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Allyl acetate and allyl aryl ether react with Pd(PCy3), (1) at room temperature to afford Pd(q3- 
C3Ha)(OY)(PCy3) (Y = acetyl (3), p-cyanophenyl (8)) and [Cy3PCH=CHCH3][OY]. The reaction of 1 
with CH2=CHCD20Ac at room temperature leads to the formation of a 1:l mixture of cis- and trans- 
Pd(q3-CHzCHCD2)(OAc)(PCy3) accompanied by a 1,3-shift of CH2=CHCD20Ac. Reactions of allyl phenyl 
sulfide and allyl phenyl selenide with 1 and Pd(P-t-Bu3), (2) afford dinuclear Pd2(fi-C3H,)(fi-ZPh)L2 (Z 
= S, Se) complexes. Reactions of allyl alcohol and 1-methylallyl alcohol with 1 yield Pd(dially1 ether)(PCy3) 
and Pd(meso-bis(methylally1) ether)(PCy3), respectively, and mixtures of diallylic ethers. Reactions of 
crotyl alcohol and 2-methylallyl alcohol with 1 by dismutation give the corresponding aldehyde and alkene; 
in the case of crotyl alcohol, Pd(crotonaldehyde)(PCy3), has been isolated. The reaction of 1 with N- 
allyltriethylamine bromide affords Pd(q3-C3Hs)(Br)(PCy3), whereas the reaction with N-allylaniline affords 
Pd(N-allylaniliie) (PCy,),. These Pd complexes are not ionic in solutions. Variable-temperature 'H NMR 
spectra of 3 show fluxional properties of the q3-allyl ligand at room temperature, whereas 8 was found to 
be rigid. Complexes 3 and 8 react with nucleophiles to afford the corresponding allylated products. 
Complexes 3and 8 have the propensity to form binuclear Pd2(p-C3H5)(pOY)(PCy3)2 complexes in reactions 
with nucleophiles, PCy3, and 1 and in their thermolysis reactions. 

Oxidative addition of allylic compounds1 having allylic 
halogen>2 oxygen? chalcogen (S, Se): and nitrogen5 bonds 
with Pd(0) complexes is utilized in various types of ho- 

(1) Review articles: (a) Trost, B. M. Tetrahedron 1977,33,2615-2649. 
(b) Trost, B. M.; Verhoeven, T. R. Comprehensioe Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: 
New York, 1982; Vol. 8, pp 800-938. (c) Collman, J. P.; Hegedus, L. S. 
Principles and Applications of Organotransition Metal Chemistry: 
University Science Books: Mill Valley, CA, 1980. (d) Maitlis, P. M. The 
Organic Chemistry of Palladium; Academic Press: New York, 1971; Vol. 
1, pp 175-252. 

(2) (a) Fiacher, E. 0.; Buerger, G. 2. Naturforsch. E Struct. Crys- 
tallogr. Cryst. Chem. 1961, B16,702-703. (b) Fitton, P.; Johnson, M. P.; 
McKeon, J. E. J .  Chem. SOC., Chem. Commun. 1968,6-7. (c) Powell, J.; 
Shaw, B. L. J.  Chem. SOC. A 1968, 774-777. 

(3) (a) Tsuda, T.; Chujo, Y.; Nishi, S.; Tawara, K.; Saegusa, T. J.  Am. 
Chem. SOC. 1980,102,6381-6384. (b) Bickvall, J.-E.; Nordberg, R. E.; 
Bjorkman, E. E.; Moberg, C. J .  Chem. SOC., Chem. Commun. 1980, 
943-944. (c) Tsuji, J.; Yamakawa, T.; Kaito, M.; Mandai, T. Tetrahedron 
Lett. 1978, 2075-2078. (d) Trost, B. M.; Keinan, E. J .  Am. Chem. SOC. 
1978,100, 7779-7781. (e) Tsuji, J.; Kiji, J.; Iwamura, S.; Morikawa, M. 
J.  Am. Chem. SOC. 1964, 86, 4350-4353. (f) Onoue, H.; Moritani, I.; 
Murahaahi, S. Tetrahedron Lett. 1973,121. (g) Takahashi, K.; Miyake, 
A.; Hata, G. Bull. Chem. SOC. Jpn. 1972,45,230-236. (h) Atkins, K. E.; 
Walker, W. E.; Manyik, R. M. Tetrahedron Lett. 1970, 3821-3824. (i) 
Fiaud, J. C.; DeGournay, H.; Larcheveque, M.; Kagan, H. B. J. Organo- 
met. Chem. 1978,154,175-186. (j) Hayashi, T.; Kanehira, K.; Tsuchiya, 
H.; Kumada, M. J .  Chem. SOC., Chem. Commun. 1982,1162-1164. (k) 
Stanton, S. A.; Felman, S. W.; Parkhurst, C. S.; Godleski, S. A. J .  Am. 
Chem. SOC. 1983,105, 1964-1969. (1) Tsuji, J.; Minami, I.; Shimizu, T. 
Tetrahedron Lett. 1984,25,2791-2793. (m) Hey, H.; Arpa, H. J. Angew. 
Chem., Znt. Ed. Engl. 1973, 12, 928-929. (n) Urata, H.; Suzuki, H.; 
Moro-oka, Y.; Ikawa, T. Bull. Chem. SOC. Jpn. 1984,57, 607-608. (0) 
Auburn, P. A.; Mackenzie, P. B.; Ekmnich, B. J .  Am. Chem. SOC. 1985,107, 
2033-2046. (p) Mackenzie, P. B.; Whelan, J.; Bosnich, B. J .  Am. Chem. 
SOC. 1985,107,2046-2054. (4) Farrar, D. H.; Payne, N. C. J.  Am. Chem. 
SOC. 1986, 107, 2054-2058. (r) Hayashi, T.; Hagihara, T.; Koniahi, M.; 
Kumada, M. J.  Am. Chem. SOC. 1983,105,7767-7768. (8) Biickvall, J.-E.; 
Nordberg, R. E. J .  Am. Chem. SOC. 1981, 103, 4959-4960. (t) Tsuji, J.; 
Yamakawa, T. Tetrahedron Lett. 1979, 613-616. (u) Biickvall, J. E.; 
Nordberg, R. E.; Vagberg, J. Tetrahedron Lett. 1983,24,411-412. 

(4) (a) Okamura, H.; Takei, H. Tetrahedron Lett. 1979,3425-3428. (b) 
Hutchins, R. 0.; Learn, K. J .  Org. Chem. 1982,47,43&&4382. (c) Kotake, 
H.; Yamamoto, T.; Kinoshita, H. Chem. Lett. 1982, 1331-1334. (d) 
Mohri, M.; Kinoshita, H.; Inomata, K.; Kotake, H. Chem. Lett. 1985, 
451-454. 

