
:I,T∴【､ご丁二〔-;･1t.iT､.･::三主ミ.:I,I.rltlT'
.I:..?id,ト1Ll::!.Ji･.:i:.;:.:'〕∴:i.∴∴:i,.i{ミ::::.::.

､>..:,

I:,.i).-∴

'き.:1'.Litぎ′fRi､1iL3･t._†′■
･:::,'i･,::｣lit-;}:../Y.-■ここミー､て

ミ･1-<1}`ミミr..ll-㌔:!･::t､,:ゾ･:こミ.
~､

;..

･1':+{L:(二ど寸:;,､三;;.I::i汁J:三.き(.ヨニ:.:A:l1..丸∴二.こ.;:::〔∴-ill:エ:'..i,:･モ･:.
.;lit:.-,:.･J::I.ち･~J･L:こ:1･i:.二.I'∴.fL:;/,:.てdLl:{

: ､.

車二.:"(:,I.:.}_I.
ll

:.こI';･.:L･i.I.1::I:;∴:;A:･L:I:･..



図･本 好

STUDIES ON OLEFIN METATHESIS WITH BINARY CATALYST

SYSTEMS OF TUNGSTEN HEXACHLORIDE AND COCATALYSTS

A DISS玉:RTATION

FOR

THE DEGREE OF DOCTOR OF ENGINEERING
!

KAZUAKI ICHIKAWA

DEPAR.TMENT OF APPI.IED CHEMISTRY

FACULTY OF ENGINEERING

NAGOYA UNIVERSITY

1977







PRE FACE

This dissertation has been cued out during 1974･1976 as a doctrate thesis under the

direction of

Profe880r Dr. KzL2;uO Fukuzumi

8t the ln5titute of Applied Chem由try, Facdty of Engineering, Nagoya- Uniyer8ity.

Thi8 thesis Pre8ent8 the STUI)IES ON OLEFIN METATHESIS WITH BINARY CATA･

I.YST SYSTEMS OF TUNGSTEN HEXACHLORIDE AND COCATALYSTS. The naJOr

purpo紙Of this Study is to develop the new reaction sy8temS iffective for olefin net&the8is

and to
c叫the mechanism of this reaction.

The authorwi&hes to expre野hi8 8incere卵tibde to ProEe抑馳如O FuktLmi~` f町

his kind md fruitful suggestions and encourqement throughout the cotm of this work.

He仇anks血Ptdfewr Dr. ToruTak8gi of Hokkaido Univcv軸血Dr. T8tlyO血i

Ni8hi辞IChi for their valuable di8Cuぷion8.

He extends his thmkfulness to Mr. Nobuo lkeda, and the reqt of地t*r8 in tb

L8bor&tory of Ptofe880r FhhLmm圭for theit耽Cdonal discuwion8 aZd he打抄cooper&tions

with him.

Findly, zn acknowied酢ment mu曲be made to my parents for their ptience and

unde血ding which pemitted the completion of this WOrk.

私泣u血i lchik8Wa

Deprtnent of Applied Chemistry

Fkulty of En由neering

N&卯y& University

January 1977



CONTENTS

CHAPTER I INTRODUCTION

l. 01efin Metathesis Reaction

2/ Catalyst Systems

3. Reactant Olefins

4. Mechanistic Studies

CHAPTER II THE CHARACTERISTICS OF NEW AND CONVENTIONAL

CATALYST SYSTEMS

l. The Tungsten Hexachloride -

AlkylmetalSystems

l･1. Research for the Optimum Reaction Conditions

l･2. The Use of the Various Organic Tin Compounds as Cocatalysts

l-3. Modificatio'n of the Tungsten Hexachloride -

Tetra･n･butyltin

System by Organic Additives

l-4. Reaction Progress vs. Time

2. The Tungsten Hexachloride -

Unsolvated Grign打d Reagent Systems

2･1. Uhsolvated Grignard Reagent

2･2. Research for the Optimum Reaction Conditions

2-3. Reaction Progress vs. Tine

2･4. StereochemistryinEarly Reaction Stages

3. The Tun節ten Hexachloride
-

Organosodium Systems

3･1. The Use of Cyclopentadienylsodiumand Phenylethynylsodium年S

C oc ataly st$

3･2. Reaction Progress vs. Time

3-3. Stabnity of Catalyst

3･4. Other Organosodium Cocatalysts

1

1

5

7

16

19

21

21

22

24

24

25

25

28

28

32



4. The Tungsten He3(aChloride - ArylmetalSystems

4-1. Research for the Optimum Reaction Conditions

4-2. Reaction Progress vs. Time

5. The Tungsten Oxytetrachloride - Cocatalyst Systems

6. Summary of the Optimum Reaction Conditions

CHAPTER Ill THE MECHANISM OF CATAI.YST FORMATION

l. The Catalyst Formationinthe Tungsten Hexachloride - Alkylmetal

Systems

l-1. Products from Catalyst Components

1･2. Comparison of the Ch打aCteristics of Cocataly阜tS ･

1-3. GIc Analysis of Tetra-n-butyltinan'd Tri･n-butyltinChloride flom

the Reaction of Tungsten Hexachloridewith Tetra･n･butyltin

2. The Catalyst Formationinthe Tungsten He耳aChloride
-

Arylmetal

Systems

2･1. Products from Catalyst Components

2-2. Dependence of the Metathesis Yield and Amounts of PhCland

PhPh species on Reaction Tine

2-3. Effect of Group Va Atom containing Compounds

3. GeneralDiscussion

CHAPTER IV EFFECT OF THE REACTION MEDIUM

l. Effect of the Reaction Medium on the Metathesis Yield

l･1. Effect of the Catalyst Concentration

l-2. Optimum Reaction Conditions in SeveralSolvents

32

32

35

37

39

45



2. Effect of BinaⅣ Solvent Systems

3. Inbibitory Effect of Heteroatom Compounds

CHAPTER V METATHESIS OF 1-ALKENE

l. Effect of Additives on 1-Octene Metatbesis with the Tungsten

Eexacbloride - Tetra-n-butyltin
･

System

2. Research for Optimum Reaction Conditions in the 1-Octene

Metatbesis with the Tungsten Hexacbloride
-

n-Propyl Acetate
-

Tetra-n-butyltin System

3. Metathesis of Various 1-Alkenes

4. Interpretation of the Effect of Additives

CHAPTER VI METATHESIS OF METHYL OLEATE
'

1. The Reactivities of the Tungsten Hexachloride - Cocatalyst Systems

2. Research for the Optimum Reaction Conditions

3. Effect of Ester Group of Methy1 01eate

4. Cross Metathesis of Methyl Oleate and 1-Decene

EXPERIMENTAL

REFERENCES

LIST OF PUBLICATIONS

67

79

81

81

84

87

91

97



CHAPTER I

INT RODUCT IO N

1. Olefin Metathesi8 Reaction

The olefin netathesis reaction is one of the most remaLrkable catalytic reactions
discovered

in recent years.1 h this reZLCtion, olefinalkylidene moieties BLre redistributed according to Eq･ 1･

Catalysts used generdlyinvolvethe combination of a transition metal salt or coordination

RIc=-c珪R2
RIcE ECR2

RIcH'=C皿2言=ゴ R1日H
.

