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H), 7.40 (d, J = 12 Hz, 2 H), 7.10 (d, J = 12 Hz, 2 H); 13C NMR 
6 171.2,140.4, 123.1, 122.9; IR (KBr) 3210,16ld,1605, 1550,1480, 
1450, 1410, 1340, 1250, 1200 cm-'; MS, m / e  200 (83), 202 (82) 

= 4.2), 318 (infl), 328 (4.0), 366 (3.7), 385 (3.6) nm. 
4-Bromo-2-hydroxy-7-met hoxycyclohepta-2,4,6-trien- 1-one 

(20). The crude reaction mixture obtained from oxidation of diol 
10 was allowed to stir at ambient temperatures for 2 h before being 
worked up as described in the generalized procedure. Recrys- 
tallization (hexane/THF') of the crude solid thus obtained afforded 
tropolone 20 as yellow needles: mp 139-141 "C; 'H NMR 6 7.65 
(d, J = 1.8 Hz, 1 H), 7.40 (dd J = 11 and 1.8 Hz, 1 H), 6.85 (d, 
J = 11 Hz, 1 H), 3.95 (br s, 4 H, OCH, and OH); I3C NMR 6 170.6, 
159.9, 159.0, 128.8, 124.9, 121.9, 116.9, 56.6; IR (KBr) 3245, 1580, 
1550, 1460, 1340, 1240, 1195 cm-'; MS, m / e  230 (65), 232 (62) 

HRMS calcd m / e  for [MI'+ 229.9579, obsd 229.9559; UV (CHCl,) 
255 (log c = 4.83), 320 (infl), 332 (4.15), 372 (4.21), 382 (4.22). Anal. 
Calcd for C8H7Br03: C, 41.59; H, 3.05; Br, 35.48. Found C, 41.84; 
H, 3.20; Br, 34.60. 
2-Hydroxy-5a-cholest-l-en-3-one (21) and  3-Hydroxy-5a- 

cholest-3-en-2-one (22)b2 Preparative TLC (silica gel, 
CH2C12/Et20, 95:5) of the crude reaction mixture obtained from 
oxidation of diol 11 afforded a major chromophoric band (Rf  0.5), 
which on extraction (CH2Clz /E~0)  gave a white crystalline solid. 
I3C and lH NMR analyses of this solid show it to consist of a ca. 
2:l mixture of 21 and 22. The low-field region in the 13C NMR 
spectrum of this mixture was particularly diagnostic displaying 
two sets of three signals (6 195.9,146.2,121.1; 195.6, 145.8,127.2) 
due to the sp2 hybridized carbons of each isomer. Recrystallization 
(CH3C02H) afforded a ca. 9:l mixture of 21 and 22 as off-white 
needles: mp 126128 "C. 'H NMR 6 5.70 (m, 2 H, OH and vinylic 
H), 2.60-0.80 (complex m, 36 H), 0.80 (s, 3 H), 0.65 (s, 3 H); 13C 
NMR (signals due to major isomer) 6 195.9,146.2, 126.2,56.2,53.0, 
50.3, 45.5, 42.7, 42.1, 39.7, 39.5, 36.2, 35.7, 34.6, 31.8, 28.2, 28.0, 
27.2,24.1, 23.9,22.8, 22.6, 21.2,18.7,12.8,12.1 (one peak obscured); 
IR (KBr) 3425, 1662 cm-l; MS, m / e  400 (43) [[MI"], 43 (100); 
UV (hexane) 269 (log t = 3.45) nm. 

Generalized Procedure for the Oxidation of Diols 2,5,6, 
8, and 9 Using Oxalyl Chloride "Activated" Dimethyl Sul -  
foxide. Dimethyl sulfoxide (108 fiL, 2.54 mmol) was added to 
a stirred solution of oxalyl chloride (67 fiL, 0.78 mmol) in CH2C12 
(7 mL) maintained a t  ca. -60 "C (dry ice or liquid nitrogen/CHCl, 
bath). After 10 min, a solution of the appropriate diol (0.31 mmol) 
in CH2C12/dimethyl sulfoxide (1 mL of a 1:l mixture) was added 
to the reaction mixture. After 15 min, the reaction mixture was 
treated with Et3N (0.44 mL, 3.14 mmol) and allowed to warm to 
ca. 5 "C and then poured into aqueous 2 M HC1 (25 mL) and 
extracted with CHzClz (2 X 15 mL). The combined organic 

[[MI'+], 172 (79), 174 (75) [[M - CO]'+]; UV (CHClJ 247 (log c 

[MI"], 187 (401, 189 (39) [M - [CH,CO]+], 51 (100) [C,H,]+]; 

(42) Lack, R. E.; Ridley, A. B. J. Chem SOC. C 1968, 3017. 

extracts were washed with water (1 X 50 mL), dried (MgSOI), 
filtered, and concentrated under reduced pressure to give the crude 
oxidation mixture. 

Diones 13, 16 and 18 were purified by the methods detailed 
under the TFAA/dimethyl sulfoxide oxidation procedure and 
proved identical in all respects with the materials obtained 
previously. The tabulated yields for compounds 15 and 19 were 
estimated by TLC and/or lH NMR analysis of the crude oxidation 
mixture. 