(5) (a) Ono, N.; Hamamoto, I.; Kaji, A. J. Chem. SOC., Chem. Commun. 
1982, 821-822. (b) Hirao, T.; Yamada, N.; Ohshiro, Y.; Agawa, T. J .  
Organomet. Chem. 1982,236,404414. (c) Chalk, A. J.; Wertheimer, V.; 
Magennis, S. A. J.  Mol. Catal. 1982, 19, 189-200. 
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mogeneous catalytic reactions including allylation of nu- 
c l e o p h i l e ~ , ' * ~ ~ ~ ~ - ~  carbonylation of allylic compounds,1di3B 
formation of dienes from allylic phenolates or acetates? 
oxidation of alcohols> and reduction of allylic alcohols.3m*t 
Among the oxidative addition reactions of the allylic 
compounds, that of allylic compounds having an allylic 
halogen bond (allylic halogen compounds) has been 
well-studied. Isolation of Pd(q3-allyl)(halogen)L,-type 
complex from the reaction systems is reported: and it is 
established that the Pd(q3-allyl)(halogen)L,-type com- 
plexes allylates nucleophiles.6a~b~d~e~g~h A theoretical ex- 
planation on the allylation of nucleophiles by Pd(q3-al- 
lyl) (halogen)L, is also given.6c 

The oxidative addition of compounds having an allylic 
oxygen bond (allylic oxygen compounds), on the other 
hand, has been less explored compared with the oxidative 
addition of allylic halogen compounds in spite of very wide 
use of the allylic oxygen compounds in ~yntheses.~ In this 
paper we report (i) the isolation of Pd complexes with 
allylic acetate, allyl phenolates, and allylic alcohols and 
(ii) the properties and reactivities of the isolated com- 
plexes. Extension of the reactions by using allyl phenyl 
chalcogenides and allylamines is also reported. 

In this research we first attempted isolation of the 
(q3-allyl) (acetat0)palladium-type complex from a mixture 
of allyl acetate and coordinatively saturated Pd(PPh3!4.7 
However, no apparent change was observed on mixing 
Pd(PPh3), with allyl acetate even at  elevated temperature 
(80 "C), though the palladium complex was found to 

(6) (a) Trost, B. M.; Weber, L.; Strege, P.; Fullerton, T. J.; Dietsche, 
T. J. J .  Am. Chem. SOC. 1978,100,3407-3416,3416-3425. (b) Trost, B. 
M.; Weber, L.; Strege, P.; Fullerton, T. J.; Dietsche, T. J. J .  Am. Chem. 
SOC. 1978,100,3426-3435. (c) Sakaki, S.; Nishikawa, M.; Ohyoshi, A. J .  
Am. Chem. SOC. 1980,102,4062-4069. (d) Stakem, F. G.; Heck, R. F. J.  
Org. Chem. 1980,45,3584-3593. Akermark, B.; Kkermark, G.; Hegedus, 
L. S.; Zetterberg, K. J. Am. Chem. SOC. 1981,103,3037-3040. (f) Dent, 
W. T.; Long, R.; Whitefield, G. H. J .  Chem. SOC. 1964, 1588-1594. (9) 
Godleski, S. A.; Gundlach, K. B.; Ho, H. Y. Organometallics 1984, 3, 
21-28. 01) Hegedus, L. S.; Darlington, W. H.; Russell, C. E. J .  Org. Chem. 
1980,45, 5193-5196. (i) Akermark, B.; Hansson, S.; Krakenberger, B.; 
Vitagliano, A.; Zetherberg, K. Organometallics 1984, 3, 679-682. 

(7) Coulson, D. R. Znorg. Synth. 1972, 13, 121-123. 
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Table I. Products of Reactions of Allylic 0, 9, Se, and N Compounds with PdLz (L = PCy,, P-t-Bur) 

1 

2 
3 

4 

5 
6 
7 
8 
9 

10 

11 

12 

13 
14 
15 

Pd temp, time, 
expt reactant (mol/PdLz) complex solv O C  h products [ % yield/PdL2] 

P~(v'-C&)(OCOCHS)L (3) 1431, CH2=CHCHz0COCH3 (ex)O 

CH2=C(CH3)CHz0COCH3 (ex) 
CH2=CHCHzOC6HS (2.7) 

CH~=CHCHZOC~H~-~-CN (2.7) 

CH24HCH2SCeH5 (2.8) 
CHZ=CHCH~SC~H~ (1.4) 
CHpCHCHzSeC6H5 (1.0) 
CH2=CHCH2SeC6H5 (1.4) 
CHz=CHCHzOH (ex) 

CHz=CHCH(CH3)OH (ex) 

CH3CH=CHCHz0H (ex) 

CH2=C(CH3)CHz0H (ex) 

CHpCHCH,OH (ex) + CzH50H (ex) 
[CHz--CHCHzNE&]Br (3.0) 
CHz4HCH2NHCsHS (2.9) 

I* 

1 
1 

1 

1 
26 
1 
2 
1 

1 

1 

1 

1 
1 
1 

none rtd 

none rt 
toluene rt 

toluene rt 

toluene rt 
benzene rt 
toluene rt 
benzene rt 
none 30 

none 70 

none 70 

none 70 

none rt 
THF rt 
toluene 70 

~~ 

12 

36 
24 

48 

0.2 
0.5 
0.2 
2 

96 

8 

18 

4 

72 
24 
2 

[PCy3-(CH=CHCHi)] [OCOCH,] (4) [43] 
P~(V'-CH&(CH~)CH~)(OCOCH~)L (5) [60] 
Pd(~~-c&)(oc&&)L (6), [PCy,(CH=CHCH,)] 

[ P ~ ( v ~ - C ~ H ~ ) ( O C ~ H ~ - P - C N ) L  (8) [47] 
[OC&I (7) [581 

[PCy,(CH-CHCH,)](OC,H,-p-CN) (9) [I001 
P ~ z ( ~ - C S H ~ ( ~ - S C B H ~ ) L Z  (loa) [851 

P ~ z ( ~ - C ~ H ~ ) ( ~ - S ~ C B H S ) L Z  (1 la) [551 
P ~ z ( ~ - C , H S ) ( ~ - S ~ C ~ H ~ ) L ~  (1 1 b) P O I  

P~Z(~-C,H~)(L~-SCBHS)LZ (lob) [401 

Pd(diaIly1 ether)L (12) [61], diallyl ether 

Pd(meso-bis(1-methylallyl) ether) L (13) [58], 
[530], HzO' 

meso-bis(1-methylallyl) ether [72], 
dl-bis(1-methylallyl) ether [ 1801, HzO,C 
1-methylallyl crotyl ether [28], butadiene [220] 

trans-CIHB [4], C~S-C~HE [2], 
Pd(CH&H=CHCHO)LZ (14) [47], 1-CdHB [94], 
1-methylallyl crotyl ether [175], dicrotyl ether 
[221, HzO 1601 

Pd metal, methacrolein [230], isobutene [360], 
bis(2-methylallyl) ether [440], HzOC 

diallyl ether [280], allyl ethyl ether [I501 
Pd(w3-C3Hs)(Br)L (15) [74] 
Pd(N-allylaniline)L, (16) [85] 

'ex = exces (10-1W mol/PdLz). * 1 = Pd(PCy& and 2 = Pd(P-t-Bu,),. 'Formation of HzO was confirmed by GLC, but its amount was _ -  
not measured. d r t  = room temperature. 

catalyze the l,&shift of allyl-d2 acetate. A reaction of 
Pd(eth~lene)(PPh,)~ with allyl acetate gave no oxidative 
addition product, either. In contrast to the reactions of 
Pd(PPh,), and Pd(eth~lene)(PPh,)~, that of Pd(PCy,), 
(PCy, = tricyclohexylphosphine)8 with allyl acetate pro- 
ceeds smoothly to afford Pd(q3-C3Hs)(OAc)(PCy3). Co- 
ordinative unsaturation of P ~ ( P C Y , ) ~  and high basicity of 
PCy, seem to facilitate the oxidative addition. Because 
of this observation, our present research is mostly con- 
cerned with the reactions of the allylic compounds with 
P ~ ( P C Y , ) ~  and its analogue, Pd(P-t-Bu3)? (P-t-Bu, = 
tri-tert-butylphosphine). A part of the resulta given in this 
paper has been reported in communication formag 

Results and Discussion 
Table I summarizes resulta of the reactions of allylic 

carboxylates, allylic ethers, allyl phenyl chalcogenides, and 
allylamines with Pd(PCy,), (1) and Pd(P-t-Bu3I2 (2). 

