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Abatract  Phenylation of 1 octenc. cyclohevenc. styrene. acrylomitnle, vinyl acetate. cthyl acrylate.
and ethy! but 3 cnoate with PAiPAr 3 (OAC), was carmsed out 1n acetc acwd at $0° para Substituted
tnphenyiphosphine palladium acetate complex produced cotresponding para subtituted phenyl

denvatines

INTROILCTION

In a previous communication we reported a novel
arylation of olefin by Pd(PAr).(OAc), ' The reac
ton involves a facile cleavage of the P - € bond,
which energctically v comparable to the ¢ C
bond and chemically stable under ordinary con.
ditions

IThe present paper concems the phenylation of
l-octene. cyclohexence, acrylonmitnle, styrene. vinyl
acctate, cthyl acrylate, and ethy! but-3 cnoate with
PJ(PPh,),(OAC), and presents a possible mechan-
ism In a senes of papers.! Heck has descnbed
phenylpalladation of a vanetly of olefink com-
pounds by a phenyl palladium specics, which were
prepared by an exchange reaction between paila
dium salts and phenyl metal compounds such as
phenyl-mercury. -tin. or lead These exchange
reactions probably involve an clectrophilic attach
of palladiumi11) on the aromatxc nucleus On the

R CH,CH—CH, + Plet—@-X),],(()!\cl,

R -CH,

CH,
. RCH=C" .
O
3
R-n (CH,

other hand. in the present arylation by P&PAr,),-
(OAC),. 1t seems that an aryl pallsdium species s
produced through migration of the aryl group from
the phosphorus to palladium, which might be
mtated by attack of a nucleophile on coordinated
phosphorus

RESULTS AND DASC U SSJON

Arvlation of 1-octene In all these and subse-
quent rcactions, olefin and PAIPATL )L IOAC), were
warmed 1o $0° or 60° 1n acetic acd until most of the
complex reacted to produce metallic palladium
Results with l-octene are summanzed in FEq (1)
and Table 1. In Eq (1) no descnption s given of
the product which cames phosphorus, since httle
18 known about the fate of dearvlated tnarylphos-
phine, except that & small amount of diphenyl-
phosphinie acid can be recovered from the reac
von. Most of the unrcacted phosphine was trans.

* Acctoxylated
octencs
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Table | Arylation of | octenc
C omposition of phenylated
products, ¥
Run Reactant. g 1-{xtenc Solvent  Temp Time Yield, %
No imole ratio, P Pd) [ £ ¢ hr Al Ph ] 2 3 4
I PAiPPh)LOACH. 2172 1) 6 ACOH.2¢ (30 1 W 16 9 9 12 40
10 8
2 PHPPhLIOAC. 1 082 1) ) AcOH. 1D lrl 2¢ 2] 9% 6 2¢ 12 &
(A 4
3 PHPPh)LIOAC). 4 WX D) 12 AcOH.© 0 9 3 9° 9 1 19 19
4 PdiPipaoly L iOAC), 2V 1 6 AcQOM 24 0 L ha) @ L4 w1 4
S OPAOAO. 1 12, PPh, Y (Y 1) 6 AcOH, 28 0 W 1% 0
6 PHOAC, 1 12 PPh, 26222 1) 6 AcOH. 28 0 32 ‘6 BX ¥ % 1< 9
SO P&OACL 12 PPh L 31 6 AcOH, 28 0 2¢ 28 1 12 28 1¢ 4
K PPh, Y91 Oy 6 AcOH, 28 0 48 0 0
9 PAiPPh (L. 34102 1) 6 AcOH. 28 ho!J 24 0 0
120 W0
10 PAIPPH)LCL. Y $1.ACONa, 0 82 s AcOH. 28 0 4 3 T4 K 30 19 N
11 PAIOAC),. 2 24 . PPK, 26201 1) 102 tolucne. 90 !h() .4 4 <3 19 2 3 St
Ln mirogen
160 1
LR
12 PSLOAO, 112 PPh L 311 Iy s tolucne, 40 &0 23 23 1 26 2 49
20

AcOH.