H臼R2
`1'

complexwith a compound of a non･trin8ition metd. Both heterogeneousand homogeneous

catdyst systems are known. The reaction is reversible, so that equilibrium can be reached

from either side of reaction (1),and the distribution of products is then statistical.
For exam-

ple, metathesis of 21heptene gives, at equilibrium, a 2･butene/2-heptene/5Jecene mixture of

1/2/1. The metathesis rezLCtion is essentially thermoneutral,involすing just the making and

breaking of caLrbon･carbon double bonds. This fact results f*om about the弧me enthalpies of

formation of both re&ctant and product olefins. The thermal?ctivation of this entropy･con･

trolled reaction is symmetry forbidden according to the Woodward-Hoffmannmies･2

2. Catalyst Systems

lm1964, Banks and Bailey reported the conversion of propylene to ethylene and

n･butene over a heterogeneous catdyst consisting of molybdenum hexacarbonyl onalumina.
I

This was the first report of olefin metathesis. Subsequently, a great number of heterogeneous

:atalyst systems have been reported to be active for olefin metathesis･* Most of these are

*There are severalreviews on the field of heterogeneous olefinmetathesis.3-5

1
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normally composed of a `promoter', molybdenum or tungsten oxides or carbonyls forinstance,

and a refractory `support'having a highsurface area,alumina or snica forinstance. These

catalysts preparedare generauy activated at elevated temperature in a streamof dry or inert

gas. Typicalactivation is carried out at 500 to 600oC for two to ten hours. The olefins are

usually pa防ed over the catalyst for severalhours at hightemperaturesand pressures. For example,

near equilibrium conversions, about 44%, were obtained in the metathesis of propylene over

WO3
･SiO2 at 425o C, 450psig, and 60 weight

hourly space velocity.6 catalysts consisting of

rhenium oxide onalumina are notable for their metathesis activity at relatively low temperature.7

In 1967, Calderon8 reported the first use of a homogeneous catalyst system･ The pro

ferred catalyst was obtained by theinteraction of WC16
, ethanol and EtAlCl.2

･
Since Calderon's

system wasannounced, numerous other homogeneous systems have been reported*. Most of

these systems involve a solublemiⅩture of a transition metal componentand a cocatalyst.

Reactionswith these catalysts are normal1yruninben2;ene Or Chlorobenzene at room temperature

Some of the more important homogeneous catalyst systems are Summeri2;ed in Table l･

mese catalyst systems can be categori2:edinto
five

clws from A to E. This study deal8with the

olefin metathesis cataly2;ed by the WC16
-COCatalyst systems in Class A･

*There are severalreviews on the field of homogeneous olefin netathesis･9-1
2

The question of

homogeneity of the WC16
-alkylmetalsystem

is not resolved11315
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Table 1. Ho皿OgeneOu5 rV'ie七a七hesis Ca七&1ys七s

Transition metal

class
componen七

Coca七alys七 References

A. ℡ran8i七ion metal halide or oxyhali丘e-based bin8･ry System

WC16

WC16

WC16

WC16

WC16

WC16

WC16

WC16

WOC14

WOC14

ReClぅ

WBr5

WC14

WC16,WBr5

E七AIC12 +五七OH

E七3AI

Et
3A12C13

nBuL i

nB u斑g I

nPrMgB
r

riBu4Sn, N[e4Sn

LiAIH4
,
NaBH4

EtAIC12

riBu4S n

nBu4S n

EtAIC12

AIC13

AIC13,AIBr3

8,16

17,18

19

20

21

22

23

24,2う

26

27

28

29

9,30

9,31

B. Transition metal carbonyl compound-based binary system

w(co)5PPh3

w(co)3(PPh3)2C12

w(co)5L (L'CO･PPh3･

p(nBu)3･P(OPh)3)

w･(co)4(PPh3)2

w(co)ぅCH3CN

AIC13

別AIC12
,･AIC13

別AIC12 + 02

EtAIC12 + 02

EtAIC12,AIC1
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Table i. 辻omogeneous.班e七athesis CaJ七alys七s (Continued)

TrE)_nSii;ion metal

Class
comoonen七

Coca七alys七 References

nBu4NNi(CO )
5COR

(M=斑o,W; R三Ⅲe,Ph)

nBu4N+(N[(CO)ぅⅩ)~

(H=Cr,拡o,W; Ⅹ=C1,

rv:eÅ1C 12

RAIC12,AIe3A12C13

(a-一班e,E七)

Br,OCOR)

An+((CO)ぅ斑一斑-(CO)ラ)n- wleAIC12 + R4NCl

(A-alkali me七a1･氾4;虹ニAIo･ (Rニalkyl)
I

W; M=Ho,W,班n,Re･,
n=1,2)

Re(CO)ぅⅩ (X=C1,Br) RAIC12 (Rニ班e,Et)

Ho(CO) (PPh3)2 AIC13

38

38

39

C. Transition metal ni七rosyl compound-based binary 5yS七em

Ⅲ(Ⅳ0)2C12L2 (M=Aio,W･,

■

L=Py,P馳3･Ph3PO,AsPh3)

D･ Other binary sy8七em

WC14Py2

1AT(c2H4(PPh3)2)c13

MoC14L2 (L=PPh3,Py,nPrCN)

AloC13(PhCO2)2

蜘C15,MoOC13

NioN2(PPh3)2(七oluene)

PhWC13

E七AIC12
,R3A12C13

(R=Ⅲe,E七)

玉七AIC12く+co)

E七AIC12 (.co)

N[e3A12C13 + NO

Ne3A12C13 + hTO

rae3A12C13

/+

NO

AIC13,AIBr3

AIC13

42-4う
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でable 1. H:omogeneou8班et8七heBi8 Ca七aly8七8 (Continued)

℡ran8i七ion metal
ClaB8

conponen七
Cocataly8七 Reference8

w (cE～2Ph)
4

AIC13
,玉tAIC12

50

苫. ℡raneition metal 8y8tem Without ap■paren七 coc8七alyE)七

yr(co)
3(七oluene)

None

PhYCl主 None

W(CO)6. CC14 'hV None

R2C--W(CO)5 (R=Ph･七olyl) None

3. Re&ctant Olefins

Metathesi8 0f acyclic mono-olefin8, both linearand brzLnChed, h&8 been reported. Acyclic

un8atur&ted hydroczLrbons con血ining moreth肌One Olefinic bondal80 undergo the ol.efinmet&thesis

rezLCtion. They canreut either internolecularly or intrmolecul肝Iy. The met&the8i8 0ffunctional

olefins i8 thus far little exploited･ Exanple8 reported are the metathesis of un8aturated fatty acid

esters60･6
5

Such zt8 methyl oleateand methyl linolate, that of acrylonitrne and propylene,66 that of

5･bromo111penteneand 21Pentene,67 that of plさhlorostyTeneand 2･pentene,67and that of 3-pente･
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nenitrile･68 (J

-Arylolefins38 ,69 and u <yclohexenylolefins38 are perfectly satisfactory substrates

for the metathesis. Unsaturated polymer is degradated to low･molecular-weight species by olefin

metathesiswith low molecular olefins such as 4.octene.
70

-75. such a reaction has been used to

ch打aCterize polymer structures.

Cyclic olefins except cyclohexene undergoring-opening polymerization
* by the metathesis

to yield polyalkenamer. Cyclic trisubstituted olefins such as 1-methylcyclobutene canbe polymer-

ized to perfectlyalternating polymers57(Eq. 2). One elegant application of metathesis involves the

(2)

preparation ofinterlocking nng systems such as catenanesfrom cyclic olefins such as cyclododecenc

as showninEq･ 3･79･81 `

転寿
巴≡≡:::≡コ

子- ~~ ∈妻(3,
The cross metathesis of cyclic mono-olefinLwith acyclic mono･olefin provides three Jhomologous

series (symmetric/unsymmetric/symmetric) of polyenes (Eq. 4).27 ,82 ･83

･cH2,こcuHH･自≡:
+ラ

く
~

RIcH* cH(CH2)nCH SncHRI

RIG- cH(CH2)ncH *mc皿2

R2c-cH(CH2 )ncH*mc皿2

*Thereare severalreviews on the area of ring-opening polymerization of cyclic olefins･76 -78
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Acetylenes are metathesized over a heterogeneous catalyst･84 Metathesis of 1-alkyne hasalso

been observed when the proper reaction conditionsare chosen, but cyclotrimeri2;ation has occurred

as a quantitatively more important reaction･85 The metathesis of aromatic disubstituted acetylenes

hzLS tXen Cataly石ed by a homogeneous
catalyst.86 cyclododeeyne has been converted to oligomers

in the presence of the metathesis catalyst･87

The industrialpotential of the olefinmetathesis
is considerable.