Reaction of Trifluoroacetic Anhydride wi th  Triethyl- 
amine in the  Presence of Dimethyl Sulfoxide. Formation 
of 4-(Dimethylamino)-1,1,l-trifluorobut-3-en-2-one~z TFAA 
(0.23 mL, 1.63 mmol) was added in a dropwise fashion to a stirred 
solution of dimethyl sulfoxide (0.5 mL, 0.7 mmol) in CH2C12 (8 
mL) maintained at ca. -60 "C under an argon atmosphere. After 
10 min at this temperature, the resulting solution was treated with 
Et3N (0.3 mL, 2.15 mmol), and stirring was continued a t  -60 "C 
for 1.5 h before the cooling bath was removed. When the reaction 
mixture had warmed to ca. 5 "C, it was quenched with aqueous 
2 M HCl(20 mL) and extracted with CH2C12 (20 mL). The organic 
phase was dried (MgSOJ, filtered, and concentrated under re- 
duced pressure to give a colorless oil. Preparative TLC (alumina, 
CH2C12) of this material afforded a single major chromophoric 
band (Rf 0.55), which on extraction gave the title enamine (45 
mg, 33%) as a colorless oil: 'H NMR 6 7.75 (d, J = 12 Hz, 1 H), 
5.25 (d, J = 12 Hz, 1 H), 3.40 (4, J = 7 Hz, 2 H), 3.25 (4, J = 7 
Hz, 2 H), 1.25 (t, J = 7 Hz, 3 H), 1.20 (t, J = 7 Hz, 3 H); 13C NMR 

87.8, 51.2, 43.4, 14.6, 11.5; MS, m / e  195 (10) [[MI'+], 126 (100) 
[[M - -CF,]+]; UV (CH,OH) 311 (log t = 4.33) nm. 
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Bis(~5-cyclopentadienyl)zirconium(IV) complexes, Cp2ZrH2 (1) and Cp2Zr(O-i-Pr)2 (4), in the presence of an 
appropriate hydrogen acceptor such as benzaldehyde or cyclohexanone catalyze the Oppenauer-type oxidation 
of allylic alcohols to a,P-unsaturated carbonyl compounds. For instance, primary allylic terpenoid alcohols, geraniol 
and nerol, were oxidized to a- and @citrals, which are essential compounds in the perfumery industry, in substantial 
yields without any treatment. Similarly, secondary allylic alcohols such as 3-hexen-2-01 and 2-cyclohexen-1-01 
were also oxidized with ease to give 3-hexen-2-one and 2-cyclohexen-1-one in 93% and 89% yields, respectively. 
But the present OPP-type oxidation by zirconocene complexes is ineffective for propargylic alcohols. 

The conversion of allylic alcohols to the corresponding 
a,&unsaturated aldehydes or ketones plays an important 

role in synthetic organic chemistry. Although a variety of 
methods have been developed for this purpose, most of 
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F2 R2 H 
Hydrogen Cp,ZrH, (1) 

R' 4- Acceptor toluene reflux. 8h ' R' 

these necessitate the use of a stoichiometric or excess 
amount of heavy metal reagents (e.g., Jones reagent,' ac- 
tivated manganese oxide,2 nickel p e r ~ x i d e , ~  etc.) or ex- 
pensive oxidants (e.g., Me3SiOOSiMe3,4 etc.). However, 
the oxidation of allylic alcohols, especially primary ones, 
by such reagents frequently causes undesirable side reac- 
tions (i.e., formation of carboxylic acids,5  ester^,^^^ and 
stereoisomers'). In recent years, some convenient methods 
affected by ruthenium8 or palladiumg complexes have 
appeared, but the oxidation methods, which show high 
selectivity for a wide variety of allylic alcohols, are scarcely 
published. 

Previously, we have reported that  bis(q5-cyclo- 
pentadienyl)zirconium(IV) dihydride, Cp,ZrH, (l), cata- 
lyzes the hydrogen-transfer reaction from alcohols to 
carbonyl compounds;1° Meerwein-Ponndorf-Verley 
(MPV) type reduction of carbonyl compounds and Op- 
penauer (OPP) type oxidation of alcohols simultaneously 
proceed under the influence of catalytic amount" of 1. By 
the use of the above oxidation, primary alcoholic functions 
are preferentially converted to aldehydes even in the 
presence of secondary ones. Particularly, it is interesting 
to note that this method permits the chemoselective ox- 
idation of primary hydroxy functions of diols involving 
both the primary and secondary hydroxy functions to give 
hydroxy aldehydes,12 whose oxidations are difficult to 
accomplish by usual oxidation methods. 

In this paper, we extend the scope of zirconocene-cata- 
lyzed OPP-type oxidation by studying the oxidation of a 
wide variety of allylic alcohols to the corresponding a,@- 
unsaturated carbonyl compounds. 