Allylic Acetates The reaction of 1 with allyl acetate 
proceeds smoothly at  room temperature to give Pd(q3- 

(4) (experiment 1 in Table I). Compound 3 and 4 can be 
separated due to differences in their solubility in solutions. 

C~H~(OAC)(F'C~$ (3) and [ Q-CY~PCHICHCH~]+[OAC]- 

roam temp, 12 h Pd(PCy3)p + C H ~ = C H C H ~ O A C  * 

1 

I? 

3 

(8) (a) van der Linde, R.; de Jongh, R. 0. J. Chem. SOC., Chem. Com- 
mun. 1971,563. (b) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu, 
K. J. Am. Chem. SOC. 1976,98, 5850-5858. (c) Kuran, W.; Musco, A. 
Znorg. Chim. Acta 1976,12, 187-193. 

(9) (a) Yamamoto, T.; Saito, 0.; Yamamoto, A. J. Am. Chem. SOC. 
1981,103,5600-5602. (b) Yamamoto, T.; Akimoto, M.; Yamamoto, A. 
Chern. Lett. 1983, 1725-1726. 

Formation of a dinuclear complex, ( P c ~ ~ ) ~ P d , ( p -  
C,H,)(p-OAc) (171, which is considered to be produced 
through a coupling reaction between 3 and 1 (vide infra), 
sometimes accompanies reaction 1, depending on reaction 
conditions. Compounds 3 and 4 can be synthesized 
through different reaction pathways, eq 2 and 3, the fact 

(2) 
PCy3 + CH2CHCH2Br - 

[Cy3PCH2CH=CH2]+Br- - 4 (3) 

[Pd(q3-C3H5)(OA~)]2 + PCy3 + 3 

+AgOAc 

also supporting the formulation of the compounds. Con- 
cerning reaction 3, it is known that the AcO- ion catalyzes 
isomerization of [R3PCH2CH=CH2]+ to [R3PCH= 
CHCH3]+.10 Table I1 summarizes analytical, IR, and 
NMR data of 3,4, and other compounds reported in this 
paper. 

The IR spectrum of 3 resembles that of its Ni analogue, 
Ni(q3-C3H5)(OA~)(PCy3)2,11a showing a v(C=O) band at 
1600 cm-'. The variable-temperature lH NMR spectrum 
of 3 reveals the fluxional motion of the q3-allyl ligand at 
higher temperatures. At  lower temperature (-71 O C  or 
below) the lH NMR spectrum shows an ABCDX spin 
pattern characteristic of the q3-allyl ligand,12 but at 25 "C 
the two doublets of Ha and Hb are averaged to give rise 
to a doublet (J = 9 Hz) at 6 2.80 due to rapid movement 

(10) Homer, L.; Ertel, I.; Ruprecht, H.; Belovsky, 0. Chem. Ber. 1970, 

(11) (a) Yamamoto, T.; Ishizu, J.; Yamamoto, A. J. Am. Chern. SOC. 
1981, 103,6863-6869. (b) Jones, R. J. Chem. SOC. A 1969, 2477-2480. 

(12) (a) Maitlis, P. M. The Organic Chemistry of Palladium; Aca- 
demic Prees: New York, 1971; pp 199-227. (b) Powell, J.; Shaw, B. L. 
J. Chern. SOC. A 1967, 1839-1851. (c) Powell, J. J. Chem. SOC. A 1971, 
2233-2239. (d) Vrieze, K. Dynamic Nuclear Magnetic Resonance 
Spectroscopy; Jackman, L. M., Cotton, F. A., Eds.; Academic Preas: New 
York, 1975; pp 441-483. (e) Henc, B.; Jolly, P. W.; Salz, R.; Wilke, G.; 
Benn, R.; Hofmann, E. G.; Mynott, R.; Schroth, G.; Seevogal, K.; Sek- 
towski, J. C.; Kruger, C. J. Organomet. Chem. 1980,191,425-448. (0 
Henc, B.; Jolly, P. W.; Salz, R.; Stobbe, S.; Wilke, G.; Mynott, R.; Benn, 
R.; Seevogel, K.; Goddard, R.; Kruger, C. ibid. 1980,191,449-475. (g) 
Faller, J. W.; Thomeen, M. E.; Mattina, M. J. J. Am. Chem. SOC. 1971, 
93, 2642-2653. 

103, 1582-1588. 
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Interaction of Pd(0) Complexes with Allylic Compounds 

of the allyl ligand via q3-allyl + ?'-allyl isomerization.'2cpd' 
The '3c NMR spectrum of 3 shows allylic Ca-CY signals'2Bf 
and OAc signals at reasonable positions. The reaction of 
2-methylallyl acetate with 1 also causes similar C-0 bond 
cleavage as shown in Table I, giving Pd(q3-CH2C(CHJ- 
CH,)(OAc)(PCy,) (5) (experiment 2). The variable-tem- 
perature 'H NMR spectrum of 5 also reveals the fluxional 
motion of the 2-methylallyl ligand at room temperature; 
the two peaks at 6 2.18 and 2.76 observed at -50 "C (Table 
11) are averaged to give one broad peak at 6 2.5. A similar 
averaging phenomenon of two allylic 'H signals of Pd- 
( q3-CH2C(CH3)CH2) (OAc) (PPB,) has been reported.13 

Employment of CH2CHCD20Ac in the reaction with 1 
at  room temperature affords a mixture of cis and trans 
isomers of Pd(q3-CH2CHCD2)(OAc)(PCy3) and a mixture 
of [Cy,PCH=CHCHD,]+[OAc]- and [Cy3PCD= 
CHCH2D] as revealed by 'H NMR analysis of the product. 

