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Abstract-Palladium (0) catalyzed reacttons of arenedrazonium salts for arylation of aliphatic and cyclic 

oletins and allylic alcohols. styrene and ethyl acrylate were studied. Effects of the olefinic compounds and 
other reaction variables on the arylation were presented. Arylpalladium species was proposed as the most 
plausible intermediated in this reaction. 

Arenediazonium salts have been utilized to achieve 
transformation of the aryl-nitrogen bond to aryl- 
alkenyl bond in Meerwein arylation (copper salts 
catalyzed arylation of olefinic compounds).’ The 
arylation is a useful synthetic procedure, because of the 
availability of a variety of aryl amines and good 
product yields. However. it generally requires the 
olefins to be activated by an electron-withdrawing 
group, such as cyano. aryl. vinyl, ethynyl or chloro 
group. Recently Doyle ef ol. reported a modified 
Meerwein arylation with significant improvement by 
the use of free aryl amines and alkyl nitrite in place of 
arenediazonium salts.3 However, the limitation in 
olefinic compounds still remains. 

Arylpalladium reagents obtained from several 
sources, such as aryl halides or arylmercurials, have 
been utilized extensively for olefin arylation (Heck 
arylation4), and the arylation is known to be free from 
the requirement for activation in the olefinic sub- 
stances. In a previous communication,s we reported a 
novel arylation of olehns by arenediazonium salts in 
the presence of a catalytic amount of palladium (0). 
Various styrene derivatives have been synthesized in 
good yields by the reaction of arenediazonium 
tetrafluoroborates with ethylene, which is a poor 
substrate in the Meerwein arylation2 under the 
catalysis of bis(dibenzylideneacetone) palladium (0) 
{Pd(dba),i.‘,’ 

Now we wish to present the results obtained by 
surveying the effects of olefinic substrates and type of 
the diazonium salts as well as reaction variables to 
clarify the scope of the utility of the novel arylation. 

RESULTS AND DISCUSSION 

Efect oJolt$nic substances and arenediazonium salts. 
The results in Table 1 show that the present arylation 
with arenediazonium salts and palladium catalyst 
affords good or fair yields of products for various 
olefins, including those which give poor results in the 
Meerwein arylation. Neither electron-withdrawing 
and releasing groups on the double bond cause serious 
effects on the arylation except for acrylonitrile and an 
enamine. Addition of acrylonitrile to the reaction 
mixture led to precipitation metallic palladium and 

prevented progress of the arylation, and l- 
pyrrolidinylcyclopentene reacted with diazonium salt 
to give tarry material. Lower yield observed for 
internal olefins suggests that the arylation is 
susceptible to steric factor.’ though cycloolefins except 
for cyclohexene gave good yields. Simple olefinic 
hydrocarbons afforded mixtures of double bond 
isomers. The formation of these isomers can be 
explained in terms of isomerization of the products 
and also of starting olefins by the catalysis of a 
hydridopalladium intermediates under the reaction 
conditions. A time course of phenylation of cyclopen- 
tene in Fig. 1 clearly indicates that 3-phenyl- 
cyclopentene is the initial product, which then 
undergoes isomerization to I-phenyl and/or other 
isomers as shown in Scheme 1. Figure I also reveals a 
good correlation between gas evolution and the 
outcome of the phenylatcd products. Most of the 
arylations summarized in Tables I and 2 are 
considered to complete with 0.5-1.0 h at room 
temperature. 

A variety of arenediazonium salts can be used for 
this arylation as shown in Table 2. The product yields, 
however, seems to be affected by the stability of the 
diazonium salts, as themselves or under reaction 
conditions, through the formation of variable amount 
of tarry products. Deactivation of the catalyst by the 
formation of tarry materials, one of the important 
factors in the reaction, can be overcome considerably 
by increasing the amount of the catalyst. Reactions of 
naphthalene-t- and -2-diazonium tetrafluoroborates 
with ethylene(7.5 kg!cm2)under thesimilarconditions 
gave the corresponding vinyl naphthalenes. Fan yields 
obtained with bromo- and chloro substituted dia- 
zonium salts indicate that the aryl-nitrogen bond is 
more reactive to zero-valent palladium than aryl- 
halogen bond. Nitrobenenediazonium salts (para and 
ortho), which are good substrates in the Meerwein 
arylation, gave nitrobenzene in this system. 