acetonylated odefins and cak ulated from the peak area of Gl
*para-1olyl denvatisves corresponding to the productsin b

formed nto tnphenylphsophine oxide The phenyl-
ation of olefins occurred similarly when a mixture
of l-octene and PPh, was added to PAIOAC), 1n
acetic acid solution (Table 1. run 6 and 7) Excess
PPh,, however. inhibits the phenylation (run $).
Palladium chlonde complex, which 1s only shightly
soluble 1n acetic acd even at an clevated tempera-
ture, drd not show any activity in arylatron and
could be recovered ncarly quantitatively after the
reaction (run 9) However, 1in combination with
sodium acclate. the complex proved to be as eflect-
ive an arylation system as palladium acetate trun
10) 1t may be argued that the hmited concentration
of the compley species 1n solution made the aryla-
tion virtually undetectable However. the addition
of sodivm acetate did not increase the solubihity of
the chlonde complexy The role of acctate 1onin run
10 presumably resides not in the solubihzation of
the otherwise insoluble complex aitself but in some
direct participation in the arylation

The nature of the product and the reactron con-
dions in the present study remind one of the
known arylation reactions developed by Mornitam
et al..' where olefins were arvlated by palladium
acetite 1in aromatic solvent such as benzene, tol-
uenc, or other substituted aromatics 1o check the
posability of participation of this type of arylation
under current reacthon conditions, PA(PPh L TOAC).
was allowed to react with 1 octenc in t) toduenc and
) a minture of toluene and acetic acid Tolyl de-
nyvatives of octene were not detected 1n either case

“The yrebds of the products are on the assumption that one mole of PAtl i nceded to produce one mole of arylated or

C A¢ , acetorylated octenes. Ph | phenylated octenes
q (1)

and phenylated products were obtained 1n yrwelds
similar 1o those in acetic acd solvent. Thus, the
present reaction conditions are 1nadequate for
aromatic  clectrophilic substitution anvolving a
palladium (11) reagent as was shown by the fore.
going authors

When tnst p-tolyl)phosphine was used 1n place of
tnphenylphosphine, the arylation proceeded to
give p-tolyl denvatives of octenes (run 4) Thus, the
aromatic ¢ atom, bound to phosphorus, becomes
bonded to the olcfinic carbon Since a direct rewc-
tion of olefin with coordinated tnphenylphosphine
to produce phenylated olefin 15 unhkely, the
overall reaction mustinvolve at least two phases of
reaction sequence. cleavage of the aryl P bond to
form an intermediate which carnes an activated
anyl group, posubly on palladium, and the reaction
of the intermediate with olefin  Inspection of the
productindicated that the latter phase 1s the phenyl-
palladation of olefin as descnbed by Heck,? and
thus, the ntermediate v some  aryl palladium
species A comparnson between run | and 4 (or run
1€ and 16 an Table 2) indicated that the yicld of
arylated product was lower for the phosphine with
an clectron-rekeasing p-substituted phenyl group
This fact may be important in understanding the
mechanism of the first phase of the reaction. 1 ¢,
the clcavage of aryl-P bond

Some comment should be made on a combined
yicld of acctonylated and phenylated products in
Table 1 Since the reaction was carnied out in ar,
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the reduced palladium was reoxidised to a divalent
staie. The over 1005 yields are explained by con-
sidenng such a catalytic cycle. Also in the present
reaction the formation of a phenylated product dd
not paralicl that of metallic palladium The precipi-
tation of zero valent palladium seemed to be in-
hibited by the presence of a phosphine ligand and
became significant after the phosphine higand had
been destroyed by oxrdation to phosphine oxide
Oxidation of tnphenylphosphine in the presence of
palladium to the phosphine oxxde 1 known.* In
most of the reactions 1n Table 1 the conditions
(ime and temp) were adopted in order to make the
precipitation of metalhic palladium complkete and
thus the subsequent work-up easy

The time course of phenylation illustrated 1n Fig
I and 2 shows that the phenylation was ncarly
complete 1n a much shorter tume and under much
milder conditions than the conditionsan Table 1 In
these figures, smalil aliquots which were taken from
the mixture were analysed directly on Gl C and the
yiclds of phenylated products were plotted against
reacthion time  The mixture was imbally hetero-

e &

Yogsd, N (000 on PY)