CH2 PCY3 
room temp, 4 h, c</---pd/ 

+ 1 + CH2=CHCDzOAC 
'&)2 \OAc 

CIS -3 -d2 

( 3 2  /Cy3 
C$---Pd (4 )  

'\CH2 \OAc 

trans-3-d2 

The allyl acetate remaining after the reaction was found 
to be a mixture of almost equal amounts of CH,=CHC- 
D20Ac and CD2=CHCH20Ac. Formation of the mixture 
of the cis and trans isomers suggests that initially formed 
oxidative addition product is isomerized. The oxidative 
addition of allyl acetate may occur with inversion of con- 
figuration at carbon, such inversion having been observed 
for a reaction 

Allyl Ethers. The reaction of allyl phenyl ether with 
1 in toluene at room temperature affords [PCy,(CH= 
CHCH,)]+[OC,H,]- (7) and a yellow oily palladium com- 
pound whose IR spectrum shows a strong v(C0) band at 
1260 cm-' characteristic of transition-metal phen- 
~xides.~'*J" Analytical data of the palladium compound 
approximately are consistent with a structure of Pd(q3- 
C3H5)(OPh)(PCy3)(toluene) (6). These facta suggest the 
occurrence of oxidative addition of allyl phenyl ether to 
palladium, although isolation of 6 was not feasible due to 
lack of a suitable solvent for its recrystallization. When 
allyl p-cyanophenyl ether is employed instead of allyl 
phenyl ether, the oxidative addition product Pd(q3- 
C3H5)(OC6H4CN)(PCy3) (8) was isolated as crystals. The 

room tomp 
1 + CH2=CHCH2OC6H&N 

H0 

8 

spin-spin coupling pattern of the allylic signals in 'H NMR 
of 8 is almost the same as that observed for the acetate 
complex 3, but the variable-temperature 'H NMR spec- 
trum of the allylpalladium cyanophenoxide complex 8 does 

(13) van Leewwen, P. W. N. M.; Praat, A. P. J. Organornet. Chern. 

(14) (a) Kubota, M.; Yamamoto, A. Bull. Chem. SOC. Jpn. 1978,51, 
2909, 29. (b) Komiya, S.; Tane-ichi, S.; Yamamoto, A.; Yamamoto, T. 
Bull. Chem. SOC. Jpn. 1980,53,673-679. (c) Yamamoto, T.; Kohara, T.; 
Yamamoto, A. Bull. Chem. SOC. Jpn. 1981,54,2010-2016. 

1970,21,501-515. 
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not show averaging of the Ha and Hb signals even at 60 "C 
where AX4 pattern is observed for 3. The difference in 
the fluxional behavior between 3 and 8 seems to be at- 
tributable to the difference in stability of the intermediate 
(7'-allyl)palladium(II) complex. In the case of the acetate 
complex 3, coordination of OAc as a bidentate ligand may 
stabilize the intermediate (7'-ally1)palladium species by 
giving a 16-electron complex, 3'11% whereas the q'-allyl-type 

8' (14 electron) 

3 '  (16 electron) 

isomer of 8, 8', has only 14 electrons. When pyridine-d, 
(1 mol/@ is added to the CD2C12 solution of 8, the 'H 
NMR spectrum of 8 at 25 "C shows a new peak at 2.8 ppm 
due to the averaging of Ha and Hb peaks, though the other 
allylic signals (HC-He) are essentially not changed. Co- 
ordination of pyridine to 8' seems to stabilize the ql-allyl 
structure, thus facilitating the dynamic movement of the 
allyl ligand via the 77'-q3 isomerization. Allyl alkyl ether 
did not undergo oxidative addition to Pd(PCy& 

Allyl Phenyl Chalcogenides. Reactions of allyl phenyl 
sulfide and allyl phenyl selenide with 1 and 2 are com- 
pleted instantly at room temperature (experiments 5-8 in 
Table I) to yield Pd2(p-C3H5)(p-SPh)L2 (10) and Pd,(p- 
C3H5)(p-SePh)L2 (1 l), respectively. Complexes 10 and 

P d L 2  + &ZPh - (6) 
L-Pd,-,Pd- L 

Z 

Ph 
I 

loa, Z 8 S, L 8 PCy3 

1la.Z =Se,  L * PCy3 
b , Z . S .  L . P - t - B u 3  

b . 2  * S a .  L = P - t - B u 3  

11 appear to be formed by reactions of the initially formed 
oxidative addition products Pd(q3-C3H5)(zPh)L with intact 
PdL, or PdL. Attempts to isolate the Pd(q3-C3H5)- 
(ZPh)L-type complex failed, possibly due to its high re- 
activity toward PdL, or PdL. The high reactivity of the 
supposed mononuclear Pd(q3-C3H5)(ZPh)L complex to- 
ward PdL, or PdL seems to be related to radii of S and 
Se which may be suitable to make the bridging bond in 
10 and 11. A competition experiment using a mixture of 
allyl phenyl sulfide and allyl phenyl selenide (4555 molar 
ratio) in the reaction with 1 affords 10a and 1 la in a molar 
ratio of 4060, revealing that allyl phenyl sulfide and sel- 
enide have almost the same reactivity toward the Pd(0) 
complex. Complexes 10 and 11 are characterized by ele- 
mental analysis and IR and NMR spectroscopy. Assign- 
ment of p-allylic signals in the 'H NMR spectrum of 10b 
has been performed by comparing the 'H NMR spectrum 
with those of Pd2(p-C3H5) (p-0A~)(P-i-Pr,),'~ and Pd,(p- 
CH2C(CH3)CH2)(p-SPh)(P-i-Pr3)216b (P-i-Pr3 = triiso- 
propylphosphine), which have been prepared by Werner 
and his co-workers through a different type of reaction. 
Although allyl phenyl sulfide and selenide have very high 
reactivity toward 1 and 2, they do not show any apparent 
reactivity toward coordinatively saturated Pd(PPh,)? 

Allylic Alcohols. Interaction of allylic alcohols with 
1 leads to various types of reaction products depending 

(15) (a) Werner, H.; Kraus, H. J. Chern. Ber. 1980,113,1072-1083. (b) 
Werner, H.; Kraus, H. J.; Thonetzek, P. Chern. Ber. 1982,115,2914-2929. 
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upon the substituent in the allyl group. A reaction of the 
simple allyl alcohol CH2=CHCH20H with 1 at 30 "C 
causes condensation of the allyl alcohol to yield diallyl 
ether and its coordination product, Pd(dially1 ether)(PCy,) 
(12) (experiment 9). 1H(31P) NMR spectrum of 12 resem- 
bles that of its Ni analogue, Ni(dially1 ether)(PPh3) (18),'Ia 
showing the same ABCDE spin pattern as observed for the 
allylic protons of 18; the He(endo) signal appears at  a 
considerably higher magnetic field than the Hd(exo) signal 
due to the diamagnetic shielding effect of Ni on H0(endo)." 

Pd(PCy3)z + 2 k O H  - 

Yamamoto et al.  

