
3444 Organometallics 1992, 11 , 3444-3451 

intensities of two standard reflections remeasured every 2 h 
throughout the experiment. The absorption correction, made by 
an empirical method,” led to transmission factors on F of 
0.82-1.10. Of 12099 reflections measured, 2210 were related by 
symmetry and they were averaged to give 1105 independent ones 
and R(intemal) of 0.023. Only unique reflections with I Z 3uQ, 
of which there were 6505, were used in the structure analysis. 

The structure waa determined by the heavy atom method. The 
positions ofthe three nickel atoms were obtained from a Patterson 
function, and thoee of the remaining non-hydrogen atom, as well 
as of a large number of hydrogen atoms, from the appropriate 
difference electron density mapa These maps also revealed that 
in the cationic complex the chloride and carbonyl ligands are 
disordered, each over two ai- lying above opposite faces of the 
Nia triangle (Figure 2). The disorder was accounted for by as- 
signing occupancy parameters a to C1(1), C(l), and OW, and 1 
- a to Cl(l’), C(l’), and O(1’) atoms. The refinement of this 
parameter led to a = 0.70 (2). 

The st” waa refined by a threelargeblocks approximation 
to the normal matrix, minimizing the function Cw(lFd - pc1)2, 
where w = u*(li;bl). The carbon and oxygen a tom of the dis- 
ordered carbonyl ligand were allowed isotropic displacement 
parameters, and all other non-hydrogen atoms anisotropic dis- 
placement parameters. In the final calculations the scattering 

(16) ManojloviE-Muir, Lj.; Muir, K. W .  J. Chem. SOC., Dalton Tron.9. 

(17) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A: Found. Crys- 
1974,2427. 

tallogr. 1988, A B ,  158. 

of all 90 hydrogen atoms WBB Bccoullted for by adding their fued 
contribution to the etructure factaq they were eeaieprea a common 
isotropic 2 h m e n t  perameaer, fied at U = 0.080 A2, and their 
geometri y deduced positional parameters were constrained 
to C-H = 1.0 A. The refinement converged at R = 0.036 and R, 
= 0.041. In the final difference electron density map the highest 
peak was 0.64 t A-3. The residual electron density, mostly dis- 
tributed in the vicinity of the solvent molecule, as well as ita high 
atomic displacement parameters (Table III), suggested that the 
structure of thie molecule may be disordered. The final atomic 
coordinates are shown in Table 111. 
All calculations were carried out using the GX program 

package.18 Neutral-atom scattering factore were taken from ref 
19. 
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The compound CpM~(CO)~(~~-vinylaIlyl) (5) underwent a novel cyclization with TCNE and PhCHO 
(BF3-catalyzed) in CHzC12 to afford a six-membered ring product Treatment of 8 with PhCHO/BF3&0 
in benzene yielded a Mo-q4-trimethylenemethane salt, generated from the electrophilic addition of PhCHO 
to the vinyl group of 5. Characterization of this cation has been achieved by IR and ‘H NMFt spectra and 
by ita subsequent reaction with NaBH3CN and Ft&uLi (R = Ph, Ph-). Formation of this tri- 
methylenemethane cation is also observed for a similar BF3-catalyzed reaction between methyl vinyl ketone 
and acetone in benzene. The synthetic utility of this carbon-carbon-forming reaction in organic synthesis 
has been investigated and is described. 

Introduction 
The chemistry of electrophilic addition to the unsatu- 

rated hydrocarbon ligand on a neutral metal complex is 
an important topic in organometallic chemistry.’* This 
reaction generally leada to the formation of metal-stabilized 
carbocations. Transition-metal +allyl compounds may 

(1) Collman, J. P.; Hegedue, L. S.; Norton, J. P.; Finke, R. G. f i n -  
ciples and Applications of hganotramition Metal Chemistry; Univer- 
sity Science Boob Mill Valley, CA, 1987; Chapter 8. 

(2) Flood, T. C. In Topics In Inorganic and Organometallic Stereo- 
chemktry; Geofioy, G. L., Ed.; Wiley New York, 1981; Vol. 12, pp 
37-117. 

(3) Rorenblum, M.; Watkins, J. C. J.  Am. Chem. Soc. 1990,112,6316. 
(4) Green, M.; Orpen, A. G.; Williams, I. D. J. Chem. SOC., Chem. 

(5) May, A.; Shaefer, K. C.; Huang, E. Y .  J. Am. Chem. Soc. 1972,94, 
Commun. 1982, 493. 

6961. 

represent an instance in which the ligand reacts with H+, 
Br+, and CH3+ to give q2-alkene cati0m.~9~ If tetra- 
cyanoethylene and p-toluenesulfonyl isocyanate are u88d 
as electrophiles, the reaction pathway follow a [3 + 21 
cycloaddition pathway.@ Recently, Green et  aL reportdo 
that  a vinyl group adjacent to a wMo-allyl moiety could 
be protonated to give Mo-114-s-trans-pentadiene cations. 
Along this direction, we report here the chemistry of 

(6) h u b l u m ,  M. J. Orgonomet. Chem. ISM, SSO, 191 and r e f e r ”  

(7) Wojcicki, A. Adu. Orgonomet. Chem. 1974, 12, 31. 
(8) Buchehter, k; Klemarczyk, P.; Rosenblum, M. Organometallics 

(9) Bell, P. B.; Wojcicki, A. Inorg. Chem. 1981,20,1686. 
(10) Benyunes, S. A.; Green, M.; Grimahire, M. J. Organometallics 

therein. 

1982, 1, 1679. 

1989,8, 2268. 
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electrophilic addition of the CpM0(CO)~(t$2-~inylallyl) 
complex which gives the molybdenum~~-trimethylene- 
methane cation. To make this reaction more useful, the 
carbon-carbon bond-forming p r o "  through generation 
of this cation ie the objective of our work. Part of this 
paper has been previously communicated." 

Results and Discussions 
Molybdenum-Mediated Cyclizations. The reaction 

between CpMo(CO),Na and E-methyl-2-chloromethyl-2- 
butenoate12 in cold THF (-78 "C, 2 h) smoothly delivered 
the r11-E-2carbometho~l-3-methylallyl compound (1) as 
a pure oil in 65% yield after workup. In contrast with ita 
2-methyl ketone allyl analogue,18 complex 1 is stable and 
no intramolecular cyclization occurs even at  elevated 
temperatures (60 "C, THF, 2 h). Decarbonylation of 1 
(Scheme I) with e- anhydrous Me$lO (10 molar equiv) 
afforded CpMo(C0)2(4nti-119-l-methyl-2-carbomethex~ 
allyl) (2) in 71% yield. The chemical shift of Ha (6 4.66 
ppm) lim more downfield than that of the syn-proton H2 
(6 3.66 ppm), which indicatea that the methyl group is 
trans to the central carbomethoxyl group. Treatment of 
2 with 2.0 molar equiv of DIBAGH in THF (23 OC, 36 h) 
produced CpMo(C0)2(onti-~a-l-methyl-2-(hydroxy- 
methy1)allyl) (3) as a yellow oil in 70% yield after workup. 
Treatment of 3 with HBF4aEh0 in anhydrous ether at 0 
"C immediataly produced a yellow precipitate formulated 
as the CpM~(CO)~(?~-m&hyltrimethylenemethane)BF~ 
cation (4) on the basle of elemental analyses and IR, and 
'H and '9c NMR data. The assignment of lH NMR res- 
onancea to individual protons was solved by 2D-COSY and 
NOESY spectra. Exceptional NMR parameters are the 

Hz), which are larger than those of the vicinal proton 
coupling 4 2  (1.5 Hz) and Ja (0 Hz). Previously Green et 
aL have ala0 reported14 a similar coupling pattern on the 
related (C&¶~~MO(CO)~(~~-R.$~H,)+ salts. Deprotmation 
of 4 is beet achieved with by LiN(SiM (1.6 molar equiv) 
in ether, which afforded C~MO(CO)~( 3) -2-vinylallyl) (6) as 
yellow cryetala a h  workup. Protonation of 6 by CF$OJl 
(98%, 1.6 molar equiv) in ether at room temperatures 
quantitatively regenerated the tzimethylenembe cation 
4. 

1 - q  a p u  megnitudm Of J i b  (3.2 Hz) and J M  (4.0 

(11) Yang, G.-M.; Lee, G.-H.; Pew, S.-M.; Liu, R.-S. Organometallics 
1991. IO. 2631. 
- - - - I  --, 
(12) Drew, S. E.; Rooe, G. H. P. Tetrahedron 1988,44,4863. 
(13) Yang, G.-M.; Lee, G.-H.; Peng, 5.-M.; Liu, R.-S. J.  Chem. SOC., 

(14) Allen, S. R, Barnes, 5. G.; Green, M.; Moran, G.; Murrd, N. W.; 
Chem. Commun 1991,478. 

Welch, A. J. Chem. SOC., Dalton ?'ram. ISM, 1176. 

Scheme I1 
M=QMo(W2 6 1  

(1)PhCHO. 
5 B%Et@ [ g ? B F i  

Ben- 4 

(0 
NaB%CN / \ (ph+y--p 

Ph 
10 

lib j y F  2 >q 'I 
/''9 Ph 

8 

For an electrophilic carbon-carbon bond-forming reac- 
tion, we fiit examined the reaction between 6 and tetra- 
cyanoethylene (TCNE) in CH2C12 (23 "C, 1 h), which af- 
forded the adduct 6 in 68% yield after purification from 
a silica column. The elemental analysis is consistent with 
the given formula. According to a low-temperature 'H 
NMR spectrum (430 OC, d6-toluene), two conformational 
isomers, i.e. ex0 and endou in 1:lO ratio were present in 
the solution. The anti-proton H1 resonance at 6 1.36 ppm 
was assigned to the exo isomer, but the H1-proton rem- 
nance at 6 2.28 ppm was aseigned to the endo isomer. With 
increasing temperatures, the proton resonances of two 
isomers became broad and eventually coalesced at 16 OC. 
For both isomers, the four methylene proton resonances 
Ha4 and H6' were observed within 6 3.0-4.6 ppm, indi- 
cating that the two CH6W and CWH4 carbons are linked 
to the tetracyanoethylene fragment. Hence a six-mem- 
bered ring is proposed for 6. Treatment of 5 with 1 molar 

by treatment with aqueous Na2COs solution, afforded the 
pyran 7 as a 1:l mixture of diastereomers (60%) which 
were separable by fractional crystallization. In a proton 
NOE experiment, irradiation of the H4-aipnal at 6 3.93 ppm 
of one isomer produced an Overhauser enhancement in the 
intensity of the methylene proton H8 (6 262 ppm) by 2.6%; 
this information c o n f i i  a cyclized structure. 

