu tion was washed with wa ter
(100 mL  3) and brine (100 mL  3), dried over an hy drous
mag ne sium sul fate, and con cen trated to give the crude mix -
ture.

Ethyl 4-ethoxycarbonyloxybut-2-enoate (2a)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (2.1 g, 8.0 mmol) to 1a (0.8 g, 4.0 mmol) at 5 C
was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel, 5% 
ethyl ac e tate/hex anes) to give cis-2a (0.47 g, 2.33 mmol,
58%) and trans-2a (0.17 g, 0.84 mmol, 21%) as col or less
oils.

Cis-isomer
IR (CH2Cl2) 3052, 3047, 2992, 2982, 1747, 1715, 1656, 

1390, 1373, 1342 cm-1; 1H NMR (200 MHz, CDCl3)  6.25
(dt, J = 11.8, 5.0 Hz, 1H), 5.83 (dt, J = 11.8, 2.4 Hz, 1H), 5.19
(dd, J = 2.2 Hz, 2H), 4.23-4.09 (m, 4H), 1.31-1.15 (m, 6H);
13C NMR (50.2 MHz, CDCl3)  165.59, 154.91, 144.12,
120.69, 65.67, 64.06, 60.33, 14.04, 13.98; MS (EI) m/z  (rel
in ten sity) 202 (M+, 41), 200 (17), 199 (100), 198 (44), 183
(30), 149 (32). Anal. Calcd for C9H14O5: C, 53.46; H, 6.98.
Found: C, 53.63; H, 6.81.

Trans-iso mer
IR (CH2Cl2) 3054, 2990, 2985, 1748, 1715, 1635, 1446, 

1425, 1372, 1340, 1288 cm -1 ;  1H NMR (200 MHz, CDCl3) 
6.93 (dt, J = 15.8, 4.6 Hz, 1H), 6.06 (dt, J = 15.8, 1.8 Hz, 1H),
4.78 (dd, J = 2.0 Hz, 2H), 4.28-4.15 (m, 4H), 1.42-1.25 (m,
6H); 13C NMR (50.2 MHz, CDCl3)  154.76, 140.50, 122.59,
65.59, 64.41, 60.58, 14.13, 14.10; MS (EI) m/z  (rel in ten sity)
202 (M+, 5), 200 (12), 189 (24), 157 (63), 129 (61), 128 (37),
127 (100), 101 (82), 100 (36), 99 (96), 86 (58), 73 (48). Anal.
Calcd for C9H14O5: C, 53.46; H, 6.98. Found: C, 53.51; H,
7.05.

Ethyl 4-(4-methoxybenzyloxy)but-2-enoate (2b)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (2.09 g, 8.00 mmol) to 1b (1.00 g, 4.00 mmol) at 5
C was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel,

5% ethyl ac e tate/hex anes) to give cis -2b (0.50 g, 2.00 mmol,
50%) and trans-2b (0.25 g, 1.00 mmol, 25%) as col or less
oils.

Cis-iso mer
IR (CH2Cl2) 3055, 2984, 2961, 1714, 1651, 1613, 1514, 

1465, 1444, 1417, 1384 cm -1 ; 1H NMR (200 MHz, CDCl3) 
7.26 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.40 (dt, J =
11.6, 4.8 Hz, 1H), 5.79 (dt, J = 11.8, 2.4 Hz, 1H), 4.61 (q, J =
2.4 Hz, 2H), 4.45 (s, 2H), 4.13 (q, J = 7.0 Hz, 2H), 3.74 (s,
3H), 1.26 (t, J = 7.0 Hz, 3H); 13C NMR (50.2 MHz, CDCl3) 
165.73, 159.14, 148.19, 129.86, 129.18, 119.21, 113.58,
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72.21, 67.85, 59.80, 54.12, 13.84; MS (EI) m/z (rel in ten sity)
250 (M+, 1), 138 (39), 137 (68), 136 (100), 121 (92), 120 (57); 
HRMS (EI)  m/z calcd for C14H19O4 (M++1) 251.1205, found
251.1280.