12 

Complex 12 can be also prepared by the reaction of 1 with 
diallyl ether, and iodolysis of 12 and treatment of 12 with 
CO liberate diallyl ether quantiatively. Thermolysis of 12 
at 150 "C in toluene in a sealed tube causes C-0 bond 
cleavage to evolve propylene (14 mol %/12). In relation 
to the formation of 12 by the reaction of allyl alcohol with 
1, isolation of PtC12(dialIyl ether) from a reaction mixture 
containing K2PtC14 and allyl alcohol has been 

Use of 1-methylallyl alcohol (expt 10) similarly gave a 
mixture of dl-bis(1-methylallyl) ether, meso-bis(1- 
methylallyl) ether, and 1-methylallyl crotyl ether. How- 
ever, among the ethers, only rneso-bis( l-methylallyl) ether 
can coordinate to palladium probably by a steric reason 
and the isolated Pd complex was pure Pd(meso-bis(1- 
methylallyl)ether)(PCy3) (13) as proven by elemental 
analysis and IR and NMR spectra. IR spectrum of 13 
resembles that of 12 but has additional bands due to the 
CH3 group (e.g., 1135 cm-' assignable to v(CCH,)). Com- 
parison of 'H NMR spectrum of 13 with that of 12 reveals 
that a signal assigned to Hd(exo) of 12 is lacking in the 'H 
NMR spectrum of 13; the 'H NMR spectrum of 13 shows 

Me Me 

.' 
*. Pd I' 

I 
PCY3 

13 

a new peak a t  6 1.72 assigned to CH3 of 13. The Ha, Hb, 
and He signals appear at  almost the same positions as those 
observed for 12, but the He signal appears a t  a somewhat 
lower magnetic field due to the change from the methylene 
proton to the methine proton by the CH, substitution. 
The CPK molecular model indicates that chelate coordi- 
nation of the two C 4  double bonds of dl-bis(1-methyl- 
allyl) ether is unlikely. The reaction of 13 with CO releases 
neso-bis( 1-methylallyl) ether. Thermolysis of 13 at 170 
"C in toluene in a sealed tube causes C-0 bond cleavage 
to liberate 1-methylallyl alcohol (64% / 13), l,&butadidne 
(trace), methyl vinyl ketone (36%/13), and 1-butene 
(trace). Liberation of these products suggests the occur- 
rence of 8-H shift in a supposed intermediate, Pd(1- 
methylallyl)[ (1-methylallyl)oxo] (PCy,) (19). The /3-H shift 

,,//2- Me Cy3P-Pd b , 
CySP-Pd -0 - 

/ 

13 

' O G  

19 

from 1-methylallyl ligand to (1-methylally1)oxo ligand in 
19 affords 1-methylally1 alcohol and 1,3-butadiene, whereas 
the P-H shift from (1-methy1allyl)oxo ligand to 1- 
methylallyl ligand gives methyl vinyl ketone and 1-butene. 
Most parts of 1,3-butadiene and 1-butene formed in the 
thermolysis seem to be oligomerized or polymerized during 
the thermolysis. 

When crotyl alcohol is employed as the reactant (ex- 
periment l l ) ,  the reaction gives, besides the condensation 
products (a mixture of diallylic ethers), dismutation 
products of the reactant, namely, 1-butene and croton- 
aldehyde; the latter coordinates to Pd to form a *-complex, 
Pd(~rotonaldehyde)(PCy,)~ (14). We previously reported 
Pd(PCy,), + crotyl alcohol - 
Pd(CH3CH"=CHbCHO)(PCy3), + crotonaldehyde + 

14 
1-butene + condensation product (8) 

similar dismutation of allylic alcohols (allyl alcohol, crotyl 
alcohol, and 3-phenyl-2-propenyl alcohol) in the reactions 
of Ni(0) complexes.lla 

Use of 2-methylallyl alcohol similarly gave methacrolein 
and i-butene, besides the condensation reaction product, 
di(2-methylally1)ether and H20. In this case, however, 
both the ether and methacrolein can not coordinate to Pd, 
and black decomposition product of 1 is obtained. 

These results of the reactions of allylic alcohols with 1 
can be reasonably explained by assuming the formation 
of a common reaction intermediate, 21, which is formed 
by the oxidative addition of allylic alcohol to Pd and the 
ensuing dehydration reaction between the oxidative ad- 
dition product 20 and allylic alcohol. In relation to the 

Pd(PCy& + R'CH=CR2CHR30H - 
R' R' 

20 R 4 \LR' 
21 

coupling reoction 

8-ti obrlroclion from 

diallylic ether ( l o a 1  

0 . B  -unsaturated aldehyde + alkene 
( lob)  

first step of reaction 9, formation of (q3-allyl)palladium(II) 
complexes by reactions of allyl alcohol with palladium 
compounds has been reported.I6 Since diallylic ether is 
formed in every reaction (experiments 9-12), the coupling 
reaction (eq loa) seems to be the more favorable pathway 
than the fl-H abstraction from the alkenyloxo ligand in 21 
(eq lob). An alternative reaction route for the formation 
of ether involves external nucleophilic attack of allylic 
alcohol on the  allylic ligand. At present we do not have - 

olllCnrlO,.O 
21 c 

H+ 

22 

(16) (a) Moiseev, I. I.; Fedorovskaya, E. A,; Syrkin, Y. K.; Russ, J. 
Inorg. Chern. 1959,4,2641-1542. (b) Smidt, J.; Hafner, W. Angew. Chern. 
1959, 71,284. (c) Zakkarova, I. A.; Moiseev, I. I. Izu. Akad. Nauk SSSR 
1964,1914-1915. (d) Goel, A. B.; Van derbeer, D. Inorg. Chirn. Acta 1984, 
87, L19-L21. (e) Pietropaolo, R.; Uguagliati, P.; Boschi, T.; Crociani, B.; 
Belluco, U. J. Catal. 1970, 18, 338-342. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 1
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

13
9a

00
9



Interaction of Pd(0) Complexes with Allylic Compounds Organometallics, Vol. 5,  No. 8, 1986 1565 

1 
2 
3 
4 
5 

6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 

Table 111. Chemical Reactivities of Pd(#-C8H6)(OAc)(PCyS) (3) and Pd(~3-CsH6)(OC6H4CN)(PCy3) (8) and Related Complexes 
product (% yield/complex) 

reactant temp, allylated 
run (mol/complex) complex " C  time solv compdb others 

NaCH(COOEt), (15) 3 rte 2 h  THF 78 
NaCH(CO0Et)i (1.0) 3 rt  2 h  
NaCH(COOEt)2 (34) 8 rt l h  
"Et, (ex)= 3 rt 5 h  
"Et, (280) + allyl 

acetate (160) 
"Etz (97) + allyl 

acetate (190) 
"Et2 (190) + allyl 

acetate (380) 
"Etz (ex) 
HNEtz(21) + allyl- 

amine (32) 
morpholine (ex) 
morpholine (ex) 
morpholine (ex) 
PCYB (1.3) 
thermolysis 
CH31 (ex) 
CH31 (ex) 
HzS04 (ex) 
HzS04 (ex) 
CO (ex) 

CO (ex) 

1 

3 

8 

8 
8 

3 
6 
8 
3 
3 
3 
8 
3 
8 
3 

8 

17 6 h  

rt 4 h  

rt 4 h  

rt 6 h  
rt  6 h  

18 2 days 
rt 1 day 
rt  l h  
r t  l h  
75 l h  
rt 5 h  
rt 1 day 
rt l h  
rt l h  
rt 1 day 

rt 1 day 

THF 
THF 
none 
none 

none 

none 

none 
none 

none 
none 
none 
acetone-d6 
benzene 
none 
none 
none 
none 
acetone 

toluene 

56 
63 
41 

7200 

1900 

3000 

32 

49 
40 
36 

24' (30) 

4 + 17c 
1 7d 

CH30C6H4CN (46) 
C3H6 (26) 

al!yl acetate (55 )  

CH~OAC (88) 

C3H6 (22) 

+ Pd-CO complex 

+ Pd-CO complex 
C3HbOC6HdCN (27) 

' ex = more than 40 mol/complex. * N- or C-monoallylated product of nucleophile. Formation of considerable amounts of 4 and 17 was 
confirmed by slP(lH] NMR. dFormation of a considerable amount of 17 was confirmed by an IR spectrum of the sample recovered after 
workup of the reaction mixture. 

solid evidence to prove or disprove either mechanism. 
However, we favor the mechanism involving formation of 
21, since the dismutation reaction affording an aldehyde 
and an alkene suggests involvement of 21. Preponderant 
evolution of l-butene rather than 2-butenes in experiment 
11 suggests that the hydride derived from the alkoxo ligand 
(eq lob) preferentially attacks the allylic carbon with the 
alkyl substituent. 