Mechanistic Studies. Compounds 6 and 7 represent 
the cases of a novel 2 r  + 2 r  + 2allyl-r cyclization, and 
their formation mechanism deeerves further inveatigation. 
We placed 6 under CO (2 atm) and with PPh, (1.0 molar 
equiv), which produced no corresponding r11-2-vinylallyl 
complex. Therefore the new cyclization here cannot be 
attributed to a Dieb-Alder reaction between gl-allyl and 
dienophiles. By the fact that the vinyl group of 5 can be 
protonated, it is rational to propoee a tzimethylenemethane 
zwitterion as an intermediate during cyclization. To verify 
this proposal, 6 was treated with a mixture of PhCHO/ 
BF3*Eh0 (1:l molar equiv) in benzene at23 OC (Scheme 
111, which gradually deposited a yellow semisolid quite 
stable to air. Ita IR spectra in Nujol mull exhibited v(C0) 
bands at 2068 (8) and 2008 (8) cm-', indicative of a cationic 
salt (I). The 'gF NMR spectra showed a single resonance 
at 6 149 ppm corresponding to a free BF4- ion.16 Addi- 
tional evidence to support this hydrated BF4- salt is the 

wuiv of BF3.O- and PhCHO in CHzCf2 (0 "C), f o l l o d  

(16) (a) Faller, J. W.; Rosan, A. M. J.  Am. Chem. SOC. 1977, M, 4868. 
(b) Faller, J. W.; Chen, C. C.; Mattina, M. J.; Jakuboweki, A. J. &#a- 
nomet. Chem. 1973,62,361. 

(16) Although in recent papenrlkb zwitterions with the BF80- anion 
were believed to be primary produds in thia acid-catalyzed reaction. 
From the contamination of 4, it ie clear that H+  ha^ been genera9 
during the reaction. This may caw further hydrolyda of thin OBF4- ion 
to give I as the BF,- ealt. (a) Agwton, G. E.; Cabal, M. P.; Tuw, E. 
Tetrahedron Lett. 1991,32,3001. (b) Jiang, S; Turn, E. Zbid. 1991,32, 
4639. 
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Scheme 111 

Yang et 41. 

Scheme IV 

u(0H) band at 3580 cm-l in Nujol mull. The ‘H NMR 
spectra of I showed that two diastereomers are present; 
part of their resonances are overlapped with those of 4 (ca 
10% by ‘H NMR integral). The latter is inseparable from 
I by fractional crystallization. ‘H NMR assignment of the 
o k r v e d  rwnances of I was aided by OD-NOSEY and 
COSY spectra Likewise, the coupling parameters Jla, J N  
(3-4 Hz) are sienificantly larger than thoee of J12 and JM 
(1-0 Hz). The q4-trimethylenemehe structure of I can 
be also deduced from its subsequent reaction with nu- 
cleophiles such as NaBH3CN, (PhC+)&uLi, and 
Ph2CuLi in cold THF (0 OC, 2 h), which afforded the 
+bllyl compounds 8-10 (62%-60%) as a mixture of 1:l 
diastereomers, further separable by preparative TLC 
plates. In all cases, no efforta were made to isolate and 
characterize the small amount of allyl compounds which 
resulted from nucleophilic addition to the cation 4. The 
8yn-CH4H6 confiiations of 8-10 were indicated by their 
chemical shifts of H3 (6 2.8-3.0 ppm) and H1 (6 1.7-1.8 
ppm), very close to those (H3, 6 2.76; HI, 6 1.60) of endo- 
CpMo(C0)2(119-1-M~S~.16 Treatment of I with Na&03 
in THF (0 OC, 2 h), followed by hydrolysis gave the pyran 
7 in 60% yield. This result provides direct experimental 
evidence to support I as the cyclization intermediate. 
We extended this new acid-catalyzed carbon-carbon 

formation to other electrophilea such as methyl vinyl ke- 
tone and acetone. Similarly, a cationic salt was generated 
under the same conditions which reactad further with 
(PhC-C)2CuLi and Ph&!uLi in THF (-78 OC, 2 h) to give 
the producta 11 and 12, respectively, in 29% and 26% 
yields. Likewise, S reacted with acetone in the presence 
of BF3*&0 to give a cationic salt which was reduced with 
NaBH3CN in THF to yield 13 (8%). For other electro- 
philea such as alkyl halidee, acyl halides, and anhydrides, 
no BF&dyzed carbon-carbon formation occurred under 
the same conditions, which nevertheless gave yellow pre- 
cipitate identified as 4 by ‘H NMR spectra. Notably, 
treatment of the zwitterions shown in Scheme I11 with 
Na&03 or LiN(SiMe3)2 in CH2C12 failed to give the cor- 
responding cyclized compounds. 

Decomplexation of Mol-Al ly l  Complexes. Al- 
though numerous tranaition-metal-q4-trimethylene- 
methane complexes have been reportad, they were pre- 
pared exclusively from the reaction between an unsatu- 
rated metal fragment with methylenecyclopropane or 
CH2.-C(CH&)CH2Y (X = Y = halides, OAc, Y = 
Me8Si).l4J7J8 Among them, only (+trimethylene- 
methane)PdLzlg is synthetically ueful for organic reac- 
tions. It has long been recognized that metal-mediated 

(17) Pettit, R; Ward, J. S. J. Chem SOC., Chem. Commun. 1910,1419. 
(18) Jon-, M. D.; Kermit, R D. W.; Platt, A. W .  G. J.  Chem. Soc., 

Dalton !ham. 1986,1411. Ehrlick, K.; hereon ,  G. F. J. Am. Chem. SOC. 
1972,94,2464. 

(19) Trort, B. M. Angew. Chem., Znt. Ed. Engl. 1986,26,3 end ref- 
erencB(I therein. 
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1 0  

1 4  

1 5  

1 6  

8 

1 0  

1 4  

R 1  R2 

Ph H 

Ph H 

Ph mlc 

Ph Ph 

PhCH2 n 

PhCH2 Ph 

PhCH2 PhClc 

Ph H 

Ph Ph 

PhCH2 H 

carbon-carbon formation is one of the most important 
topics in modern synthetic chemistry. The fact that the 
new trimethylenemethane cations in our system are easily 
transformed to useful Mm-allyl complexesm by nucleo- 
philic attack should make this reaction of much u88 in 
organic synthesis once the metal fragment is removed. The 
$-allyl compounds 14-16 given in Scheme IV were pre- 
pared in a similar fashion which involved the nucleophilic 
attack of NaBH3CN, Ph&uLi, and (PhC=C)2CuLi on the 
trimethylenemethane cation derived from 6 and 
PhCH2CHO; the yields are 60%-56%. In a typical pro- 
cedure for metal decomplexation, the $-allyl compounds 
were treated with an equimolar amount of NOBF, in 
CH&N to generate an electrophilic allyl which 
reacted in situ with nucleophiles to liberate an olefm after 
Ce(IV) oxidation. The reeulta are summBriz8d in Scheme 
IV. In entries 8-10, nucleophiles RS- and OH- add only 
at the C, carbon (CH2) to produce internal olefm (B), 
consistent with the nucleophilic regiochemistry observed 
for C ~ M O ( C O ) N O ( ~ ~ - S ~ ~ - R - C ~ ~ + . ~  Compounds 23-26 
are assumed to have the E - c o d i a t i o n ,  which is deter- 
mined by a proton NOE difference experiment. For ex- 
ample, the H1-proton (6 5.76 ppm) of 28 has an Overhauser 
enhancement on the CH20H proton resonances (6 4.84 
ppm) as indicated by a 2.7% increase in intensities, but 
there is no effect on the CHZph protom. Although H- may 
add to both allylic cationic carbons at room temperature, 
C, addition is preferred for bulky R2 (R2 = Ph, P h W ;  
entries 3,4,6,7), which gives more external olefins (A). 
As a comparison of the results in entries 1 and 2, the 
hydride is envisaged to attack the C, carbon kinetically 
preferentially at -26 OC. Whereas at 23 OC C, addition 
becomes the major pathway, which is presumably ther- 

(20) Pearson, A. J. Synlett. 1990, 10 end references therein. 
(21) Faller, J. W.; Rosan, A. M. Ann. N.Y. Acad. Sci. 1977,296,186. 
(22) Adame, D. F.; Faller, J. W.; Roean, A. M. J. Am. Chem. SOC. 1979, 

(23) Faller, J. W.; Chao, K. H. Organometallics 1984, 3, 927. 
101, 2570. 
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A New C-C Bond-Forming Reaction 

Scheme V 

Organometallics, Vol. 11, No. 10, 1992 3447 

Scheme VI 

Entry E R' (product no.) yields(iii) 
1 PhCHO PhCH(OH) 2 8  58% 

2 PhCH2CHO "+CH (OH) 2 7 54% 
3 Me2CHCH0 Me2CHCH(OH) 2 8 55% 

4 bC4HgCHO t.C4HgCH(OH) 2 0 5090 

5 Me2CHCH2CH0 Me2CHCH2CH 3 0 45% 

(OH) 
6 CH2CHCOC2H5 (CH2)2COCPs 3 1 22% 

7 CH2CHCOCH3 CH2CH2COCH3 3 2 18% 
M-C~MO(CO)* reawnts a d  wnditons (I) B F ~  Et20(1 o equiv ), E(I o sguiv ), benzene, 23OC, 
2 h (11) Me3NO(5 0 equiv ), CH3CN, 23OC, 24 h (ii) products were irolated and purllied by 
preparallve YOTTLC-ptale, and the yew were calculated based on the a m n l  of 5 used 

modynamically favored. In principle, the isomerization 
of external olefin (B) to internal olefin (A) can be achieved 

I- 
B 

1-y) A 

by low-valent metals through formation of metal hydride 
intermediata.' In our propoeal, we believe that the initial 
q2-internal olefin intermediate undergoes C,-H bond ac- 
tivation to give a Mma-allyl hydride intermediate, which 
may have a bent NO group to support 18 electrons. 
Further, hydride migration to the C, carbon of thie species 
will give a sterically more favorable q2-extemal olefin. 

