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Triphenylphosphine-Mediated Reduction of Electron-Deficient Propargyl
EtherstotheAllylic Ethers

Ming-Shan Tsai (220511 ), U. Narasimha Rao ( #zs K ), Jeng-Rong Wang (£ [F % ),
Chung-Hao Liang (#+p & ) and Ming-Chang P. Yeh* (&4, 4& )
Depart mentof Chemistry, National Tai wanNor mal Uni ver sity, Tai pei 117, Tai wan,R.O.C.

Semihydrogenation of i, [F-un sat urated ynoatesand -ynonesbear ing a-alkoxy group can be per formed
using triphenylphosphineand water. o, -Un sat u rated ynoateswerereduced to amix tureof cis and trans
o, B-unsat urated enoates, whereas, ynoneswerereducedtotrans o, [*-unsat urated enonesastheonly products.

INTRODUCTION

Of the many methods avail ablefor re duc tion of al-
kynes, catalytichy drogenationisoneof themost convenient.
Thecom pletereduction of a kynestotheal kanesiseasily ac-
complishedwithhy drogenover catalyticplati num, pal la
dium or Raney nickel. How ever, most use ful from asyn-
thetic point of view is the semihydrogenatior? of al kynesto
the Z-alkenesusingLindlar’ scatalyst® or to the E-alkenes us-
ingsodiumandliquidammonia.*Moreover, thereduction of
propargy! al coholstothetransal lyl ical coholscanalsobe
performed using lithium aluminum hydride.® The above
known meth ods havefallen a most ex clu sively into the do-
main of met alsor metal hy dridesand of ten en coun tered se-
verereactionconditions. Therefore, aninex pensivereagent,
which may ex hibit asim plereaction con di tion for the semi-
hydrogenation of al kynes, will at tract much at tention. It was
previ ously reportedthat conjugatedynonesisomerizedtothe
dienonesin the pres ence of acat alytic amount of triphenyl-
phosphine;® how ever, theless el ec tron-deficient ynoates, re-
quired the more nucleophilic tributylphosphine® or higher
temperatures.” The use of triphenylphosphine for the sim ple
functional groupstransfor mationasdescribed aboveencour-
agesustofur ther investi gatethisreagent. Herein, wewishto
reportanew typeof reactionmedi ated by triphenyl phosphine
that provides a convenient reduction of ,P-unsaturated
propargyl etherstothecor respondingal lylicethers.

RESULTSANDDISCUSSION

The i, P-un sat u rated ynoatesand -ynonesbear ing a
T-alkoxy group wereeasily pre pared start ing from propargyl
al cohol (seeex peri mental section). Reactionof theynoate la
and triphenylphosphine (1.1 equiv) intoluene at 5 =C af -
forded within 6 hamix tureofcisandtransal lylical cohols2a

(cis-2altrans2a =2.8/1) in 79% yield af ter aque ous quench
ing and flash col umn chromatography onsil icagel (entry 1,
Tablel).Inanefforttoaccel er atethisprocess, weconsidered
the use of a2.0 mo lar equiv of triphenylphosphine. Thus, the
reaction of 1a withtriphenylphosphine (2.0 equiv) intoluene
at 5°C gen er ated within 2 hthecis-2a and trans-2a with the
similarcig/transratioandisolatedyield. Varioust, f-unsat t
rated ynoates1b-e werereduced tocis- andtrans o, F-unsat u
rated enoates 2b-e using triphenylphosphine (2.0 equiv) un-
der thesamereaction condi tionsand theresultsarelistedin
Table 1 (entries 2-5). Whereas, ix,[*-unsat uratedynones 1f-i
underwent asmooth re duc tion even at -78=C. The strong
electron-withdrawingacyl substituent facil i tatesthereduc
tion and the ynones 1f-i arere duced at -78 =C to enones 2f-i
within 2 hin 47-79% vyield (en tries 6-9, Table 1). Only the
trans o, [*-un sat u rated enoneisiso lated in each case. The
compati bil ity of aphenyl (entry 7), anolefin(entry 8) anda
diene(entry 9) moi ety, which may not sur viveinsodium/an
moniaortransi tionmetal catalyzedreductionreactions, high
lightsthevir tuesof thissemihydrogenation reaction. It must
be men tioned that an elec tron-withdrawing group such asan
ester or aketo at tached to thetri ple bond isre quired for the
semihydrogenation using triphenyphosphine and water.
Phenylacetylenederivative3isrecov eredquantitatively af ter
treat ment with triphenylphosphineinrefluxingtoluenefor 12
h(entry 10, Tablel).