The reaction of 1 with a mixture of allyl alcohol and 
ethyl alcohol affords allyl ethyl ether besides diallyl ether 
(experiment 13) in support of a reaction mechanism in- 
volving formation of complex 20 which may further react 
with allyl alcohol and ethyl alcohol. No diethyl ether was 
detected in the reaction. 

Allylamines. Addition of N-allyldiethylamine, CH2= 
CHCHzNEt2, to 1 does not show any apparent change, 
whereas the reaction of [CHz=CHCHzNEt3]Br with 1 
affords the oxidative addition product Pd(q3-allyl) (Br)- 
(PCyJ (15). The 'H NMR spectrum of 15 shows signals 

( 1 1 )  -t Hb Hd /pcy3 'Br 

-NEt3  
1 + [CHz=CHCH2NEt31Br - HC :----Pd 

He 

15 

characteristic of the q3-allyl ligand. Two reaction mech- 
anisms are conceivable for the formation of 15. One is the 
mechanism involving oxidative addition of allyl bromide 
partly formed from [CHz=CHCH2NEt3]Br, and another 
mechanism involves oxidative addition of [CH2= 
CHCH2NEt$ to Pd to give [Pd(q3-C3H5)(PCy3)(NEQ]Br 
(23) and its subsequent rearrangement to affcrd 15 and 
NEt3. 

The reaction of N-allylaniline with 1 gives Pd(N-allyl- 
aniline)(PCy3) (16), and no oxidative addition product is 
isolated even after the reaction at 70 "C. The IR spectrum 

of 16 is consistent with the formulation, showing peaks due 
to N-allylaniline and PCy,. The 'H NMR spectrum of 16 
shows only a small shift (ca. 0.3 ppm) of signals of olefinic 
protons of N-allylaniline on adduct formation. The NH 
signal was not detected presumably due to overlapping 
with other peaks or due to its too broad shape. The small 
shift of the olefinic signals suggests the possibility that 
N-allylaniline serves as a solvent of recrystallization and 
does not interact with Pd. However, after repeated re- 
crystallization of 16 from hexane containing no added 
N-allylaniline, 16 can be recovered; consequently we be- 
lieve that N-allylaniline in 16 has a fairly strong interaction 
with Pd. No apparent change was observed on treatment 
of 1 with N-allylphthalimide and N-allylthiourea, and the 
starting complex 1 was recovered. 

Other Related Reactions. It is known that interaction 
of aryl and vinyl carboxylates with Ni(0) complexes causes 
oxidative addition of the ester to Ni through the C-0 bond 
cleavage." However, treatment of 1 with these esters 
showed no apparent change even at elevated temperatures 
(70-100 "C). Allyl cyanide did not react with 1 either. The 
reaction of allyl ethyl carbonate (3 mol/l) with 1 (room 
temperature, 6 h) causes the decarboxylation reaction to 
afford allyl ethyl ether (27 mol %/l), COz (67 mol %/l), 
and ethyl alcohol (59 mol % / 1). Use of allyl phenyl car- 
bonate under similar conditions gives similar products 
(allyl phenyl ether, C02, and phenol). 

Properties of Isolated P d  Complexes and Their 
Chemical Reactivities Related to Catalysis. The Pd- 
(s3-C3H5)(X)(PCy3)-type complexes (3, 8, and 15) show 
only a small electric conductivity in acetone compared with 
those of phosphonium salts 4, 7, and 9 (last column of 
Table 11), revealing that the complexes are essentially 
nonionic. Addition of a base, NEt3, in excess (19 mol/@ 
to the acetone solution of 8 does not change the electric 

(17) Y m m o t o ,  T.; Ishizu, J.; Kohara, T.; Komiya, S.; Yamamoto, A. 
J. Am. Chem. SOC. 1980,102, 3758-3764. 
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conductivity, indicating that replacement of the OC,&CN 
ligand by NEt, to give an ionic species (e.g., [Pd(7~,- 
C3H5)(PCy3)(NEt)]+[OC6H4CN]-) is not an easy process. 
Complexes 3,8, and 15 and the dinuclear complexes 10 and 
11 are rather insensitive to air in the solid, but their so- 
lutions tend to degrade in air. 

Table I11 summarizes the products of the reactions of 
3 and 8 with various reagents. Complexes 3 and 8 react 
with nucleophiles including "Et2, morpholine, and 
NaCH(COOEt), to afford the corresponding allylated 
products (runs 1-12 in Table 111). Attack of the nucleo- 
phile on the q3-allyl ligand explains the results. Complex 
3 reacts with PCy, to yield the propenylphosphonium salt 
4 and the dinuclear complex 17, which is considered to be 
formed by a reaction of 3 and Pd(PCy,) generated from 
3 after the reaction of PCy3 with 3. The NMR spectrum 

+ PCy3  - [CY,P l+[OAcl-  -t 
/CY3 

(--Pd 

- 'OAc 4 
3 

Yamamoto et al. 

(PCy3) reacts with the allylic compound to regenerate 3 
or 8. Thus, 1,3, and 8 (runs 5-7) serve as catalysts for the 
allylation of "Et, by allyl acetate. 

Treatment of 3 and 8 with carbon monoxide gives allyl 
acetate and p-cyanophenyl ether, respectively, indicating 
that the oxidative addition process of allyl acetate and allyl 
p-cyanophenyl ether to Pd is reversible. 

P ~ ( ~ J ~ - C ~ H ~ ) ( O Y ) ( P C ~ ~ )  + CO 4 

C3H50Y + P~(CO),(PCY~), (14) 

Y = OAC, OCGH4CN 

Reactions of 3 and 8 with CH,I give methyl acetate and 
methyl p-cyanophenyl ether, respectively, but the me- 
thylation product of the 7~~-allyl ligand (1-butene) was not 
detected in the reaction product. The acidolysis of 3 and 
8 by concentrated H2S04 liberates propylene. 

The dinuclear complexes 10, 11, 17, and 24 are inert 
against nucleophiles as described above. The acidolysis 
of 10 with concentrated H,S04 liberates propane. The 
reaction of 17 with CO initially gives 3, which further reacts 
with CO to afford allyl acetate and Pd-CO complexes, 
indicating the occurrence of the following series of reac- 
tions. 