Table I shows the results for the zirconocene-catalyzed 
oxidation of various primary allylic alcohols 2 (eq 1) to 

(1) (a) Mosher, W. A,; Preiss, D. M. J.  Am. Chem. SOC. 1953, 75, 5605. 
(b) Suga, T.; Kihara, K.; Matsuura, T. Bull. Chem. SOC. J p n .  1965, 38, 
893. (c) Collins, J. C. Tetrahedron Lett. 1968, 3363. (d) Harding, K. E.; 
May, L. M.; Dick, K. F. J .  Org. Chem. 1975, 40, 1664. (e) Cardillo, G.; 
Orena, M.; Sandri, S. Synthesis  1976, 394. 

(2) (a) Attenburrow, J.; Cameron, A. F. B.; Chapman, J. H.; Evans, R. 
M.; Jansen, A. B. A.; Walker, T. J .  Chem. SOC. 1952, 1094. (b) Ahmad, 
R.; Sondheimer, F.; Weedon, B. C. L.; Woods, R. J. J .  Chem. SOC. 1952, 
4089. (c) Menger, F. M.; Lee, C. Tetrahedron Lett. 1981, 22, 1655. 

(3) Clement, W. H.; Selwitz, C. M. J .  Org. Chem. 1964, 29, 241. 
( 4 )  Kanemoto, S.; Oshima, K.; Matsubara, S.; Takai, K.; Nozaki, H. 

(5) Sondheimer, F.; Amendolla, C.; Rosenkranz, G. J .  A m .  Chem. SOC. 

(6) Karrer, P.; Hess, W. Helu. Chim. Acta 1957, 40, 265. 
(7) Parikh, J. R.; Doering, W. E. J .  A m .  Chem. SOC. 1967, 89, 5505. 
(8) Mukaiyama, T.; Tsunoda, M.; Saigo, K. Chem. Lett. 1975, 691. 
(9) (a) Muller, P.; Godoy, J. Tetrahedron Lett. 1981, 22, 2361. (b) 

Tamaru, Y.; Yamada, Y.; Inoue, K.; Yamamoto, Y.; Yoshida, Z. J .  Org. 
Chem. 1983,48, 1286. 

(10) Ishii, Y.; Nakano, T.; Inada, A,; Kishigami, K.; Sakurai, K.; Oga- 
wa, M. J .  Org. Chem. 1986, 51,  240. 

(11) Conventional MPV reduction or OPP oxidation by using alumi- 
num alkoxide calls for the use of a stoichiometric or excess amount of 
reagent to complete the reaction. Furthermore, the resulting aluminum 
derivatives must be hydrolyzed with acid to generate the products.21 

(12) Nakano, T.; Terada, T.; Ishii, Y.; Ogawa, M. Synthesis 1986,774. 

Tetrahedron Lett. 1983, 24, 2185. 

1953, 75, 5930. 
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(1) 

R3 

3a: R' = H, R2 = H, R3 = H 
3b: R' = CH,, R2 = H, R3 = H 

3d: R' = CH,, R2 = CH,, R3 = H 
3e: ,R1 = (CH,),CH,, R2 = H, R3 = CH,CH, 
3 f  R' = (CH2),CH,, R2 = H, R3 = (CH,),CH, 

3h: R' = CH,, R2 = (CH2),CH=C(CHJ2, R3 = H 
3i: R' = C,H,, R2 = H, R3 = H 

3 ~ :  R' = (CHJZCH,, R2 = H, R3 = H 

3g: R' = (CH,),CH=C(CHJ,, R2 = CH,, R3 = H 

a,@-unsaturated aldehydes 3. 
The oxidation was successfully conducted by the use of 

a catalytic amount (0.02 equiv) of 1 in the presence of 
benzaldehyde as hydrogen acceptor in toluene. 

Aliphatic allylic alcohols, 2-propen-1-01 @a), trans-2- 
buten-1-01 (2b), and trans-2-hexen-1-01 (2c), were con- 
verted to propenal (3a), trans-2-butenal (3b), and trans- 
2-hexenal (3c), respectively, in good yields. Similarly, 
primary allylic alcohols 2d-f which involve alkyl substit- 
uents in their skeletons were also oxidized with ease to the 
corresponding a,@-unsaturated aldehydes 3d-f in 90-95% 
yields (runs 4-6). The oxidation of a simple terpenoid 
allylic alcohol, geraniol (2g), proceeded with retention of 
the stereochemistry to form a-citral (3g) almost quanti- 
tatively, but an alternative terpenoid allylic alcohol, nerol 
(2h) having cis configuration, was partly isomerized during 
the oxidation, giving an isomeric mixture of a- and @-citrals 
(3g and 3h) in a ratio of 13:87 at 95% conversion (run 8). 
When the same oxidation was carried out under refluxing 
benzene, NMR study showed that no isomerization of the 
double bond occurs to produce 3h in 77% yield (run 9). 
The oxidation of cinnamyl alcohol (2i) produced cinnam- 
aldehyde (3i) in theoretical yield (run 10). These oxida- 
tions were also catalyzed by bis(q5-cyclopentadienyl)zir- 
conium diisopropoxide, Cp,Zr(O-i-Pr), (4), in good yields 
(runs 1-7 in Table I), since the zirconocene-catalyzed ox- 
idations seem to proceed via alkoxy zirconium species. 
However, zirconium tetraisopropoxide, Zr(O-i-Pr)4 (5), was 
found to be insufficient as catalyst; the oxidation of 2g by 
5 took place with difficulty to give 3g in poor yield (21%). 