Efict of medium. Acetonitrile, methylenechlori’de 
and acetone were found appropriate as reaction 
medium. But use of alcoholic solvent caused reduction 
of diazonium salts. Effect of the solvents not only 
varied depending on the starting olefins, but also 
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Table 1. Arylation of olefins by arenediazomum salts” 

Run Olefin ArN2Xb) Solventc) Catalystd) Products Yieldf) 

(70) (7. iaomeric cornpositi~n~)) (7.) 

1 CH2-CHCH20H PhN2CI aq-AN A(2) 

2 CH2-C(Me)CHO 

3 CH2-CHCOOEt 

4 " 

5 11 

6 " 

7 CH2-CH% 

8 " 

9 " 

10 MeCH-CHPh 

11 CH2-C(Me)Ph 

12 CH2-CHCH2Ph 

41 CH2-CH2 

42 " 

13 l-pentene 

14 2-hexene 

15 cyclopentene 

16 " PhN2C1 aq-AN A(2) 

17 " 

18 cyclohexene 

19 cycloheptene 

20 cyclooctene 

21 CH2=CHCN 

MeoN2C1 

MeoN2BF4 

PhN2BF4 

MeDN2BF4 

PhN2Cl 

PhN2BF4 

II, 

1-Naphthyl-N2BF4 

2-Naphthyl-N2BF4 

PhN2BF4 

PhN2BF4 

PhN2BF4 

111 

AN 

11 

aq-AN 

AN 

MC 

II 

II 

II 

MC -AC 

II 

MC 

MC 

II 

B(4) 

B(2) 

B(4) 

A(2) 

B(2) 

II 

0 

B(7) 

B(4) 

B(2) 

II 

II 

B(2) 

II 

B(2) 

B(4) 

II 

II 

B(2) 

I, 

PhCH2CH2CH0 (90) 

PhCH(Me)CHO (10) 

PhCH-CHCHO (trace) 

PhCH2CH(Me)CH0 (95) 

PhC(Me)2CH0 (5) 

(E)MeaH-CHCOOEt 

81 

(E)PhCH-CHCOOEt 

(E) j=&H=CHCOOEt 
Ue 

(E)PhCH=CHPh 

II 

I, 

(E)PhCH-C (Me) Ph 

*a 

(E)PhCH-C(Me)Ph (60) 

(E)PhCH-CHCH2Ph (40) 

1-Vinylnaphthalene 

2-Vinylnaphthalene 

Phenylpentenes 

Phenylhexenes 

Ph 0 (101, Ph (90 )g) 

. 
Ph 0 (41), Ph 

0 
(59)E) 

Ph 0 (58), Ph (42)E) 

Phenylcyclohexenes 

Phenylcycloheptenes 

Phenylcyclooctenes 

Tarry products 

11 

41 

67 

10 

94 

91 

83 

8 

94 

51 

6 

40 

60 

68 

72 

49 

18 

70 

70 

60 

18 

78 

72 

(a) All procedures cited here were carried out at room temperature for I .5- 2 h with sodium acetate as base. 

(b) PhN,CI: in-situ prepared in water (actual species might be PhN,OAc). PhN2BF,: isolated salt. 

(c) aq-AN: aqueous acetomtrile (15’~). AK: acetonitnle. MC: methylene chloride. MC-AC: mcthylcne 
chloride’aoetone (1 ‘I ). 

(d) A: 2&o valent Pd prepared in-sir~c from PdC12 and sodium formate. B: Pd(dba), 

(c) Dctermmed by GLC. 

(f) Isolated yields based on ArN2BF, or anilines (for ArN2CI). 