Schemel outlinesapotential mechanismforthereduc
tion of the 4-alkoxy ynoates and -ynones in which the role of
triphenylphosphineispro posed asanucleophile. Conjugated
ad di tion of triphenylphosphineto thetri ple bond pro duced
thezwitteri onicintermedi ate4. Al though alleneinter medk
ateswere pro posed in the isomerization of tri plebondsto the
dienesusing triphenylphosphine,®” allene 5wasnotiso lated.
Thismay indi catethat theproton ex changebetweenthevi nyl
car banionandtheal lyl ichy drogen(togive6) was not favor-
able. Itisassumedthat theelectronrepul sionim posed by the
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Table 1. Triphenylphosphine-Mediated Reduction of Electron-Deficient Propargyl Ethers to the Allylic Ethers

Entry Substrate Product Isolated Yield Cis/Trans ratio
1 EtO,C-C=C— = 0 :
2 0CO,Et Etozc/j"‘OCOZEt 79% 28:1
la 2a
28 EtO,C—C=C—\ =
OCHAr EtO,C  OCH2AT 7506 20:1
(1]
1b 2b
3 'Buo,cc=c N
=C
2 OCH,Ar 'Buo,&  TOCHAr 6% 19:-1
1lc 2c
4 Et0,G-C=C— A OCH.CO.E
t
2L07
OCH,CO3Et EtO,C 45% 1:19
1d 2d
Et0,C-C=C— .
5 2 O(CH,),CN Et0,C  TOCHCN 550, 1:33
le 2e
Ga MeOC—C=C OCHAr
- 47% trans onl
OCH,Ar MeOd y
1f of
a PhOC—C=C—, OCHAr
! OCHAr — 2 79% trans only
19 PhOC 54

Q CH,Ar
Ch /=>_C=C_\ - 48% trans only
OCH,Ar 5

1h 2h
Q OCH,Ar

C=C—\ =

9 = OCH AT /
- 0 trans only
/ 54%
1i 2i
Ph-C=C —

10 _\OCOZEt P 0CO.Et 0%

3

& Ar = 4-methoxyphenyl

adjacentlonepair electronsof theox y gen atomim pededthe
formationoftheal lyliccarbanion. Additionof waterto4 gen-
eratedtheinter medi ate7. Reaction of 7 withwater af forded
the i,B-unsat urated enoateor enone2 af ter elimi nation of

triphenylphosphineoxide. A deuterium study fur ther proved
the pro posed re ac tion path. Thus, quenching thereaction
mix ture ob tained from ad di tion of triphenylphosphinetolc
with DO gen er ated thedideuteriated com pound 8 in 61%
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Scheme |
JOH
PPh
_ PPhs C@ PPhg 3':\_3
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1 4 6
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H 7D OH E
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£ R _PhsPO E‘?:\—OR not formed

7

yield. The NMR study of 8 showedthedeuteriumincor pora
tion (greater than 97%) at bothvi nyl car bonsandlessthan 3%
of thedeuteriumlabel ingat theal lyl iccar bon(eg. 1).

1. PPh, b
i 2.D,0
BUO,C—C=C—\ —_ [3—{_0
OCH,A CH,Ar 1)
oAl (61%) BuO,C 2

1c 8
Ar = 4-methoxyphenyl

Based upon there ac tion path sug gested in Schemel,
both cis and trans 4-alkoxyenoates and -enones are formed
underthereactioncondi tions. How ever, the i, F-unsaturated
cis-enones readily convert to the o,-unsaturatedtrans
enonesupon aqueousworkup.? Thus, only the trans-enones
areisolated fromreduction of i, [-unsat uratedynoneswith
triphenylphosphine (entries6-9, Tablel).

Theresultingt:,F-unsat urated enoatescis-2b and trans-
2bcanfurther bemanipulatedasfol lows. Treat ment of cis-2b
with DDQ (2.0 equiv) in CH.Cl: at 30 C af forded within4 h
ethyl cis-4-hydroxy-2-butenoate @), which underwent
lactonizationupon puri fi cationonsil icagel toaf ford 2(5H)-
furanone (10)° in 68% over al yield (eg. 2). Un der the same

EtOZC/_\_OH

EtOZC/_\_OCHZAr

cis-2b 9

Ar = 4-methoxyphenyl

silica gel separation OD @
O

(68%)

10

J. Chin. Chem. Soc., Val. 48, No. 5, 2001 871

1. DDQ
___/—OCHAr 2. Hy0 L/=/—OH
3)
EtO,C (71%) EtO,
trans-2b 11

Ar = 4-methoxyphenyl

reactionconditions,trans-2b pro duced ethyl trans-4-hydroxy-
2-butenoate(11)*°in 71% yield (eg. 3).