For compounds 18, 19 and 21,22, we were unable to 
determine the geometries of internal olefins B as being in 
the E or 2 configuration because the NOE experiments 
were hampered by the overwhelming amount of external 
olefins A in the mixture. In synthetic utility, the functional 
equivalence of 6 can be represented by the following two 
f o m :  

+/-  

+=A + A+ 
CpMo(CO)2 

Decomplexation of Trimethylenemethane Cations. 
Pettit et al.17 reported that transient biradical tri- 
methylenemethane species were generated from Ce(N)- 
oxidative decomposition of (q4-(CH&3C)Fe(CO)3, which 
reacted in situ with TCNE to give a [3 + 21 cycloaddition 
adduct in small yield (4%). In order to find the possible 
functional equivalence of the trimethylenemethane di- 
radical in our system, we treated our new molybdenum- 
trimethylenemethane cationa with excess TCNE and an- 
hydrous MesNO (5.0 molar equiv), which however pro- 
duced complicated mixtures of organic compounds. No- 
tably, as shown in scheme V, treatment of the cations with 
anhydrous Me8N0 alone in CHsCN gave l-substitutedd- 
methyl-1,3-butadienes. When RCHO (R = Ph, PhCH2, 
M@H, n-C&H,) compounds were used as electrophiles, 
the yields were 469'040%. For a,&unsaturated ketones 
(entries 6 and 3, the corresponding 1,3-dienes were ob- 
tained in 20%-26% yields. Direct Ce(IV) oxidation of ell 

p" 

M 

Scheme VI1 

the cations above in CH&N failed to give any significant 
organic compound. 

In functional equivalence, complex 4 is virtuaUy identical 
to the 3-methyl-1,3-butadien-l-y1 anion (CH2= 
CMeCH-CH-). We performed a deuterium-labeling ex- 
periment according to Scheme VI. A ca. 50% deuterium 
content on the vinylic CH2 end of 6 was attained by re- 
peated protonation (D+)/deprotonation twice. 2H NMR 
spectra of diene 26, derived from the deuterated 6 and 
PhCHO revealed that both CH3 and -CHC(OH)Ph were 
deuterated at  a ca. 1:l ratio, indicative of a hydrogen- 
migration process. We propose a mechanism shown in 
Scheme VII. After loss of CO by Me3NO-promoted de- 
carbonylation, the newly generated 16e C undergoes a 
&hydrogen abstraction to give a 18e-qs-isopentadienyl 
cation D, which after reductive elimination is expected to 
liberate the diene 26. No evidence for formation of the 
trimethylenemethane diradical wm observed in our sptem, 
which according to early reporte2' is expected to give the 
derivatives of methylenecyclopropanes and 1,4-di- 
methylenecyclohexane. 

Experimental Section 
All operations were carried out under argon in a Schlenk ap- 

paratus or in a glovebox. The solvents benzene, diethyl ether, 
tetrahydrofuran, and hexane were dried with sodium benzo- 
phenone and distilled before use. Dichloromethane and chloro- 
form were dried over calcium hydride and distilled. Anhydrous 
trimethylamine oxide was prepared by subliming ita dihydrate 
(Aldrich) at 110 OC. MO(CO)~, NOBF,, CF3S03H (98%), 
HBF,.EbO, H(NSiMe3I2, BuLi (1.6 M, hexane), methyl vinyl 
ketone, ethyl vinyl ketone, tetracyanoethylene, phenylacetylene, 
phenyl bromide, and aldehydes RCHO (R - Ph, PhCHB M&H, 
wC3H7, Me&HCH2, Me&) (Aldrich) were used without further 
purification. C ~ M O ( C O ) ~ N ~ ~  and E-methyl-2-(chloromethyl)- 
butenoate12 were prepared according to procedures in the liter- 
ature. 

All 'H (400 MHz, 300 MHz) 2H (61.4 MHz) ,  and '9c NMR (100 
MHz, 75.5 MHz) spectra were obtained on either a Brucker 
AM-400 or V a r h  Gemini-300 spectrometer; the chemical ahifta 
of 'H, 13C, and 'BF NMR spectra were referenced to tetra- 
methyhilane and CC13F. Microanalyses were performed at Na- 
tional Chengkung Universiw, Tainan, ROC. Infrared spectra were 
recorded on a Perkin-Elmer 781 spectrophotometer. 

(a) Synthesis of C p M o ( C O ) ~ ( ~ * - o n t i - l - m e t h y l - 2 - ~ r ~  
methoxyallyl) (1). A tetrahydrofuran solution (60 mL) of 
C ~ M O ( C O ) ~ N ~  (5.36 g, 20.0 mmol) was stirred with &methyl- 
2-(chloromethyl)-2-butenoate (2.97 g, 20.0 mmol) at 23 "C for 6 
h. The solvent was removed under reduced pressure, leaving a 

(24) Dowd, P. Acc. Chem. Res. 1972,5, 242 and references therein. 
(25) Eiech, J. J., K q ,  R. B., Fkb. Organometallic Synthesis; Am- 

demic P r w :  New York, l W ,  Vol. 1, p 114. 
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centrated, and recrystallized from a saturated hexane solution 
to produce a yellow crystalline solid (4.26 g, 15.0 "01). IR 
(Nujol): v(C0) 1950 (s), 1857 (8)  cm-'. 'H NMR (CDCls, 300 
MHz): 6 2.16 (s,2 H, anti-H), 3.29 (8, 2 H, syn-H), 5.03 (d, J - 
16.5 Hz, =CHH'), 5.55 (d, J = 10.3 Hz, --CHH'?, 5.60 (s,5 H, 
CSHs), 6.13 (dd, 1 H, J = 16.5, 10.3 Hz, CH=CH&. 13C NMR 

109.7 (=CHJ, 138.5 (C-CHJ, 239.6 (2 MOCO). Mass (12 eV): 
m/e 286 (M+). Anal. Calcd for C12H12M002: C, 50.72; H, 4.26. 
Found: C, 50.65; H, 4.37. 

(f) ReactJon of 5 with Tettracyanoethylene~, Complex 5 (0.30 
g, 1.05 "01) was stirred with tetracyanoethylene (0.130 g, 1.05 
mmol) in benzene (10 mL) for 1 h. During thb period, a yellow 
precipitate gradually deposited and was collected by fiitration. 
Recrystallizaton from a saturated THF/hexane solution afforded 
yellow crystalline solid 6 (2.96 g, 0.71 "01). IR (Nujol): v(C0) 
1953 (a), 1877 (8) cm-'. 'H NMR (CDCl,, 213 K, 400 MHz): endo 
isomer, 6 2.28 (8, 1 H, H1), 2.77 (a, 1 H, H2), 3.12 (d, 1 H, J = 15.6 
Hz, HB), 3.22 (d, 1 H, J = 5.1 Hz, H5),3.54 (d, 1 H, J = 17.8 Hz, 
1 H, Ha), 3.77 (dd, J = 15.6, 5.1 Hz, 1 H, H'), 3.92 (d, 1 H, J = 
17.8 Hz, H4), 5.50 (s,5 H, C5H5); ex0 isomer (selected peaks), 6 
1.35 (e, 1 H, H1), 2.87 (e, 1 H, H2), 2.98 (d, 1 H, J = 15.6 Hz, HI), 
4.08 (d, 1 H, J = 17.8 Hz, H4),4.30 (d, 1 H, J = 17.8 %, H9,5.35 
(s,5 H, C,Hd; the rest of the resonances were masked by those 
of the major isomer within 6 3.20-3.92 ppm. Mass (12 eV): m/e 
414 (M+). Anal. Calcd for C18H12MoN402: C, 52.44; H, 2.93. 
Found: C, 52.33; H, 3.04. 

(e) Cyclizatioq Reaction of 5 with PhCHO. A mixture of 

in CHzClz (8 mL) was added to a CHzC12 solution (25 mL) of 5 
(0.30 g, 1.05 "01) at 23 "C, and the resulting solution was stirred 
for 2 h before addition of an aqueous Na2C03 solution (0.5 M, 
5 mL). After the mixture was stirred for 30 min, the aqueous layer 
was decanted away and concentrated (15 mL) in vacuo. The 
residues were chromatographed through a silica column with a 
hexane/ether (1:l) mixture. A yellow band waa developed, col- 
lected, and evaporated to dryness to give the yellow solid 7 (0.21 
g, 0.53 "01)  88 two dieetereomere inequala"t6. TheJmixave 
was diwlved in ether/hexane (4/3,2.0 mL) mixed solvent and 
cooled at 0 OC for 24 4 which gave pure the form of d i " o m e r  
a (90 mg). Further cooling of the remaining mother solution at 
0 OC for 12 h gave the second crop of solid as a mixture of two 
diastereomers (20 mg). Removal of solvent from the leat mother 
solution afforded the pure form of diastereomer b. IR (Nujol): 
v(C0) 1945 (e), 1866 ( 8 )  cm-'. 'H NMR (CDC13, 300 MHz): 
diastereomer a, 6 1.69 (e, 1 H, H'), 2.40-2.60 (m, 3 H, H5 + H6 
+ H'), 2.68 (8, 1 H, W), 3.23 (d, J = 11.6 Hz, 1 H, Ha), 4.05 (d, 
J = 11.6 Hz, 1 H, H4),4.69 (d, J = 9.3 Hz, 1 H, HB), 5.14 (s,5 H, 
C5H& 7.18-7.32 (m, 5 H, P W ;  diastereomer b, 6 1.50 (8, 1 H, 
Hl), 2.26 (dd, J = 12.4, 6.2 Hz, 1 H, H'), 2.62 (d, J = 12.4 Hz, 
1 H, HE), 2.69 (8, 1 H, H2), 2.78 (br d, J = 6.2 Hz, 1 H, HI), 3.21 
(d, J = 11.6 Hz, 1 H, H3), 3.93 (d, J = 11.6 Hz, 1 H, H4), 4.69 (d, 
J=9.3Hz,lH,H9,5.06(~,5H,C&&,7.18-7.32(m,5H,Ph-H). 
Mass (12 eV): m/e 392 (M+). Anal. Calcd for Cl&Mo09: C, 
58.16; H, 4.59. Found: C, 57.96; H, 4.72. 

(h) Characterization of Trimethylenemethane Cation (I). 
To a benzene aolution (20 mL) of 5 (0.30 g, 1.05 mmol) was added 

which immediately deposited a yellow viecoue solid. After 30 min 
of stirring, the benzene waa decanted away and the reaiduea were 
b l v e d  in CH&N (2 mL). Ether (25 mL) was added to produce 
a viscous precipitate, which was collected by fdtration and dried 
in vacuo (8 h). E x " t i o n  of the solid by 'H NMR speetmecopy 
revealed a contamination of 4 by 10%. IR (Nujol): v(OH) 5680 
cm-'; &O) 2064 (a), 2011 (8) cm-'. 'H NMR (CDSCN, 300 MHz): 
diastereomer a, 6 2.25 (m, 1 H, P), 2.45 (m, 1 H, H'), 2.60 (d, 
1 H, J = 4.0 Hz, H4),2.87 (e, 1 H, Ha), 3.25 (dd, 1 H, J = 3.5,1.5 
Hz, Hl), 3.45 (dd, 1 H, J = 4.0, 1.5 Hz, Hz), 4.19 (m, I H, H6), 
4.67 (dd, 1 H, J = 7.2,5.6 Hz, He), 5.68 (s,5 H, C a d ,  7.20-7.37 
(m, 5 H, PhH); diastereomer b, S 2.18 (m, 1 H, H8), 2.35 (m, 1 
H, H7), 2.62 (d, 1 H, J = 3.5 Hz, H4), 2.96 (8, 1 H, Ha), 3.17 (dd, 
1 H, J = 3.8, 1.5 Hz, H1),3.52 (dd, J = 3.5,1.5 Hz, H% 4.08 (m, 

7.20-7.37 (m, 5 H, P W .  '9 NMR (CDCIS, 376.3 MHS): 6 149. 
Elemental analyses were unsatisfactory became of the contam- 
ination of 4. 