Trans-iso mer
IR (CH2Cl2) 3049, 2987, 2961, 2939, 1715, 1663, 1613, 

1586, 1514, 1465, 1368, 1305 cm -1; 1H NMR (200 MHz,
CDCl3)  7.25 (d, J = 8.2 Hz, 2H), 6.97 (dd, J = 15.6, 4.4 Hz,
1H), 6.87 (d, J = 8.2 Hz, 2H), 6.11 (dt, J = 15.6, 2.2 Hz, 1H),
4.47 (s, 2H), 4.23-4.10 (m, 4H), 3.77 (s, 3H), 1.27 (t, J = 7.0
Hz, 3H); 13C NMR (50.2 MHz, CDCl3)  166.17, 159.29,
144.73, 129.71, 129.16, 121.24, 113.73, 72.24, 68.14, 60.10,
55.00, 13.98; MS (EI) m/z (rel in ten sity) 250 (M+, 25), 221
(15), 161 (26), 137 (22), 136 (50), 121 (98), 120 (97), 98 (62), 
90 (81), 89 (100). Anal. Calcd for C14H18O4: C, 67.18; H,
7.25. Found: C, 66.85; H, 6.92.

iso-Butyl 4-(4-methoxybenzyloxy)but-2-enoate (2c)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (2.85 g, 10.86 mmol) to 1c (1.50 g, 5.43 mmol) at 5 
C was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel,

5% ethyl ac e tate/hex anes) to give cis-2c (0.76 g, 2.73 mmol,
50%) and trans-2c (0.39 g, 1.41 mmol, 26%) as col or less oils.

Cis-iso mer
IR (CH2Cl2) 3065, 3057, 2964, 1712, 1613, 1514, 1469, 

1443, 1424, 1417 cm-1; 1H NMR (200 MHz, CDCl3)  7.25 (d, 
J = 8.8 Hz, 2H), 6.86 (d, J = 12.1 Hz, 2H), 6.41 (dt, J = 11.8,
4.8 Hz, 1H), 5.81 (dt, J = 11.6, 2.6 Hz, 1H), 4.60 (q, J = 2.4
Hz, 2H), 4.45 (s, 2H), 3.87 (d, J = 6.6 Hz, 2H), 3.74 (s, 3H),
1.95-1.85 (m, 1H), 0.94 (s, 3H), 0.90 (s, 3H); 13C NMR (50.2
MHz, CDCl3)  165.76, 159.11, 148.13, 129.95, 129.80,
129.15, 119.15, 113.70, 113.53, 70.01, 67.87, 54.74, 27.33,
18.72; MS (EI) m/z (rel in ten sity) 278 (M+, 2), 227 (25), 217
(11), 162 (10), 137 (58), 136 (42), 121 (100), 120 (98). Anal.
Calcd for C16H22O4: C, 69.04; H, 7.97. Found: C, 69.07; H,
7.60.

Trans-iso mer
IR (CH2Cl2) 3052, 3048, 2965, 1715, 1613, 1514, 1468, 

1424, 1304, 1286 cm-1; 1H NMR (200 MHz, CDCl3)  7.25 (d, 
J = 8.8 Hz, 2H), 6.96 (dt, J = 15.8, 4.4 Hz, 1H), 6.88 (d, J =
11.8 Hz, 2H), 6.12 (dt, J = 15.8, 2.0 Hz, 1H), 4.46 (s, 2H),
4.11 (q, J = 2.0 Hz, 2H), 3.92 (d, J = 6.6 Hz, 2H), 3.76 (s, 3H),
1.97-1.87 (m, 1H), 0.95 (s, 3H), 0.91 (s, 3H); 13C NMR (50.2
MHz, CDCl3)  166.12, 159.22, 144.18, 129.60, 129.12,
121.07, 113.64. 72.21, 70.17, 68.08, 54.88, 27.46, 18.77; MS
(EI) m/z  (rel in ten sity) 278 (M+, 5), 221 (21), 137 (60), 136

(42), 35 (22), 121 (100), 120 (53); HRMS (EI) m/z calcd for
C16H22O4 278.1518, found 278.1514.