In summary, we have described a novel, practical
method for semihydrogenation of ,p-unsaturatedynoates
and -ynones bear ing a-a koxy grouptothecor responding
i1, [*-un sat u rated enoates and -enones. Thefact that the semi-
hydrogenation of the car bon-carbon tri ple bonds pro ceeds
under mildreactioncondi tionsusingtriphenylphosphineand
water of fersanew syn thetic method for thisim por tant or
ganictransformation.

EXPERIMENTAL

All reactionswererununder ani trogenat mospherein
oven-driedglasswareunlessotherwiseindi cated. Anhy drous
sol ventsor reac tionmix turesweretransferred viaan oven-
driedsyringeor cannula. Toluenewasdistilledfromcal cium
hy drideunder ni trogen. Tetrahydrofuran (THF) wasdistilled
under ni trogenfromadeep bluesodiumbenzo phenoneketyl
solution. Flash column chromatography, following the
method of Still," was car ried out with E. Merck 230-400
meshsil icagel usingtheindi cated sol vents. Analyti cal thin-
layer chromatog raphy wasper formedwithsil icagel 60 Fs,
plasticplatesof 0.2-mmthick ness. Theterm*“ concentration”
referstotheremoval of sol vent with anaspi rator pump. The
term*“under ni trogen” impliesthat theap paratuswasevac u
ated (oil pump) and then filled with ni tro gen threetimes. Nu-
clear mag neticreso nance (NMR) spectrawerere corded at
200 and 400 MHz for *H NMR and 50.2 and 100.4 MHz for
3CNMR, and Varian G-200 (200 MHz) spectrometers. Infra
red (IR) spec trawere re corded with a JASCO IR-700 spec-
trometer. Massspec trawereac quired onaJEOL IMS-D 100
spectrometer at anionizationpotential of 70eV andarere-
ported as mass/charge (m/z) withper centrel ativeabundance.
High-resolution mass spec trawere ob tained with an AEI
M S-9 dou ble-focusing mass spec trom eter andaJEOL IMS-
HX 110 spectrom eter at the De part ment of Chemistry, Cen
tral Instrument Center, Hsin-Chu, Tai wan. El emental anal y
seswereobtained with aPerkin-Elmer CHN-2400el emental
analyzer attheMicroanalytical ServiceLaboratory of Na
tional Tai wanUni versity.
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StartingMaterials

Thefol lowingstartingmateri alswerepreparedaccord
ingtoliter atureprocedures: ethyl 4-carbethoxy methoxy-
but-2-ynoate (1d),*? ethyl 4-(2-cyanoethoxy)but-2-ynoate
(1e)*? and 5-(4-methoxybenzyloxy)pent-3-yn-2-one (1f) .12

Ethyl 4-ethoxycar bonyloxybut-2-ynoate (1a)

A mix tureof propargyl a 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°Cfor 0.5hunder ni trogen. Thereactionmix turewas
guenched with 1.77 mL (18.70 mmol) of ethyl chloroformate
at -78 “C. Thereaction mix turewasstirred at -78 “C for 30
min and 5 =C for 2 hbeforebeing di luted with amix ture of
ethyl acetateandhex anes(1/5,50mL). Theresul tantsolution
waswashed withwater (100 mL x 3) and brine (100 mL x; 3),
driedover anhy drousmagnesiumsul fate, andconcentratedto
givethe crude mix ture. The crude mix turewaspuri fied via
flash col umnchromatography (sil icagel, 5%ethyl acetate/
hex anes) togivela(1.32 g, 6.53 mmol, 77%) asacol or less
oil: IR (CH,Cl,) 2991, 2982, 2251, 1712, 1620cm™; *H NMR
(400 MHz, CDCls) i 4.85 (s, 2H), 4.27 (m, 4H), 1.33 (t, J=
7.3 Hz, 3H), 1.32 (t, J= 7.3 Hz, 3H); "*C NMR (100.4 MHz,
CDCl,) & 154.1, 152.6, 80.0, 78.4, 64.7, 62.1, 54.2, 14.0,
13.8; MS(El) m/z (rel intensity) 201 (M*+1, 1), 155 (100),
127 (16), 111 (16), 108 (27), 101 (14), 84 (30), 67 (10);
HRMS (El) m/z calcd for GoHi30s (M *+1) 201.0764, found
201.0762.