In these oxidations, the carbonyl compounds having an 
a-hydrogen such as acetone or cycloalkanones were inad- 
equate as hydrogen acceptors owing to the formation of 
aldol condensates between the resulting aldehydes 3 and 
the starting carbonyl compo~nds . '~  For instance, the 
oxidation of 2i in the presence of cyclohexanone in place 
of benzaldehyde which permits the selective oxidation to 
3i gave mainly cross-aldol condensate, 2,6-di- 
cinnamylidenecyclohexanone (68% ) (eq 2). 

Phm& ' 0 toluene ref lux, 8h 

1 
0 

> 

3i 

6 8 %  Yield 

All the secondary allylic alcohols 6 examined were ox- 
idized to the corresponding &unsaturated ketones 7 in 

(13) Nakano, T.; Irifune, S.; Umano, S.; Ishii, Y.; Ogawa, M. J .  Org. 
Chem. 1987,52, 2239. 
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Hydrogen 1 

I t o r  toluene reflux, 8h ' R1 
+ AcceF 

6: R' = H, R2 = H, R3 = CH, 
6b: R' = H, R2 = H, R3 = (CH,),CH, 
6 ~ :  R' = H, R2 = H, R3 = (CH,),CH, 
6d: R' = CH,, R2 = H, R3 = CH, 
6e: R' = CH,, R2 = CH,, R3 = CH, 
6 f  R' = H, R2,R3 = fCH2)3 
6g: R' = CH3, R2,R3 = -CH2C(CH3)2CH2- 
6h: R',R2,R3 = fCH2),-C(CH3)fCH2)3 
6i: R1 = C6H5, R2 = H, R3 = CH, 
6j: R' = 4, R2 = H, R3 = CH3 

7a: R1 = H, R2 = H, R3 = CH, 
7b: R' = H, R2 = H, R3 = (CH,),CH, 
7c: R' = H, R2 = H, R3 = (CH,),CH, 
7d: R' = CH,, R2 = H, R3 = CH, 
7e: R' = CH,, RZ = CH,, R3 = CH, 
7 f  R' = H, R2,R3 = fCH& 
7g: R' = CH3, R2,R3 = -CH2C(CH3)2CH2- 
7h: R',R2,R3 = fCH2),-C(CHJfCH2)3 
7i: R' = CsH5, R2 = H, R3 = CH, 
7j: R' = 4, R2 = H, R3 = CH, 

R 

d o  + P h A O d R  
1 

toluene reflux, 8h 
doli + Ph-CHO 

6a: R = CH3 
6b: R = (CHz)zCH3 
6 ~ :  R = (CHJ4CH3 

Table I. CpzZrHz (1) or CpzZr(O-i-Pr), (4) Catalyzed 
Oxidation of Various Primary Allylic Alcohols 2" 
r u n  ~ allylicalcohol product yield (%)b 

1 
2 
3 
4 
5 
6 
7 
8 
9C 

10 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 

2i 

3a 
3b 
3c 
3d 
3e 
3f 
3g 
3g + 3h 
3h 
3i 

75 (77) 
92 (91) 
93 (90) 
93 (93) 
90 (93) 
93 (94) 
95 (95) 
12 + 83 
77 
95 (95) 

"A mixture of 2 (20 mmol), benzaldehyde (40 mmol), and 1 (0.4 
mmol) was heated with stirring in refluxing toluene for 8 h. 
Isolated yields. Numbers in parentheses are the isolated yields 

when 4 (0.4 mmol) was used as catalyst. 'In refluxing benzene. 

satisfactory yields by selecting hydrogen acceptors (eq 3 
and Table 11). 

For instance, secondary allylic alcohols 6a-c which in- 
volve a terminal double bond in their molecules could be 
oxidized to the corresponding a$-unsaturated ketones 
7a-c in 80-8970 yields in the presence of cyclohexanone 
as hydrogen acceptor (runs 1,3,  and 4). Contrary to the 
oxidation of primary allylic alcohols where benzaldehyde 
acts as the suitable hydrogen acceptor, in the above oxi- 
dations benzaldehyde was less efficient because of for- 
mation of undesirable benzyloxy ketones 8a-c. Thus, 6a 
was allowed to react in the presence of benzaldehyde to 
form 7a (59%) and a considerable amount of 8a (33%) (eq 
4). The formation of 8a may be attributed to a subsequent 
Michael-type addition of the resulting benzyl alcohol to 
6a, since this type of addition takes easily place under 
acidic or basic condi t i~ns . '~  In fact, 7a was treated in 
benzyl alcohol under the influence of 1 to form 8a in 79% 
yield. 

Typical secondary allylic alcohols, trans-3-penten-2-01 
(6d) and trans-4-methyl-3-penten-2-01 (6e), were easily 
oxidized without formation of a Michael-type adduct even 
by the use of benzaldehyde, giving trans-3-penten-2-one 
(7d) and mesityl oxide (7e) in 87% and 85% yields, re- 

(14) Hosokawa, T.; Ohta, T.; Murahashi, S. J. Chem. SOC., Chem. 