(75.5 MHz, CDCld: 6 33.8 (CHJ, 90.1 (Cas), 100.8 (CCH--C), 

PhCHO (110 mg, 1.05 -01) and BFS*EhO (0.149 g, 1.05 "01) 

PhCHO (0.111 g, 1.05 "01) and BFS-EhO (0.149 g,1.05 m o l ) ,  

1 H, H'), 4.60 (dd, 1 H, J = 8.6,3.5 Hz, HE), 5.71 (8,5 H, C5H&, 

red residue, which waa then chromatagraphed on a silica column 
with a hexane/ether (41) mixture as eluting solvent. After elution 
of a purple band of [C~MO(CO)~]~, 1 was obtained as a yellow 
band as a hexane/ether (1:l) eluting solvent was used. Removal 
of the solvent under reduced pressure afforded an air-stable oil 
(4.65 g, 13.0 mmol). IR (Nujol): v(C0) 2013 (81, 1918 (e), and 

Hz,CH3),2.37 (s,CH2),3.67 (OCH3),5.N (8, 5 H,CsHd,6.48 (9, 

(MOCHJ, 14.4 (-CCHJ, 51.2 ( M H J ,  93.0 ( C a d ,  130.8,140.5 
(W), 169.3 (CO-OCHd, 2284,240.6 (2 M d O ) .  Mass (12 eV): 
m/e 356 (M+). Anal. Calcd for C14H14Mo05: C, 46.94; H, 3.94. 
Found C, 46.80; H, 4.05. 

(b) Synthesis of CpM0(CO)~(lg-anci-l'-methy1-2'-carbo- 
methoxyallyl) (2). A &chloromethane solution (25 mL) of 1 (7.16 
g, 20.0 "01) was stirred with anhydrous trimethylamine oxide 
(6.0 g, 80.0 "01) at 0 OC for 18 h. After the solution was 
evaporated to drynaw, the reaidma were twice extracted with ether 
(20 mL). The extract was then evaporated to dryness, and the 
residues were chromatographed through a silica gel column with 
a hexane/ether (4:l) mixture as the eluting solvent. After the 

2 WBB obtained as a yellow baqd BB a hexane/ether elutmg solvent 
wav used. Removal of the solvent d e r  reduced pmum, followed 
by cryatallization from a saturated hexane/ether solution at 0 "C 
afforded a yellow crystalline solid (4.68 g, 14.2 "01). IR (Nujol): 
u(C0) 1954 (s), 1877 (E), and 1706 (e) cm-'. 'H NMR (400 MHz, 

1.0 Hz, Hl), 3.51 (8, 3 H, OMe), 3.56 (d, J = 1.0 Hz, 1 H, HZ), 4.66 
(9, J = 6.6 Hz, 1 H, Hg, 4.80 (8, 5 H, C$d. 'F NMR (100 MHz,  

(CMe), 71.4 (CCO), 96.0 (CAI ,  172.3 (CO-OCH,), 230.4,238.2 
(2 Mo-CO). Mass (12 eV): m/e 332 (M+). Anal. Calcd for 

(c) Synt hesis of C~MO(CO)~( $-anti - l'-methyl-2'- 
hydroxyallyl) (3). Compound 2 (6.60 g, 20.0 "01) in CHzC12 
(20 mL) was treated with DIBAL-H (40 mmol, 1.2 M in 33.3 mL) 
in hexane at -78 "C, and the resulting mixture was stirred for 
8 h. The solution was warmed to roOm temperatures and added 
to a saturated aqueous Na2COs solution. The ether layer was 
decanted, and the aQueoUs solution was twice extracted with ether 
(20 mL). The combined extra& were concentrated and eluted 
on a silica column with a hexane/ether (1:l) mixed solvent. Two 
yellow bands were developed. The first band consisted of un- 
r e a d  3a. Evaporation of the second band to dryness produced 
a yellow oil (4.28 g, 14.0 "01). IR (Nujol): v(C0) 1948 (a), 1868 

H, CHd, 1.80 (8, 1 H, H1), 1.84 (8, 1 H, H2), 1.90 (8, OH), 2.65 (d, 
J = 29 Hz, 1 H, CHH'(OH)), 3.19 Id, J = 2.9 Hz, 1 H, CHHTOH)), 

75.5 MHz): 6 25.9 (CHJ, 31.1 (CH1H2), 34.1 (CHBMe), 70.8 
(CHH'(OH)),97.0 ( C a d ,  114.5 (CCH3Me), 242.3,240.6 (2 Mo- 
CO). Mass (12 eV): m/e 302 (M+). Anal. Calcd for Cl2Hl4Mo09: 
C, 47.70; H, 4.67. Found C, 47.58; H, 4.82. 

(d) Synthesis of [CpM~(CO)~(&methylmethylene)di- 
methylessmethane)]BF4 (4). Complex 3 (6.12 g, 20.0 "01) 
in ether (30 mL) was treated with HBF4.&0 (3.23 g, 20.0 "01) 
at -78 "C, resulting in formation of a yellow precipitate (5.15 g, 
14.0 mmol), which was collected by filtration. Recrystallization 
from a wturated CH2C12/ether solution produced yellow crys- 
talline solid 4 (4.11 g, 11.2 "01). IR (Nujol): u(C0) 2064 (e), 
2015 (e) cm-'. 'H NMR (300 MHz, CDsCN): 6 1.23 (d, J = 6.7 
Hz, 3 H, CHJ, 2.64 ( d , J  = 4.3 Hz, 1 H, H'), 2.88 (8, 1 H, H3), 
3.21 (dd, J = 3.2, 1.5 Hz, 1 H, Hl), 3.59 (dd, J = 4.3, 1.5 Hz, 1 

1706 (8) ~m-'.  'H NMR (CDCl3, 400 MHz): 6 1.62 (d, J = 7.2 

J 7.2 Hz, 4HCH3) .  "C NMR (CDCl3, 75.5 MHd: 6 -8.6 

unwanted purple band Of [CPMO(CO)~]~ WBB eluted Off,.mpund 

273 K, C&&Dd: 6 1.27 (d, J = 6.6 Hz, 3 H, CH3), 1.49 (d, J = 

253 K, C&CDJ: 6 18.2 (CHd, 39.4 (CH'W), 53.5 (OCHJ, 62.4 

ClaH1IM004: C, 47.29; H, 4.27. Found C, 47.15; H, 4.38. 

(8)  m-'. 'H NMR (CDCla, 300 MHz): 6 1.23 (d, J = 5.0 Hz, 3 

3.42 (q, J = 5.0 Hz, Ha), 5.17 (8, 5 H, Cas) .  'W NMR (CDC13, 

H, H2), 4.27 (dq, J 6.7, 3.2 Hz, 1 H, H'), 5.68 (8, 5 H, C&). 
13C NMR (75.5 MHz, CDSCN): d 17.5 (CHd, 49.5 (CH&, 56.3 
(C'HZ), 60.9 (CCHS), 90.1 (Cas), 111.4 (CCHJ, 215.3, 215.5 (2 
Mo-CO). Anal. Calcd for C ~ ~ H ~ ~ O ~ B F ~ M O :  C, 38.76; H, 3.53. 
Found: C, 38.81; H, 3.70. 

(e) Synthesis of CpMo(C0),(~-2-~ylaIryl) (5). A hexane 
solution (20 mL) of LiN(SiMe& (80.0 "01) was added to 4 (7.36 
g, 20.0 "01) in 20 mL of THF at 23 OC and stirred for 1 h, which 
led to complete dissolution of 4. The solution was evaporated 
to dryneee, and the residues were extracted twice with ether (20 
mL). Further elution through a silica column with a hexane/ether 
(4:l) mixture produced a yellow band, which was collected, con- 
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A New C-C Bond-Forming Reaction 

(i) Synthesis of CpMo(CO)2[$-8ya -1-(2'-hydroxyl-2'- 
phenylethyl)-2-methylallyl] (8). The trimethylenemethane 
cation (I) generated in section h [I (0.30 g, 1.06 mmol), PhCHO 
(0.11 g, 1.05 m o l ) ,  and BF&& (0.148 g, 1.05 m l ) ]  WBB etirred 
with NaEH8CN (0.314 g, 5.00 "01) in CH&N (10 mL) at 23 
OC. After 1 h of stirring, the solution was evaporated to dryness 
and the midues were extracted with ether twice (2 X 10 mL). 
Chromatography on a silica column with a ether/hexane eluting 
solvent gave two yellow bands (R, = 0.95,0.52). The second band 
(R, = 0.52) was collected and evaporated to dryneea ta give a yettow 
viecous solid of 8 (0.24 g, 0.62 "01). Further separation of the 
two dieetereomen, wae conducted by elution tbrough a preparative 
TLC plate on Si02 (ether/hexane = 1/2). IR (Nujol): ACO) 1940 
(a), 1860 (e) cm-'. 'H NMR (CDCl8, 400 MHz): diastereomer a, 
6 1.65 (e, 3 H, Me), 1.70 (e, 1 H, HI), 2.44 (m, 1 H, H6), 2.59 (m, 
1 H, H4), 2.69 (e, 1 H, Hz), 2.87 (dd, J = 8.3, 4.8 Hz, 1 H, Hs), 

7.28-7.40 (m, 5 H, C a d ;  diastereomer b, 6 1.60 (e, 3 H, Me), 1.65 
(e, 1 H, Hl), 2.59-2.62 (m, 2 H, H4 + HI), 2.65 (8,l H, H'), 2.72 
(dd, J = 7.6, 5.2 Hz, 1 H, H3), 4.79 (dd, 1 H, J = 9.0, 4.2 Hz, 
CH(OH)), 5.15 (e, 5 H, C&J,  7.3CF7.38 (m, 5 H, C a d .  I% NMR 
(75.5 MHz, CDClJ: dieetereomer a, 6 18.8 (Me), 36.3,M.l (CH'W + CH'H'), 57.5 (CHS, 76.4 (CH(OH)), 90.7 (CsHrj), 105.1 
(CCH'HZ), 125.7-145.0 (Ph-C), 229.9,235.8 (Mo-2 CO); diaste- 
reomer b, 6 18.8 (Me),36.7,40.3 (CH1H2 + CH4Hs),55.3 (CH3), 
76.1 (CH(OH)), 90.9 ( C a d ,  104.9 (CeH'H?), 126.3-144.2 (Ph-C), 
240.7, 241.6 (Mo-2 CO). Mass (12 eV): m / e  394 (M+). Anal. 
Calcd for Cl&&o03: C, 58.17; H, 5.14. Found C, 57.86, H, 
5.26. 