Ethyl 4-(4-methoxybenzyloxy)but-2-ynoate (1b)

A mix tureof propargyl a cohol (5.0g, 89.28 mmol) and
sodiumhy dride(3.9g,60%inmineral oil, 97.50 mmol) in 30
mL of THF was stirred at 5 *Cfor 0.5 hunder ni trogen. The
reaction mix turewas quenched with 4-methoxybenzy! bro-
mide (17.95 g, 89.28 mmol) and stirred at 25=C for 8 h. The
reaction mix turewasdi luted with hex anefol lowed by the
usual workup to give the crude mix ture. The crude mix ture
waspuri fiedviaflashcol umnchromatography (silicagel, 5%
ethyl ac etate/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) andn-BuL.i
(1.6 M inhex anes, 18.7 mL, 29.92 mmol) in 25 mL of THF at
-78=Cunder ni trogen wasadded ethyl chloroformate (3.24 g,
29.83 mmol). Thereaction mix turewasstirred at -78 =C for
30 min and 5°C for 2 h and was di luted with amix ture of
ethyl acetateand hex anes(1/1,100mL ). Theresul tant solu-
tion was washed with water (100 mL < 3) and brine (100 mL
= 3), dried over an hy drous mag nesium sul fate, and con cen-
trated to givethe crudemix ture. Flash col umn chro matog ra-
phy (sil icagel, 8% ethyl ac etate/hex anes) togive1lb (5.04 g,
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20.32mmol, 72%) asacol or lessoil: IR (CH,Cl;) 3047, 2994,
2984, 2236, 1711, 1613, 1586, 1512, 1466, 1367 cm™®; H
NMR (200 MHz, CDCls) & 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); ®C NMR (50.2 MHz, CDClj) &
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 intensity) 248
(M*,78), 201 (18), 175 (26), 147 (27), 137 (43), 136 (42), 135
(78), 121 (100), 120 (65); HRMS (El) nvz calcd for C14H 1604
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 under ni trogenwas
guenched with t-butyl chloroformate (1.29 g, 9.44 mmol) to
give 1c (2.25 g, 8.18 mmol, 96%) as a colorless oil: IR
(CH,CI,) 3060, 2966, 2876, 2239, 1698, 1613, 1586, 1513,
1469, 1419 cm™; *H 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); *C NMR (50.2 MHz, CDCly) f
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 (El) m/z (rel intensity)
276 (M", 25), 219 (14), 190 (18), 175 (41), 146 (28), 137 (30),
136 (41), 135 (82), 121 (100), 120 (58). Anal. Calcd for
CisH2004: C, 69.54; H, 7.30. Found: C, 69.50; H, 7.03.

4-(4-M ethoxybenzyloxy)-1-phenylbut-2-yn-1-one (1g)

A mix tureof 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 under ni trogenwas
quenched with benzoy! chlo ride (0.88 g, 6.25 mmol) to give
19(1.30 g, 4.81 mmol, 82%) asacol or lessoil: IR (CH.Cl>)
3060, 3008, 2988, 2959, 2912, 2866, 2228, 2060, 1723, 1582,
1465, 1422, 1349, 1275, 1268, 1243, 1001 cm™; *H NMR
(200 MHz, CDCls) & 8.14 (d, J=7.0 Hz, 2H), 7.63-7.46 (m,
3H), 7.32(d, J=8.4Hz, 2H), 6.91 (d,J=8.4Hz, 2H), 4.64 (s,
2H), 4.43 (s, 2H), 3.81 (s, 3H); "*C NMR (50.2 MHz, CDCl5)
& 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 (El)
m/z (rel intensity) 280 (M*, 8), 250 (3), 222 (2), 175 (2), 144
(81), 137 (48), 121 (100), 105 (59), 77 (66), 54 (18). Anal.
Calcd for C1gH160s: C, 77.12; H, 5.75. Found: C, 76.71; H,
5.57.

(E)-1-(4-M ethoxybenzyloxy)hept-5-en-2-yn-4-one (1h)
A mix tureof 3-(4-Methoxybenzyloxy)propyne (1.00 g,
5.68 mmol) and n-BuLi (1.6 M in hex anes, 4.30 mL, 6.82
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mmol) in 15.0 mL of THF at -78 =C under ni tro genwas
guenched with trans-crotonyl chloride (0.65 g, 6.25 mmoal) to
give 1h (0.95 g, 3.89 mmol, 69%) as a colorless ail: IR
(CH:Cl>) 3068, 2988, 2866, 2216, 1646, 1628, 1586, 1465,
1441, 1376, 1350, 1303, 1270, 1252, 1034 cm™®; 'H 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); ®CNMR (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 (El) nvz(relintensity) 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 CisH1603: C,
73.75; H, 6.60. Found: C, 73.45; H, 6.80.