ReoX 1o tumg,

Fig 1 Time course of phenylatioa of | actene by Pd.
tPPh,) GOAC)K 1n et aced at $0 0° [PIPPhNOAC),]) —
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gencous because of the low solubility of the 1 1
complex, PA(PPh,HOAC). 1n aceic acid or ace-
tonitnic at room temperature Additson of a 10 fold
excess olefin solubilized the complex to an appre-
ciable extent to afford a deep orange solutron and 1n
§ hr most of the solid dissolved One hr after the
additton of olefin, the mixture began to darken and
the preaipitation of metalixc palladium became
evident As already mentioned it was a general
observation that the precipitation of palladium s
delayed as compared to the formation of phenylated
product

There 1s some discrepancy inisomer distnbution
of the product between Table | and Fig |, espec:
1ally 1n the relative abundance of 1 and 3 Since they
arc isomers in which only the location of the double
band 1s different. it could reasonably be interpreted
that the increased content of 3in Table | was de
nved from the isomenzation of 1 duc to a much
longer reaction time It seems that the results in
Fig | reflect the isomer distnbution directly de-
mved from the rcaction intermediale, since no
significant isomenzation of the arylated products
was venfied in the reaction and subsequent analyt-
cal procedure In this direct GLC analysis a
considerable amount of biphenyl was detected. but
1t decreased gradually with reaction ime and finally
dimimished after about 20 hr Biphenyl woukd be
formed by thermal decomposition of PPh,-Pd
(OAC), in the inyection part of the G C instrument
In Tabe | no biphenyl was obtained. but when the
reaction was carnied out without olefin, biphenyl
became the predominant product [t s interesting
to recall that pheny! palladium reagent decompaoses
1o give biphenyl *

In Fig 2 1t s 1o be noted that the imtial reaction
ralc decreased as the ratio of PAtOAC), to PPh,
decreased This s in accord with the cxpenment in
Table 1. run S The observation 1s general irres
pective of the solvent This fact is further stressed
by pointing out that 1 2 complex 1s usually much
more soduble than 1 1 complex, PAIPPhHOAC),.
in any ordinary solvent In other words. the high
reactivity of the | | complex more than ¢com
pensates for the low concentration in the reaction
medium  From a mechanintic point of view the
above observation scems to imply that some co-
ordination vacancy or unsaturation is pecessary for
the imtiation of the reaction As to the effect of
solvent on the reaction, not much difference has
been observed in the reaction rate and produdt
composition 1n solvents such as acetic acid, ace
tonitnle.  acetone, benzene or  mitromethanc.
though more work 1s needed in this respect

Phenylation of other olefins The results with
some of other olefins are summanvzed in able 2

Phenykeyclohexane and hiphenyl. the reacthon
products from cyclohexenc, could be produced by a
secondary reaction, 1¢ . through hydrogenation
and dehydrogenation of phenylcyclohexenes, since
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the former product was not detected in the reaction
under mikder condition (Fig 31 The formation of 3-
and 4-phenylkevclohexene. the main products from
cyclohexene. 1s 1n contrust 1o the case of | octene
which produced mainly styrene denvatives The
tme course of phenylation of cyclohexene (Fig 3)
further verified that the main products were 3- and
4-phenylcyclohexene. where 1-phenykyclohexene
was detected only in small amounts A similar
oncntation of phenyl group has recently becn
reported for phenylpalladation of cyclohexene ¥

TaMe 2 Arnylatwon of subatituted olefina by PiPPhLIOAO, 0 acein acwd at 60°C

T Yamant. K Kiktkawa, M

Taxact and T Matstpa

The conversion curves of phenylation of |-
octene. cyclohexene, and ethyl acrylate 1in Fig 4
indicate a similas rate of reaction among these
olkefins On the other hand, when the reaction was
carned oul with a mixture of two olefins, a sigmfi-
cant differcnce 1n reactivity was observed between
these olefins (Table 3) This could be attnbuted to
the difference in coordination ability of olefins.®
As the rate of phenylaion was decreased by
increasing the ratio of PPh, 1o PdiOACc),. 1t s
probablc that there 1s an equilibnium in which PPh,