*

4. Mechan由tic Studies

Early isotope･hbeling experiments established that olefin metathesis proceeded by trans･

alkylidenation rather than by transalkylation.16 ･
89

Transalkylidenation is consistentwith a ``four-

centerD process･ Bradshow90 concluded that their results with heterogeneous catalyst systems

supported a "qua8icyclobutaLne" intermediate (Eq. 5).

RIcrl-CHR2 RIcH-Cm2 RIcH CⅡR2

斑･

RIcH･=CHR2-

Rl出取2言ゴH･Rl坦H･f3岱2

(う'

Kinetic studies have been doneinthe metathesis of propylene over a Coo-MoO3 -A12
03 Catalyst,

where the rates are consistentwith a two-sites mechanism.91

Mango92describd that a transition metalcomplex, having atomic d orbitals bf the proper

symmetriesandan&v由1&ble electron pair, canswitch a symmetry･forbidden (2+2 ) cycloaddition

to a symmetry･auowed transformation. Thus, the electron pair in the olefin 7rAS Orbitalis delocalized

into the metaldzx orbitalwhile simultaneously electron density from the metaldzy orbitalis

donated to the incipient olefin o
sA -bonding combination (Fig. 1).

*There is a review on the application of theolefin metathesis･
88
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〔d2y+7r1.
Tr+】

〔dzx+Tr-Tr〕AS

Fig.1. Redi8七ribu七ion of

(J2X十∫+コAS

〔diy+$1了A

electron density

between metal and olefins

Mango93 additionally explained that the cyclobutane is not formed as a distinct, free intermediate,

but exists as a short-lived species fixed to the metal center responsible for its fo血ation.

Pettit
94 found that metathesis of ethylene fded to yield significantamounts of cyclobutane

and exposure of cyclobutane to the catalyst姐ed to produce a significantamount of ethylene,and

proposed "tetramethylene" asanalternative to the quasicyclobutane intermediate (Eq. 6). In this

intermediate, the four olefinic carbons and the metalare joined by four three-center bonds formed by

cA:-c2-H]-,cd:c2H2
- CcHHan;]HH

2 CH^= CH
v▲▲2T y…2

1

cH2〒ヲH2
加

巴≡≡≡≡コ
:ヨ====

(6)

overlap of Csp3and metald orbitals･ Thisinterpretation was supported by the metathesis of 4-nonene

with the (toluene) W (CO)3Catalystinheptane at 98oC.51 The dataare consistentwith a species

(olefin)2 W(CO)2 beinginvolved (Eq･ 7)･ The conversion of A or Cinto Binvolves a change in the

;言,c4}2HR
1

l

ci#ca-;
′

′

cJo

I

to

A

≡≡≡≡∃
< =

R2c㌔

L▼｣
L二1

:;3_I-_-),-転
CO

CHRI RIcH_TC血1
こ±

R2c時c皿2 (7)

l

ヽ

′.淵､､､
CO CO

C

CHR
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number of electrons in the valence shell of tungsten from 14 to 18 and theinternediate B thus

obeys the inert･gzL8 rule. However, this system may not be typical, which requires hightemperature

and the extremely lower olefin/W ratios (3:1)as compared to the conventionalmet&thesis systems･

Rooney
95

observed that a Coo/Moo 3 Supported catalyst, which i"ctive in propylene

netathe8is, re&dny decompo酸d dial;Omethaneinto ethylene and N
2

･ Hence, they assumed that

bth rcwtion& pmceeded throughthe 8iLme transition 6t&te,.netalcarbene. Subsequently, Rooney96

demonstrated that a Mo(CO)6/Al203 Catalyst was Capable of converting ethylene into propylene

directly･ In order to outline a mechanism for this unique 3C2◆2C3prOCeSS, they suggested a pathway

involved a splitting of one ethyleneinto methylenes, and addition of each of the latter toanother

ethylene,fo皿owed by rearrangement of the resulting trimethyleneinto propylene. Theyallowed

for the po8Sib山ty that czLrbene complexesmight abe be involvedinmetathe8i8.

Grutb97 proposed still anotherintermediate,以a five･membered metallocycle. nAsshown

in Eq. 8, the olefinsare first comple∑ed tothe metaland then reaLrrange tO form a metallocycle A.

A reaLrrangement Of thealkyl groupsinA leads to another metallo¢ycle B which gives a bisolefin

complex contAming the metathesiLed olefins.

C ⅡR CHR

II---･h･-1f-±
CH2 CH2

R
/R

＼gi:)HH2-
I

虻

A

?H2-
CH/R

cq2A/CH-R-
7!苧-2--H--･I

CH2

CHR

け
C王iR

(8)

Recent publications disclosed results that -&ppc8r tO be incompatiblewith a pa1Ⅳise scram-

bling depicted in Eq･5, 6and 8 that requiredaninitial bi80lefin･metalentity bearing two olefinic

li酔nds in a Gis configuration about the metal. They point to a non-pairwise chain mechanism that

favors a singe olefin molecule comple又ed to a carbene･bearing metalundergoing inteichange uh a

netallocyclobutaneintermediate( Eq. 9 ).

RIcE-H
RIcH瑚 RIc貰 X

RIcH三cHR2己Rl去｡_去皿2とR1日H

+

t'HR2 (9)
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Katz9
8
･99 has described that the chain reaction accounts more satisfactoruy thanthe palrWise

mechanism for the various facts which have been observed by Katz and other workers
100in

olefin metathesis. However Kat2; conceded that these explanationsand demonstrations did not

prove the non-palrWise chain mechanism sincealmost an the facts havealso been explained

using the palrwise mechanism. To confirm that the mechanism of the olefin metathesis involves

the carbene chainmechanism, Katz99 tried the metathesis of divinylbiphenylJ4and un-

deuterated divinylbiphenylwith the M'(Ph3P)2(NO)2C12(M‥W, Mo)十Me3Al2C13 System

(Eq.10).

&c芸22
･監ccHH…

-･･ I
･>

壬一
一

熟･§"H22･ §:2,･ §D:2

(10)

He considered two different mechanisms and the expected ratios of ethylene-d4
,d2and -do

for each mechanism. The results conflicted with the palrwise mechanism, no matter whether

the transalkylidenation or the olefin exchange step is rate determlnlng･ The results agreed

with expectation based on the chain reaction mechanism
as shown in Eq･ 9･ Gmbbs47,101

also has confirmed that the results were most consistent with the chain mechanism in the

olefinmetathesis uslng mixtures of 1,7-octadieneand 1,7-octadiene-1ナ1I8,8d4 aS the

≡…十G喜Di…

0
･巨HH…十

･CH

I
_

>

J
T

.

行H2十吊D2
CD2 CI)2

(ll)
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olefin (Eq. ll).

Views regarding the nature of the transition state of olefinmetathesis are in a state

offlux,* but there now appears to be a growing consensus that a chain processinvolving a

metd･carbene species is operating.

Asis apparent from the preceding outline, olefin metathesis reaction is unlqueand

significantly useful process. However this reaction has suffered some disadvantage. This re-

action is extremely sensitive to the catalyst reclpeS, trace impuritiesand actualexperimental

conditions. Additionally catalytic side reactions often competewith metathesis and consider-

ably decrease the selectivity of this reaction.When ben2;ene is used as a solvent, olefin

metathesis is accompanied by the Friedel-Crafts reaction between ben2;eneand olefins. In

order to improve these faults, we searched dew catalyst systemsand new solvents. We have

found that姥Veral catalyst systems are effective for the metathesis of 2･hepteneandalso

that some of these catalysts possess the
excell占nt characteristics (Chapter II).The catalyst

systems which we discovered containWC16 1Et2
Zn, WC16

1nBuMgI,
WC16

･Ph3
Bi, WC16

-Ph4
Sn,

WC16-Ph4Pb, WC16･C5 H5 Na, WC16･PhC=CNa, WC16･PhNa, WC16 ･RC=CNa (A-alkyl), modified

WC16･nh4Sn andalso some of the WOC14-based systems･ From these studieswith new and

conventionalcatalysts, we were able to gleanconsiderableknowiedge about the catalyst

formation
mechanism and the nature of the active species (Chapter Ill). On the other hand,

many kinds of halogenated hydrocarbon were found to be the more excellent medium than

benzene and chlorobenzene (Chapter IV). The results of Clhapters IIand IV were applied

to the metathesis of 1-alkene (Chapter V)and to the metathesis df methyl oleate (Chapter

VI). The resultsand discussion of ourinvestigations are pre舵nted in the sections which

follow.