(15) Carr, D. B.; Schwartz, J. J. Am.  Chem. SOC. 1979, 101, 3521. 
Commun. 1983, 848. 

(3) 

7a: R = CH3 8a: R = CH3 
7b: R = (CHz)zCH3 8b: R = (CH2)2CH3 
7 ~ :  R = (CHZ),CH, 8 ~ :  R = (CH2)4CH3 

Table 11. Cp2ZrH2 ( 1 )  or CpzZr(O-i-Pr)2 (4) Catalyzed 
Oxidation of Various Secondary Allylic Alcohols 6" 

run allylic alcohol 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

6a 

6b 
6c 
6d 
6e 
6f 

6h 
6i 

613 

6j 

hydrogen 
acceptorb 

B.P. 
B.A. 
B.P. 
B.P. 
B.A. 
B.A. 
B.A. 
B.A. 
B.A. 
B.A. 
B.A. 

product 
7a 

7b 
7c 
7d 
7e 
7f 
7g 
7h 
7i 
7j 

yield ( % I c  
80 (78) 
59 
82 (80) 
89 (91) 
87 (90) 
85 (86) 
89 (90) 
83 (81) 
83 
84 (83) 
90 (88) 

"A mixture of 6 (20 mmol), hydrogen acceptor (40 mmol), and 1 
(0.4 mmol) was heated with stirring in refluxing toluene for 8 h. 

Isolated yields. 
Numbers in parentheses are the isolated yields when 4 (0.4 mmol) 
was used as catalyst. 

B.A.= benzaldehyde, B.P.= benzophenone. 

spectively. Cyclic allylic alcohols, 2-cyclohexen-1-01 (6f) 
and isophorol (6g), were also converted to the corre- 
sponding cyclic enones (7f and 7g) in satibfactory yields 
(runs 7 and 8). Similarly, 10-methyl-A1(g)-octalin-2-ol (6h) 
having a steroidal framework was oxidized to 10-methyl- 
A1(g)-octalin-2-one (7h) (83%) (run 9). Furthermore, the 
oxidation of the a,p-unsaturated alcohols 6i and 6j sub- 
stituted with aromatic groups proceeded smoothly to give 
the expected enones (7i and 7j) in good yields (runs 10 and 
11). 

Although the potential of this method for propargylic 
alcohols (e.g., 2-propyn-1-01 and 1-hexyn-3-01) was exam- 
ined, no oxidation product was formed to give the starting 
alcohols almost quantitatively. Schwartz15 has reported 
that a zirconocene complex such as Cp,Zr(H)Cl reacts 
readily with alkynyl compounds to give alkenyl zirconium 
complexes. Therefore, it  is probable that the oxidation 
of the propargylic alcohols is prevented owing to the for- 
mation of stable zirconium species by complexation of 
Cp2ZrH2 with propargylic alcohols in the reaction system. 

In conclusion, the present oxidation possesses several 
advantages over the conventional methods: (i) the oxi- 
dation is completed with only catalytic amounts of 
Cp2ZrH2 or Cp,Zr(O-i-Pr), without the production of 
peroxidated or cleaved products by using strong ~ x i d a n t s ; ~ , ~  
(11) zirconocene complexes used here are easy to prepare 
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and handle  in  the air; (iii) n o  special t rea tment  is neces- 
s i ta ted t o  isolate p r o d u c t ~ ; ' , ~ J  and (iv) the oxidation pro- 
ceeds with retention of the stereochemistry (e.g., nerol was 
oxidized t o  p-citral in  73% yield without isomerization t o  
a-citral as shown in  Table I, run 9). Thus, the zirconoc- 
ene-catalyzed oxidation is a very useful synthetic tool for 
the selective oxidation of a wide variety of allylic alcohols 
t o  a,p-unsaturated carbonyl compounds. 

Experimental Section 
The melting points were determined on a Yanaco-MP52032 

apparatus and are corrected. The IR spectra were taken with 
a JASCO A202 spectrometer and the 'H and 13C NMR spectra 
were recorded on JEOL PMX-60 and Hitachi R-90H spectrom- 
eters with tetramethylsilane as an internal standard, respectively. 
The GLC analyses were performed on a Yanaco G-1800 instru- 
ment with a 3 m X 2.5 mm column packed with 5% Silicon OV-7 
on Chromosorb W. 

Compounds were commercial grade, and solvents were used 
after dehydration by conventional methods. 

Zirconium Complexes. Cp,ZrHz (1) and Cp,Zr(O-i-Pr), (4) 
were prepared by a procedure similar to those described by 
Wailes.'6 Zr(O-i-Pr), (5) was derived from the reaction of ZrC1, 
with an excess amount of Na(0-i-Pr). 

1: mp 304-30ij "C (lit.16 mp 305 "C); IR (KBr) 3100,1520,1300, 
1020,840 cm-'; lH NMR (Ca6/Me4Si) 6 6.58-6.39 (m, 10 H); 13C 
NMR (C$6/Me4Si) 108.2 (S) ppm. 

2: IR (KBr) 31oO,1015,840,770 cm-'; 'H NMR (C&,/Me4Si) 
6 6.22 (m, 10 H), 2.2-1.4 (m, 14 H); 13C NMR (C,jDs/Me,Si) 113.3 

5: IR (KBr) 3100, 2950,760 cm-l; 'H NMR (C&6/Me$i) 6 
(4, 66.6 (d), 25.3 (4) ppm. 