Ethyl 4-ethoxycarbonylmethoxybut-2-enoate (2d)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (2.46 g, 0.94 mmol) to 1d (0.10 g, 0.47 mmol) at 5
C was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel,

5% ethyl ac e tate/hex anes) to give cis -2d (0.02 g, 0.09 mmol,
20%) and trans-2d (0.03 g, 0.12 mmol, 25%) as col or less
oils.

Cis-iso mer
IR (CH2Cl2) 2993, 2978, 1751, 1714, 1651 cm-1 ; 1H

NMR (400 MHz, CDCl3)  6.42 (dt, J = 11.7, 5.6 Hz, 1H),
5.85 (d, J = 11.7 Hz, 1H), 4.69 (d, J = 5.6 Hz, 2H), 4.22 (q, J =
7.3 Hz, 2H), 4.16 (q, J = 7.3 Hz, 2H), 4.11 (s, 2H), 1.30 (t, J =
7.3 Hz, 3H), 1.27 (t, J = 7.3 Hz, 3H); 13C NMR (100.4 MHz,
CDCl3) 170.1, 165.9, 147.0, 119.9, 69.6, 60.2, 14.2; MS
(EI) m/z (rel in ten sity) 217 (M++1, 8), 170 (100), 143 (36),
129 (16), 113 (24), 101 (8), 83 (18); HRMS (EI) m/z calcd for
C10H16O5 216.1234, found 216.1000.

Trans-iso mer
IR (CH2Cl2) 2989, 1751, 1718, 1664 cm-1 ; 1H NMR

(400 MHz, CDCl3)  6.95 (dt, J = 15.6, 4.5 Hz, 1H), 6.10 (d, J
= 16.1 Hz, 1H), 4.27 (d, J = 4.5 Hz, 2H), 4.25 (q, J = 7.3 Hz,
2H), 4.21 (q, J = 7.3 Hz, 2H), 4.17 (s, 2H), 1.31 (t, J = 7.3 Hz,
3H), 1.27 (t, J = 7.3 Hz, 3H); 13C NMR (100.4 MHz, CDCl3) 
169.9, 166.0, 142.0, 122.0, 69.9, 67.9, 61.0, 60.4, 14.2; MS
(EI) m/z (rel in ten sity) 217 (M++1, 18), 170 (100), 143 (42),
129 (10), 113 (6), 101 (6), 83 (12); HRMS (EI) m/z calcd for
C10H16O5 216.1234, found 216.0664.

Ethyl 4-(2-cyanoethoxy)but-2-enoate (2e)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (0.38 g, 1.44 mmol) to 1e (0.13 g, 0.72 mmol) at 5
C was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel,

5% ethyl ac e tate/hex anes) to give cis-2e (0.02 g, 0.11 mmol,
14%) and trans-2e (0.05 g, 0.28 mmol, 38%) as col or less oils.

Cis-iso mer
IR (CH2Cl2) 2989, 2879, 2254, 1712, 1651, 1631 cm-1;

1H NMR (400 MHz, CDCl3)  6.34 (dt, J = 11.7, 5.9 Hz, 1 )
5.86 (d, J = 11.7 Hz, 1H), 4.64 (d, J = 5.9 Hz, 2H), 4.16 (q, J =
7.3 Hz, 2H), 3.70 (t, J = 5.9 Hz, 2H), 2.63 (t, J = 7.3 Hz, 2H),
1.29 (t, J = 7.3 Hz, 3H); 13C NMR (100.4 MHz, CDCl3) 
165.9, 146.8, 120.1, 117.6, 69.0, 65.1, 60.3, 18.8, 14.2; MS
(EI) m/z (rel in ten sity) 183 (M+, 5), 154 (8), 137 (100), 129
(20), 110 (8), 83 (48); HRMS (EI) m/z calcd for C9H13NO3
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183.2066, found 183.0891.

