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Abstract 

Palladium acetate immobilized on montmorillonite is an effective catalyst for the carbonylation of secondary allylic 
alcohols with carbon monoxide, in the presence of triphenylphosphine and an acid promoter, affording P,y-unsaturated acids 
in 39-56% isolated yields. The reaction is regio- and stereospecific. 
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1. Introduction 

The carbonylation of allylic alcohols is of 
significant academic and industrial interest as a 
method to produce unsaturated acids. It is also 
of considerable potential for the manufacture of 
fatty acids, fragrance materials, and polymers 
[1,21. 

Few publications have appeared on the con- 
version of allylic alcohols to form unsaturated 
acids in spite of the ready availability of starting 
materials, as the reaction requires a high pres- 
sure of carbon monoxide. In most cases, homo- 
geneous catalysts are used [3-91, and lactones 
[ 10,111, unsaturated esters [7] or acids [ 12-141 
are formed in these reactions. The carbonylation 
of ally1 alcohol in the presence of acetic acid 
affords 3-butenoic acid [ 151. The reaction oc- 
curs without isomerization of the carbon-carbon 
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double bond. However, carbonylation does take 
place with concurrent double bond migration 
using l/2 PdCl,/PPh, at very high pressures 
(237 atm) [8]. 

In order to make the catalyst recovery more 
facile, clays such as montmorillonite have re- 
cently been used as supports for catalytic reac- 
tions [16-221. We wish to report that montmo- 
rillonite-bipyridinylpalladium(I1) acetate (Pd- 
clay), is a useful catalyst for the direct carbony- 
lation of allylic alcohols to (3,y-unsaturated 
acids. 

2. Results and discussion 

Treatment of an allylic alcohol (1) with car- 
bon monoxide (600 to 800 psi) in benzene in 
the presence of a catalytic amount of Pd-clay 
(250: 1 ratio of l/Pd-clay), HCl and triph- 
enylphosphine, at 12% 180°C for 48 to 72 h, 
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Table 1 
Pd-clay catalyzed carbonylation of a-vinylbenzyl alcohol a 

Entry CO PPh 3 /Pd c-HCl Yield 
(psi) (ml) (o/o) b 

1 600 125 5 0.05 30 
2 600 125 5 0.3 50 
3 600 180 5 0.3 53 
4 800 180 5 0.3 53 
5’ 600 180 16 0.3 50 
6 800 180 5 - NR* 

a Reaction conditions: Pd-clay 30 mg (0.006 mequiv.); cx-vinyl- 
benzyl alcohol (1.5 mmol); benzene (10 ml); reaction time 72 h. 
b Isolated yield. 
’ Pd-clay 30 mg (0.006 mequiv.), Ru&CO),, (0.014 rmnol); 
PPh, (0.1 mmol); a-vinylbenzyl alcohol (2 mmol); benzene (10 
ml), reaction time, 48 h. 
* NR = no reaction. 

affords the corresponding B,y-unsaturated acid 
(2) in 39-56% isolated yield (Eq. 1). 

3 

/ 4 $ + co 
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(1) 
The effect of various reaction conditions on 

the carbonylation reaction was examined in the 
case of a-vinylbenzyl alcohol 1 (R’ = Ph, R2 = 
R3 = H) and the results are summarized in Table 
1. 

After 72 h, the reaction was complete and 
gave the unsaturated acid 2, R’ = Ph, R2 = R3 
= H. Only a small amount of lactone 3 (less 
than 10% yield), and the ester 4 (20% yield) are 
formed as secondary products (Eq. 2). 
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Ph 
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The presence of an acid promoter is essential 
for significant catalytic activity. When the 
amount of HCl is too low (0.05 ml), the reaction 

proceeds very slowly (Table 1). Only 30% of 
acid was isolated after 72 h. Montmorillonite 
has both Bronsted and Lewis acidic sites corre- 
sponding to a Hammett acidity function (H,) 
value of + 1.5 to - 3.0 [16](a). This low cat- 
alytic activity can be explained by the reduction 
of the Bronsted acidity during the preparation of 
the catalyst by treatment with SOCl, [16](b). 
Note that the yields rise slightly with increasing 
reaction temperature (125 to 180°C) at a given 
concentration of HCl. 

