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Abstract: Under mild condmons, 1,4-dtalkoxy- I ,3-butienes can be smoothly prepared with a 
high level of stereoselecuv~ty by rhermolys~s of molybdenum carbene complexes III the presence of 
propargyl ethers 

Recently we have described the reachvlty of 1,6- and 1,‘lenynes with Fischer carbene complexes * When 

appropnate substituents are present, hcyclo[3 l.O]hexane and blcyclo[rl.l Olheptane nng systems can be 

produced m good yield Wlule studymg the effect of various functtonahty on the outcome of thy metal-me&a&l 

cychzatlon process, the reachvtty of ether la with molybdenum carbene complex 2a was mvestigated with the 
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expectatton that 3-oxabtcyclo[4.1.O]octane 3 would be produced. However, mstead of the desmzd 

cyclopropanahon product, 1,4d1alkoxy-1,3-butad1ene 4a was obtruned in 62% yield as a single geomemc 

isomer Smce thts represents a useful method for the stereoselective preparatton of l&dtalkoxy-l$butadienes 

we have mvestlgated the genemhty of tlus process These sties are described herem 

In Table 1 are repmsentattve examples whtch serve to define the general scope of thts reaction. This 

process only proceeds smoothly wtth molybdenum carbene complexes The analogous chtommm complex, 2b, 

produced 4 m only low yield (enmes 2 and 4). Both alkyl and stlyl substttuents can be. tolerated at R1 

Replacement of H with Me at the R3 posmon was problematic, producmg the expected 13-butiene 4d m only 

13% yield. The low efficiency with thts substrate IS probably due to the absence of regtoselecnvtty m the 

formanon of vmylcarbene mtermehate 5 (vtde mfra) Replacement of H wtth Me at the R* position resulted III 

no erosion of yteld or stereosclecttvlty. The butyl group of the carbene complex can be replaced by a phenyl 

substituent (entry 8) wtthout dramatically altezmg the overall efficacy of the reactton 

Table 1 

FP 

,R’ + 
WC0)5 

benzene 

O 
I34 K OMe 

;:,q& * R+rRZ 

R3 2 
OMe 4 

6 d TBDMS H Me btltyl MO 13 

7 e TBDM8 Me H butyl Mo 77 

8 f TBDMS H H Ph MO 66 

The mechanism for thts reactton IS believed to be as outlmed m Scheme 1 Loss of carbon monoxide and 

reactton of the resultmg coordinattvely unsaturated carbene complex with the alkyne unit of 1 leads to 

vmylcarbene mtermehate 5 Subsequent 1,3-hydrogen shift gwes vmylhydnde intermediate 6 which. after 

teducnve eltmtnation, leads to 1,3dlene 4 

This reacnon was found to pmceed smoothly only when the propargyhc oxygen was present Treatment 

of molybdenum carbene complex 2a with 1-octyne (7) under the same condmons led to the formation of 

HE Cd-h + 2a 

7 he i 8(5%) 

OH 

C4b 

+ 

Cd-h3 
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memoxybutadrene 8 m only 5 % yield. along with phenol 9 11120 % yield. The alkoxy subsmuent increases the 

aday of the a-hydmgens, thus facrlrtatmg the 13-hydrogen shrft step from carbene complex 5 to vmylhydnde 

mtermedrate 6 Phenol 9 results from the reactron of m sttu generated carbene complex 5 with a second 

eqmvalent of alkyne, followed by CG msemon, electmcychc ring closure, m srtu reducuon and ehmmaaon 

Such a process has prevrously been observed m related studies of reacuons of molybdenumlb and chromium 

carbene complexes? 