Trans-iso mer
IR (CH2Cl2) 2991, 2982, 2254, 1722, 1664, 1304 cm-1;

1H NMR (400 MHz, CDCl3)  6.94 (dt, J = 15.6, 4.3 Hz, 1 )
6.10 (d, J = 15.6 Hz, 1H), 4.21 (m, 4H), 3.71 (d, J = 8.9 Hz,
2H), 2.64 (t, J = 8.9 Hz, 2H), 1.29 (t, J = 7.3 Hz, 3H); 13C
NMR (100.4 MHz, CDCl3)  166.0, 142.8, 122.0, 117.5, 69.8, 
65.4, 60.5, 18.9, 14.2; MS (EI) m/z (rel in ten sity) 183 (M+,
100), 153 (6), 138 (100), 129 (10), 110 (22); HRMS (EI) m/z
calcd for C9H13NO3 183.2066, found 183.0890.

(E)-5-(4-Methoxybenzyloxy)pent-3-en-2-one (2f)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (2.39 g, 9.16 mmol) to 1f (1.00 g, 4.58 mmol) at
-78 C was pu ri fied via flash col umn chro ma tog ra phy (sil ica
gel, 15% ethyl ac e tate/hex anes) to give 2f (0.47 g, 2.14
mmol, 47%) as a col or less oil: IR (CH2Cl2) 3061, 2938, 1721, 
1678, 1633, 1613, 1514, 1422, 1360 cm-1 ; 1H NMR (200
MHz, CDCl3)  7.26 (d,  J = 8.6 Hz, 2H), 6.88 (d, J = 8.8 Hz,
2H), 6.78 (dt, J = 16.0, 2.2 Hz, 1H), 6.31 (dt, J = 16.0, 1.8 Hz,
1H), 4.48 (s, 2H), 4.15 (dd, J = 1.8 Hz, 2H), 3.78 (s, 3H), 3.24
(s, 3H); 13C NMR (50.2 MHz, CDCl3)  198.01, 159.28,
143.07, 130.13, 129.56, 129.19, 113.70, 72.34, 68.26, 54.97,
26.90; MS (EI) m/z (rel in ten sity) 220 (M+, 5), 152 (9), 138
(21), 137 (93), 136 (21), 121 (100), 109 (22), 84 (24). Anal.
Calcd for C13H16O3: C, 70.89; H, 7.32. Found: C, 70.52; H,
7.29.

(E)-4-(4-Methoxybenzyloxy)-1-phenylbut-2-en-1-one (2g)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (5.20 g, 19.87 mmol) to 1g (2.79 g, 9.94 mmol) at
-78 C was pu ri fied via flash col umn chro ma tog ra phy (sil ica
gel, 5% ethyl ac e tate/hex anes) to give 2g (2.22 g, 7.87 mmol,
79%): IR (CH2Cl2) 3070, 3047, 3007, 2986, 2959, 1674,
1613, 1580, 1448, 1360, 1327, 1271, 1252, 1209, 1114 cm-1;
1H NMR (200 MHz, CDCl3)  7.95 (d, J = 7.0 Hz, 2H),
7.57-7.43 (m, 3H), 7.31 (d, J = 8.4 Hz, 2H), 7.11 (dt, J = 14.0,
3.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 4.56 (s, 2H), 4.26 (dd, J
= 3.8, 1.6 Hz, 2H), 3.82 (s, 3H); 13C NMR (50.2 MHz, CDCl3) 

 190.43, 159.45, 144.62, 137.71, 132.82, 129.82, 129.38,
128.62, 128.56, 124.93, 113.90, 72.56, 68.81, 55.17; MS (EI)
m/z (rel in ten sity) 282 (M+, 1), 276 (2), 253 (2), 223 (1), 199
(1), 174 (3), 160 (5), 146 (40), 135 (17), 121 (100), 105 (33),
91 (7), 77 (18), 51 (4); HRMS (EI) m/z  calcd for C18H18O3

282.1256, found 282.1258.