(g) Small amounts of 4-phenylcylopentene might be included. 
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Schen ne I. 

appeared in the isomer distribution of the arylated 
olefins. Reactive olefins. such as cyclopentene, was 
affected little by the medium. and could be allowed to 
react with in siru prepared diazonium chloride in 
aqueous acetonitrile. Better results, however, were 
obtained under non-aqueous conditions for most of 
olehns. Acetonitrile generally gave good results for the 
olefins attached by electron-withdrawing group, such 
as styrene or ethyl acrylate. Methylenechloride. a poor 
solvent for diazonium tetrafluoroborates and sodium 
acetate but good for Pd(dba),. tends to increase the 

isomerization as shown in Table 2. Thus, in the 
reaction of cyclopentene with p-chlorobenzenedia- 
zonium salt replacement of the medium from 
acetonitrile to methylenechloride brought about 
exclusive formation of the isomerized product, I-@- 
chlorophenyl) cyclopentene. 

Ewminurion of’ ca~a!\w .v.wem. The initial experi- 
ments had been started with thezero-valent palladium 
catalyst prepared by reduction of palladium chloride 
with sodium formate. but use ofthccatalyst in aqueous 
acetonitrile was restricted to the olefins being either 

Table 2. Arylation of cyclopentene 

RUII X in Solvent*) Pd (dba)2 Reaction Yieldb) 7. ieomeric composition c) 

'~N;BF~ 7. time(mfn) 7. Ar0 A=0 d, 

15 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

H MC 

II AN 

~43~ 

II 

MC 

AN 

m-en 
3 

MC 

I, AN 

o-CH 
3 AN 

p-CH30 AN 

II MC-AC 

p-Cl 

II 

MC 

AN 

m-Cl MC 

II AN 

O-Cl MC 

II AN 

p-Br MC 

P-F AN 

o-NO2 AN 

p-NO2 g) *q-AN 

2 

2 

2 

2 

8.4 

2 

2 

4 

4 

4 

4 

2 

2 

8 

2 

8.3 

2 

2 

2 

75 

140 

90 

145 

150 

145 

120 

25 

45 

75 

60 

160 

150 

50 

145 

25 

145 

175 

70 10 90 

67 20 80 

46 10 90 

71 50 50 

27 94 6 

25 0 100 

24 0 100 

30 46 54 

31e) 2 98 

35 100 0 

49 0 100 

75 90 10 

60 10 90 

'71 30 70 

25 0 100 

41 99 1 

44 15 85 

5f) 0 100 

11 0 100 

la) See Table I. (b) Isolated yield based on ArN,BF,. 
(c)Determined byGLC.(d)GLCanalysiswithcapirallycolumnindicated theprcsenceofsmallamountsof4- 
arylcyclopcntene. 
(e) Anisolc #I’,,) was formed. (f) Nltrobenzene (30’%,) was formed. 
(p) Irr-.\irtr prepared diazonium chloride was used. 
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Fig. I. Time course of phenylation of cyclopentene. 0. Gas 
evolutton: c>, Total yield of phcnylcylopentenes: 0. 3- 
phenylcyclopentcne. A. I-phenylcyclopentene: +. Gas 
evolution in the ahscnce of catalyst or base (Run 52 or 55). 

reactive or water soluble. Table 3 shows the effects of 
various metal complexes and bases in the reaction of 
cyclopentene with benzenediazonium tetrafluoro- 
borate at 24.5’. The best catalyst was proved to be 
Pd(dba),. Combinations of. Pd(dba)2 with a repre- 
sentative bidentate ligands (one molar equivalent) 
inhibited or markedly suppressed the arylation. and 
the rate of gas evolution decreased to the extent 
corresponding to spontaneous decomposition of 
diazonium salt in the absence of one of the reactants 
(set closed square in Fig. 1.) Tetrakis (triphenyl- 
phosphine) palladium (0) showed some catalytic 
activity, but was much less effective than Pd(dba)*. 
The inhibitory effect seems to be related with the 
behavior of these ligand that they are better ligand to 
palladium in an oxidized state rather than in zero- 
valent state. Stabilization of arylpalladium species by 
their coordination is reasonably considered to depress 
its catalytic activity under the present reaction con- 
ditions. Other low valent metal complexes. Ni(COD), 
and [RhCI(COD)], showed no catalytic activity. 
Sodium acetate is most effective as base. and 
triethylamine. a good base in the Heck arylation.4 
reacted with diazonium salts to give tarry materials. 