It has been previously shown that the combi- 
nation of Ru,(CO),, with palladium-clay can 
enhance the reactivity, increasing the surface 
acidity of the clay [17]. In the case of a-vinyl- 
benzyl alcohol, after 48 h of reaction, in the 
presence of Pd-clay and Ru,(CO),,, the iso- 
lated yield of acid is 50% but the reaction is less 
selective, with other unidentified products 
formed as well. The best results were realized 
(53% isolated yield of 3) when o-vinylbenzyl 
alcohol was reacted at 180°C 800 psi of carbon 
monoxide and 0.3 ml of concentrated hydro- 
chloric acid. 

A series of allylic alcohols were carbonylated 
under the conditions described above, and the 
results are presented in Table 2. 

The By-unsaturated acids were isolated in 
39-56% yield from secondary allylic alcohols, 

Table 2 
Pd-clay catalyzed carbonylation of allylic alcohols a 

1 Entry Yield of 2 b (%) 

R’, R’, R3 

Ph. H, H a 53 
Ph, H, CH, b 56 
CGH,,, H, H C 51 
C,H,, H, H d 48 
C,H,, H, H e 46 
CH,, H, H f 39 
CH,, CH,, H g 25 ’ 
Ph, CH,, H h 

a Reaction conditions: Pd-clay 30 mg (0.006 mequiv.); substrate 
(1.5 mmol); PPh, (0.1 mmol), c-HCl (0.3 ml), benzene (10 ml); 
reaction time, 72 h. 
b Isolated yield. 
’ The corresponding lactone was formed in this case. 
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and the reaction is regio- and stereospecific, 
with the Z-isomer formed as the only product 
for all cases of 2 in which geometric isomers 
exist. No isomer& a&unsaturated acid was 
formed in these reactions. Only a small amount 
of lactone was observed as a secondary product 
in some of these reactions. 

Under the same conditions, benzylic tertiary 
allylic alcohols such as 2-phenyl-3-buten-2-01 
(entry h), 2-phenyl-3-methyl-3-buten-2-ol(1, R’ 
= Ph, R2 = H, R3 = CH,) or a-vinyldibenzyl 
alcohol (1, R’ = Ph, R2 = Ph, R3 = H) afforded 
only uncharacterized non-carbonylated materi- 
als, and other decomposition products. How- 
ever, 2-methyl-3-buten-2-01 (entry g) can be 
carbonylated and affords only the corresponding 
lactone in 25% isolated yield. 

To our knowledge, this reaction is the first, 
direct, efficient carbonylation of allylic alcohols 
to P,y-unsaturated acids, using a palladium-clay 
catalyst. Moreover, the formation of black palla- 
dium is minimal using Pd-clay. In contrast, 
using homogeneous Pd(OAc), as the catalyst 
resulted in decomposition of the catalyst afford- 
ing large quantities of black palladium, and the 
&y-unsaturated acid is formed in much lower 
yield relative to that realized using the palla- 
dium-montmorillonite system (eg. 2, R’ = Ph, 
R2 = R3 = H was obtained in 53% using Pd- 
clay, and in 25% yield using Pd(OAc),). In 

+HCl e 

addition, the amount of Pd in solution after one 
run was 22 ppm (determined by atomic absorp- 
tion spectroscopy). Furthermore, the Pd-clay 
was reused four times without significant leach- 
ing, for the carbonylation of 1. R’ = Ph, R2 = R3 
= H. 

A possible mechanism for the conversion of 
allylic alcohols to P,y-unsaturated acids is out- 
lined in Scheme 1. It is conceivable that the 
allylic alcohol reacts with HCl to give the corre- 
sponding chloride, which initiates the catalytic 
cycle. This kind of reaction is easy particularly 
at high temperatures [23]. Oxidative addition of 
the chloride compound to a palladium(O) species 
(probably formed by reduction) [21] can result 
in the formation of a T-allylpalladium chloride 
complex. Such synthesis of allylpalladium com- 
plexes from the reaction of allylic chlorides 
have been reported in the literature [24]. Inser- 
tion of carbon monoxide into the Pd-C bond 
generates an acylpalladium intermediate. Hydro- 
lysis of the latter will give the P,y-unsaturated 
acid and regenerate the palladium(O) species. 