Several related carbene-based enol ether formatron reactions have prevrously been reported. Fischer and 

co-workers have descrrbed the base catalyzed conversion of chrommm carbene complexes to enol ethers.3*4 The 

mechanism for thrs reaction has been suggested to mvolve a base catalyzed 1,3-hydrogen shaft to grve a metal 

hydrrde intermediate whrch mducavely elunmates to produce the enol ether The mechanism proposed for the 

conversron of 5 to 4 1s analogous to this pathway 5 

Tungsten carbene complexes have prevrously been shown to react wrth alkynes to give substituted 2- 

alkoxy-1,3-butadlenes 6 Though alternauve pathways for this reaction have been consrdered,6a it may be 

viewed as a 1.5hydrogen shift from a vmylcarbene uttermediate to grve a vmylhydrrde complex, which upon 

reductive ehmmatron produces the alkoxybutadrene product Katz and Yang have recently reported the 

preparanon of a Id-Irene derived product from the reaction of a chrommm carbene complex with 1-heptene-6 

yne that 1s likely to have been formed via a sunrlar l$hydrogen shift pathway 7 These examples &ffer 

slgmficantly from those described herein as they involve a 1,5- rather than a 1,3-hydrogen shift pathway from a 

vmylcarbene mtennediate 

Several factors are believed to be responsible for the high stereoselecuvny of this process Imual reaction 

of the carbene complex wrth the alkyne can lead to either the E- or Z-isomer of vmylcarhene mtermedtate 6 

Equthbratron between the E- and &isomers may occur, with only the Z-isomer gomg on to product.8 

Alternanvely, formauon of the Z-isomer may be preferred because of the abrltty of the enol ether oxygen to 

coordinate to the metal, resulhng in the formation of 18-e- complexes 5 and 6 The correspondmg E-isomer 

cannot unernally stabthze these reactrve utter-mediates by oxygen coot&nation 

The high stereoselecuvny at the 3Pposmon is thought to arise from the stereoselecuve formation of vmyl- 

hydride complex 6 A severe stenc interaction between the M(CO)4H group and the alkoxy subsutuent 

(O(C!H2)$H=CH2) would be present in the alternative stereoisomer Sun&r mechamsuc rationales have been 

invoked to accouut for the stemoselecave formahon of enol ethers and enol acetates from Fischer carbene com- 

plexes 3-5 However, as noted m Table I. replacement of H with Me at this poauon (entry 7) does not hinder the 

reacuon or decrease the stereoselecavny, suggesttng that electrontc factors may also be mfluencmg thrs process 

Experimental 

General Methods. tH NMR and 13C NMR spectra were recorded on a Vanan 500 MHz or G E 300 MHz 
spectrometer IR spectra were recorded on a Mattson Galaxy 2020 FT-IR spectrophotometer Low resoluuon 
mass spectra were recorded on a Hewlett-Packard 5970 mass-selective detector (20 eV) mterfaced with a 
Hewlett-Packard 5890 gas chromatograph equtpped with a 12 m x 0 2 mm HP-l fused srhca captllary column 
Hrgh resolution mass spectra were performed at the University of California at Riverside Mass Spectrometxy 
Facility on a VG-ZABZFHF or VG-707OEHF mass spectrometer Column chromatography was performed 
with Fischer Scientific flonsrl (lOO-200 mesh) or silica gel (200-425 mesh) All reagents were obtamed from 
commercial suppliers and used as received unless otherwise indicated Except as noted below, reactions were 