When a equimolar amount of benzenediazonium 
tetrafluoroborate was added to Pd(dba), in acetonit- 
rile, nitrogen was evolved immediately even at Dry Ice- 
methanol temperature. and its amount corresponded 
to that of the diazonium salt utilized. Addition of 

cyclopentene to the reaction mixture, and raising the 
temperature to 20 produced phenylcyclopentenes in a 
moderate yield (I 7”,, based on Pd(dba)z used). While, 
in the presence of (PPh3)4Pd(0) the diazonium salt 
afforded a mixture of aryl- and arylazopalladium 
complexes.’ 

ArN2BF4 + (PPhJ),Pd --, [ArPd(PPh,),]‘BF; + 

[ArN,Pd( PPh,), J- BF,. 

The observations obtained in this study can be 
explained reasonably by the following catalytic cycle 
involving arylpalladium species (Scheme 2.) Counter 
anion(X) of diazonium salt might be replaced by 
acetate anion prior to the reaction of diazonium salt 
with Pd(0) when aqueous acetonitrile was used as 
solvent. 

*‘“‘yl&-’ ya;*co 

2 

N2 4 HPd(lI)X 

ArPd( II )X 
-r” 

ArC=C 

HC=C 

Scheme 2. 

EXPERIMENTAL 

Murrriok All of the unsaturated compounds, solvents. 
ligands and crystalline arylamincs were used as received 
except for I-pyrrolidinyl-cyclopentene. which was prepared 
as described in the literature.‘” Liquid arylamines were 

distilled and stored under nitrogen. Dicyclo-octadiene 
nickel(O) (E. Merck, Darmstadt) was used as received. 
Tetrakis (triphenylphosphine) palladium (Ok’ ’ bis (diben- 
zylideneacetone) palladium (0)’ ’ and cyclooctadiene 
rhodium (I) chloride” were prepared by the published 

methods. Arenediazonium tetralluoroborates were pre- 
pared by the conventional method.14 

Genrrcrl procedurr. Reactions were carried out in a two- 
necked flask under nitrogen. An arenediazonium salt was 
added to a solution of unsaturated compound. sodium 
acetate and catalyst. After the completion of gas evolution, 
the arylated products were isolated by the method depending 
on the structure of the products Typical examples follow. 

3-P/tef~~/propano/ (Ar,durion vr crqwou.~ ftrerorfirrik Gr/r in 
situ prt~parrd dic/-_onium su/r.s). Aniline (0.1 mol) was 
diazotized by a conventional procedure in aqueous 
hydrochloric acid with aqueous sodium nitrite (7.0g)at O-5 
To the diazottzed solution (total 150ml) was added 25s of 
sodium acetate and the solution was filtered. The cold 
filtration was added dropwise to a mixture of 0.2 mol of ally1 
alcohol. 0.002mol of Li,PdCl, and 2 g of sodium formate in 
50ml of 60”,, aqueous acetonitrile over a 30 min period at 
room temperature. The palladmm solution had been warmed 
to 30 for IO 20 min to give a partial deposition of metallic 
palladium and cooled to room temperature before the 
addrtron of drazonium salt. A rapid gas evolution started 
immediately after the addition and ceased within.5 mm after 
completion of the addition. Volattle products wcrc separated 
by steam distillation. From the distillate. organic products 
were extracted by benzene (30ml x 3). The organic extract 
was treated with saturated aqueous sodium bisulfite to form 
crystalline adduct. A distillation of an ether extract after a 
decomposition of the adduct by aqueous sodium carbonate 
gave 4.9g or a mixture of phcnylpropanols. B.p. 
IO& I05 :I5mmHg. A GLC analysis revealed that the 
product was consisted with 90 of 3-phenylpropanol, IO”,, of 
2-phenylpropanol and trace of cinnamaldehyde. Each 
product was separated by preparative GLC. NM R spectra of 
the products agreed with published spectra.” 