(5E,7E)-1-(4-M ethoxybenzyloxy)nona-5,7-dien-2-yn-4-one
(1)

A mix tureof 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 under ni tro genwas
guenched with trans-sorbic acid chloride (2.07 g, 15.83
mmol) to give 1i (2.15g, 7.95 mmol, 61%) asacol or lessoil:
IR (CH.CI,) 3069, 3047, 2989, 2840, 2211, 1624, 1587,
1514, 1420, 1300, 1243, 1082 cm™; 'H NMR (200 MHz,
CDCls) & 7.41 (ddd, J = 15.4, 10.0, 2.8 Hz, 1H), 7.30 (d, J =
8.8Hz, 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); *C NMR (50.2 MHz, CDCl ;) & 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 (El)m/z
(relintensity) 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 (El) m/zcalcd for C47H 1505 270.1256,
found 270.1254.

General procedure for semihydrogenation of
4-alkoxyynoates and -ynones usingtriphenylphosphine
and water

A mix ture of 4-alkoxyynoates or -ynones, triphenyl-
phosphine (2.0 mo lar equiv) in 20 mL of to lu enewas stirred
at 5°C (-78*=Cforynones) for 2hun der ni trogen. Thereac-
tion mix ture was then quenched with 5 mL of water at 5=C
and wasdi luted with amix ture of ethyl ac etate and hex anes
(/5,50 mL). Theresul tant so lu tion waswashed with water
(100 mL x 3) and brine (100 mL :x 3), dried over an hy drous
mag nesium sul fate, and con centrated to givethe crude mix-
ture.
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Ethyl 4-ethoxycar bonyloxybut-2-enoate (2a)

Thecrudemix tureobtained from ad di tion of tripheny}
phosphine (2.1 g, 8.0 mmol) to 1a (0.8 g, 4.0 mmol) at 5 *C
waspuri fiedviaflashcol umnchromatography (sil icagel, 5%
ethyl ac etate/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 (CH,Cl,) 3052, 3047, 2992, 2982, 1747, 1715, 1656,
1390, 1373, 1342 cm™; *H NMR (200 MHz, CDCl3) & 6.25
(dt, J=11.8,5.0Hz, 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);
*C 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
intensity) 202(M*, 41), 200 (17), 199 (100), 198 (44), 183
(30), 149 (32). Anal. Calcd for CoH140s: C, 53.46; H, 6.98.
Found: C, 53.63; H, 6.81.

Trans-isomer

IR (CH.Cl,) 3054, 2990, 2985, 1748, 1715, 1635, 1446,
1425, 1372, 1340, 1288 cm™; "H NMR (200 MHz, CDCls) &
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); *CNMR (50.2 MHz, CDCl5) fi 154.76, 140.50, 122.59,
65.59, 64.41, 60.58, 14.13, 14.10; MS (El)m/z (rel intensity)
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 CoH1.0s: C, 53.46; H, 6.98. Found: C, 53.51; H,
7.05.

Ethyl 4-(4-methoxybenzyloxy)but-2-enoate (2b)

Thecrudemix tureobtained from ad di tion of tripheny}
phosphine (2.09 g, 8.00 mmoal) to1b (1.00 g, 4.00 mmol) at 5
“Cwaspuri fiedviaflashcol umnchromatography (silicagel,
5% ethyl ac etate/hex anes) to givecis-2b (0.50 g, 2.00 mmol,
50%) and trans-2b (0.25 g, 1.00 mmol, 25%) as col or less
oils.

Cis-isomer

IR (CH,Cl,) 3055, 2984, 2961, 1714, 1651, 1613, 1514,
1465, 1444, 1417, 1384 cm™; 'H NMR (200 MHz, CDCl) i
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 (g, J=
2.4 Hz, 2H), 4.45 (s, 2H), 4.13 (g, J = 7.0 Hz, 2H), 3.74 (s,
3H), 1.26 (t, J = 7.0 Hz, 3H); ®C NMR (50.2 MHz, CDCl;) &
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 (El) m/z(rel intensity)
250(M*, 1), 138(39), 137 (68), 136 (100), 121 (92), 120 (57);
HRMS (El) m/z caled for CraH190s (M*+1) 251.1205, found
251.1280.