*
There is a review102 which presentsanup･to-date account of recent developments toward

understanding the mechanism of olefin metatbesis.
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CHAPTER II

THE CHARACTERISTICS OF NEW AND

CONVENTIONAL CATALYST SYSTEMS

1. The Tungsten Hexachloride -Alkylmetal systems

1･1. Research for the Optimum Reaction Conditions

The met&thesis yield and the Selectivity are affected by the
cocatalyst/WC16 ratio血

the
olefin/WC16 ratio･ These ratios are decisive factors of optimum reaction conditions･ The

com押由on of the behaviors of the WC16 ･alkylmetal systems (alkylmetds are nBd4 S占, Et2 Zn,

Et3Aland nBuLi) waLS Camied outin2-heptene metathesisinbenzene at room temperature･

The effect of the cocatalyst/WC16 ratio is showninTable 2･ The WC16-alkylmetalsystems

converted 2-heptene to 21buteneand 5-decene. The simultaneous occurrence of the Friedel-

Crafts reaction t*tween tpn2;ene Zmd 2-heptene was obBeZVed. The side reaction products

were mainly heptylben2;eneS･ In the WC16･nBu4Sn and the WC16-Et3Alsystens, the good

metathesi8 yield was obtainedinthewide mmge of the
cocatalyst/WC16 ratio, 24皿d O･5-3,

respectively･ In contzast, the sharp dependence of metathesis on the cocatalyst/WC16 ratio was

observedinthe WC16･Et2 Zn and the WC16･nBuLi systems,and the good 'results were obtained

only at the ratios, land 2, respectively. This meanSthat the latter systems require the strict

conditions for the fomation of the acti寸e catalyst species. Probablyalkylmetals act as reducing

a酢ntS,and at the optimum coc&talyst/WC16 ratios form active catalyst sites "WⅣ c14 ''which

permit the coodination of reactive groups such aB打1 0lefinand a carbene (Chapter III).

On the other hand these catalyst systems cataly2;ed the Friedel七raft8 reaction more intensive-

1ywith a decrease in the
copatalyst/WC16 ratio, thoughthe WC16･nBuLi system barely did

this reaction. The f批t that theincrease in theamount of the cocatdysts decre舶dthe yield

of heptyl加n2;eneS, Suggests that the side reaction iさmainly cataly名ed by a WVI species･

Tungsten henchloride itself isanactive catdyst for the Friedel･Crafts reaction. A part of

tun夢ten COmpOundswill still remaininthe active form as a Friedel･Crafts reaction catalyst

when the cocatalystsare not sufficient. The use of highly acidic cocataly8tS appears tO prO1

13
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Table 2･ Effect of Cocataly8tPc16 Ratio a)

CoeとItal.y8t
CocatalyBtルcl ratio

0･う 1 2 3 4

hBu4Sn metatheBiB

v.u. c)

Et2Zn Me七athe8i8

F.a.

Et3Al meta七he8iB

F.a.

nBuLi nAe七athe8i8

F.C.

也) 1 8

20 18

3 ユ6

16 4

34 37

9 5

24 32

6 5

3 0

0 0

39 40

3
.0

1 2 33 3

1 1 0 0

26

2

0

0

17

0

1

0

a) v)c16 0･028 mol/1, 2-Hep七eneル50･ Solven七Benzene･
roDm七empT･

う h王､.

b) 100 Ⅹ (2-1Bu七ene.うーI)ecene)/2-Hep七ene used, mol〆.
c)

Friedel-Craf七8 Products, heptylben2:eneS.

mote this side reaction. The deactivation of the catalyst for both metathesisand
the Friedel-

crafts reaction at highcocatalyst/WC16 ratio may be the resdt offurtheralkylation of WCl4
･

leading to over reduction of山ngsten (Chapter III)･

The effect of the olefin/WC16ratio is showninTable 3･ The yield of the Friedel-Crafts

products decreased with anincreaseinthe amount of olefin, thoughthe WC16-nBuLi system

did not catalyze this side reaction･ The result of Table 2 suggests thatinthe WC16-nBu4Sn,

the WC16-Et2 Zn and the WC16-Et3 AI systems, the highly cationic tungsten species responsible

i.r the Friedel･Crafts reaction remain at the optimum cocatalyst/WC16 ratio whereas
inthe

wc16-nBuLi system they do not･ Since theinteractionsamong 2-heptene, benzene and highly

cationic tungsten species are necessary for the occurrence of the Friedel-Crafts reaction, the
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Table 3･･ Effect of OlefinJ～JC16 Ratio a)

Cocataly王ヨセ
Coca七. 01efin一ルcl ratio

25 50 100 200 300

nBu4Sn 3

芸:≡:.tすe8i8b'3…4; 3; 10i三
Et2Zn

F･t3Al

nBuI)i

1 Metathe8i8 18 33 43 19 3

■F.C. 12 3 1 0 0

1 kLetathe8i8 11 36 41 17 8

F.a. 13 4 0 0 0

2 Metatheβi8 32 23 6 1 1

F.a. 0' 0 0- 0 0

a) wc16 2･8 Ⅹ 10-5mol･ Solvent Benzene･ room temp･I 3 hr･.

b) 100 I (2-Butene + 51Decene)/2-Heptene used, nolS.
c) Friedel-Craf七8 PrOductB, hep七ylben2;ene8.

trends of Table 3 may result鉦om the decrease Of the chance of theinteraction between

highly cationic speciesand ben2;ene due to the decrease of ben2:ene concentration. An excess

of olefinto the catalyst depressed
met&thesis also. Probably this results from the deactivation

of the catalyst. In the WC16･nBuLi system, the optimum olefin/WC16 ratio waL$ less than 50,

and the yield decreased greatly at 100.Wh皿einother catalyst systems the good yield was

obtainedinthewider range of the
olefin/WC16 ratio as compared to the one in the WC16-

nBuLi system･ The WC16･nBuLi system is less active than the other catalyst systems･ The

results of Tables 2and 3 show that the nature of the cocatalyst metalaffected the catalyst

formationand/or the activity of the actualcatalyst.

1-2. The Use of Various Organic Tin Compounds aLS Cocatalysts

AsshowninTable 4, R4Sn (a-nBu, Ph) were effective as cocatalystswith
WC16,
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whereas nBu3 SnCl, nBu2SnC12 , nBu2SnO and nBu2Sn(OAc)2 Were nOt･ The Combinations of

the latter compounds with WC16 exclusively catalyzed the FriedelJ:rafts reaction･ These results

suggest that the latter
compounds hardly have the ability toalkylate WC16 ･

Table 4. Conver5ion of 2-Hep七ene to うーDecene with

wc16 and Organo七in Co皿POtmd8a)

coca七alyst

Sr:ご.1Heta;hB冒is::1=ce:;C芸aft8
Bu4Sn

ph4Sn

Bu3SnCIC
)

Bu2SnC12

Bu2SnO

2

2

8

3

3

Bu2Sn(OÅe)2 3

33

30

0.7

0

0

0

5

6

9

う6

55

0.3

a) Ⅴ]c16 0･024
mo1/i, 2-Hep七ene^v 100, room七e皿P･, 5 hr･

b) 100 ⅩうーDecene/(2-Hep七ene + 5-I)ecene), molto.

c)
The me七athesis yield was negligible a七Snルく6.

The WC16-nBu4Sn system deserves mention･ This catalyst system is highly active in thewide

ranges of the Sn/W and the 2-heptene/W ratios,and less poisoned thanthe other WC161alkyl-

metalsystems. Also, tetra-n-butyltinis easier to handle due to its stability and less toxic than

tetramethyltin ･

23
,
60i3

1-3. Modification of the Tungsten Hexachloride - Tetra-n-butyltin System by Organic

Additives

As shown in Table 5, the modification of the WC16-nBu4Sn system with a proper

amount of additives led exclusively to the metathesiswithout the Friedel-Crafts reaction.