2148 D F HARvEYandD A NEIL 

performed under a nitrogen atmosphere in flamedned glassware. Benzene, THF, and Et&l were dishlled from 
benzophenone ketyl under a nitrogen atmosphere. Methylene chlonde was d~tdled from CaH2 under a mtrogen 
atmosphere. Compounds la and 4a wen prepared as described m reference lb Because of decompoatlon 
durmg uaqort, we wm unable to obtam satisfactory combushon analysis for the l&dialkoxy-1,3-butadlenes 
Except as noted below, dienes 4 were determmed to be >98% pure by tH NMR spectroscopy. 
General procedure. A solution of the propargyl ether and the carbene complex in benzene (22 mL) was 
heated at 100 ‘C behmd a blast shield m a glass vml sealed with a rubber hned screw cap and alummum foil 
After cooling to room temperature, the crude reactton mixture was due&y concentrated in vacua and 
chmmatographcd on flonsll to gtve the 1,3&ene product 
Preparation of butyl ether lb. To a suspension of NaH (0.400 g of a 80% dlsperaon m oil, washed wnh 
hexanes, 13 3 mmol) m Et20 (65 mL) contammg HMPA (2.4 mL) at room temperature was added 1-butanol 
(0 75 mL, 8.7 mmol). After heatmg at reflux for 3 h, the reachon rmx~e was cooled to room tempemture and 
treated wth pmpargyl brormde (1.30 mL, 80 wt. 96 m toluene, 115 mmol) After 4 h at room temperature. the 
nacnon mature was quenched with saturated NaHCQ solution (10 mL) and the orgamc layer was extracted 
vvlth Hfl(3 x 15 mL), dned over MgS04, filtered, concentrated m vacua and chromatographed on slhca gel to 
grve lb (103 g, 84 %) 
lb: 1H NMR (500 MHz, CDC13) 6 0.92 (t. J = 7 3 Hz, 3 H), 1 38 (sextet, J = 7.3 Hz, 2 H), 158 (p, J = 6 8 
Hz, 2 H). 2.41 (t, J = 2 4 Hz, 1 H), 3 51 (t. J = 6.8 Hz, 2 H), 4.13 (d, J = 2 4 Hz, 2 H), 13C NMR (125 
MHz. CDCl3) 6 13.8, 19 2, 31 5.57 9,69 9.74.0.80 0; IR (CH2C12) 3303. 29612.2935, 2874.2118 (very 
weak), 1466.1459 cm-t; MS (EI, 20 eV) m/e 111 (M+ - H, 1). HRMS for C7Hl l0 calcd 111.0810, found 
111.0812 
(Z,Z)-l-butoxy-4-methoxy-1,3-octadiene (4b). Followmg the general procedure, ether lb (112 3 mg. 
100 mmol) and complex 2a (193 2 mg, 0 57 mmol) were heated for 1.25 h to gve recovered 2a (10 0 mg, 5 
%) and 4b (62.3 mg 51 96) 
4b: lH NMR (500 MHz, C&j) S 0 76 (t, J = 7 3 Hz, 3 H), 0 78 (t, J = 7 3 Hz. 3 H), 1.20 (sextet, J = 7 3 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Hz, 2 H), 3.32 (s. 3H), 3.44 (t, J = 6.3 Hz, 2 H), 5.75 (d. J = 6 3 
I-klH),581(dd,J=10.7,6.3Hz,1H),601(d,J=112Hz,1 
H), 13c NMR (125 MHz, C&j) 6 13 89 (q), 14 02 (q), 19 3 (t), 0% 125% P 

2 2% ,CH&H,CH, 

22 6 (t). 29.9 (t), 31 6 (t), 32 2 (t). 55.9 (q). 72 2 (t). 101 8 (d), 
103 7 (d), 143 8 (d), 154 6 (s), IR (CHzC12) 2962, 2936, 2874, 
1614, 1466 cm-t; MS (EI, 20 eV) m/e 213 (MI-I+. 14) 212 (M+, 
lOO), HRMS for C13H2& calcd 212 1776, found 212.1777 c_, 

CH&H,c&F% 

0% 

Stereochermstry assigned by olefimc proton coupling constants and 
NOE &fference spectroscopy as shown to the nght 