Trans-isomer

IR (CH,Cl,) 3049, 2987, 2961, 2939, 1715, 1663, 1613,
1586, 1514, 1465, 1368, 1305 cm™; 'H NMR (200 MHz,
CDCls) i 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); *C NMR (50.2 MHz, CDCls) & 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 inten 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 CisH104: C, 67.18; H,
7.25. Found: C, 66.85; H, 6.92.

iso-Butyl 4-(4-methoxybenzyloxy)but-2-enoate (2c)
Thecrudemix tureobtained fromad di tion of triphenyl-
phosphine (2.85 g, 10.86 mmol) tolc (1.50g, 5.43 mmol) at 5
=Cwaspurifiedviaflashcol umnchromatography (silicagel,
5% ethyl acetate/hex anes) togive cis-2c (0.76 g, 2.73 mmol,
50%) andtrans-2c(0.399, 1.41 mmol, 26%) ascol or lessails.

Cis-isomer

IR (CH.Cl,) 3065, 3057, 2964, 1712, 1613, 1514, 1469,
1443, 1424, 1417 cm; *HNMR (200 MHz, CDCl) & 7.25 (d,
J=8.8Hz, 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 (g, 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); *C NMR (50.2
MHz, CDCl,) & 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 (El) m/z(rel intensity) 278 (M *, 2), 227 (25), 217
(11), 162 (10), 137 (58), 136 (42), 121 (100), 120 (98). Anal.
Calcd for CigH2204: C, 69.04; H, 7.97. Found: C, 69.07; H,
7.60.

Trans-isomer

IR (CH,Cl,) 3052, 3048, 2965, 1715, 1613, 1514, 1468,
1424,1304,1286cm™; *HNMR (200 MHz, CDCls) & 7.25 (d,
J=8.8Hz, 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=2.0Hz, 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); *C NMR (50.2
MHz, CDCls) & 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
(El) miz (rel intensity) 278 (M ¥, 5), 221 (21), 137 (60), 136
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(42), 35 (22), 121 (100), 120 (53); HRMS (EI) nVzcalcd for
CisH 20,4 278.1518, found 278.1514.

Ethyl 4-ethoxycar bonylmethoxybut-2-enoate (2d)

Thecrudemix tureob tained from ad di tion of tripheny}
phosphine (2.46 g, 0.94 mmol) tol1d (0.10 g, 0.47 mmol) at 5
=Cwaspuri fiedviaflashcol umnchromatography (silicagel,
5% ethyl ac etate/hex anes) to givecis-2d (0.02 g, 0.09 mmol,
20%) and trans-2d (0.03 g, 0.12 mmol, 25%) as col or less
oils.

Cis-isomer

IR (CHCly) 2993, 2978, 1751, 1714, 1651 cm™; 'H
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 =
7.3Hz, 2H), 4.16 (9, J= 7.3 Hz, 2H), 4.11 (s, 2H), 1.30(t, =
7.3 Hz, 3H), 1.27 (t, J= 7.3 Hz, 3H); *C NMR (100.4 MHz,
CDCl;) & 170.1, 165.9, 147.0, 119.9, 69.6, 60.2, 14.2; MS
(EI) m/z (rel intensity) 217 (M™+1, 8), 170 (100), 143 (36),
129 (16), 113 (24), 101 (8), 83 (18); HRMS(El)m/zcalcd for
C10H 1605 216.1234, found 216.1000.

Trans-isomer

IR (CHCl,) 2989, 1751, 1718, 1664 cm™; ‘H NMR
(400MHz, CDCl5) fi 6.95 (dt,J = 15.6, 4.5 Hz, 1H), 6.10 (d,J
=16.1Hz, 1H), 4.27 (d, J = 4.5 Hz, 2H), 4.25(q, J = 7.3 Hz,
2H), 4.21 (q,d = 7.3 Hz, 2H), 4.17 (s, 2H), 1.31 (t, J=7.3Hz,
3H), 1.27 (t, J= 7.3 Hz, 3H); ®*CNMR (100.4MHz, CDCl;) i
169.9, 166.0, 142.0, 122.0, 69.9, 67.9, 61.0, 60.4, 14.2; MS
(EI) mvz (rel intensity) 217 (M*+1, 18), 170 (100), 143 (42),
129 (10), 113 (6), 101 (6), 83 (12); HRMS (EI) vz calcd for
CioH 1605 216.1234, found 216.0664.