On the other band, 2-nonyne and acetonitrile inhibited both the metatbesis and the Friedel-
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Table 5. Eff.ec七of Adding Organic Compoundsa)

Additive
Additive

He七a地esiBb) F.C.C) selec七ivi七y

Dicyclopentadiene

Phenylac e七ylene

Ethyl ether

Ethanol

n-Propyl acetate

iso-Propyl acetate

u[e七hyl olea七e

Me七hyl s七e&r8七e

0

1

2

3
4

0

1

2

3
4

0
1

2

3
4

0

1
2

3

0

1

2

3

0

1

2

3

0

1

2

0

1

2

3

1

2

2

3

2

4

3

3

4

4
2

2

4

1

4

3

2

8

3

3

7

5

2

1

1

6

9

6

8

ら
2

5

ラ

0

ラ

0

2

5
6

0

3

6

8

0

2

8

0

2

7

9
0

14

15

3
1

1

42

10

2

1

0

64

1

0

0

0

40

3

0

0

4う
0

0

0

27

0

0

0

4う
0

0

4う

0

0

0

ll

26

う3
う8

9う

2

24

79

80

64

6

98

100

69

12

6

う0

13

0

2

91

0

: +

1う

82

85

2

66
=~ー

2

62

27
■l■■

■一■

a) wc16 0･038 mol/i, 2-Hep七eneル20･ riBu4Snル1･ Solvent

Ben2;ene,
rOdm七emp., 3 hr.

b) loo I (2-Butene + 5-I)ecene)/2-Heptene used, nolS.

c) Friedel-Crafts produc七S, hep七ylbenzenes.
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Fig.2. Infrared spectra of n-propyl acetate:

wc16-riBu4Sn(WC16 0･026 mol/1･ CH3COOnPrル8･
snJ～ 5):peaks A･B･ WC16(WC16 0･026 mol/1,

cH3COOnPrル8):peak C･ SnC14(SnC14 0･073

mol/1･ CH3COOnPrβn 4):peak D･ Solvent

Trichloroe七hylene.
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Crafts reaction at the
additive/WC16 ratio of 1,2,Band 4･ Mesitylene did. not provideany

effect at the組me ratios. An excess amount of additive to the catalystinhibited the meta-

the6isalso. The effects of esters were independent of their chain length. These additives,

except mesitylene, probably form acid-base COmplexeswith metalspecies. Ir spectra study

suggests that esters coordinate on the highly acidic metalspecieswith carbonyl group (Fig. 2).

That is, when catalyst components were added to the trichloroethylene solution of n-propyl

acetate, the strength of the peak due to the carbonyl group of n-propyl acetate at 1735cm-I

decreased and the new absorption peaks appeared at low wave numbers. The addition of

n･Bu4Sn, nBu3SnCl, or nBu2SnC12 gave nO new peakand the peak at 1735cm-1 was un･

changed , butthe addition of SnC14 decreased the peak at 1735cm-1皿d gave a new peak･

With respect to methyl oleate, the similarchanges were observed. The results of Table 5

nay be explained by theinference that only the metathesis catalyst survives after these

additives poison the highly cationic species, such as WVI responsible for the Friedel･Crafts

reaction, moreintensively thanthe active species, such as WTV responsible for metathesis.

Theintensive poISOnlng effect of 2-nonyneand acetonitri1e may be due to their strong

coordinating power to tungsten. The fact that ethyl ether hardly decreぉed the metathesis

yield even at the
additive/WC16 ratio of 3 may be explained by its weak coordinating power

which may cause the competitive coordinationwith olefins. The facts that dicyclopentadiene

and phenylacetylene provided good results at the additive/WC16 ntios of 2･4 may be ex-

plained by the
sameinferen?e,

butalso there seems to be the other factor (This chapter,

8･3).

1-4. Reaction Progress vs. Time

At an optimum cocatalyst/WC16ratio andanoptimum olefin/WC16 ratio, the extent

of 2-heptene metathesis produced by the WC16
･alkylmetal systems was studied as afunction

of time (Fig. 3). The metathesiswith the WC16･Et3Alsystem proceeded extremely faster

thanthosewith other catalyst systems･ This is due tothe specific action of aluminum (Chapter III).

Theinitialrates decrea#d in the following Order･.J

WC16･Et3Al > WC161nBu4Sn > WC16-nBuLi･

The differences of the initialrates may reflect the relative rates of the catalyst formation
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Fig･3･ Plo七of yield v8･七ime-.WC16⊥Et2Zn system (WC16 0･034 mol/i,

21-Hep七eneル20, Znル1)･, other町Stem8 (WC16 0･024 mol/1'

2-Hep七eneルう0, IJiル2, Snル1, A1ル1); Solven七1,2,4.･七richloro-

benT.ene, rOOm七emp.. Yield iB
mOIFo七o

2-bu七ene + 5-decene.



21

and/or the relative activity of the catalysts produced. In the metathesis of 2･heptene (75%

cis)with WC16-nBu4 Sn, cis･isomer contents of olefins approached their therhOdynamic equi･

1ibrium value$16 (Table 6). The cis･tmns isome血ation proceeded considerably even after the

Table 6. Variation of Ci8_=$Omer Con七en七s of Olefins

with Tine in 2-Hep七ene Me七athesi8 With WC16-nBu4Sn a)

℡ime 加｡七athe8i8b)F.Ce)
S S

Ci8-ⅠさOmer. Contents,多
2-Butene 2-Heptene 5-Decene

o(min)

う

30

1(hr)

2

3

5

24

0

14

19

23

2う

26

26

27

0

3

3

3

3

3

3

3

54

52

49

46

45

44
43

75

51

43

39

36

34

32

29

44

37

3う

33

33

29

27

a) wc16 0･024 mol/1, 2-Hep七ene^w 100, Snル1, room七enp..

b) 100 Ⅹ 5-Decene/(2-Hep七ene + 51Decene), mol葬.

c) Fri占del-Crafts PrOduc七8, hep七ylbenzeneB.

metBtthesi8 yield nearly attdned the finallevel in 3 hours. In the cour紀Of the reaction,

2-butene dways Showed higher ci8 content than5Jecene. It is a七tribut&ble to the steric

effect of methyl goups of 2･butene to tungsten species.

2. The- Tungsten Hexachloride
-

Un80lvated Gripard Reagent Systems

2-1. Un80lvated Gripard Reagent

GripaLrd reagents prepared in hydrocarbon mdium are called "Unsolva[ted Grignard

reagents", since they are much less solvatedincomp打isonwith the ordinary etherealGrig･

naqd reagents･103 In our laboratory'it was found that a mixture of WC16 Zmd unsolvated
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GrignaLrd reagent isanexcellent homogeneous catalyst for olefinmetathesis･21 Independently,

Raven22 discovered that WC16<therealGripard reagent isaneffective catalyst for
olefin

metathesis･. Under our reaction condition, the met&thesis wasinhibited by the addition of

smal1amount of ether･ The unsolvated Grignard
reagents of carbon number 4･6 were found

to be
preferable

for the preparation ofaneffective catalyst for olefin netathesis. The lower

GrignaLrd rea9entS Showed too poor solub山ty to prepare the catalyst solution of the sufficient

concentration, and the higher Grignard reagents gave less active catdysts probably due to the

inhibitory effect of longalkyl chain. It seemed to be suitable to use the iodide for tis higher

reactivity rather thanthe bromide and the chloride in order to prepare the unsolvated Grignard

reagent smoothly. Hence, n-butylmagnesium iodide w鮎uSed as a cocatalyst.