“3C 

P l-l 

d 
21% 

Preparation of silyl ether lc. Propargyl alcohol (1 00 rnL, 17 2 mmol) and tnethylamme (2 6 mL. 19 
mmol) were dissolved in CH2C12 (50 mL) at room temperature, cooled to 0 Y! and treated with t- 
butyldunethylsdyl chlonde (2 60 g, 18 7 mmol) The reacnon mixture was allowed to warm to room temperature 
and stmed for 2 5 h The reacuon nnxture was then quenched with saturated NaHCO3 soluaon (10 mL) and the 
organic layer extracted with Hz0 (3 x 15 mL), dned over MgS04, filtered, concentrated m vacua and 
chromatographed on flonsxl to gve lc (2 22 g, 76 %). 
lc ‘HNMR(500MHz,CDC1~)6012(s,6H),090(s,9H),238(t,J=24Hz,1H),430(d,J=24 
Hz, 2 H), 13C NMR (125 MHz, CDCl3) 6 -5.2, 18 2, 25 8, 51 5, 72.8, 82 4, IR (CH2C12) 3303, 2957, 
2932,2897,2886,2858,2122 (very weak), 1473, 1464 cm- l; MS (EI, 20 eV) m/e 170 (M+, 2), HRMS for 
C9H18OSi calcd 170 1127, found 170 1125 
(Z,Z)-l-l-Butyldimethylsiloxy-4-methoxy-l,foctadiene (4~). Following the general procedure, 
ether lc (90.0 mg, 0 53 mmol) and 2a (1015 mg, 0 30 mmol) were heated for 15 h to gve of 4c (63 3 mg, 
77 96) and Mo(CO)s (25 mg, 31%) 
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4c 1H NMR (500 MHz, C&,) 6 0.05 (s, 6 H), 0 80 (t, J = 7 3 Hz, 3 I-I), 0.94 (s, 9 H), 1 22 (sextet. J = 7.3 
Hz, 2 H), 1.41 @, J = 7.3 Hz, 2 H), 2.06 (t, J = 7.3 Hz, 2 H), 3.31 (s, 3 H), 5 95 (dd, J = 11.2, 5.9 Hz, 1 
H), 6 01 (d, J = 11.2 Hz, 1 H), 6 12 (d, J = 5 9 Hz, 1 H), l3C NMR (125 MHz, C@6) 6 -5.3, 14.0, 18 5, 
22.5, 25 8, 29 8, 31.7. 55.9, 103 3, 106.1, 137.2, 154.9; IR (CH$X2) 2958, 2933, 2899, 2885, 2859, 
1608, 1472, 1464 cm-l; MS (EI, 20 eV) m/e 270 (M+, 23); HRMS for C15H&Si calcd 270 2015, found 
270 2001 Stereochemistry assigned by proton coupling constants. NOE dfference spectroscopy and compar~- 
son ~rlth compound 4b. For example, uradlauon of the methylene signal af 6 2.06 produced a 7 8 % enhance- 
ment of the olefin signal at S 6.01. 
(Z,Z)-1-f-Butyldimetbylsiloxy-4-methoxy-4-phenyl-1,3-octadiene (4f). Followmg the general 
procedure, ether lc (13 1.8 mg, 0.77 mmol) and pentacarbonyl@henylmethoxycarbene)molybdenum (0) (164 8 
mg, 0 46 mmol) wen heated for 1.5 h to grve 4f (88 mg, 66 %) 
4f lH NMR (500 MHz, C&j) 6 0.02 (s, 6 H), 0 90 (s, 9 H), 3 41 (s, 3 H), 6 03 (dd, J = 11.2, 5 9 Hz, 1 
H),624(dd,J=59,1.0Hz,1H),687(dd,J=112,10Hz,1H),700(t,J=73Hz,1H),709(t,J= 
7 3 Hz, 2 H), 7 57 (d, J = 7 3 Hz, 2 H), 13C NMR (125 MHz, C&j) 6 -5 4, 18 5, 25.7, 58.7, 106.2, 107 7. 
126 0, 128 7, 136 6, 140 3, 153 8; IR (CH2C12) 2957, 2933, 2897,2886, 2858, 1635, 1594, 1575, 1490, 
1472, 1464, 1450 cm-l, MS (El, 20 eV) mle 290 (M+, 15), HRMS for C17Hx&S1 calcd 290 1702, found 
290 1709. Stereochermsrry ass1gned by proton couphng constants, NOE &fference spectroscopy and compan- 
son wth compound 4b. For example, uradlation of the methoxy signal at 6 3 31 produced a 3 9 8 enhance- 
ment of the olefin signal at S 6.03 
Preparation of silyl ether Id. To a soluaon of 2-butyn-l-01 (100 mL, 13.4 mmol) and methylamme (2.0 
mL, 14 mmol) 1n CH2C12 (60 mL) at mom temperature was added r-butyld~methylnlyl chlonde (2 02 g, 13.4 
mmol) After heatmg at reflux for 6 h, the reacaon was cooled to mom tempera- and quenched ~th saturated 
NaHC@ solution (15 mL) and the organic layer extracted ~th Hz0 (2 x 20 mL), dned over MgS04, filtered, 
concentrated 1n vacua and chromatographed on flonsil to gve Id (2 22 g, 90 %) 
Id ‘H NMR (500 MHz, CDCl3) 6 0 10 (s, 6 H), 0 90 (s, 9 H), 1 82 (t, J = 2.4 Hz, 3 H), 4.26 (q, J = 2.4 
Hz, 2 H). 13C NMR (125 MHz, CDC13) 6 -5 2, 3 6. 18 3,25 9, 51 9, 77 7, 80 8, IR (CH2Cl2) 2957, 2931, 
2897,2885.2858,2236 (very weak), 1472,1464 cm- ‘, MS (CI, NH3) mle 202 (MNIQ+, 6), 185 (MI-I+, 57). 
HRMS for Cl&lOSi calcd 185 1362, found 185 1364 
(Z,Z)-l-f-butyldimethylsiloxy-4-methoxy-3-methyl-1,3-octadiene (4d). Following the general 
procedure, ether Id (108 5 mg, 0 59 mmol) and 2a (109 3 mg, 0.32 mmol) were heated for 1.5 h to gve 
recovered 2a (10 0 mg. 9 96) and 12 mg (c 13 %) of crude 4d wluch proved to be very unstable, undergomg 
decompos1aon upon 1solaaon and charactenzaaon 
4d lH NMR (500 MHz, C@g) 6 0 02 (s, 6 H), 0 85 (t. J = 7 3 HZ, 3 H), 0 92 (s, 9 I-I), 1 28 (sextet, J = 7 3 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Hz, 1 H), 6 12 (d, J = 6 3 Hz, 1 H). 