4 
Cy3P-Pd-PPd-PCya + CO - 

OYO 
C"3 

17 

/CY3 

p o  

(--pd + P d - C O  complex 
' 'OAc 

3 

allyl acetate + Pd-CO complex 

C H 3  

17 

of 17 does not show clear allylic signals, and 17 has been 
characterized by elemental analysis, chemical. reactivities, 
and comparison of its 1R spectrum with that of a sample 
prepared by the reaction of [P~(~J~-C,H,)(~-OAC)]~ with 
Pd(PCy,), according to Werner's method.16" 

Because of the occurrence of the reaction expressed by 
eq 12, the preparation of 3 and 4 by the reaction of 1 with 
allyl acetate sometimes accompanies the formation of 17, 
especially when the initial concentration of 1 is high or not 
enough allyl acetate is added. The formation of the bi- 
nuclear type complex is not restricted to the case of allyl 
acetate, but most of the allylation of nucleophiles by Pd- 
(a3-allyl)(OY)(PCy3) seems to be accompanied by the 
formation of similar binuclear complexes. Actually a 
complex, which is assignable to Pd2(p-C3H5)(p- 
OC6H4CN)(PCy3)2 (24)'* on the basis of elemental analysis 
and 'H NMR, is isolated from the reaction mixture con- 
taining 8 and "Et2. The results indicate that Pd(PCy3) 

Pd(13-C3H5)(0C6HsCN)(PCy3) -t "Et2 - 
A 

Cy3P- Pd- Pd-PCy 3 -t N -a1 l yldiet hylamine (13) 
\ /  
\ /  

0 
I 
6'6HeCN 

24 

generated from 1 after t h e  allylation of "Et, is trapped 
by 8 to form 24. The dinuclear complexes 17 and 24 are 
inert against nucleophiles. 

As described above, Pd(PCy3) generated from 3 and 8 
after the allylation of nucleophiles is trapped by 3 and 8 
to form the dinuclear complexes having negligible re- 
activity against nucleophiles. However, when excess 
amounts of allylic compounds like allyl acetate are present 
in the reaction system, Pd(PCy,) is not inactivated as the 
binuclear complexes are. Under the circumstances Pd- 

(18) Complex 24 waa obtained aa ita hydrated product Pdz(p-C,H& 
(p-OC&4CN)(PCya)2-2H20 (24') by absorption of moisture during the 
workup process (see Experimental Section). 

Experimental Section 
Materials, Manipulation of Complexes, Analysis, and 

Instrumentation. P ~ ( P C Y , ) ~ , ~  P ~ ( P - ~ - B U , ) ~ , ~  Pd(PPh3)4,7 Pd- 
(CH2=CH2)(PPh3)2,8S and [Pd(?3-C3H5)(OAc)]219 were prepared 
according to the literature. Allyl phenyl sulfide was donated from 
Professor Takei of our institute. The PCy&SZ adduct was do- 
nated from Mr. Kitazume of Mitsubishi Petrochemical Co. Ltd., 
and PCy, was generated from the adduct by removing CS2 by 
heating the adduct in ethyl alcohol and was recrystallized from 
ethyl alcohol. Allyl p-cyanophenyl ether was synthesized by 
Williamson's method.z0 2-Methylallyl acetate was synthesized 
by the reaction of 2-methylallyl alcohol (64.9 g, 0.90 mol) with 
acetic acid (91.9 g, 0.90 mol) in the presence of pyridine (71.1 g, 
0.90 mol) a t  room temperature. Allyl phenyl selenide was syn- 
thesized according to the literature.21 Purities of these reactants 
were confirmed by 'H NMR. CHz=CHCD20Ac was prepared 
via (i) reduction of CHz=CHCOCl with LiAlD4 in ether and (ii) 
reaction between CH2=CHCD20H and acetic anhydride in the 
presence of pyridine.22 'H NMR 6 2.04 (3 H, s, CHJ, 5.09-5.20 
(2 H, m, =CH2), 5.71-6.25 (1 H, m, =CH). CH2=CHCD20Ac 
thus prepared contained diethyl ether (about 15 vol % estimated 
from 'H NMFt). An attempt to isolate CHz==CHCD20Ac by GLC 
using a poly(ethy1ene glycol) column was not successful due to 
the occurrence of the 1,3-shift in the column. Other reactants 
listed in Tables I and I11 and in the text were purchased from 

(19) Robinson, S. D.; Shaw, B. L. J. Organomet. Chem. 1965, 3, 
387-370. -. . . . . 

(20) Morrison, R. T.; Boyd, R. N. Organic Chemistry, 4th Ed.; Allyn 

(21) Kataev, E. G.; Kataev, L. M.; Chmutova, G. A. Zh. Org. Chim. 

(22) Schuetz, R. D.; Millard, F. W. J. Org. Chem. 1959,24, 297-300. 

and Bacon: Boston, 1983; p 537. 

1966, 2, 2244-2248. 
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Interaction of Pd(0) Complexes with Allylic Compounds 

Tokyo Kasei Co. Ltd. or Wako Co. Ltd. and purified by distil- 
lation. Dicrotyl ether and l-methylally1 crotyl ether as the au- 
thentic samples for GLC analysis of the products in experiments 
10 and 11 were prepared by Williamson's method." Solvents were 
dried over Na, CaHz, PzO5, or drierite (CaS04), distilled under 
N2 or Ar, and stored under N2 or Ar. Reactions were generally 
carried out in Schlenk tubes under an atmosphere of Nz or Ar 
under vacuum. Manipulation of complexes was performed under 
N2 or Ar. Melting points were measured in sealed glass capillaries 
under vacuum. GLC analysis was performed with Shimadzu 
GC-3B, GC-6A, and GC-3BF instruments (carrier gas is He for 
GC-3B and GC-6A and Nz for GC-3BF). SSE-30, SDC-550, 
Porapak Q, and VZ-7 purchased from Gaschro-Kogyo Co. Ltd. 
were used to prepared the columns. Amounts of gases evolved 
in reactions were measured by a Topler pump and analyzed by 
GLC. GC-mass spectra were recorded on a Hitachi M-80 GC- 
mass spectrometer (column is OV-1 or SE-30: carrier gas is He). 
Electric conductivity of the solutions of complexes was measured 
with a TOA Denpa CM-5B electrometer. IR spectra were recorded 
on a Hitachi Model 295 spectrometer by using KBr disks under 
NP 'H NMR spectra were recorded on a Japan Electron Optics 
Laboratory (JEOL) Model JNM-PS0100, FX-100, or FX-400 
spectrometer and 13C and ,'P NMR spectra on a JEOL Model 
JNM-PET-PS-100 Fourier transform spectrometer. 

Reactions of Allylic Compounds with PdL2 (Cf. Table I). 
Experiment 1. A homogeneous mixture of 1 (620 mg, 0.93 mmol) 
and allyl acetate (8.9 g, 89 mmol) was stirred at room temperature. 
After 10 min, a white powder of 4 started to precipitate. After 
12 h, the white precipitate and yellowish solution were separated 
by filtration. Recrystallization from acetone gave 4: yield, 43%; 
mp 107-109 "C. Anal. Calcd for (C23H,102P): C, 72.6. Found: 
C, 71.8. The disagreement between the found and calculated 
values seems to be due to partial incorporation of H 2 0  into 4 due 
to its hygroscopic nature. 