2-2･ Research forthe Optimum Reaction Conditions

The most favourable catalyst was obtained near Mg/W- 2 in the 2-heptene metathesis

with WC16-nBuMgI (Fig･ 4)･ The fact aqeedwith those reported by Raven22 and our labora-

tory･21 In nmr study, the peak of methylene protons attached to lithium at 11･6.ppm in 6

valueinnBuLi disappeared completely as soon as WC16 Was added in the various proportions･

This suggests that irreversiblealkylation
ofr WC16with nBuLi occurs rapidly･ The sharp de-

pendence of the yield on the Li or Mg/W ratio may be due to the further rapidalkylation

of active WC14 SpeCieswith excess of these basic cocatalysts･ It is noteworthythat the good

metathesis yield was obtainedinthe moderatelywide range of the cocatalyst/WC16 ratio

in the metathesiswith WC16-nBuMgIincomparison with WC16･nBuLi･ It may be partially

attributed to the less reactivity of nBuMgl to active WC14 Species due to the less basicity of

magnesiumand due to theinfluence of iodine combined to magnesium･ The yield of the

Friedel-Crafts products was extremely small
-

such as 1-% when the Mg/W ratio was 2.

In this system, thewider optimum ranges of the
olefin/WC16 ratio, 30･130, were

obtained as compared to the one, less than50, in the WC161nBuLi system (Fig･ 5)･

This catalyst system seems more active thanthe WC16
-nBuLi system･ The Friedel･Crafts

products were less than l% at the olefin/WC16 ratios examined･
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1 2 3 4 う

coca七alys七/如16 Ratio

Fig･4･ Effec七of cocatalystルc16 ra七io･･ WC16 0･018

mol/1, 2-Hep七eneル nBl瓜gt･･100 n加I･i:50, Solven-b

Ben2;One, rOOn七emp., 5 hr. Yield(molS)-loo Ⅹ

5-Decene/(2-Heptene + 5-Decene).

100

01efin仲c16 Ra七i｡

Fig･5･ Effec七of olefinルc16 ratio: WC16 0･013 mol/1'

nB一畑gIノ佃2, Solven七Ben乞ene, rOOm七eznp., 3 hr.

Yield(皿01Fo) =100 Ⅹ 5-Decene/(2-Hep七ene +うーDecene).
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2･3. Reaction Progress vs. Time

The reaction proceeded rapidly during the first 5 minand then slowly, and reveled

offin2 hours (Table7)･ The initial rate of this system lies between
`that

of the WC16
-Et3Al

system and that of the WC16
-nBu4

Sn system:

WC16-Et3Al> WC16-nJ3uMgI > WC16･nBu4 Sn･

℡able 7. Reaction Progress vs. Time in七he We七a七hesis of

2-Hep七ene with WC16-riB雌g=a)

Ti.ne 班e七athesi8b)
Cis-ェsomer con七en七s･〆

Fo 2-tlep七ene うーDecene

o(min).

ラ

30

1(br)
2

3

う

24

0

16

20

24

27

28

28

29

7う

う4

42

41

40

37

3う

29

｣二｣こ::=:二

46

40

39

38

34

33

30

a) wc16 0･019 mol/1,. 2⊥Ⅱep七ene伸100,晦ル2, room七enp..

b) 100 Ⅹ 5-Decene/(2-Hep七ene +うーDecene), molto.

Cis-isomer contents of olefins approached their thermodynamic equ山brium values. Trans-

isomeri2:ation proceeded considerably after the metathesis yield nearly attained the finallevel.

2･4. StereochemistryinEarly Reaction Stages

ln the early stages of the metathesis cataly2:ed by WC16
-nBuMgI, theinitialisomer

distributionsinthe products were dependent upon the isomeric nature of the starting 2-

pentene (Table 8). That is, 2-pentenes preferentially yielded products of the same stereo-

chemistry as reactant
- i･e･, czls･2-pentene gave cis-2･butene and cis-3･hexene, whereas'trans-
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Table 8. Initial =80mer I)i8七ribution8 in七he 班eta七hesi8

of Cia- and of Tran8-2-Pent?ne with WC16-nBtiMg=a)

s.tlTfti㌘g 恥七&;hesie
2_…三;ニ…o芸三;e三::三e=t,:;e望.ne

cia_2-

Pentene

-■-

60

60

95

92

91

== ■■l■

42

41

七ran8-2-

Pent ene

■■■
-I

33

30

0.1

1.4

1.6

■■■
■■■1

19

18

a)
wc16 0･02 mol/1I 2-Hep七ene佃100･晦ル2･ room七emp･･

･2一pentene provided t7YZn8-2･buteneand tTmS･3-hexene. However the resultsalso show that

8ub血tialamountS of both cisand t7YZnS isomers of 2･buteneand 3･hexene are fomed at

the outset in both cases. This demonstrates the weak stereoselectivity of the
metathesis re-

action･ Calder?n has reported the simnar res山ts in the met&thesis of pure cis･ or trams-2-

pentenewith the WC16
1EtAICl.2 -EtOH system･16

It is vague why metathesis shows the weak stereo-

selectivityinthe early stage早Of the reaction,inspite of interpretations by Hughes,44 ･104

Grubbs97 and Kat2P8 according to their methanistic proposals.

3. The Tungsten Hexachloride -

Organosodium Systems

3-1･ The Use Of Cyclopentadienylsodium and Phenylethynylsodium as Cocatalysts

触ause of the highly acidic character of the hydrogens of cyclopentadieneand

phenylacetylene, these cocatalysts are eas弘y野nthesized. Moreover,theyare less hal;ardous

and more stable thanaluminum, zincand lithium cocatalystsand less toxic thin R4Sn･
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They showed the solubility necessary for the preparation of the catalyst solution of the

sufficient concentration, thoughthe solubility was apparently low.

Figure 6 shows that good metathesis yield was obtained at a Na/W ratio near 2 in

the WC16-C5 H5Naand the WC16-PhC--CNa systems･ In the WC16
-PhC=CNa system,the

formation
of diphenyldiacetylene was confirmed by glcanalysis. These facts suggest that

the active catalyst species, WC14
,

forms as follows:

-ⅣaCI
WC16 + 2PhC=CNa--

(phC≡C)2WC14 →WC14. PhC芸C-C=CPh

(12)

In the nmr study, when WC16 Was added to the C5H5Na ben2;ene solution, the proton signal

of C5H5- (5･67ppm in 6 value, a
singlet) disappearedand a new peak assignable to the vinyl

protons of cyclopentadiene (about 6.52ppmin6 value, a multiplet) appeared. Also, in the

WC161C5 H5 Na system, it is speculated that the catalyst formation proceeds by a mechanism

similar to that of the WC16-PhC=CNa system･

The optimum ranges of the
cocatalyst/WC16 ratio decreased as follows:

C5H5Na, 1･5-3･0 > PhC≡CNa, 1ふ2･5 > nBuLi, 2

Thewider optimum range of the Na/W ratio in the WC16
-C5

H5 Na sys七色m as compared to that of the

Li/W ratiointhe WC16
1nBuLi system suggests that C5 H5- from C5 H5 Na does not destroy the active

WCl4 Species to any considerable extent, because of the weaker nucleopb山city of the carbanion･ As

the optimum range of the Na/W ratio in the WC16
-PhC=CNa system lies in between thatinWC16

-C5
H5 Na

aJld that in WC16
-nBuLi,

the nucleophuicity of PhC≡C~may be stronger thanthat of
C5 H5-and weaker

than that of nBu-. These cocatalysts are different fromany other cocatalyst reported in that, in C5 H5 Na,

the negative charge of the cyclopentadienide anion is delocalized on an the five carbon atoms,

while in PhC≡CNa theanion is composed of the carbon atoms of the sp hybridi2:ation.

The weak nucleopbilicity may be attributable to this unlque Cbaraeter･

The higher activity of the WC16-C5H5Na and WC16-PhC=-CNa systems thanthe WC16-

nBuLisystem in the
region of the cocatalyst/WC16 < 2 may be explained by either one or



嘗
0

日

L

rd

r｣
¢

･rl
h

V】

･rl
ロ】

①

,a+I
a

･P
4)
呂

2

Cocatalyst/.flC16 Ratio

Fig.6･ plo七of me七a七hesi8 yield vs･
coca七alyst^tTC16 ratio: WC16 0･024

mol/1, 2⊥Fcp七ene仲う0, Solven七Ben2;ene, rOOm七e皿p., 15 hr･斑e七athesi8

yield i8 mOIFo七o
2-butene +うーdecene.