(2E,5E)-1-(4-Methoxybenzyloxy)hepta-2,5-dien-4-one (2h)
The crude mix ture ob tained from ad di tion of triphenyl -

phosphine (0.64 g, 2.46 mmol) to 1h (0.30 g, 1.23 mmol) at
-78 C was pu ri fied via flash col umn chro ma tog ra phy (sil ica
gel, 10% ethyl ac e tate/hex anes) to give 2h (0.15 g, 0.59
mmol, 48%) as a col or less oil: IR (CH2Cl2) 3069, 3060, 2988, 
2938, 1669, 1642, 1615, 1514, 1465, 1360, 1262, 1253, 1245, 
1035 cm-1; 1H NMR (200 MHz, CDCl3)  7.27 (d, J = 8.4 Hz,
2H), 7.03-6.83 (m, 4H), 6.61 (dt, J = 15.6, 1.8 Hz, 1H), 6.33
(dt, J = 15.6, 1.8 Hz, 1H), 4.50 (s, 2H), 4.17 (dd, J = 4.2, 0.8
Hz, 2H), 3.79 (s, 3H), 1.90 (dd, J = 6.8, 1.0 Hz, 3H); 13C NMR 
(50.2 MHz, CDCl3)  189.05, 159.36, 143.59, 142.56,
130.56, 129.76, 129.28, 127.42, 113.79, 72.39, 68.63, 55.09,
18.18; MS (EI) m/z (rel in ten sity) 246 (M+, 1), 203 (5), 173
(1), 147 (2), 135 (11), 121 (100), 110 (58), 95 (26), 69 (5);
HRMS (EI) m/z calcd for C15H18O3 246.1256, found
246.1255.

(2E,5E,7E)-1-(4-Methoxybenzyloxy)nona-2,5,7-trien-4-one 
(2i)

The crude mix ture ob tained from ad di tion of triphenyl -
phosphine (2.52 g, 9.62 mmol) to 1i (1.30 g, 4.81 mmol) at
-78 C was pu ri fied via flash col umn chro ma tog ra phy (sil ica
gel, 5% ethyl ac e tate/hex anes) to give 2i (0.71 g, 2.60 mmol,
54%) as a col or less oil: IR (CH2Cl2) 3066, 3060, 3047, 2986,
2960, 2840, 1664, 1640, 1614, 1514, 1465, 1444, 1378, 1288, 
1275, 1174, 1034, 1001 cm-1; 1H NMR (200 MHz, CDCl3) 
7.29 (d, J = 8.4 Hz, 2H), 7.25-7.18 (m, 1H), 6.89 (d, J = 8.8
Hz, 2H), 6.90 (dt, J = 15.8, 4.2 Hz, 1H), 6.62 (dt, J = 15.8, 1.8
Hz, 1H), 6.33-6.18 (m, 3H), 4.51 (s, 2H), 4.19 (dd, J = 4.2, 2.0 
Hz, 2H), 3.80 (s, 3H), 1.86 (d, J = 4.8 Hz, 3H); 13C NMR (50.2 
MHz, CDCl3)  189.31, 159.37, 143.93, 142.24, 140.66,
130.45, 129.79, 129.31, 127.98, 126.51, 113.82, 72.40,
68.67, 55.11, 18.63; MS (EI) m/z (rel in ten sity)  273 (M+-1, 2), 
260 (1), 176 (2), 147 (2), 136 (62), 121 (100), 108 (10), 67
(2); HRMS (EI) m/z calcd for C17H20O3 272.1412, found
272.1411.

iso-Butyl 4-(4-methoxybenzyloxy)-2,3-dideuterobut-2-
enoate (8)

The crude mix ture ob tained from ad di tion of triphenyl -
phosphine (0.26 g, 1.0 mmol) to 1c (0.27 g, 1.0 mmol) fol -
lowed by quench ing the re ac tion mix ture with 0.6 mL of D2O
was pu ri fied via flash col umn chro ma tog ra phy (sil ica gel, 5% 
ethyl ac e tate/hex anes) to give cis-8 (0.11 g, 0.39 mmol, 39%)
and trans-8 (0.06 g, 0.21 mmol, 22%) as col or less oils.