(j) Synthesis of C~MO(CO)~[~~-B.VD -1-(2'-hydraxyl-2'- 
phenylethyl)-2-( 3'-phenyl-~-p-propynyl)allyl] (9). Thia com- 
pound was prepared similarly from the reaction between I (ca. 
1.05 "01, we section h) and ( P h M ) 2 C u L i  [ P h W H  (0.32 
g, 3.15 mmol)/BuLi (1.60 N, 1.96 mL) and CUI (0.30 g, 1.58 m o l ) ]  
in THF (10 mL, -40 "C); the yield is 55% (0.28 g, 0.58 "01). 
The reaulting two diastereomers (1:l) were further separated on 
a preparative silica TLC plate (ether/hexane = k2). IR (Nujol): 

diastereomer a, 6 1.77 (8, 1 H, Hl), 2.45 (m, 1 H, H4), 2.65 (m, 1 
H, H6), 2.77 (dd, 1 H, J = 9.1,5.4 Hz, Hs), 2.90 (d, 1 H, J = 18.0 
Hz, CZfH'CPh), 2.99 (e, 1 H, H2), 3.25 (d, J = 18.0 Hz, 1 H, 
CHH'CPh), 5.02 (dd, 1 H, J = 7.7, 4.2 Hz, CH(OH)), 5.25 (e, 5 
H, C a d ,  7.26-7.43 (complex, m, 10 H, 2 Ph-H); diastereomer 
b, 6 1.74 (e, 1 H, H1), 2.80 (complex m, 3 H, H8 + H4 + Hs), 2.86 
(d, 1 H, J = 17.6 Hz, CHH'CPh), 2.95 (e, 1 H, H2), 3.23 (d, J = 
17.6 Hz, 1 H, CHHTh), 4.91 (dd, 1 H, J = 9.2,3.4 Hz, CHOH), 
5.16 (e, 5 H, C&), 7.26-7.43 (complex m, 10 H, 2 Ph-H). '% 
NMR (75.5 MHz, CDCls): diastereomer a, 6 31.1,35.1 (CH4H6 + CH'HO), 39.9 (CHHTh), 56.8 (CW), 76.3 (CH(OH)), 81.9,87.7 
(W), 90.8 ( C a d ,  102.9 (CCHIHZ), 124.0-127.0 (2 P M ) ,  209.7 
(cd)), 240.5, 241.5 (Mo-2 CO); diastereomer b, 6 31.1, 34.6 
(CH4Hs + CH'W), 39.9 (CHHTh), 54.7 (CH8), 75.7 (CH(OH)), 

Ph-C), 209.7 (M), 240.5, '241.5 (Mo-2 CO). Mass (12 ev): 494 
(M+). Anal. Calcd for CnHuMoOS: C, 65.86, H, 4.90. Found 
C, 65.59; H, 5.02. 
(k) Synthesis of CpMo(CO),[ qbyn - 1 -( 2'-hydroxy-2'- 

phenylethyl)-2-(phanylmethyl)allyl] (10). This compound 
was lnepared eimilarly from the reaction between I (ca 1.05 mmol; 
B B ~  d o n  h) and Ph&uLi [PhBr (0.49 g, 3.15 mmol)/BuLi (1.60 
N, 1.96 mL) and CUI (0.30 g, 1.58 mmol)] in THF (10 mL, - 78 
OC), which gave 10 in 55% yield (0.28 g, 0.58 "01). The two 
diastereomers were further separated by a preparative silica TLC 
plate (ether/hexane = 1/21. IR (Nujol): v(C0) 1941 (E), 1862 
(e) cm-'. 'H NMR (CDClt 400 MHz): diastereomer a, 6 1.84 (e, 
1 H, HI), 2.49 (m, 1 H, H ), 2.67 (m, 1 H, H4), 2.84 (8, 1 H, Hz), 
2.98 (d, J = 15.0 Hz, 1 H, CZfHTh), 3.00 (dd, J = 5.2, 3.6 Hz, 
1 H, H8), 3.41 (d, J = 15.0 Hz, 1 H, CHHTh), 4.77 (dd, J = 8.3, 
5.2 He, 1 H, CH(OH), 5.19 (e, 5 H, C a d ,  7.23-7.37 (complex m, 
10 H, 2 Ph-H); diastereomer b, 6 1.83 (8, 1 H, Hl), 2.88 (dd, J 
= 5.2,3.7 Hz, 1 H, H8), 2.70-2.73 (complex m, 2 H, H4 + Hs), 2.82 
(e, 1 H, H2), 292 (d, J = 14.9 Hz, 1 H, CHHThj, 3.36 (d, J = 14.9 
Hz, 1 H, CHHPh), 4.48 (dd, J = 8.1,6.2 Hz, 1 H, CH(OH)), 6.29 
(e,5 H, C a d ,  7.23-7.37 (complex m, 10 H, 2 Ph-H). ISC NMR 
(75.5 MHz, CDCls): ditletereomer a, 6 31.1,36.6 (CHIP + CH4Hs), 

4.84 (dd, 1 H, J 9.2, 3.6 Hz, CH(OH)), 5.12 (8, 5 H, C,H& 

v(C0) 1943 (e), 1864 (e) m-'. 'H NMR (CDCls, 400 MHz): 

81.9, 87.7 (M), 90.7 (CSH,), 103.0 (CCH'H'), 124.0-127.0 (2 

40.8 (CHHTh), 58.3 (CH'), 76.7 (CH(OH)), 90.8 (Cab), 106.4 

Organometallics, Vol. 11, No. 10, 1992 3449 

(CCH'H'), 124.3-145.0 (2 Ph-c), 240.6, 242.6 (Mo-2 CO); dia- 
stereomer b, 6 35.9,39.5,39.9 (CH1H2 + CH4Hs + CH7H8), 55.6 
(CH?, 75.7 (CH), 90.7 ( C m ,  106.3 (CCH'H?), 124-147 (2 Ph-C), 
240.3,241.7 ( M e 2  CO). Maes (12 eV): 470 (M+). Anal. Calcd 
for CsHuMo03: C, 64.11; H, 5.16. Found C, 63.89; H, 5.26. 

(1) Syathesis of C~MO(CO)~[#-SY~ -1-(I'-pentanonyl)-2- 
(3'-phenyl-21-~ropal)allyl] (11). To a benzene solution (10 
mL) of6 (0.30 g, 1.05 m o l )  wae added methyl vinyl ketone (0.070 
g, 1.05 "01) and then BFs.EhO (0.149 g, 1.05 mmol), which 
gradually deposited a greenish viscous solid. After 30 min of 
stirring, the benzene was decanted and the residues were evap 
orated to dryness under vacuo (0.1 Torr). Addition of (Ph- 
C)&uLi [ P h M H  (0.32 g, 3.15 mmol)/BuLi (1.60 N, 1.96 mL) 
and CUI (0.30 g, 1.58 "01) in 10 mL of THF] to this salt in THF 
(20 mL) at -78 OC resulted in the rapid development of a bright 
yellow color. After 1 h of stirring, the solution was warmed to 
room temperature and evaporated to dryness. Chromatography 
of the residues through a silica column with the hexane/ether 
(31) eluting solvents gave two yellow bands (R, = 0.89 and 0.58). 
Collection of the second band from the column (R, = 0.58), fol- 
lowed by of removal solvent afforded 11 as a yellow oil (0.13 g, 
0.31 "01). IR (Nujol): v(C0) 1942 (a), 1862 (e), 1709 (a) cm-'. 
lH NMR (CDC13, 400 MHz): 6 1.67 (e, 1 H, H'), 1.85 (m, 2 H, 
HB + W),  2.09 (m, 1 H, H4), 2.13 (8, 3 H, CHS), 2.25-2.50 (m, 3 
H, Hs + H8 + Hg), 2.69 (t, J = 6.5 Hz, 1 H, Hs), 2.80 (d, 1 H, J 
= 17.7 Hz, H"), 2.93 (e, 1 H, W), 3.23 (d, 1 H, J = 17.7 Hz, H'O), 
5.21 (s,5 H, C a d ,  7.24-7.39 (m, 5 H, C W .  '9c NMR (75.5 MHz, 
CDClJ: 6 23.9 (Me), 25.7,29.6,30.0 (CWW + CH'H6 + C H W ,  
34.5 (CH'H?, 43.4 (CH'Q"), 59.9 (CH3),81.1,87.9 (W), 90.5 
(Cad, 102.4 (CCH'H?), 127.9-131.7 (I'M), 209.2 (M), 240.7, 
242.0 (Mo-2 CO). Mass (12 eV): m / e  458 (M9.  Anal. Calcd 
for CuHuMo03: C, 63.16; H, 5.30. Found C, 62.98; H, 5.40. 
(m) Synthesis of CpM~(Co)~[#--eyn -1-(4'-pentanonyl)- 

2-(phenylmethyl)allyl] (12). Thii compound was prepared 
similarly from the reaction between Ph2CuLi and the cation 
generated in section 1; the yield was 26%. IR (Nujol): 4CO) 1940 