28

both of the following reasons: (a)the slower deactivation of the WC16 ･C5
H5 Naand WC16 -

PhC≡CNa systems thanthe WC16-nBuLi system, a8 W山be described hter, and (b) n-BuLi reacts

completely and irreversiblywith water,
but C5 H5 Naand PhC=CNa do so only reversibly.

andincompletely. Moreover, the hydroxideLanion resulting from the reactions may be a

more powerful inhibitor than water itself. Water is presumed to be the maininhibitor,

since the deactivation of the metathe8is catalyst w鮎Observed upon the addition of water

and trace amount of water is inferred to existinthe solventand the olefin,and on the

wall of the reaction tube, thoughit was excluded as much as possible. Simil打Iy, the higher

activity of these Catalyst systems thanthat of the WC16･nBuLisystem inthe cocatalyst/

wc16 ≧2 region may be attributed to the slower de&ctivation of these c血Iyst野StemS and

the we8血er nucleophilicity of the carbanions of the coc&tdysts.

`

The formation of the Friedel･Crafts products was extremely small
-

such as 1
-

%,

if the Na/W ratio was about 2inboth systems.

3･2. Reaction Progess vs. Time

The catalyst from WC161C5 H5 Na required prefornation periods to reach its maximum

activity toward met&thesis (Fig･ 7)･ In Curve A, WC16and C5H5 Na had beenallowed to

stand for halfanhour at room temperature before the olefin was added. The two reactions

of Åand B were identicalin all other respects. The S shape of Cuzve B may be attributed

to the incompleteness of the formation of active species at the initialst8ge Of the reaction

without B也nding, whereas the catalysts
from WC16and alkylmetals

･do
not requlre the pre･

formation periods･ These facts suggest that in the WC16C5H5Na system the catalyst for-

mation proceeded more slowiythan in the WC16-alkylmetalsystems･ Figure 7also shows

that the reaction progresswith WC16･C5H5Na is similar to thatwith WC16･nBuLi･

3-3. St&b皿ity of Catalyst

ln the olefin metathesis, the metathesis yield should attain the equnibrium yield, 50%･ The

fa血re to reach the equilibrium value results from catalytic ･deactivation･Asis showninFig･
7, when

nBuLi or nBu4 Sn was used as a cocatalyst, the yield leveled off within 3 hr･ On the other hand,

inthe WC161C5H5 Na sy声tem, theincrease in the yield continued and the equilibriumyield
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molto

to 2-butene + 5-decene.



30

was reached･ This result and Table 9 show that the deactivation of the WC16-C5H5Na system

proceeded more slowly thanthose of the dTC16･nBuLiand the WC16-nBu4Sn systems･

Table 9. Stability of Cataly8ta)

cocataly8t町W Produc/t8'mOlS
b)

(班)- ra七io C4 C7 CIO

IrL Situ 25 50 25

c5H5Na 2
preformed 16 68 16

Bu4Srt 1

In sit11 2う う0 2う

Preforned 3 94 3

a.) WC16 0･024 mol/1, 2-Hep七en'eル25, Solven七1,2,4-

TrichloTObenzene, roon七emp., 15 hr. =n七he in si触

sys七em, 2-hep七ene,滑C16 and the listed coca七alyst

were added succe由ively. In七he preformed 5yS七em■

2⊥hep七ene was added 1 hr later after WC16 an丘'thel

liB七ed coca七alys七were nixed｡

b) HoIFo of each producセセo七he七o七al amounts of

2-bh七ene, 2-hep七ene and 5Tdecene.

The WC16･C5H5Naand the WC16-PhC=CNa systems were less poisoned by ether

thanthe WC16-nBuLiand the WC16-nBu4Sn占y8temS (Table 10)･ The fact suggests that the

former systems are less deactivated by the water presentinthe reaction systems･ The

deactivation
of the catalysts by ether may be explained by the fouowing inferences: (a) the

coordination of theinhibitor at its heteroatom to tungsten, whichinterrupts the coordination

of incoming olefins; (b) the decomposition of the bimetallic catalyst system by the coordi-

nation of the basicinhibitor to the cocatalyst metal,33 thoughno evidence for the formation

of the tungsten
- lithium or sodium binary complex has been reportedinthe olefin meta-
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℡able10. Effec七of Ether Addi比on七o Syβ七em a)

co;a:&ミy8tr&i:.E三三:I.c. procd;?t5･`冨o:.fJb'F.C.C,

U
5f王5Na

2

0

1

2

4

2う

21

15

8

49

う6

68

83

25

22

16

8

1

1

1

1

Ph(コ三C Na 2

0

1

2

4

24

20

14

7

50

58

70

86

2う

21

15

7

1

1

1

0
■

Bull 2

0

1

2

4

21

9

2

0

うぅ

80

95

100

22

10

2

0

2

1

1

0

Bu4Sn 1

0

1

2

4

23

22

ll

4

47

うぅ

76

92

23

22

12

4

7

3

1

0

a) wc16 0･024 mol/1'2-Hep七eneル50,
Solven七Benzene'

room七eznl)., 1う hr.

b)班olFo of each produc七to
the七o七al amouェセs of 2-bu七ene,

2-hep七ene,ラ-decene and Friedel-Craf七S products.

c) Friede1-Craf七S products, hep七ylbenzeneβ.
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thesis,and (c) the decomposition of the cocatalysts by a reactionwith ether, such as a

Wittig reBLZTangement.

The WC16-nBu4Sn and WC16-nBuLi systems Showed the optimum yield when 2-3

equivalent moles of dicyclopentadiene, cyclopentadiene,
or phenylacetyl卓ne tO WC16 Were

added･ This凱噌geStS that the stability of the catalyst from the WC16J:5H5 Na or PhC≡CNa

system isalso attributable to the organogroupS from the cocatalysts, which mayinterrupt

the coordination of the inhibitor, water, to tungsten by means of the coordination at the

cyclopentadienyl_ ring or the triple bond.

3･4. Other Organosodium Cocatalysts

Phenylsodiumand l･hexynylsodium werealso effective as cocatalysts of metathesis.

However, triphenylmethylsodiunand diphenylmethylsodium were not effective. These facts

canbe explained by the difficulties of the displacement of Cl in WC16with the carbanions

from triphenylmethylsodiumand diphenylmethylsodium due to their weak nucleophnicity,

itselfattributable to the steric hindrance and the electronic effect.

4. The Tungsten Hexachloride
-

ArylmetalSystems

4-1. Research for the Optimum Reaction Conditions

A good metathesis yield was obtained in the extremely narrow Bi/W ratio range of

O･7-1 in the WC16･Ph3Bi system, whereasinthe WC16-Ph4Pb and the WC16-Ph4Sn systems

good metathesis yields have been observed for thewider range of cocatalyst/WC16 ratios,

0.7･2and 1-3, respectively (Table ll). The selectivity was better at the
optimuncocatalyst/

WC16 ratioineach system･Asa solvent 1,2,4-trichloroben2;ene Was used,inorder to depress

the Friedel-Crafts reaction, since the WC16
-Ph4

Sn system somewhat more cataly2;ed this

side reaction than the WC16･nBu4 Sn system in benzene･ These arylmetals- as cocatalysts are

easier to handle due to their stability thよnalumin血m, zinc, magnesium andalkali coeatalysts･

The yieldand
'the

selectivity both decreased as the
cocatalyst/WC16 ratio deviated from the

optimum value. Probably a lowenng of the selectivity is the result of the occurrence Of the
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Table ll･ Effec七of CocatalystPc16 Ratio a)

cocat.取付 RTe七athesis Selec七ivi七y C)

b)(M) ra七io yield

Ph3Bi

Ph4Pb

Ph4Sn

0.3

0.ラ

0.7

1

2

3

0.3

0.ラ

0.7

1

2

3

0.3

0.ラ

0.7

1

2

3

0

ll

31

21

3

1

う

12

32

46

40

10

3

10

14

19

40

20

0

21

う0

94

34

1

13

24

100

100

81

78

12

2う

28

36

90

27

a)■
wc16 0･041

mol/1,写-Hep七ene/W
20, Solvent

1,2,4-Trichlorobenzene, room七emp., 24 hr.

b) (2-Bu七'ene +うーDecene)
Ⅹ 100/2-Hep七ene used,molto.

c) (2-Butene + 5-Decene) Ⅹ 100/2-Hep七ene consⅧmed,molto.
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Table 12･ Effect of Olefin^vc16 Ratioa)

coca七. AIIル olerin/W Yieldb) selectivi七y

( M ) ratio ratio

Ph3Bi 1

Ph4Pb

Ph4Sn

2

2

10

20

50

100

200

】ー0

20

う0

100

2()0

10

20

う0

100

200

3う

31

36

8

1

10

14

36

う0

う0

26

40

47

44

1

100

94

100

100

100

100

100

100

100

100

うぅ

74

100

100

100

a)
wc16 6･9 Ⅹ 10-5mol, Solvent 1,2,4-Trichlorobenzene, room

七emp., 24 br.

b) 100 Ⅹ (2-Butene + 5-Decene)/2-Hep七ene used, molto.
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side reaction such as polymeriヱation.