2.3-1.2 (m, 28 HI; 13C NMR (C6D6/Me4Si) 68.1 (d), 22.6 (q) ppm. 
Allylic Alcohols 2 a n d  6. Commercially available allylic 

alcohols 2a-d, and 6a-g,i were used directly without any treat- 
ment. The ofher allylic alcohols were prepared according to the 
general methods. trans-2-Ethyl-2-hexen-1-01 (2e) and trans-2- 
hexyl-2-decen-1-01 (2f) were prepared by hydrogenation with 
LiAlH, of the corresponding enones derived from aldol conden- 
sations of butanal and octanal, respectively. 4-(2-Furyl)-3-bu- 
ten-2-01 (6j) was prepared by hydrogenation of the enone derived 
from aldol condensation of furfural with acetone. 10-Methyl- 
A'(9)-octalin-2-ol (6h) was prepared by reduction of 10-methyl- 
A1(g)-octalin-2-one (7h) with NaBH, in ether. 

2e: MS, [M+] m/e 128; IR (NaC1) 3350, 3000, 2900, 1450, 
1400-1200, 1100-930, 890 cm-'; 'H NMR (Me4Si/CDC1,) 6 5.2 
(t, 1 H), 2.7-1.4 (m, 8 H), 2.2 (I), 1 H), 1.3 (t, 3 H), 1.1 (t, 3 H); 
13C NMR (Me,Si/CDCl,) 137.7 (s), 122.4 (d), 57.5 (t), 35.9 (t), 
27.7 (t), 22.1 (t), 17.2 (q), 13.7 (q) ppm. 

2f: MS, [M+] m/e 240; IR (NaCl) 3350, 3000, 2900, 1450, 
1400-1170,1120-920,880 cm-'; 'H NMR (Me,Si/CDCL,) 6 5.3 
(t, 1 H), 2.7-1.2 (m, 24 H), 2.5 (8 ,  1 H),  1.1 (t, 3 H), 1.0 (t, 3 H); 
13C NMR (Me4Si/CDC13) 139.1 (s), 122.2 (d), 55.1 (d), 38.0 (t), 
29.1 (t), 27.2 (t), 26.0 (t), 25.3 (t), 25.1 (t), 24.7 (t), 23.3 (t), 22.5 
(t), 21.9 (t), 20.8 (t), 14.3 (q), 13.9 (4) ppm. 

6 h  MS, [Mi] m/e 166; IR (NaCI) 3350,2950,2900,1470-1100, 
1020, 900, 860, 820 cm-'; 'H NMR (Me,Si/CDCl,) 5.5 (s, 1 H), 
2.5-1.7 (m, 13 H), 2.4 (s, 1 H), 1.1 (s, 3 H); 13C NMR (Me4Si/ 
CDC1,) 6 140.3 (s), 123.6 (d), 60.0 (d), 50.6 (s), 41.1 (t), 32.6 (t), 
30.3 It), 28.0 (t), 26.0 (t), 25.3 (t), 22.2 (q) ppm. 

6j: MS, [M+] m/e 138; IR (NaC1) 3350,3030,2850,2800,1480, 
1440, 1260, 1170-900, 770 cm-l; 'H NMR (Me4Si/CDC1,) 6 7.3 
(d, 1 H), 7.2 (d, 1 H), 6.9 (d, 1 H), 6.2 (d, 1 H), 5.6 (m, 1 H),  4.1 
(m, 1 H), 2.3 (s, 1 H), 2.0 (d, 3 H); 13C NMR (Me,Si/CDCl,) 149.7 
(s), 142.1 (d), 129.4 (d), 120.1 (d), 115.3 (d), 111.9 (d), 67.6 (d), 
22.3 (9) ppm. 

General Method for Oxidation of Allylic Alcohols 2 a n d  
6. Catalyzed by CpzZrHz (1) a n d  €p,Zr(O-i-Pr), (4). A 
mixture of 2 or 6 (20 mmol) and benzaldehyde (40 mmol) in dry 
toluene (30 mL) was allowed to react in the presence of a catalytic 
amount of 1 (0.4 mmol) or 4 (0.4 mmol) under a nitrogen stream 
at 110 O C .  After the reaction, the catalyst was removed by cen- 
trifugation or fdtration. The solutions were distilled under reduced 

Nakano e t  al. 

pressure and then the products were isolated by MPLC on silica 
gel (hexane/ethyl acetate = 2-1O:l eluent). Spectral data were 
compared with those of authentic samples and literature val- 
UeS;le,17-20 propenal (3a), trans-2-butenal(3b), cu-citral(3g), @-citral 
(3h), cinnamaldehyde (3i),l-buten-3-one (7a), I-hexen-3-one (7b), 
1-octen-3-one (7c), 4-methyl-3-penten-2-one (7d), 2-cyclohexen- 
1-one (7g), isophorone (7h), and 4-phenyl-3-buten-2-one (79. The 
analytical data of the new compounds are as follows. 
trans-2-Hexyl-2-decenal(3f): MS, [M'] m/e 238; IR (NaCl) 