Evidence for the participation of an allylic 
chloride in the reaction pathway was obtained 
using 3-chloro- 1 -butene (allylic chloride com- 
pound equivalent to entry f) under identical 
conditions to those for the allylic alcohol with 
and without HCl. The same P,y-unsaturated 
acid 2, R’ = CH,, R2 = R3 = H was obtained in 

clay-Pd(OAcX 

If 
PPh, 
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R’ 

clay-Pd(0) 
+H& - 
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Scheme 1. 
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45% and 30% isolated yield, respectively (com- 
pared with 39% using the alcohol and HCl). 
Clearly, the increase in yield using HCl indi- 
cates that, in addition to the conversion of alco- 
hol to chloride, hydrochloric acid plays a role in 
the catalytic cycle leading to the acid. 

It is important to note that even if the reac- 
tion proceeds via an allylic chloride intermedi- 
ate, no base is needed to produce the P,y-un- 
saturated acid with complete stereospecificity. 
Most of the examples presented in the literature 
require strong bases or alkoxides [7](b), [25]. 

Tertiary allylic alcohols are readily trans- 
formed into tertiary chlorides by the use of 
hydrochloric acid even at room temperature [23]. 
The lack of carbonylation of these compounds 
may be due to the fact that the rr-allylpalladium 
complex is not generated because of the absence 
of allylic hydrogen atoms. 

3. Conclusion 

Palladium acetate immobilized on montmoril- 
lonite is an effective catalyst for direct carbony- 
lation of secondary allylic alcohols in the pres- 
ence of triphenylphosphine, carbon monoxide 
and hydrochloric acid to give P,y-unsaturated 
acids in reasonable yields. 

4. Experimental section 

4. I. General 

The palladium-clay was prepared according 
to a literature method [16](b), [18] and charac- 
terized by elemental analysis and X-ray diffrac- 
tion. 

All solvents were dried and distilled prior to 
use. The following spectrometers were used to 
obtain spectral data: Gemini 200 and Varian XL 
300 for NMR; VG 7070E for mass spectral; 
Bomem MB loo-Cl5 for infrared data. 

4.2. Synthesis of allylic alcohols 

Most of the allylic alcohols used were pre- 
pared by Grignard reaction using vinylmagne- 
sium bromide and either benzaldehyde (entry a), 
acetophenone (entry h), or cyclohexancarbox- 
aldehyde (entry c) in THF at 0°C. After hydrol- 
ysis and extraction with ether, the allylic alco- 
hol was obtained and purified by column chro- 
matography (eluant hexane/ethyl acetate 95/5). 
Except for one new allylic alcohol, all of the 
known alcohols were identified by comparison 
of spectral data with literature results. 

4.2. I. CH, = CHCH(OH)C, HI, (a) 
(a) ‘H NMR: (CDCl,) 6 0.89-1.80 (m, llH), 

1.87 (s, lH), 3.81 (t, lH, J,_,=6 Hz), 5.11- 
5.25 (m, 2H) ppm. 13C NMR: (CDCl,) 6 25.6, 
25.9, 28.3, 28.6, 43.3, 77.6, 115.2, 139.7 ppm. 
HRMS Calcd: 140.1197, Found: 140.1220. 

4.3. General procedure 

A 45 ml stainless steel autoclave (Parr instru- 
ments) was used as a batch reactor. In a typical 
run, 30 mg of Pd-clay (0.006 mol Pd), 8.6 mg 
of PPh, (0.03 mmol), 1.5 mm01 of olefin, 10 ml 
of benzene and 0.3 ml of concentrated HCl 
were charged into the reactor. The autoclave 
was purged three times with CO, and pressur- 
ized to the desired level. The reactor was then 
placed in an oil bath maintained at constant 
temperature. After the reaction, the autoclave 
was cooled to room temperature, the reaction 
mixture was filtered, and the solvent was re- 
moved by rotary evaporation. Each experiment 
was repeated twice. Purification was effected by 
one of two methods, either directly by HPLC 
(to recuperate the lactone and the ester when 
those were formed), or the crude material was 
diluted with ether (20 ml), extracted with 0.5 N 
NaOH (3 x 15 ml), and the combined organic 
phase was washed with water (3 X 20 ml), dried 
(MgSO,), filtered, and concentrated to give the 
product. Further purification, if necessary, was 
effected by HPLC (column JAIGEL 2H). Pure 
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acids were characterized by comparison of NMR 
(iH, 13C), IR and high resolution mass spectral 
data with literature results, except for the fol- 
lowing acid which is new. 