Run Reacton
No Olehin time. hr Products, %
13 stytene 123 Ac(Q) Ph Ph\ Ph
=C /(‘=("
H H H H
6% (29
Ac()\ H Ph /H
(=C =(>\
H Ph H Ph
(104) (82)
14 winyl scetale 20 unknown® Ph OAc
(an _=C
H H
(an
CH,CHOAC e M
| L=C0
Ph H OA¢
2) (24)
1¢  cthyl acrnylate 20 unknown® unkpown*
3 1 h
Ph \(._(./H
H™  TCOOE
(s
16 cthyl acrylate? 438
CH,O <>
’ (‘=(‘/N
o COOE
($0)
17 acrylontnile 24 unhpown' Ph ~. ‘/(~N
race) /( = -
H H
(19)
ACOUHCH,ON P‘h\ /H
14) /(‘=(‘\
H CN

(36)
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Table 2 connnued

Reaction
No Olefin tume, hr Products, %+
18 cthyl Q2 unknown® unknown’
but. 3 .cnoate (1%) (R
A H, H PhCH, H
~
(‘=('/ \(‘=('/
- ~ . - ~
H COOFt H COOF1t
(166) (36
19 ovchoberene” 29 -
AcO Ph » Ph— H
(R Ry
SONNCONE®,
(12m (trace) (i)}

unknown C )

*Based on Pd uved
*Acctorylated olchins by IR
‘Phenylated olefins by IR

‘Pd!ﬁ(G) OCH, L LIOAN, was used in place of PAPPR)LIOACH,

‘Reactson temp O

“This fractson 11 largely composed of 1-phenylcycloherene

competes with olefin in coordination tEq 2) Fven
though two olefins exist in equimolar amounts 1n
the system. one of them might be preferentially

AO__PPh, o
/Pd < O=C_ _—
PPh, OA¢ X
ACQ) P"h,
C :Pd: . PPh, ()
\; AL
|
X

coordinated o palladium and react to give the
corresponding phenylated product

Mechanism  As suggested the phenylation prod-
uct can most reasonably be interpreted in terms of
the reaction of olefins with the phenyl palladium
species formed duning the reaction Allowang for
the possible minor vanance which might be intro-
duced by the presence of a phosphine hgand, the
present phenylation reaction has the following
charactenstics which are the essenual features of
the phenylpalladation reaction as developed by
Heck () Phenylation of olefins under mild condi-
tnons. (n) relatively low sensitivity to the change 1n
reaction medium, Gn) stercochemistry  formation

of 3- and 4-phenykeyclohexene from ¢yclohexenc.
and preferred formation of terminally phenylated
product from a terminal olefin

The most intnguing problem 1s the mechanism
by which the phenyl palladium species 1s formed.
I wo possible ways are considered for the clcavage

ofthe P C bond (Eq 3 and &)
~ /':\Ph' N /Ph’P'\u
/Pd\ Nu v /Pd\ A
Nu nucleoptule
Ph.,,@ e ‘ - Ph Pd (@
PLONG Ph,P Pd

Equatwon (3) contains an imtiation involving
nucleophilic attack on phosphorus by a nucicophile.
while Eq (4) represents clectrophilic attack of a
palladium species on the aromatic nucleus Flec
tron-releasing groups (for example. Me or OMe) n
tn-p-substituted  tnphenylphosphine  proved to
lower the reactivity of arylation * Thus, this aryla-
tion may involve a nuclcophilic attack on phos.
phorus 1n the rate determiming step. 1., Eq ()
scems to be more reasonable The nature of the
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Yd, % (Dosed or PY)

kg 3V Time course of phenylation of ¢ycloherence by
PAPPh,LIOAC), 1n acetsc acad at 30 O [PA(PPh,)(OAC)]
=0 1 molc. ] [¢yclohevene: — | mole |

Y e8d, % (bosed or PY)

—_— . - -

Fig 4  Time course of phenylation of 1 ovtenc. cthyl
acrylate, and cyclohexene by P&PPh,XOAc), In AcOH
at 40-0° [PHPPHh,NOAC)] ~ 0 2 mole/l [olefin] — 2 mole/l