The volatile materials in the yellowish filtrate obtained after 
removal of 4 were removed by evaporation in acetone (ca. 30 mL) 
and kept in a dry ice box to yield slightly colored (yellow) crystals 
of 3: yield, 43%; mp 134-136 "C dec. Anal. (C23H4102PPd) C, 
H. Compound 3 was prepared also by the following pathways. 
An ethereal solution (3 mL) of PCy, (290 mg, 1.03 mmol) was 
added dropwise to [Pd(~~-c ,H , ) (oAc) ]~  (220 mg, 0.53 mmol) 
dispersed in 15 mL of diethyl ether a t  -78 "C with stirring. 
Stirring the mixture for 10 min a t  -78 "C gave a homogeneous 
yellow solution. Then, the reaction temperature was raised to 
room temperature. After the reaction mixture was stirred for 30 
min at  room temperature, ether was removed by evaporation to 
obtain a yellow solid of 3, which was recrystallized from acetone 
and found to be identical with that obtained in experiment 1 by 
IR and 'H NMR spectroscopy; yield, 73%. The reaction of 1 (550 
mg, 0.83 mmol) with CH2=CHCDzOAc (1.5 mL) was carried out 
similarly to experiment 1 (room temperature, 5 h). 

Experiments 2-15. Other reactions of 1 and 2 with the allylic 
compounds were carried out analogously under conditions listed 
in Table I. 

Preparation of Pd2(p-C3H5)(p-OAc)(PCy,), (17). [Pd(v3- 
C3H5)(OAc)]z (77 mg, 0.19 mmol) was dissolved in 5 mL of diethyl 
ether. After the solution was cooled to -78 "C, Pd(PCy,), (240 
mg, 0.37 mmol) was added. The reaction mixture was stirred at  
-20 "C to yield a white precipitate. The precipitate was re- 
crystallized from ether-toluene; yield, 89%. Complex 17 was 
prepared also by the reaction of 1 (1.2 g, 1.7 mmol) and allyl 
acetate (8.0 g) a t  room temperature (2 h). The yellow precipitate 
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was separated by filtration. Extraction of the yellow solid with 
toluene and evaporation of the toluene extract gave a yellow solid 
(yield of 17,29%), which was recrystallized from toluene-hexane. 

Preparation of Pd2(p-C3H5)(r-OC6H4CN)(PCy3)2.2H20 (24'). 
A mixture of 8 (110 mg, 0.21 mmol), diethylamine (0.34 g, 4.6 
mmol), and N-allyldiethylamine (760 mg, 6.7 mmol) was stirred 
for 6 h at room temperature. After volatile materials were removed 
in the reaction mixture, the residue was dissolved in acetone (5 
mL). The acetone solution was kept in a dry ice box to give yellow 
transparent crystals, which were separated by filtration, washed 
with acetone at -78 "C, and dried under vacuum to yield 24': yield, 
59%; mp 115-116 "C dec. 

Reactions of (q3-Allyl)palladium and Related Complexes 
(Cf. Table 111). Run 1. A T H F  (5-mL) solution of NaCH- 
(COOEt)2 was prepared by a reaction of CH2(COOEt)2 (390 mg, 
2.4 mmol) and NaH (53 mg, 2.2 mmol). Complex 3 (66 mg, 0.14 
mmol) and diphenyl ether (internal standard for GLC) were added 
to the solution, and the reaction mixture was stirred for 2 h a t  
room temperature. GLC analysis showed formation of 0.11 mmol 

Other reactions listed in Table I11 were carried out under 
conditions analogous to those shown in Table 111. 

Reaction of 3 with PCy3 Complex 3 (41 mg, 0.085 mmol) 
and PCy3 (32 mg, 0.11 mmol) were put in an NMR tube, into 
which acetone-d6 was added. 31P(1H) NMR spectrum taken after 
the sample was allowed to stand for 1 h a t  room temperature 
showed peaks of 3, 4, and 17 (relative peak height = 1:2.6:0.7). 
An uncharacterized peak a t  60.6 ppm was also observed. 

Reaction of 17 with CO. Complex 17 was placed in an NMR 
tube, where CD2C12 was added. The atmosphere in the NMR tube 
was replaced by CO (1 atm). After 1 h at  room temperature the 
'H NMR spectrum showed allylic peaks characteristic of 3, and 
after 2 h the 'H NMR spectrum showed formation of 3 and allyl 
acetate (ca. 1:l). After 24 h the peaks of 3 almost disappeared 
and the 'H NMR spectrum showed formation of allyl acetate (ca. 
50%/17). 

Thermolysis of 13. A toluene solution (1 mL) containing 48 
mg (0.093 mmol) of 13 was heated for 5 h at  170 "C (temperature 
of the oil bath) in a sealed tube. GLC analysis showed formation 
of butadiene, butenes, 1-methylallyl alcohol, and methyl vinyl 
ketone (see text). 

of CH2=CHCH&H(COEt)F 

Registry No. 1, 33309-88-5; 2, 53199-31-8; 3, 79270-04-5; 4, 
79251-35-7; 5, 79270-05-6; 6, 89370-98-9; 7, 102588-88-5; 8, 
89370-92-3; 9,102588-89-6; loa, 89370-93-4; lob, 89370-95-6; 1 la, 
89370-94-5; l lb ,  89370-96-7; 12,89370-97-8; 13,102588-83-0; 14, 
i o m ~ - 8 4 - 1 ;  15, io2ma-85-2; 16, 102588-86-3; 17, 102~8-87-4 ;  
P~~(~-C~H~)(~-OC~H~CN)(PCY~)Z, 102615-67-8; [Pd(~~-csHs) -  
(OAc)12, 12084-71-8; trans-C4H8, 624-64-6; cis-C4H8, 590-18-1; 
1-C4H8, 106-989; Pd, 7440-05-3; CHpCHCHz0COCH3, 591-87-7; 
CHz=C(CH3)CHz0COCH3, 820-71-3; CHz=CHCH20C6H5, 

HzSCeHs, 5296-64-0; CHz==CHCH2SeC6H5, 14370-82-2; CHz=C- 
HCH20H, 107-18-6; CHz=CHCH(CH3)0H, 598-32-3; CH,CH= 
CHCH,OH, 6117-91-5; CH2=C(CH3)CH20H, 513-42-8; [CH2= 
CHCH2NEt3]Br, 29443-23-0; CHz=CHCH2NHCBH5, 589-09-3; 
diallyl ether, 557-40-4; meso-bis(1-methylallyl) ether, 10291- 16-4; 
dl-bis(1-methylallyl) ether, 6925-74-2; 1-methylallyl crotyl ether, 
1476-05-7; butadiene, 106-99-0; dicrotyl ether, 1476-04-6; meth- 
acrolein, 78-85-3; isobutene, 115-11-7; diallyl ether, 557-40-4; 
allyldiethylamine, 5666-17-1. 

1746-13-0; CH~=CHCHZOC~H~-P-CN, 33148-47-9; CH2=CHC- 
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