Ethyl 4-(2-cyanoethoxy)but-2-enoate (2€)

Thecrudemix tureobtained from ad di tion of triphenyl
phosphine (0.38 g, 1.44 mmol) to 1e(0.13 g, 0.72 mmol) at 5
“Cwaspuri fiedviaflashcol umnchromatography (silicagel,
5% ethyl ac etate/hex anes) togivecis-2e (0.02 g, 0.11 mmol,
14%) andtrans-2e(0.05g, 0.28 mmol, 38%) ascol or lessoils.

Cis-isomer

IR (CH.Cl) 2989, 2879, 2254, 1712, 1651, 1631 cm™";
'H NMR (400 MHz, CDCl5) fi 6.34 (dt, J = 11.7, 5.9 Hz, 1H),
5.86 (d, J=11.7 Hz, 1H), 4.64 (d, J = 5.9 Hz, 2H), 4.16 (q,J =
7.3Hz, 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); ¥C NMR (100.4 MHz, CDClI5) &
165.9, 146.8, 120.1, 117.6, 69.0, 65.1, 60.3, 18.8, 14.2; MS
(El) m/z (rel inten sity) 183 (M*, 5), 154 (8), 137 (100), 129
(20), 110 (8), 83 (48); HRMS (El) m/z caled for CoH13NO3
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183.2066, found 183.0891.

Trans-isomer

IR (CH:Cl,) 2991, 2982, 2254, 1722, 1664, 1304 cm™;
IH NMR (400 MHz, CDCl3) & 6.94 (dt, J= 15.6, 4.3 Hz, 1H),
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); *C
NMR (100.4 MHz, CDCl53) i 166.0, 142.8, 122.0, 117.5, 69.8,
65.4, 60.5, 18.9, 14.2; MS (El) m/z (rel intensity) 183 (M",
100), 153 (6), 138 (100), 129 (10), 110 (22); HRMS (EI) m/z
calcd for CoH13NO3 183.2066, found 183.0890.

(E)-5-(4-M ethoxybenzyloxy)pent-3-en-2-one (2f)

Thecrudemix tureobtained fromad di tion of triphenyl-
phosphine (2.39 g, 9.16 mmol) to 1f (1.00 g, 4.58 mmol) at
-78*Cwaspuri fiedviaflashcol umnchromatography (sil ica
gel, 15% ethyl acetate/hexanes) to give 2f (0.47 g, 2.14
mmol, 47%) asacol orlessoil: IR (CH,Cl,) 3061, 2938, 1721,
1678, 1633, 1613, 1514, 1422, 1360 cm™; '*H NMR (200
MHz, CDCl5) &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); 3C NMR (50.2 MHz, CDCl;) & 198.01, 159.28,
143.07, 130.13, 129.56, 129.19, 113.70, 72.34, 68.26, 54.97,
26.90; MS (El) mvz(rel intensity) 220 (M*, 5), 152 (9), 138
(21), 137 (93), 136 (21), 121 (100), 109 (22), 84 (24). Anal.
Calcd for Ci3H1603: C, 70.89; H, 7.32. Found: C, 70.52; H,
7.29.

(E)-4-(4-M ethoxybenzyloxy)-1-phenylbut-2-en-1-one (2g)

Thecrudemix tureobtained fromad di tion of triphenyl-
phosphine (5.20 g, 19.87 mmol) to 1g (2.79 g, 9.94 mmol) at
-78*Cwaspuri fiedviaflashcol umnchromatography (sil ica
gel, 5% ethyl acetate/hex anes) togive2g (2.22 g, 7.87 mmol,
79%): IR (CH:Cl) 3070, 3047, 3007, 2986, 2959, 1674,
1613, 1580, 1448, 1360, 1327, 1271, 1252, 1209, 1114 cm™™;
'H NMR (200 MHz, CDCls) & 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,
3.8Hz, 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);*CNMR (50.2 MHz, CDCl3)
4 190.43, 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)
mvz (relintensity) 282 (M", 1), 276 (2), 253 (2), 223 (1), 199
(2), 174 (3), 160 (5), 146 (40), 135 (17), 121 (100), 105 (33),
91 (7), 77 (18), 51 (4); HRMS (El) vz calcd for CigH180s
282.1256, found 282.1258.