Preparation of silyl ether le. To a soluaon of 3-butyn-2-01 (200 &, 2 55 mmol) 1n CH2C12 (35 mL) at 
room temperature were added lrmdazole (204 mg, 3 00 mmol) and f-butyld~methyblyl chlonde (409 mg, 2 7 1 
mmol) The soluaon was heated at reflux for 24 h After coohng to room temperature. the reacaon rmxture was 
quenched with a saturated NaHC03 soluaon (5 mL) and the orgamc layer was extracted wth Hz0 (2 x 10 mL), 
dned over MgSO4, filtered, concentrated m vacua and chromatographed on flonsd to qve le (410 mg, 87 8). 
le: *H NMR (500 MHz, CDC13) 6 0 12 (s, 3 H), 0 13 (s, 3 H), 0 90 (s, 9 H), 1 42 (d, J = 6 4 HZ, 3 H), 
2 37 (d, J = 2 5 Hz, 1 H), 4.51 (qd, J = 6 4, 2 0 Hz, 1 H), 13C NMR (125 MHz, CDC13) 6 -5 0, -4.7, 18 2, 
25 3, 25 8,58 8.71 1, 86 4, IR (CIWl2) 3303, 2986,2957, 2932, 2886, 2857, 2114 (very weak), 1473, 
1464,1444 cm-*, MS (EI, 20 eV) mle 184 (M+, 0 4). 
(Z,Z)-l-l-butyldimethylsiloxy-4-methoxy-2,4-nonadiene (4e). Followmg the general procedure, 
ether Ie (lo4 4 mg, 0.57 mmol) and 2a (113.3 mg, 0 34 mmol) were heated for 1.5 h to give 4e (73 5 mg, 77 
%) and Mo(CO)a (40 mg, 45 8) 
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4e* lH NMR (300 MHz, C&j) 8 0.13 (s, 6 H), 0 85 (t, J = 7 3 Hz, 3 H), 1 02 (s, 9 H), 1 27 (sextet, J = 7.3 
Hz, 2 H), 1.46 @. J = 7.4 Hz, 2 H), 1.76 (s, 3 H), 2 11 (t, J = 7.4 Hz, 2 H), 3 33 (s, 3 H), 5.83 (d, J = 10 8 
Hz, 1 H), 5 92 (d, J = 10.7 Hz, 1H); 13C NMR (125 MHz, C&i) 6 -3.7, 14.1, 18.5. 22.5, 23 2, 26 0, 29 8, 
316, 56.0, 105.0, 105.3, 146.0, 153 5, IR (CHzC12) 2959, 2933, 2899, 2886, 2859, 1622, 1473, 1464, 
1379, 1296, 1282, 1253, 1186, 1150, 1136, 1006 cm-l, MS (EI, 20 eV) m/e 284 (M+, 51), 269 (31), 241 