3-Phunyl-2-mer h,vl propotwl. 2-Mcthallyl alcohol was used 
Instead of ally1 alcohol in the procedure described above. A 
distillation of the steam distillate gave log of products (95 ‘I*, 
of PhCH,CH(CH,)CHO. 5”,, of PhC(CH.,)JCHO and trace 
of unknown compounds). A purification through the 

formation ofsodium bisulfite adduct gave 7.0gof3-phenyl-2- 
methyl propanol with 99”,, purity. B.p. 83’ /4mmHg. The 
NMR spectrum was identical with the published one.” 

PhcJrr!,k~c/openrenes ( Arylarion in rum-U~UYOIL~ \olrenr r~ irh 
isolured diconium rerrqfluorohorare). To a mixture of 
0.5mmol of Pd(dba)*. 76mmol of sodium acetate and 
50 mmo) of cyclopentene in 80 ml of methylene chloride was 
added 25 mmol of benzenediazonium tetrafluoroborate all at 
once with stirring at room temperature. A rapid gas evolution 
and exothermic reaction were observed. Saturated asueous 
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Table 3. Effect of catalyst and base on phenylation of cyclopentene.” 

Run Catalyst Base Solventb) Rare of gas Reaction Yieldd) 

ev*lutionC) time<min) 7. 

43 Pd(d& NaoAc MC fast 90 

&i( I, 1,‘ AC fast 90 

05 Pd(dba12-Diphos e) II HC slow 90 

(r6 Pd (dba) 2 -Dfpye) ” ** slow 90 

t7 Pd (dba) z-Phen e) ,, ,I slow 911 

48 Pd(dba) 2-MEDAe) ” ” slow 90 

49 Pd(PPt-& it AN slow 260 

50 Ni (COD) 2 I, ** slow 90 

51 {RhC1(COD))2 ” *‘ slow 90 

52 None ,. 0 slow 90 

53 Pd (dba) 2 Et3N ” fsf#t 90 

54 ‘* Ne2C03 I’ slow 90 

55 “’ None ” slow 90 

90 

90 

10 

0 

0 

3Yf) 

0 

0 

0 

0 

0 

0 

(a) The following molar ratio was employed in thermostatted cell (24.5). Catalyst: PhN,BF,: Base: 
Cyclopentene = I : 50 : 150: 150. 

(bl See Table I. 
(c)fasr:Gasevolutlon finished within 2Smin. (Seectosedcirclein Fig. I.)slow:Gasevolutiondid not finish 

within the reaction time. (See closed square m Fig. I.) 
(d) GLC yield based on PhN,BF,. 
(e) Equimolar amount of the ligand was used. Diphos: i,2-bis(diphenyiphosphino)ethane. Dipy: 2,2’- 

Dinyridine, Phen: o. o’-ohenanthroiine. TMEDA: N, N, N’. N’-tetramethylethylenediamine. 
ifj Diphcnyl was also.formed. 

sodium carbonate (50ml) was added lo the reactron mixture 
after stirring for Ih. When acetonitrile was used as solvent. 
IOOml of ether was added at this time. The organic layer was 
washed by 50ml of aqueous sodium chloride and dried over 
anhydrous magnesium sulfate. After removal of excess oiefin 
and solvent, the residue was purified by passing it through a 
short silica gel column with hexane. A distillation of the first 
fraction gave 2.53 g of pheny[cyclo~ntenes. B.p. 
~~2-10~~26mrnHg. isomer distribution was determine by 
GLC analysis. Each isomer was separated by preparative 
GLC. I-Phenylcyclopentene; m.p. 28-29’. NMR spectrum 
(ppm from TMS) 7.0-7.4 (m, Ph. 5X ), 6.05 (1, J = 2, C2, 1 H ). 
2.25-2.80 (m. C3 and C5, 4H). 1.95 (quintet with fine 
structure. J = 7. C4, 2H). 3-Phenylcyclopentene; 7.10 (s, Ph. 
SH),5.55-6.OO(m,ClandC2.2H).3.8l(m.C3,lH12.lS-2.68 
(m. C5 and trans proton to phenyl at C4,3H), 1.40-2.15 (m, 
cis proton to phenyl at C4. I H). 