(m, 2 H, Hs + H7), 1.70 (e, 1 H, H'), 2.06 (s,3 H, CHJ, 2.09 (m, 
2 H, H4 + H6), 2.36 (m, 2 H, H8 + W),  2.62 (dd, 1 H, J = 8.2, 
4.8 Hz, H?, 2.72 (8, 1 H, W), 2.82 (d, 1 H, J = 14.8 Hz, H"), 3.30 
(d, 1 H, J = 14.8 Hz, H'O), 5.18 (e, 5 H, Cab),  7.25-7.43 (m, 5 
H, Ph-H). "C NMR (75.5 MHz, CDC13): 6 25.8, 29.6 (CH8H7 + CHW), 29.9 (Me), 35.7,39.5 (CH8HB + CH1H?),43.4 (CH'%"), 
60.8 (CW, 90.7 ( C m ,  105.9 (CCH'H?), 115.4-141.6 (PhG), W.7 
(C-O), 241.3,242.7 (Me2  CO). Mass (12 eV): m / e  434 (M'). 
AnaL Calcd for C,H,Mo03: C, 61.11; H, 5.59. Found: C, 60.70; 
H, 5.68. 
(n) Synthesis of CpMo(CO),[ b-syn - 1-(2'-hydroxyiso- 

butyl)-2-methylallyl] (13). To a benzene solution (10 mL) of 
5 (0.30 g, 1.05 "01) was added acetone (0,010 g, 10.5 "01) and 
then BFS.EhO (0.149 g, 1.05 mmol), which gradually deposited 
a dark greenish viscous solid. The benzene layer was decanted, 
and the reaiduea were dieeolved in THF and dried again in vacuo 
for 2 h. Addition of NaBHSCN (0.30 g, 6.25 "01) to this salt 
in " L o f  THF at 23 "C gradually led to appearance of a bright 
yellow color. After 6 h of stirring, the solution was evaporated 
to dryness in vacuo and the residues were chromatographed 
through a silica column with hexane/ether (21) eluting solvents. 
Two yellow bands (R, = 0.86 and 0.51) were developed, and the 
second band (R, = 0.51) was collected and evaporated to drynea~ 
to give 13 (27 mg, 0.080 "01) as a yellow oil. IR (Nujol): v(C0) 

H, Me), 1.04 (e, 3 H, Me), 1.40 (8, 1 H, H1), 1.72 (e, 3 H, Me), 2.31 
(dd, 1 H, J = 14.7, 9.2 He, Hs), 2.39 (dd, 1 H, J = 14.7,4.0 Hz, 
H4), 2.61 (e, 1 H, H2), 2.72 (dd, 1 H, J = 9.2,4.0 Hz, Hs), 4.66 (e, 
5 H, CsH6). Mase (12 eV): m / e  346 (M+). Anal. Calcd for 
ClSH&oO3: C, 52.33; H, 5.86. Found C, 52.02; H, 5.93. 

(0)  Syntherir of CpMo(CO)Z[r)a-syn -1-(2'-hydro.yl-3'- 
phenylpmpy1)-2-methylallyl] (14). Thie complex wae p " d  
similarly according to the procedure in section i except that 
phenyWdehyde  was used in the reaction. Two dia&"ere 
in a 1:l ratio were obtained in 51% yield, which were further 
separated by a preparative silica TLC plate (SiOz, 60Fm, 20 X 
20 cm, hexane/ether = l/l). IR (Nujol): v(C0) 1945 (e), 1865 
(e) cm-'. 'H NMR (CM=l3, 400 MHz): diastereomer a, 6 1.63 (e, 
1 H, HI), 1.66 (e, 3 H, Me), 2.35 (m, 2 H, H4 + Hs), 2.68 (m, 2 H, 

(E), 1861 (e), 1705 (8) m-'. 'H NMR (CDClS, 400 MHz): 6 1.68 

1940 (s), 1859 (8) cm-'. 'H NMR (c&, 400 MHz): 6 1.03 (8, 3 
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H7 + Ha), 2.72 (e, 1 H, H2), 2.97 (dd, 1 H, J = 13.5, 4.4 Hz, H3), 
3.89 (m, 1 H, Ha), 5.15 (e, 5 H, 7.12-7.35 (m, 5 H, P W ;  
diastereomer b, 6 1.66 (e, 3 H, Me), 1.71 (e, 1 H, H'), 2.38 (m, 1 
H, H6), 2.48 (e, 1 H, H4), 2.70 (m, 2 H, H' + HT, 2.72 (e, 1 H, Hq, 
2.97 (dd, 1 H, J = 13.6, 3.8 Hz, H3), 3.89 (m, 1 H, Ha), 5.21 (e, 
5 H, C6Hs), 7.22-7.34 (m, 5 H, Ph-H). '% NMR (75.5 MHz, 
CDCW: diastereomer a, 6 19.0 (Me), 36.3,37.6 (CH'HZ + CH4H6), 
44.4 (CH'HT, 57.9 (CHd), 74.7 (CHB), 90.8 ( C a d ,  106.0 (CCH'W, 
126.9-138.5 (Ph-C), 242.0, 243.4 (Mo-2 CO); diastereomer b, 6 
19.0 (Me), 35.0,40.7 (CH'H? + CH4H6), 43.9 (CH'W, 57.9 (CH3), 
72.0 (CH6), 90.8 (C&), 105.0 (CCH'H'), 126.9-138.5 (Ph-C), 
242.0,243.4 (Mo-2 CO). Mass (12 eV): m/e  408 (M+). Anal. 
Calcd for C&=Mo03: C, 59.12; H, 5.48. Found C, 58.90; H, 
5.54. 

Yang et al. 

residues were dried in vacw for 2 h before redissolution in CH3CN 
(5 mL). To this solution was added NaBH3CN (70 mg, 1.14 "01) 
at 23 OC and the mixture was kept stirred for 1 h. (NHs2Ce(NO~a 
(0.30 g, 0.55 "01) was slowly added to the solution. After being 
stirred for 20 min, the solution was dried in VBCUO, and the residues 
were extracted with C&C& (5 mL). Elution through a preparative 
TLC plate @ioB SOF,, 20 X 20 cm, hexane/ether = 21) produced 

61%) as a mixture of two structural isomers (A/B = 2.0). The 
following olefii  18-22 were prepared similarly. (ii) Compound 
17 was made in 61% yield. IR (neat): v(OH) 3510 (br e), v ( W )  
1645 (w) cm-'. 'H NMR (400 MHz, CDC13): A, 6 1.72 (e, 3 H, 
CH3), 2.01-2.04 (complex m, 4 H, Ha + H4 + H6 + He), 4.66 (dd, 

(m, 5 H, Ph-H); B, 6 1.59 (8, 6 H, 2-Me), 2.49 (m, 2 H, H2 + H3), 
5.12 (dd, 1 H, J = 9.1,6.5 Hz, H4),5.17 (t, 1 H, J = 6.6 Hz, H'), 
7.27-7.40 (m, 5 H, Ph-H). 13C NMR (75.5 MHz, CDCla): A, 6 
22.3 (Me),33.8,36.7 (CBHB + CH3H4), 74.2 (CH7), 119.9, 145.9 
(CIC),  126-138 (Ph-C). Mass (12 eV): m/e  176 (M+). Anal. 
Calcd for C12H160 C, 81.81; H, 9.16. Found C, 81.68; H, 9.27. 
(iii) Compound 18 was prepared in 56% yield. IR (neat): v(OH), 
3580 (vs), v ( W )  2210 (w), v(CIC) 1640 (w) cm-'. 'H NMR 
(400 MHz, CDCl,): A, 6 1.96 (m, 2 H, H3 + H4), 2.18-2.20 (m, 

H'), 4.90, 5.15 (e, 8, 2 H, H' + H2),7.23-7.37 (m, 10 H, 2 Ph-H); 
8, 6 1.97 (e,3 H, Me), 2.56-2.61 (m, 2 H, H2 + H3), 3.09 (e, 1 H, 
CHH'C==), 3.10 (e, 1 H, CHH-), 4.68 (t, 1 H, J = 6.4 Hz, H4), 
5.15 (t, 1 H, J = 7.0 Hz, H'), 7.23-7.37 (m, 10 H, 2 Ph-H). 13C 

+ CHH'CEE), 74.0 (CH'), 84.1,86.1 (W), 111.3, 144.1 (C-C), 
127.9-131.7 (2 Ph-C). Mass (12 ev): m/e 276 (M+). Anal. Calcd 
for C d z O 0 :  C, 86.91; H, 7.30. Found C, 86.82; H, 7.43. (iv) 
Compound 19 was prepared in 58% yield. IR (neat): v(OH) 3620 
(vs), v ( C 4 )  1640 (w) cm-'. 'H NMR (400 MHz, CDC13): A, 6 
1.86-1.92 (complex m, 4 H, H3 + H4 + H5 + Ha), 3.34 (e, 2 H, 

H?, 7.26-7.50 (complex m, 10 H, 2 Ph-H); B, 6 1.50 (e,3 H, Me), 
2.64 (m, 2 H, H2 + H3), 3.36 (e, 1 H, PhCH2-), 4.73 (dd, 1 H , J  
= 8.2, 5.3 Hz,  H4), 5.45 (t, 1 H, J = 6.6 Hz, H'), 7.23-7.50 (m, 10 