Cis-iso mer
1H NMR (200 MHz, CDCl3)  7.27 (d, J = 8.8 Hz, 2H),

6.88 (d, J = 8.6 Hz, 2H), 4.61 (s, 2H), 4.48 (s, 2H), 3.89 (d, J = 
6.6 Hz, 2H), 3.80 (s, 3H), 1.94-1.83 (m, 1H), 0.93 (d, J = 6.8
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Hz, 6H); 13C NMR (50.2 MHz, CDCl3)  166.05, 159.28,
148.05, 129.95, 129.37, 113.75, 72.42, 70.25, 67.96, 55.05,
27.51, 18.91.

Trans-iso mer
1H NMR (200 MHz, CDCl3)  7.28 (d, J = 8.6 Hz, 2H),

6.85 (d, J = 8.6 Hz, 2H), 4.49 (s, 2H), 4.17 (s, 2H), 3.93 (d,  J = 
6.6 Hz, 2H), 3.81 (s, 3H), 2.00-1.81 (m, 1H), 0.94 (d, J = 6.8
Hz, 6H); 13C NMR (50.2 MHz, CDCl3)  166.39, 159.40,
144.29, 129.78, 129.31, 121.36, 113.85, 72.42, 70.40, 68.18,
55.15, 27.65, 18.95.

2(5H)-Furanone (10)9

A mix ture of cis-2b (0.3 g, 1.20 mmol), DDQ (0.54 g,
2.40 mmol), and wa ter (1.0 mL) in 17.0 mL of di chloro -
methane was stirred at 25 C for 4 h un der ni tro gen. The re ac -
tion mix ture was di luted with di chloro methane (50.0 mL)
and fil tered through celite. The re sul tant so lu tion was washed 
with wa ter (100 mL  3) and brine (100 mL  3), dried over
an hy drous mag ne sium sul fate, and con cen trated to give the
crude mix ture. The 1H NMR spec tral data of the crude mix -
ture was iden ti fied as enonoate 9.8 The crude mix ture was pu -
ri fied via flash col umn chro ma tog ra phy (sil ica gel, 30% ethyl 
ac e tate/hex anes) to give 10 (68.0 mg, 0.81 mmol, 68%) as a
col or less oil: 1H NMR (200 MHz, D 2O)  7.78 (dt, J = 5.4, 1.0 
Hz, 1H), 6.13-6.12 (m, 1H), 4.96-4.94 (m, 2H); 13C NMR
(50.2 MHz, CDCl3)  173.90, 153.30, 121.11, 72.12.

Ethyl (E)-4-hydroxy-2-butenoate (11)10

The crude mix ture ob tained from re ac tion (as de scribed 
above for 9) of trans-2b (0.30 g, 1.20 mmol), DDQ (0.55 g,
2.42 mmol), and wa ter (1.0 mL) was pu ri fied via flash col -
umn chro ma tog ra phy (sil ica gel, 20% ethyl ac e tate/hex anes)
to give 11 (0.11 g, 0.85 mmol, 71%) as a col or less oil. 1H
NMR (200 MHz, CDCl3)  7.03 (dt, J = 15.8, 4.0 Hz, 1H),
6.09 (dt, J = 15.4, 2.0 Hz, 1H), 4.35 (dd, J = 4.0, 2.0 Hz, 2H),
4.19 (q, J = 7.2 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H); 13C NMR
(50.2 MHz, CDCl3)  166.80, 147.37, 119.83, 61.42, 60.39,
13.95.
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