Table 4 Spectral data of phenylated and acetory lated products

Compaounds

CHNCHDLOH; e

Yasmasns, K Kikt kawa

NMR* sppm

0 WXtia), 1 Wanbh), 2 44mi¢)

.M Taxact and T Marst pa

Table ¥ Arylation of ecquimolar minture of olefins in

R WP ]
MMCIONITUC AT U

Olcfins Rato of arylated products
I (xtene. Cyiloberenc 100 1

- OX1enc. Bthyl mrylate 171

nucleophile 1n Fq (1) s not specified, but in the
present reaction the acetate wn 1s probably the
reagent which attacks the phosphorus Whether the
attack occurs by external 10n or via coordination to
palladium s not clear  This process converts tn
phenylphosphine 1o acctoxydiphenylphosphine.,
which. after ondation and hydrolysis, should give
diphenylphosphinie acd  Finally, two scparate
communications appeared recently which descnbe
the facile cleavage of the phenyl-phosphorus bond
n a transition metal complex * Detils of the reac-
ton are not reported. and itis not yet clear whether
they have something 1in common with the mechan-
1sm reported in this paper

EXPERIMENTAL

Preparation of olehins 1-{Xlcnc was prepared by
thermal decomposition of a xtylaetate Cyclohercnc
was prepared by dehydration of cycloheranol Other
olehns were of commercial ongin

Preparation of palladium compleres Palladium acce:
tatc bisttnphenyiphosphincipalladium acetatc. bivitnup
tolyhphosphine ipalladium acctate and bisttns p methory:
phenylhiphosphine ipalladium acctate were proparcd by the
method of Wilkinson, e7 ol '* PAIPPh,ROAC). T 1 com
plex. was prepared similarly using equimolar amount of
tnphenylphosphine and palladium acetate and s an
amorphous yellow powder (Found (. 204 H 472
Cakd for PAPPhHOAC, . 428 H 4 31¢% ) The
product was used for reaction without further punfx ation

IR'.<m °

K91 A4 (- CH,

C=C 4WLC1THder S, — 1o T4 B, . (mono subst henzenc)
P He SR RIRELTY
('n,«(‘u;;.('m\ /H' 0 90a), 1 2Xmiby, 2 Omio) 966 & . urans CH—CH )
C=C_ 12Rdi0). ¢ tmud.c. ABX)
M~ CHIPY S g S — 4 Sy 246 A . (Mono subst henzene)
CH; 09 | WOmib | PRe) B0 Bpt < —CH

CHNCHD,CHCHS —C

2 14div), ¢ Tomed), T 2mu)

Ph' F PP P FURN T60 8, imono subat benszenc)
(’}H’((’)ﬁ),(""'.\ /N‘ 0 90ta), 1 Vinuby. 2 1&g 964 B L trans CH—CH )
=0 6 1°midr. 6 W0dic), ™ 20mif)
H* Py’ Joa— Y0 Jo— 160¢ s 4R 8., tmono subst benzene)
H* M
M - /4 Ph* 1 90mudr. 2 10¢). 2 2¢b)
He 2 Emic). ¢ Oua), " 17Ul

My M
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C ompounds
/Ph'
c=C
She

(‘H{("()()\
e

('N;(‘()()\ H*

/(‘ e

> COOCHNCHS

CHNOOCHMNCHUCN

u-\( M
g SeN
He _ON
C=C
Ph " TR
(‘u«‘m(xn\(k_(/w
H S CHIOCOCH]

('N:('N}()(’()\(Ad‘/ﬂ‘
W7 TCHPN

b kS
i S COOCHCHY
CHXCHDOW,  _we I
€ ==(
Ve ~
il

CH;
f &

Orex

~_(»/u-
= s

O

CHXCHOCHCHe =~

CHNCHD,CHG

H*

CHy

Table & contuinued

NMR®, &ppm)

2 18ua). ¢ S9d(b)
T 3mic). T Wdid)
Jow — B O

207wa). 6 W(b)
MPSIVFRERE 3 T 1
e 12 %¢ »

I 3le). 4 22q¢d) .6 3¢
T e0dib), T dmia)

Juw — 16 K

2 100, 2 65O
4 24ub)
Jo — 68

< Wdia). T 0sdib)
T \Bmue.mop), 7T
Jo— 1200

mic. o)