2970, 2900,1760,1700,1640, 1470,1380,1260, 1180,1090,910, 
870, 750 cm-'; 'H NMR (Me,Si/CDCl,) 6 9.5 (d, 1 H), 6.2 (t, 1 
H), 2.9-1.5 (m, 22 H), 1.0 (t, 3 H), 0.9 (t, 3 HI; 13C NMR 
(Me4Si/CDC13) 193.5 (d), 153.5 (d), 142.8 (s), 44.4 (t), 31.7 (d), 
29.3 (t), 29.0 (t), 28.8 (t), 28.6 (t), 28.2 (t), 26.3 (t), 22.8 (t), 22.6 
(t), 20.7 (t), 13.9 (q), 13.7 (9) ppm. 

10-Methyl-A1~9~-octalin-2-one (7h): MS, [M'] m/e 164; IR 
(NaCl) 2950,2850, 1720,1660,1640, 1470-1100, 1020, 900, 860, 
820 cm-'; 'H NMR (Me,Si/CDCl,) 6 5.7 (s, 1 H), 2.2-1.7 (m, 12 
H), 1.1 (s, 3 H); 13C NMR (Me,Si/CDCl,) 199.1 (s), 159.5 (d), 125.6 
(s), 51.8 (s), 42.3 (t), 33.2 (t), 30.1 (t), 28.8 (t), 27.2 (t), 25.1 (t), 
24.0 (9) ppm. 
trans-4-(2-Furyl)-3-buten-2-one (7j): MS, [M'] m/e 136; 

IR (NaC1) 3050,2850,1700,1620,1450,1400,1350,1280-1100, 
1050-800 cm-'; 'H NMR (Me,Si/CDCl,) 6 7.4 (d, 1 H), 7.0 (d, 1 
H), 6.6 (d, 1 H), 6.5 (d, 1 H), 6.4-6.2 (m, 1 H), 2.3 (s, 3 H); 13C 
NMR (Me,Si/CDCIJ 197.5 (s), 150.7 (s), 144.9 (d), 129.3 (d), 124.2 
(d), 115.5 (d), 113.7 (d), 27.7 (9) ppm. 

Oxidation of Cinnamyl Alcohol (2i) with Cyclohexanone 
Catalyzed by Cp,ZrH, (1). A mixture of 2i (20 mmol) and 
cyclohexanone (40 mmol) in dry toluene (30 mL) was allowed to 
react in the presence of 1 (0.4 mmol) under a nitrogen stream at 
110 "C for 8 h. After removal of the catalyst by filtration, cin- 
"aldehyde (33 was isolated by distillation in vacuo. The residue 
was cooled overnight in a refrigerator, and then 2,6-di- 
cinnamylidenecyclohexanone was deposited as a bright brown 
crystalline solid in 68% yield. 
2,6-Dicinnamylidenecyclohexanone: MS, [M'] m/e  316; 

IR (KBr) 3050,2900,1690,1620-1600,1440,1250,1180 cm-'; 'H 
NMR (Me4Si/CDC13) 6 7.7-6.6 (m, 16 H), 3.3-2.2 (m, 6 H); 13C 
NMR (Me,Si/CDCl,) 188.7 (s), 152.6 (s), 144.3 (s), 132.9 (d), 123.3 
(d), 123.1 (d), 116.1 (d), 115.8 (d), 112.1 (d), 27.9 (t), 21.6 (t) ppm. 

Oxidation of 1-Buten-3-01 (sa) with Benzaldehyde Cata- 
lyzed by Cp,ZrH, (1). A mixture of 6a (20 mmol) and benz- 
aldehyde (40 mmol) in dry toluene (30 mL) was allowed to react 
in the presence of 1 (0.4 mmol) under a nitrogen stream a t  110 
OC for 8 h. After the reaction, the catalyst was removed by 
filtration. 1-Buten-3-one (7a) was isolated by distillation under 
reduced pressure and then 4-(benzyoxy)-2-butanone (8a) was 
separated from the residue by MPLC on silica gel (hexane/ethyl 
acetate = 10:1 eluent) in 59% yield. 

8a: MS, [M+] m/e 178; IR (KBr) 2900,1720,1360, 1110,920, 
770, 680 cm-'; 'H NMR (Me4Si/CDC13) 6 7.7-7.2 (m, 5 H), 2.7 
(s, 2 H), 2.4 (t, 2 H), 1.5 (t, 2 H), 1.4 (s, 3 HI; I3C NMR 
(Me4Si/CDC13) 209.6 (s), 127.1 (s), 124.5 (d), 123.7 (d), 121.1 (d), 
72.4 (t), 66.2 (t), 32.9 (t), 21.3 (9) ppm. 