36.7, 42.9 (CH3H4 + CH2Ph), 74.2 (CH7), 115.1, 148.6 (M), 
126-138 (2 Ph-C). Mass (12 eV): m/e 252 (M+). Anal. Calcd 
for C18HzOO: C, 85.66; H, 7.99. Found: C, 85.59; H, 8.05. (v) 
Compound 20 was prepared in 69% yield. IR (neat): v(OH) 3592 
(ve), v(C=C) 1640 (w) cm-'. 'H NMR (400 MHz, CDC13): A, 6 
1.63 (e, 3 H, CH,), 1.87 (m, 2 H, H6 + Ha), 2.20 (m, 2 H, H3 + 
H4), 2.79 (m, 2 H, CHH'Ph), 3.81 (m, 1 H, H'), 4.69, 4.70 (8, e, 
2 H, H' + W), 7.19-7.29 (m, 5 H, Ph-H); B, 6 1.71 (e, 3 H, CHS), 
1.72 (e ,3  H, CH,), 2.15 (m, 2 H, CHH'Ph), 2.65 (m, 2 H, H2 + 
H3), 3.80 (m, 1 H, H4), 5.19 (t, 1 H, J = 7.0 Hz, H1),7.19-7.30 (m, 
5 H, Ph-H). '9C NMR (75.5 MHz,  CDClS): A, 6 25.6 (CHd, 35.2, 
33.7 (CH6Ha + CHaH4), 43.9 (CHHTh), 72.5 (CH7), 119.9,145.9 
(C==C), 126-138 (Ph-C); B, 6 17.7 (CH3), 22.1 (CH3), 38.5, 43.0 
(CH2H3 + CH6Ha), 72.5 (CH'), 110.3, 138.8 (M I ,  126-138 
(Ph-c). Mass (12 eV): m/e 190 (M+). Anal. Calcd for CuHlaO 
C, 82.05; H, 9.54. Found: C, 81.89; H, 9.65. (vi) Compound 21 
was prepared in 60% yield. IR (neat): v(OH) 3620 (vel, v ( M )  
1640 (w) cm-'. 'H NMR (400 MHz, CDC13): A, 6 1.53 (m, 2 H, 
H5 + Hs), 1.96 (ddd, J = 11.2,8.2,6.8 Hz, Ha), 2.12 (ddd, J = 11.2, 
7.2,4.2 Hz, H3, 2.47 (m, 1 H, CHHTh), 2.62 (m, 1 H, CHH'Ph), 
3.20 (e, 2 H, PhCH2), 3.48 (m, 1 H, H7), 4.78 and 4.83 (e, e, 2 H, 
H' + H2), 7.23-7.37 (complex m, 10 H, 2 Ph-H); B, 6 1.60 (8, 3 
H, Me), 218-2.25 (m, 2 H, H? + P), 2.45-2.53 (m, 2 H, CHH'Ph), 
3.24 (8, 2 H, CHah), 3.67 (m, 1 H, H4), 5.33 (t, 1 H, J = 6.8 Hz, 
HI), 7.23-7.37 (complex m, 10 H, 2 Ph-H). '% NMR (76.5 MHz, 
CDC13): A, 6 31.3, 34.3 (CHaH4 + CH6Ha), 42.9 (CHH'), 43.8 
(CH,Ph), 72.2 (CH7), 111.6,134.0 (M), 126-129 (2 Ph-C); B, 
6 15.0 (Me), 37.8 (CHaHB),42.9 (CHH'), 43.2 (CHQh), 72.6 (CH'), 
122.1,138.8 (C--C), 126-129 (2 Ph-C). Mase (12 eV) m/e 266 
(M+). Anal. Calcd for Cl&In0 C, 85.66, H, 8.33. Found C, 
85.55; H, 8.44. (vii) Compound 22 was prepared in 58% yield. 
IR (neat): v(0H) 3610 (ve), v ( W )  1648 (w) cm-'. 'H NMR (400 
MHz, CDC13): A, 6 2.25 (m, 2 H, H6 + Ha), 2.68 (m, 2 H, H3 + 
H4), 2.85 (m, 2 H, CHHTh), 3.14 (e, 2 H, CH~CW), 3.85 (m, 1 
H, H7), 4.90, 6.15 (e, e, 2 H, H1 + H2), 7.19-7.33 (complex m, 10 
H, 2 Ph-H); B, 6 1.91 (e,3 H, CH3), 2.18-2.21 (m, 2 H, Ha + H3), 

an O-C band (Rf = 0.51) which d~dd  17 (40.8 mg, 0.23 mol ,  

1 H, J=  7.50,5.60 Hz, H'), 4.70,4.72 (s, S, 2 H, H' + H2), 7.32-7.46 

2 H, H5 + H'), 3.13 (8, 2 H, CH2-),4.70 (t, 1 H, J = 6.4 Hz, 

NMR (75.5 MHz, CDClJ: A, 6 26.6 (CH'H'), 31.6,36.6 (CHSH4 

CHZPh), 4.62 (t, 1 H, J = 7.0 Hz, H'), 4.77,4.85 (e,8,2 H, H' + 

H, 2 Ph-H). "C NMR (75.5 MHz, CDC13): A, 6 31.4 (CH'H'), 

I ' 6 OH 

(p) Synthesis of CpMo(CO)r[$-syn -l-(2'-hydroxyl-3'- 
phenylpropynyl)-2-(phenylmethyl)allyl] (15). Synthesis of 
this complex was conducted similarly to the procedure in section 
i except that PhCH2CH0 and Ph2CuLi were used in the reaction. 
Two diastereomers in equal proportions were obtained in 49% 
yield, which were further separated by preparative TLC plate 
(SiOz, 60Fzsr, 20 X 20 cm, hexane/ether = l / l ) .  IR (Nujol): v(C0) 
1945 (e), 1865 (e) cm-'. 'H NMR (CDCl,, 400 MHZ):  diastereomer 
a, 6 1.88 (e, 1 H, H'), 2.38 (m, 2 H, H4 + H5), 2.68 (dd, 1 H, J = 
13.5, 4.1 Hz, Ha), 2.79 (e, 1 H, H2), 2.85 (d, 1 H, J = 14.8 Hz, 
CHH'Ph), 2.88 (dd, 1 H, J = 13.5,4.1 Hz, H7), 2.91 (dd, 1 H, J 
= 8.1,6.2 Hz, H3), 3.32 (d, 1 H, J = 14.8 Hz, CHHTh), 3.51 (m, 
1 H, HB), 5.24 (s,5 H, C6H6), 7.03-7.29 (complex m, 10 H, 2PW; 
diastereomer b, 6 1.80 (e, 1 H, H1), 2.38 (m, 2 H, H4 + H5), 2.55 
(dd, 1 H, J = 13.6,8.7 Hz, Ha), 2.78 (e, 1 H, H2), 2.86 (dd, 1 H, 
J = 13.6,6.2 Hz, H'), 2.91 (d, 1 H, J = 14.8 Hz, CHH'Ph), 2.96 
(dd, 1 H, J = 10.4,4.7 Hz, W), 3.34 (d, J = 14.8 Hz, 1 H, CHHTh), 
3.89 (m, 1 H, Ha), 5.24 ( s ,5  H, C6H6), 7.04-7.33 (complex m, 10 
H, 2 Ph-H). '9C NMR (75.5 MHz, CDCld: diastereomer a, 6 36.0, 
37.6 (CHHTh + CH4H6), 40.0,44.9 (CH'H8 + CH'H?), 58.3 (CHd), 
74.8 (CHa), 90.9 (C&& 129.5-141.4 (2 Ph-C), 241.5,242.6 (Mo-2 
CO); diastereomer b, 6 36.1, 36.8, 38.3 (CCHTh + CH4H6 + 
CH'H8), 44.3 (CH'H2), 56.2 (CH,), 74.3 (CHa), 91.1 (C&&, 106.3 
(CCH1H2), 129.5-141.4 (2 Ph-C), 241.5, 242.6 (Mo-2 CO). Maw 
(12 eV): m/e 484 (M+). Anal. Calcd for C&&l003: C, 64.73; 
H, 5.43. Found: C, 64.34; H, 5.52. 

(q) Synthesis of CpMo(CO)r[$-syn -1-(2'-hydroxyl-3'- 
phenylpropyl)-2-(3'-phenyl-2'-propargyl)allyl] ( 16). This 
compound was prepared similarly to the procedure in section h 
except that PhCH2CH0 and (PhC=C)2CuLi were used. Two 
diastereomers (1:l) were obtained in 52%, which were further 
separated by preparative TLC plate @ioz, 60Fm, 20 X 20 cm, 
ether/hexane = l / l ) .  'H NMR (400 MHz, CDCld: diastereomer 
a, 6 1.83 (e, 1 H, Hll) ,  2.45 (m, 2 H, H4 + H6), 2.75-2.80 (complex 
m, 2 H, H7 + Ha), 2.84 (e, 1 H, H2), 3.00 (m, 2 H, Ha + CHH'), 
3.38 (d, J = 17.3 Hz, CHH?, 4.15 (m, 1 H, P), 5.23 (8,5 H, C a d ,  
7.18-7.38 (m, 10 H, 2 Ph-H); diastereomer b, 6 1.83 (e, 1 H, H1), 
2.55 (m, 2 H, H4 + H6), 2.65-2.69 (m, 2 H, H7 + Ha), 2.83 (8, 1 
H, H2), 2.96 (d, 1 H, J = 17.4 Hz, CHH'), 3.01 (dd, 1 H, J = 9.2, 
6.1 Hz, H3), 3.29 (d, J = 17.3 Hz, CHH'), 4.07 (m, 1 H, Ha), 5.17 
(e,5 H, C a d ,  7.18-7.30 (m, 10 H, 2 Ph-H). '42 NMR (75.5 MHz,  
CDCld: diastereomer a, 6 29.9 (CH4H6), 35.1,38.1,44.6 (CH1H2 
+ CHH' + CH'H8), 57.0 (CH,), 74.0 (CH8), 82.9,88.6 (C=C), 90.9 

CO); diastereomer b, 6 29.8 (CH4H6), 35.1,37.9, (CHW + CHH'), 
44.0 (CH7H8), 55.4 (CH3), 74.3 (CH6), 81.6, 87.9 (CZiFc), 90.5 

CO). Mass (12 eV): m/e 508 (M+). Anal. Calcd for C.&&oOs: 
C, 66-40; H, 5.16. Found C, 66.02; H, 5.27. 

(r) Demraetolation of Mo-r-Allyl Complexes 8-10 and 14-16. 
(i) In a typical reaction, to a CH3CN solution (5 mL) of 8 (0.15 
g, 0.38 "01) was slowly added NOBF4 (46.4 mg, 0.40 mmol) at 
0 OC, and the mixture was stirred for 30 min. The solution volume 
was reduced (0.5 mL) in vacuo, and then ether (10 mL) was added 
to give a viscous solid. The ether layer was decanted, and the 

(C&), 103.0 (CCH'H'), 124-147 (2 Ph-C), 240.5,241.5 (Mo-2 

(C&), 102.8 (CCH'H'), 124-147 (2 Ph-C), 239.7,240.5 (M-2 
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A New C-C Bond-Forming Reaction 

2.42 (dd, 1 H, J = 1148.2 Hz, CHHTh), 2.53 (dd, 1 H, J = 11.8, 
6.2 Hz, CHHPh), 3.14 (m, 2 H, CHZC=), 3.85 (m, 1 H, H'h5.36 
(t, 1 H, J = 6.8 Ha, H'), 7.20-7.40 (complex m, 10 H, 2 Ph-H). 