CRidia), T Mb)
T I9%ug)
Joy — 17 0¢

1 XRua) 2 0Cuf) 4 l6qib)
4 0gie), ¢ Nmic), 6 0mic)
Ja =160 J,~%0J,,—20¢s

1 27ar 3 14Ger 4 14qeh
6 24mud). 6 4Wdic). T 2%l
Jae ~60. /=18

1 29Ug). b “Kua), 4 201
6 20de), " 4did) 6 Bidig)
T 424y

Jau =160, J,, — 90

0 X9t | Wmib) 2 Omud
2 28w, 3 23l 6 g by
S8 e ABXL S, - 4 S

090ar 1 Yimiby, ) 9 die)
2 29uh) 2 2emmcr. S 67 and)
T, T 0ldigr S, - "0
Ju— 101, —KO s

0 89ta). ) Mmb). 2 16qic)
2.28s(h). 6 07mid). 6 XRdic)
6 Mg " 1M S, — 40
=160 Jy — B8

1740
123¢
"04

1738
93

~es
1~to
980
TR
2240
174¢
1230
2240
140¢
RO
2230
~<0
1740
1720
970
1720
9°0
00

1710
1240

810

96 ¢
RO¢

RIR

LI

IR, ¢m *

[
e o
8, % imono subst benzenc)

b
B uqtirans CH—CH )
&, . tmono subst benzene)

OO
B wtirans CH—CH
B3, 4 imono subst benzenc)

¥ian
LN
Yoo

Vien

Bimicts CH—CH
8, % IMono subsl benzenc)

Vian
A qttrans CH—CH )
A 1 IMONO subt benzene)

Veon
be-o
8 ultrans CH—CH
Yiean
A ultrans  CH- CH )

8, 4 tmono subnt benzene)

L

L STy
B mitrans CH—CH )
&, . (para disubst benszenc)

S pitrans CH—CH
A, ., tpara disutst henzenc)

8 i tpara dinubst benzenc)

B nltrans (H—CH
8, 4 tpara disubal benzenc)

*1 hese were cramined av ¢ 10 vol% solution 1n carbon tetrachlorxde and the chemnal shifts were measured from
tetramcthylulane internal reference « unghet. d doublet. t tnplet. 9 quartet. m multiplet

"These were measured as neat
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Tabc ¢ Analytxal data of products
Compounds Found Cakd
1-Phenyl oxtene | (¢ R 94 %9 v
H 10 61 10 "1
ais Cinnamonitnle C X104 B3 &9
H AN ) < 46
~N 10 &4 10 84
trans -Cinnamonitnic ¢ BY 23 31 a9
H s 2 AT
~ 10 $¢ 10 B4
4 Acctony crotonw ( <92 AL 3|
acd ethy | cster H c9 “ol
4.Phenyl crotonk [¢ 6817 "¢ "e
acd cthyl ester H T2 R

General procedure of the arvlaion of olefins To awin
of Pd compler (S mmode) 1n a solvent (25 g, olefin (20
mmoke) was added 1 he minture was stirted 1n an ol bath
until the Pd metal depouted The metal and soln were
separated by centnfugation 1o the soln, 100 ml of ether
was added and washed twie with water The cthercal
cxtract was then washed with 10°% NaHO OLaq followed
by sat NaClaq. dred over MgSO, and dutilled Fach
component of the product was separated by GLC and
wentificd by 1R, NMR. and clementary analysis Spectral
and analytikal data of the products are shown in Tables 4
and $ 1 Phenykyclohexenc. cis- and trans Cinnamom
tnic. cthyi 4 phenykrotonate. and ethyl cinnamatc were
alvo asugned by companson of the IR spectra and the

T Yasmant, K Kixtkawa. M. Taxaci and T Marsupa

retenion umes on G C with those of authent sampics
(Tablesdand ¢ )

Determunation of ime course of pheaviation 1o asoln
oe suspeason) of Pd compler (0-C< mmole) 1n a swolvent
1$ 0 ml) containing an appropnate nternal standard (b
benzyl or dicthykeneglycol dibutyl cther) olefin (40
mmole) or a mixture of olefins (20 mmole) were added
and stured 1n a thermostatted cell Samples were with:
drawn at appropniate ime intervals by a mrcrosynnge and
directly analyzed on (:1.C cquipped with flame wonizatson
detector
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