(24). 169 (13). 127 (12). 115 (13), 111 (lo), 95 (13), 89 (40), 85 (12). 75 (24), 73 (100). 59 (16). 57 (29), 43 
(15), 41(26), HRMS for CltjH3fiS1 calcd 284.2172, found 284 2161 
(Z,Z)-4-methoxy-$7~tridecadiene (8) and 2-butyl-4,CdihexyLphenol (9): Following the general 

procedure, I-octyne (7,120 4 mg, 1.09 mmol) and complex 2a (207.2 mg, 0 62 mmol) were heated for 1 h to 

gwe recovered 2a (10.0 mg. 5 %), &ene 8 (6 5 mg, 5 %, lH NMR indmated that small amounts of other &ene 
lsomers were also present. Spectral data for the maJor isomer 1s provided below ) and phenol 8 (40 2 mg, 20 

r) lH NMR (500 MHz, C&6) 8 0.82 (t, J = 7 3 Hz, 3 H), 0 86 (t, J = 7 3 Hz, 3 H), 1.20-l 30 (m, 6 H), 

13~142(m.4H).2.03(t,J=73Hz,2H),221(q,J=73Hz,2H),3.27(s,3H).539(dt,J=112.7.3 
Hz, 1 H), 5 64 (d, J = 112 Hz, lH), 6 81 (t, J = 112 Hz, 1 H), IR (C&j) 2958, 2931,2873, 2862, 2854, 
1652, 1467 cm-l; MS (EI, 20 eV) m/e 211 (MH+, 5). 210 (M+, 32). HRMS for t&H@ calcd 210 1984, 
found 210.1987. The stereochermstry of 8 was asngned by proton coupling constants, NOE difference spec- 

troscopy and comparison with compound 4b For example, 1&at1on of the methylene signal at 6 2 21 
produced a 5 8 % enhancement of the olefin signal at 6 5 64. 
9. 1H NMR (500 MHz, C!&) 6 0 85-O 90 (m, 9 H), 121-l 36 (m, 14 H), 1 53-1 66 (m, 6 H), 2 50 
(apparent quartet, J = 8 Hz, 4 H), 2.55 (t, J = 7 8 Hz, 2 H), 4 19 (s, 1 H, exchanges Hrlth D20), 6 85-6 87 (m, 
2 H); l3C NMR (125 MHz, CDC13) 6 13 98, 14 09. 22 62, 22 72, 29 1, 29 3, 29 9, 300, 30 3, 3173, 
3175, 31.85, 32 1, 35 3. 127 44, 127 46, 127 67, 127 71, 134 5, 149 2, IR (CH2C12) 3603, 2958, 2930, 

2872,2857, 1477,1468 cm-l, ,MS (EI, 20 eV) m/e 319 (MH+, 20). 318 (M+, 82), HRMS for t&H380 calcd 
3 18 2923, found 3 18 2923 
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