111.3,144.2 (C-C), 124-131 (2 Ph-C). Mass (12 eV): m/e 290 
(M+). Anal. Calcd for C21H220: C, 86.85; H, 7.64. Found C, 
86.74; H, 7.75. (viii) Complex 23 was prepared similarly according 
to the procedures above except that PhSNa (3.0 molar equiv) was 
uaed, the yield was 67%. Similarly, compounds 24 and 26 were 
prepared from their nitrosonium salta and NaOH (6 M, 1 mL). 
Compound 23 was prepared in 67% yield. IR (neat): v(OH) 3630 
(w), v ( C - C )  1650 (w) cm-'. 'H NMR (400 MHz,  CDClJ: 6 1.71 
(e, 3 H, Me), 2.38 (m, 2 H, H2 + H3), 3.48 (8, 1 H, CHHB), 3.49 
(e, 1 H, CHH'S), 4.50 (dd, 1 H, J = 7.8,5.2 Hz, H4), 5.10 (t, 1 H, 
J = 7.7 Hz, Hl), 7.26-7.34 (complex m, 10 H, 2 Ph-H). 'W NMR 
(75.5 MHz, CDC13): 6 25.6 (CH,), 38.5 (CH2H3), 48.5 (CHH'S), 
73.9 (CH'), 124.5,144.0 (W), 126.0-129.1 (2 Ph-C). Mass (12 
ev): m/e 284 (M+). Anal. Calcd for C1.&ImOS C, 75.72; H, 7.42. 
Found: C, 75.63, H, 7.53. (ix) Compound 24 was prepared in 43% 
yield. 'H NMR (400 MHz, CDCl,): 6 2.65 (m, 2 H, H2 + H3), 
3.46 (m, 2 H, CH$h), 4.75 (e, 2 H, CHZOH), 4.86 (t, 1 H, J = 5.9 
Hz, H4), 5.87 (t, 1 H, J = 7.4 Hz, H'), 7.24-7.38 (complex m, 10 

(CHzPh), 73.4 (CHsH6), 74.0 (CH'), 124.5, 144.0 (C=C), 
125.8-133.7 (2 Ph-C). Maes (12 ev): m/e 268 (M+). Anal. Cdcd 
for Cl8HmOZ: C, 80.55; H, 7.52. Found C, 80.44, H, 7.63. (x) 
Compound 26 was prepared in 45% yield. 'H NMR (400 MHz, 
CDC13): 6 1.86 (e, 3 H, Me), 2.33 (m, 2 H, H2 + Ha), 2.70 (dd, 1 
H, J = 13.6, 8.2 Hz, PhCHH'), 2.82 (dd, 1 H, J = 13.6, 4.7 Hz, 
PhCHH?, 3.92 (m, 1 H, H4), 4.84 (6, 2 H, CH2-O), 5.76 (t, 1 H, 
J = 7.3 Hz, H'), 7.18-7.32 (complex m, 5 H, Ph-H). 13C NMR 
(75.5 MHz,  CDCls): 6 18.2 (Me'), 29.8,30.8 (CH?H3 + PhCHH'), 

ev): m/e 206 (M+). Anal. Calcd for C1&1802: C, 75.68; H, 8.80. 
Found C, 75.57; H, 8.91. 

(I)) Demetalation of Trimethylene Cations Derived from 
Aldehydes and a,@-Unsaturated Ketones. (i) In a typical 
reaction, to a stirred CH2Clz (3 mL) solution of cation I (section 
h, ca 0.35 "01) waa added anhydrous M@O (50 mg, 0.70 "01) 
at room temperature, and the mixture was stirred for 8 h. TLC 
monitoring (SiOz, ether/hexane = 1:2) showed the formation of 
a new compound (W, R = 0.56). The solution was washed with 
water (2 mL), and the dHZCl2 layer was evaporated to dryness. 
The residues were chromatographed through a preparative TLC 
plate (SO2, SOFA d u g  ether/hexane (k2) as the eluting solvent, 
which provides 26 (35.32 mg, 58%, 0.20 mmol). The following 
dienes 27-32 were prepared similarly. IR (neat): v(OH) 3580 (br 
w), v ( W )  1610 (w) cm-'. 'H NMR (400 MHz, CDC13): 6 1.65 
(a, 3 H, Me), 4.89,4.93 (s,s, 2 H, H' + H2), 4.97 (d, 1 H, J = 6.5 
Hz, CHOH), 5.70 (dd, 1 H, J = 15.5, 6.5 Hz, H'), 6.35 (d, 1 H, 
J = 15.5 Hz, H9,7.24-7.38 (m, 5 H, Ph-H). '9c NMR (75.5 MHz, 
CDCI,): 6 18.2 (Me), 75.0 (CH(OH)), 117.4, 131.7, 133.7, 144.2 
(M), 126.4-128.7 (Ph-C). Mass (12 eV): m/e 174 (M+). Anal. 
Calcd for C12H14Oz: C, 82.60; H, 8.10. Found: C, 82.49; H, 8.21. 
(ii) Compound 27 was prepared in 54% yield. IR (neat): v(OH) 
3570 (w), v ( C 4 )  1605 (w) cm-'. 'H NMR (400 MHz, CDC13): 

'9c NMR (75.5 MHz, CDCl3): A, 6 31.3, 34.2, 34.5 (CH'H' + 
C H W  + CHHTh), 43.8 (CHZ-), 72.0 (CH'), 82.7,86.6 (-1, 

H, 2 PW. ''C NMR (75.5 MHz, CDCl,): 6 37.9 (CH2H3), 42.3 

65.8 (CH'), 75.7 (CHZ-O), 133.7-142.1 (04, Ph-C). (12 
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6 1.83 (8, 3 H, Me), 2.68 (dd, 1 H, J = 13.6,8.0 Hz, PhCHH'), 2.90 
(dd, 1 H, J = 13.6,4.8 Hz, PhCHH'), 4.40 (ddd, 1 H, J = 8.0,6.5, 
4.8 Hz, H6), 4.96,4.97 (8, s,2 H, H' + H2), 5.71 (dd, 1 H, J = 15.8, 
6.5 Hz, H9, 6.31 (d, 1 H, J = 15.8 Hz, H9, 7.24-7.38 (m, 5 H, 
Ph-H). 13C NMR (75.5 MHz, CDCl,): 6 23.4 (Me), 44.0 
(PhCHH'), 73.3 (CH6), 117.0, 131.5, 132.1, 136.8 ( C d ) ,  
126.7-129.5 (Ph-C). Mass (12 eV): m/e 188 (M+). Anal. Calcd 
for C13HleO C, 82.93; H, 8.57. Found C, 82.81; H, 8.68. (iii) 
Compound 28 was prepared in 55% yield. IR (neat): v(OH) 3610 
(br w), v ( C 4 )  1608 (w) cm-'. 'H NMR (400 MHz, CDCl,): 6 
0.93 (d, 3 H, J = 6.0 Hz, Me), 0.95 (d, 3 H, J = 6.0 Hz, Me), 1.76 
(m, 1 H, MezCH), 1.83 (e, 3 H, Me), 3.89 (dd, 1 H, J = 7.2, 6.8 
Hz, CH(OH)), 4.95 (8,2 H, H1 + H2), 5.63 (dd, 1 H, J = 15.7,7.2 
Hz, H4), 6.27 (d, 1 H, J = 15.7 Hz, Ha). 13C NMR (75.5 MHz, 
CDClJ): 6 8.4,17.6,18.2 (3 MeG), 33.4 (Me&H), 78.0 (CH(OH)), 
116.7,131.0,134.4,136.9 (W). Maes (12 eV): m/e  140 (M+). 
Anal. Calcd for C&IleO C, 77.08; H, 11.51. Found C, 76.94; 
H, 11.62. (vi) Compound 29 was prepared in 50% yield. IR (neat): 
v(OH) 3608 (br w), v ( C - C )  1610 (w) cm-'. 'H NMR (400 MHz,  
CDC13): 6 0.88 (s,9 H, 3 Me), 1.83 (e, 3 H, Me), 3.80 (d, 1 H, J 
= 7.0 Hz, CH(OH)), 4.96 (8, 2 H, H' + H2), 5.70 (dd, 1 H, J = 
15.6,7.0 Hz, H4), 6.28 (d, 1 H, J = 15.6 Hz, H'). 'SC NMR (75.5 
MHz,CDClJ: 6 18.3,25.4 (2 Me-C),29.4 (CMe),80.5 (CH(OH)), 
116.7,124.8,129.5,134.9 (C=C). Mass (12 eV): m/e 154 (M+). 
Anal. Calcd for C1,,H180 C, 71.43; H, 11.68. Found C, 71.66; 
H, 11.55. (v) Compound 30 was prepared in 45% yield. IR (neat): 
v(0H) 3610 (br w), v(C==C) 1608 (w) cm-'. 'H NMR (400 MHz, 
C m :  6 0.89 (d, 3 H, Me), 0.90 (d, 3 H, Me), 1.31 (m, 1 H, CHH'), 
1.53 (m, 1 H, CHH'), 1.83 (8, 3 H, Me), 4.22 (ddd, 1 H, J = 8.6, 
7.2,4.8 Hz, CH(OH)), 4.96 (a, 2 H, H' + w), 5.62 (dd, 1 H, J = 
15.6,7.2 Hz, H4),6.28 (d, 1 H, J = 15.6 Hz, H3). '9c NMR (75.5 
MHz, CDCl,): 6 18.3, 22.2, 22.8 (3 Me), 24.4 (Me2CH), 46.4 
(CHH'), 71.2 (CH(OH)), 116.8,133.0,133.3, 144.6 (04). Mass 
(12 eV): m/e  154 (M+). Anal. Calcd for ClJ-€leO C, 71.43; H, 
11.68. Found: C, 71.62; H, 10.94. (vi) Compound 31 was prepared 
in 22% yield. IR (neat): v(C0) 1710 (a), v ( M )  1608 (w) cm-'. 
'H NMR (400 MHz,  CDClJ: 6 1.03 (t, 3 H, J = 7.5 Hz, Me), 1.78 
(8, 3 H, Me), 2.37 (q,2 H, J = 7.1 Hz, CH'CHd, 2.41 (q, 2 H, J 

H, H1 + H2), 5.62 (dt, 1 H, J = 15.6, 7.1 Hz, H4), 6.28 (d, 1 H, 
J = 15.6 Hz, H3). Masa (12 eV): m/e 152 (M+). Anal. Calcd 
for cl&6O C, 78.89, H, 10.60. Found C, 78.76; H, 10.71. (vii) 
Compound 32 wm prepared in 18% yield. IR (neat): v(C0) 1710 
(a), v ( W )  1610 (w) cm-'. 'H NMR (400 MHz, CDCl,): 6 1.78 
(e, 3 H, Me), 2.13 (8, 3 H, COCH,), 2.34 (9, 2 H, J = 7.1 Hz, 

H2), 5.62 (dt, 1 H, J = 15.6, 7.1 Hz, H'), 6.28 (d, 1 H, J = 15.6 
Hz, H3). 'W NMR (75.5 MHz, CDClJ: 6 18.2 (Me), 26.5 (COCHJ, 

( (24 ) .  Mass (12 eV): m/e 138 (M+). Anal. Calcd for C&O 
C, 78.20; H, 10.22. Found C, 78.09; H, 10.34. 

Acknowledgment. We wish to thank the National 
Science Council of the Republic of China for financial 
support of this work. 
OM920133W 

= 7.5 Hz, COCHZ), 2.50 (t, 2 H, J = 7.1 Hz, CHZCO), 4.96 (8, 2 

CH'CHZ), 2.50 (t, 2 H, J = 7.1 Hz, CHZCO), 4.96 (8, 2 H, H' + 

42.9,43.1 (CH&HzCO), 115.1, 124.9, 128.7, 133.9 (C-C), 180.2 
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