Oxidation of Geraniol (2g) Catalyzed by Zr(O-i-Pr)4 (5). 
A mixture of 2g (20 mmol) and benzaldehyde (40 mmol) in dry 
toluene (30 mL) was allowed to react in the presence of 5 (0.4 
mmol) under a nitrogen stream at 110 "C for 8 h. After the 
reaction, the catalyst was removed by filtration. a-Citral (3g) was 
isolated and purified by a similar manner as above. 
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Various organic tellurides react with carbon monoxide (1 atm) at room temperature in methanol in the presence 
of PdClz and Et3N to afford the corresponding methyl carboxylates in good to excellent yields. The reaction 
is catalytic in PdClz when a suitable reoxidant such as CuCl,, CuC1/02, FeC13, or Ce(NH4)2(N03)6 is present. 
The combination of this carbonylation with phenyltellurenylation of arylacetylenes and propargylic alcohols makes 
it possible to prepare ring-substituted cis-methyl cinnamates and A',@-butenolides, respectively. Both monomeric 
and dimeric palladium complexes, (Ph2Te),PdC1, and [(Ph,Te)PdCl,],, react readily with CO to give a high yield 
of methyl benzoate. The key step of the present carbonylation is proposed to be the migration of an organic 
moiety from Te to Pd (transmetalation) in organic telluride-PdC1, complexes, presumably formed in situ, to  
afford organopalladium compounds. 

We previously reported that some organotellurium (I1 
or IV) compounds reacted with carbon monoxide (CO) in 
various organic solvents to give the corresponding car- 
boxylic acids in moderate to quantitative yields in the 
presence of PdCl,, PdC12/LiC1, or Pd(OAc)2.1~2 This was 
a characteristic reaction of tellurium among the group 16 
elements, since the corresponding organosulfur and -sel- 
enium compounds scarcely afforded the carbonylation 
products under similar conditions. In this carbonylation, 
however, there were several disadvantages as follows: (1) 
a stoichiometric amount of Pd(I1) salt was necessary; (2) 
after the reaction, an  alkaline hydrolysis was needed to 
obtain the expected acid, and a generally known meth- 
oxycarbonylation giving directly its methyl ester occurred 
only partly even in methanol as the solvent; (3) the kind 
of organotellurium substrates that can be carbonylated was 
limited. We attempted to improve this reaction and 
eventually found that methoxycarbonylation occurs readily 
for a wide range of organic tellurides under 1 atm CO in 
methanol when triethylamine was added as a base to the 
reaction system and the reaction is catalytic in PdC12 in 
the presence of a suitable reoxidant. We could prepare 
cis-cinnamates and butenolides from the appropriate 
acetylenes by the following transformation, and the me- 
thod may be of interest since the formal addition of 
PhTeH to acetylenes is facile and highly regio- and ste- 
reo~elective.~ The details of the results are herein re- 
ported. 
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Table I. Carbonylation of Organotellurium Compounds" 

additiveb Pd(II)/ product, % yield' 

la A 2a, 96 3, 30 
Te compound 

la 
l a  
la  
lb 
IC 
Id 
If 
If 

(4-MeOC6H,)2Te 
(4-MeOC6H4)2TeC12 

1g 
5a 
5b 
5c 
5d 
5e 

B 
C 
D 
A 
A 
A 
A 
E 
A 
A 
E 
A 
A 
A 
A 
A 

2a; 4 4 d  
2a, 28O 
2a, 48 
2b, 71 
2c, 72 
2d, 67 

3, 92 
3, 96 
2,f 99 
2,f 18 

2g, 229 
6a, 22h 
6b, 51h 
612, 43h 
6d, 0 
6e, t r  

3, 6d 
3, 4' 
3, 24 
3, 24 
3, 32 
3, 17 

3, 98g 
3'; 8 
3', 3 
3', 21 
3', 25 
3', 24 

"Carried out with organotellurium compound (1 mmol) and 1 
atm CO in MeOH (10 mL) at 25 "C for 5 h to obtain 2 or in CH2- 
C1, (10 mL) at 5-10 "C for 20 h to obtain 6. "Key: A, PdCl, (1 
mmol)/Et3N (2 mmol); B, PdCl, (1 mmol)/NaOAc (2 mmol); C, 
PdCl, (1 mmol); D, Pd(OAc)* (1 mmol)/Et3N (2 mmol); E, PdCl, 
(2 mmol)/Et3N (4 mmol). 'GLC yield based on Pd(I1) salt. 
dother  products: cinnamic acid (46%, Z / E  = 97/31 and benzoic 
acid (11%). 'Other products: cinnamic acid (44%, Z / E  = 100/0) 
and benzoic acid (8%). f R  = 4-MeOC6H,. gThe yield is based on 
1; other product, 1-dodecene (37%). hIsolated yield based on Pd- 
(11) salt. i3' = PhC0,H. 

Results and Discussion 
On treatment of (2)-styryl phenyl telluride (la) with 

atmospheric pressure of CO and a stoichiometric amount 
of PdCl2 in methanol in the presence of triethylamine a t  
25 "C for 5 h, (Z)-methyl cinnamate (2a) and methyl 
benzoate (3) were obtained in 96% and 30% yields, re- 
spectively (eq 1). When sodium acetate was used as a base 
in place of triethylamine, about half of the products was 
obtained in acid form (cis-cinnamic acid and benzoic acid). 
In the absence of base the product yield was slightly lower, 
and the product was mainly obtained as the acid form. 
The reaction using P ~ ( O A C ) ~  and triethylamine gave 
products completely as methyl esters, but their yields were 
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