dr~~~~,~lf~~nt~nes. All of [he arylcyclo~ntenes were 
obtained by the almost same procedure described for 
phenylcyclopentenes. NMR spectra of I- or 3-arylcyclo- 
pentenes closely resembled those of I- or 3-phenyl- 
cyclopentene, respectively. p-Tolylcyclopenten~; b.p. 
135-l 39’~5OmmHg. 1 -~-Tolylcyctopentene~ m.p. 54-57’. m- 
Tolylcyclopentenes: b.p. l2l-123’!20mmHg. 3+Tolyl- 
cyclopentene. b.p. I IS- I20 ‘25 mmHp. p-Methoxyphenyl- 
cyclopentencs; b.p. 140-141 i23mmHg. t-p-Methoxy- 

phenylcyclo~ntene; m.p. 84-89 ‘. I-~Chlorophenylcyclo- 
pcntenc: m.p 74 74.5”. 3-p-Chlorophcnylcyclopcntene: b.p. 
128 130 122mmHg. m-Chlorophenylcyclopentenes; b.p. 
133 141’:22mmHp. o-Chlorophenylcyclopentenes: b.p. 
120,. 124.~18mmHg. l-~Bromophenylcyclo~ntene; m.p. 
89-96.6;. p*Fluorophenyicycio~ntenes~ b.p. 97-98’1 
14 mmHp. 

Two or three peaks on GLC of arylcyclopentenes were 
reduced to smgle peak corresponding to arylcyclo~ntane by 
hydrogenation (Pd,C. atmospheric pressure) except for 

halogenated phenylcyclopentenes, which gave a small 
amount of phenylcyclopentane with expected halogeno- 
phenylcyclopentane. The formation of phenylcyclopentane 
might be recognized by reductive dehaiogenation. 

~~t~ilsi~~~~ou~~~ns. Phenylcyclohexenes; b.p. 124-125 ; 
27mmHg, Phenylcycloheptenes; b.p. 156-l 57 :‘43mmHg. 
Phenylcyclooctenes; b.p. 115-i I8 /SmmHg. All of these 
phenylc~loolefins were converted to corresponding phenyl. 
cycloalkanes by hydrogenation. 

~~?e~~~~p~~tr~?z~.~ and -hesenr.s. GLC analysis of the distilled 
products revealed the presence of many isomers. The ratio of 
number ofaliphatic protons to that of aromatic one on NMR 
spectrum was 9:S for phenyl~ntenes and I1 : 5 for 
phenylhexenes. Phenylpentenes; b.p. 106-108 :43 mmHg. 
Phenylhexenes: b.p. 60.64’/5 mmHg. 

Stilhrnr and ethyl cinnomclre deriratiws. Stilbene: m.p. 
124.2-125.0’. I-Methyl-1,2-diphenylethylene~ m.p. 
83.5-84.0 . 1,3-Diphenylpro~ne~ b.p. I38’./6 mmHg. 
Ethylcinnamate: b.p. I 14-1 I S”/8 mmHg. Ethyl p-methyl- 
cinnamate; b.p. I31 ‘i8mmHg. Ethyl m-methylcinnamate: 
b.p. 120”/7 mmHg. NMR and IR spectra of thesecompounds 
were reasonably assigned to theexpected structures. Stilbene 
and ethyl cmnamate were also confirmed by the comparison 
of IR, NMR and the retention time on GLC of authentic 
sample (commercial origin). 

Vin~inu~~t~a~en~~s. The same procedure described in the 
previous paper’ was employed. I-Vinylnaphthalene; b.p. 
134-l 36’/21 mmHg. 2-Vinylnaphthalene; m.p. 64-66.. 

17me course ofthe phenylation ofryriopentene. In a 20 ml of 
two necked thermostatted cell (24.5’ ),0.05 mmol of Pdldba tz. 
7.6 mmol of sodium acetate, 0.4 ml ot cyclopentene. 8 ml of 
methylene chloride and undecane as internal standard for 
GLC werecharged under Nz. Benzenediazonrum tetrafluoro- 
borate (2Smmol) was added all at once with stirring. Gas 
evolution was measured by gas buret continuously. Samples 
were withdrawn at appropriate time intervals by a 
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microsyringe and directly analyzed on GLC (SiliconeSE-30). 
All of the rcactlons cited m Table 3 were cart-led out in the 

same procedure. 
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