4.3.1. C,H,,CH=CHCH,COOH (2~) 
‘H NMR: (CDCl,) 6 0.96-2.01 (m, llH), 

3.05 (d, 2H), 5.4-5.5 (m, 2H) ppm. 13C NMR: 
(CDCl,) 6 25.9, 26.1, 32.7, 32.8, 37.9, 40.6, 
118.3, 141.2, 178.7 ppm. IR (neat) v(C0) = 
1709 cm-‘. HRMS Calcd: 168.1216, Found: 
168.1163. 

Acknowledgements 

We thank the Natural Sciences and Engineer- 
ing Research Council of Canada for support of 
this research. 

References 

[I] L. Cassar, G.P. Chiusoli and F. Guerrieri, Synthesis, (1973) 
509. 

[2] J.M. Cassel, S.M. Hoagland, and J.M. Renga, PCT Int. 
Appl., (1992) WO 9206.063. 

[3] Y.T. Eidus, A.L. Lapidus, K.V. Puzitskii, and B.K. Nefedov, 
Russ. Chem. Rev., 42 (1973) 199. 

[4] J.F. Knifton, J. Organomet. Chem., 188 (1980) 223. 
[S] ((aI I. Amer and H. Alper, J. Mol. Catal., 54 (1989) L33. (b) 

I. Amer and H. Alper, Eur. Pat. Appl., E.P. 338.730 (1989). 

[6] P. Denis, J. Jenck, and R. Perron, Eur. Pat. Appl., E.P. 
395.546 (1990). 

[7] (a) J. Tsuji, J. Kiji, S. Imamura and M. Morikawa, J. Am. 
Chem. Sot., 86 (1964) 4350. (b) K. Itoh, N. Hamaguchi, M. 
Miura and M. Nomura, J. Mol. Catal., 75 (1992) 117. 

[8] W. Himmele, W. Hoffmann and F. Korte, Chem. Ber., 98 
(19651 886. 

[9] (a) W. Himmele, W. Hoffmann and L. Janitschke, Ger. 
Offen., DE 3.345.375 (19851. (b) W. Himmele, W. Hoff- 
mann and L. Janitschke, US Pat. 4.585.594 (1988). 

[lo] B. El Ali and H. Alper, J. Org. Chem., 56 (1991) 5357. 
[l l] H. Alper and N. Hamel, J. Chem. Sot., Chem. Commun., 

(19901 135. 
[12] A. Yamamoto, Bull. Chem. Sot. Jpn., 68 (1995) 433. 
1131 J. Tsuji, K. Sato and H. Okumoto, J. Org. Chem., 49 (1984) 

1341. 
[14] T.-A. Mitsudo, N. Suzuki, T. Kondo and Y. Watanabe, J. 

Org. Chem., 59 (1994) 7759. 
[15] V.P. Kurkov, US Pat. 4.189.608, (1980). 
[16] (a) P. Laszlo, Ed. in Preparative Chemistry using Supported 

Reagents. Academic Press, San Diego, CA, 1987, p. 437-458. 
(bl B.M. Choudary and P. Bharathi, J. Chem. Sot., Chem. 
Commun., (1987) 1505. 

[17] V.L.K. Valli and H. Alper, J. Am. Chem. Sot., 115 (1993) 
3778. 

[18] V.L.K. Valli and H. Alper, Organometallics, 14 (1995) 80. 
1191 B.M. Choudary, S.S. Rani and N. Narender, Catal. Lett., 19 

(1993) 299. 
[20] A. Comelis and P. Laszlo, Synlett, (1994) 155. 
[21] C.W. Lee and H. Alper, J. Org. Chem., 60 (1995) 250. 
[22] V.L.K. Valli and H. Alper, Chem. Mater., 7 (1995) 359. 
1231 CA. Buehler and D.E. Pearson, Survey of Organic Synthe- 

sis, Wiley, New York, 1970 p.330. 
1241 P.M. Maitlis, P. Espinet and M.J.H. Russell, in G. Wilkinson 

(Ed.), Comprehensive Organometallic Chemistry, Vol. 6, 
Pergamon Press, 1982, p. 402. 

1251 T. Okano, N. Okabe and J. Kiji, Bull. Chem. Sot. Jpn., 65 
(1992) 2589. 