(2E,5E)-1-(4-M ethoxybenzyloxy)hepta-2,5-dien-4-one (2h)
Thecrudemix tureobtained fromad di tion of triphenyl-
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phosphine (0.64 g, 2.46 mmol) to 1h (0.30 g, 1.23 mmol) at
-78=Cwaspuri fiedviaflashcol umnchromatography (sil ica
gel, 10% ethyl acetate/hexanes) to give 2h (0.15 g, 0.59
mmol, 48%) asacol orlessoil: IR (CH.Cl,) 3069, 3060, 2988,
2938, 1669, 1642, 1615, 1514, 1465, 1360, 1262, 1253, 1245,
1035cm™; *H NMR (200 MHz, CDCl5) & 7.27 (d,J = 84 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); ®*C NMR
(50.2 MHz, CDCIl;) & 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 (El) nvz (relintensity) 246 (M*, 1), 203 (5), 173
(1), 147 (2), 135 (11), 121 (100), 110 (58), 95 (26), 69 (5);
HRMS (ElI) m/z calcd for GsHig0s 246.1256, found
246.1255.

(2E,5E,7E)-1-(4-M ethoxybenzyloxy)nona-2,5, 7-trien-4-one
(2)

Thecrudemix tureobtained from ad di tion of tripheny}
phosphine (2.52 g, 9.62 mmol) to 1i (1.30 g, 4.81 mmol) at
-78“Cwaspuri fiedviaflashcol umnchromatography (sil ica
gel, 5% ethyl ac etate/hex anes) togive2i (0.71 g, 2.60 mmol,
54%) asacol orlessoil: IR (CH,Cl,) 3066, 3060, 3047, 2986,
2960, 2840, 1664, 1640, 1614, 1514, 1465, 1444, 1378, 1288,
1275, 1174, 1034, 1001 cm™; *"H NMR (200 MHz, CDCl;) i
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);*C NMR (50.2
MHz, CDCls3) & 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 (El) m/z(rel intensity) 273 (M*-1, 2),
260 (1), 176 (2), 147 (2), 136 (62), 121 (100), 108 (10), 67
(2); HRMS (EI) m/z calcd for CizH2003 272.1412, found
272.1411.

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

Thecrudemix tureob tained from ad di tion of tripheny}
phosphine (0.26 g, 1.0 mmoal) to 1c (0.27 g, 1.0 mmol) fol-
lowed by quenchingthereaction mix turewith 0.6 mL of D,O
waspuri fiedviaflashcol umnchromatography (silicagel, 5%
ethyl acetate/hex anes) togivecis-8 (0.11 g, 0.39 mmol, 39%)
and trans-8(0.06 g, 0.21 mmol, 22%) ascol or lessails.

Cis-isomer

'"HNMR (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); **C NMR (50.2 MHz, CDCls) & 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-isomer

'H 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); **C NMR (50.2 MHz, CDCls) & 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)°

A mix ture of cis-2b (0.3 g, 1.20 mmol), DDQ (0.54 g,
2.40 mmol), and water (1.0 mL) in 17.0 mL of di chloro-
methanewas stirred at 25Cfor 4hunder ni trogen. Thereac-
tion mix turewasdi luted with di chloro methane (50.0 mL)
andfil teredthroughcelite. Theresul tant solutionwaswashed
withwater (100 mL ; 3) and brine (100 mL : 3), dried over
anhy drousmag nesiumsul fate, and concentratedtogivethe
crude mix ture. The'H NMR spec tral data of the crude mix-
turewasidenti fied asenonoate 9.2 The crude mix turewaspu-
ri fiedviaflashcol umnchromatography (sil icagel, 30%ethyl
acetate/hex anes)togive 10 (68.0 mg, 0.81 mmol, 68%) as a
col orlessoil: '"H NMR (200 MHz, D ,0) {i 7.78 (dt,J = 5.4, 1.0
Hz, 1H), 6.13-6.12 (m, 1H), 4.96-4.94 (m, 2H); **C NMR
(50.2 MHz, CDCl3) & 173.90, 153.30, 121.11, 72.12.

Ethyl (E)-4-hydroxy-2-butenoate (11)*°

Thecrudemixtureobtainedfromreaction(asdescribed
above for 9) of trans-2b (0.30 g, 1.20 mmol), DDQ (0.55 g,
2.42 mmol), and water (1.0 mL) waspu i fied viaflash col-
umnchromatography (silicagel, 20%ethyl acetate/hex anes)
to give 11 (0.11 g, 0.85 mmol, 71%) asacol or less oil. 'H
NMR (200 MHz, CDCIs) & 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),
419 (g, J= 7.2 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H); *CNMR
(50.2 MHz, CDCl,) & 166.80, 147.37, 119.83, 61.42, 60.39,
13.95.
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