The optimum rmge of the
olefin/WC16 ratio considerably varied with the catalyst

system used (Table 12). Good selectivity was obtained in the ratio range of lO1200 inany

system. It may be due to the use of 1,2,41trichlorobenzene as a medium.

4-2. Reaction Progress vs. Time

'
me rate of the 2-heptene metathesis catalyzed by the WC16-Ph3Bi system wa?

dover thanthose cataly2:ed by the WC161Ph4Pb and the WC16-Ph4Sn systems (Fig･ 8)･

At the end of the reactions, cis content of olefins approached at the thermodynamic

､equnibrium
in any systems (Table 13).

Table 13. Gis Content of Olefin8 from h･.le七athe8i8 Reactiol15a)

coc8七. 軌佃 d) Gis content

(山) ratio 2-Hep七ene うーDecene

yieldb)

a) wc16 0･036 no1/1･ 2-HepteneJ～ 23･ Solvent l･2･4-Trichloro-

ben2;ene, rOOm七enp., 24 hr.

b) 100 Ⅹ (2-Bu七ene + 5-I)ecene)/2-Hep七ene used, molto.
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5. The Tungsten Oxytetrachloride
- Cocatalyst Systems

When tungsten oxytetrachloride was used in the place of tungsten hexachloride, the

combinationswith the cocatalystsalso produced the active catalysts for 2-heptene metathesis

(Fig･ 9)･ The solubuity of WOC14 in benzene, chloroben2;ene, 1,2,4･trichloroben2;ene, and

trichloroethylene was too poor to prepare the catalyst solution of the sufficient concentration･

Themicro･dispersion of WOC14inchloroben2;ene Was uSedI Since it was most solublein

chloroben2;ene Of above solvents･ The data show the simnar trends to thoseinthe WC161

cocatalyst systems･ That is, the WOC14 ･nBu4 Sn, the WOC14
-Ph4 Sn and the WOC14 ･Et3

Al

SygtemS節Ⅳewide optimum ranges of the cocatalyst/WOC14 ratio, whereas the WOC14
･nBuLi,

the WOC14･Et2Znand the WOC14-Ph3Bi systems showed the sharp dependence of the yield

on the coeatalyst/WOC14 ratio. Most recently, MuettertieslO5 reported that the optimal

cocatalyst/W ratios are one･half those reported for the WC16 recipes inthe WOC14
-nBuLi

and the WOC14-Me2Zn systems, namely land O･5 respectively･ The results of Fig･ 9 roughly

ageewith those of Muetterties･105 h any catalyst systems, the selectivity of 85･70% was

obtained at the optimum cocatalyst/WOC14 ratios. The WOC14
-Ph4

Pb system baLrely catalyzed

2･heptene metathesis, though the WC16･Ph4Pb system was highly active･ These catalyst sys･

tens are underinvestigation.
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woc14 0･04 mol/1･ 2-Hep七eneル20, Solvent Chlorobenzene,

room temp., 24 hr.
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6･ Summary of the Optimum Reaction Conditions

Table 14 summari2;eS the optimum ranges of the cocatalyst/WC16 and the olefin/WC16

ratiosinthe 2-heptene metathesis cataly2;ed by the WC16 COCatalyst systems･ The optimum

rangesinthe WC16･alkylmetalsystems show the interesting trends: both rangeswidenwith

theincreaseinthe electronegativity of the cocatalyst metal, except the narrow optimum

cocatalyst/WC16 ratio range in the WC16･Et2Zn system･ In the WC16-arylmetalsystems, the

optimum ranges varywith the cocatalyst used,inspite of the analogous electronegativity of

cocatalyst metal.

でable 14. Su-ary of Op七i皿皿Ranges a)

catalys七 Coca七aly5t/WC16 0lefin^wc16 E･N･ b)

ra七io ratio

WC16 nBuIJi

nBti班g工

Et3Al

Et2Zn

nBu4Sn

0.ラ

0.6

2

2

- 3

- 1.ラ

1

2 _

(o

(o

(o

(o

(o

(o

(o

ルう0)

仲100

Pヲo)

ル100

J～ 50)

/N 50)

ル100

)

)

)

2う ー う0

30 - 130

50 - 200

う0 - 200

う0

25

- 200

_ 100

ti^w 2)

:gj～ 2)

1ル1)

1/N 2)

n^w 1)

nノ佃1)

n^'] 3)

(IJ

(N

(A

(A

(z

(s

(s

1.0

1.2

1.ラ

1.6

1.8

ph3Bi O･7-1 (OJ～120) 10･-うO

ph4Sn 1-3 (OP20) 20-loo

Ph4Pb O･7-2 (0/N20) 50-200

(Biル1)

(snル2)

(pb/N 2)

1.9

1.8

1.8

PhC≡CⅣa 1.5 - 2.5(OPt 50)

c5H5Na l･5-3 (0^']50)

a) olefin=2-Hep七ene･ Solven七=Benzene:WC16-alkylme七als･

phC三CNa or C5H5Na;1, 2,4-Trichlorobenzene :WC16-arylme七als ･

b) Elec七ronegativi七y of the coca七alyst metal.
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CHAPTER III

THE MECHANISM OF CATALYST FORMATION

1. The Catalyst Fornationinthe Tungsten Hexachloride -AlkylmetalSystems

1･1･ Products from Catdy8t Components

Menapace20 has proposed the following mechanism (Scheme 1)that WC14 isan

active catalyst species for the reactionwith WC16
-nBuLi, based on the observation that the

catalytic activity is maximal for the Li/W ratio of 2. This mechanism isalso supported by

wc16ヱ聖もR2WC14旦wc14空室塾wc14･201efin
_2LiC1

2 01efin

_Pro
duct

_2R●

Sebeme 1

our obervations: the catalytic activity is
maximal(a) at Zn/W

- 1 in the WC16･Et2Zn

system, (b) at Mg/W- 2inthe WC16-nBuMgl system, (c) at Na/W- 2 in the由c16-C5H5Na

and the WC16-PhC=CNa systems, and (d) the formation of diphenylacetyleneinthe WC16･

PhC≡CNa system･ However, using the catalyst system WC16･R4Sn (氏
-

nBu, Ph), WC16-Et3AI

or WC16･Ph4Pb, the catalytic activity is not maximalwhen the number ofalkyl or phenyl

groups in the added cocatalystper mole of WC16 is two･

In the metathesis oft 2･heptene catalyzed by WC16-nBu4Snand WC16-nBuLi, the pro-

ducts RH, RCl and RR (氏-nBu) were found in
addition

to the expected olefinsinamounts

whiih greately variedwith the catalyst system (Table 15). Probably, the products RH, RCl

and RR species are formed uia the decomposition ofalkyl-tungstenintermediates, RWC15

or R2WC14by a nonradicalmechanism･106-110 In the WC16･nBu4 Sn system, butane and

butyl chloride were formedwithout octane species, whereas in the WC16
-nBuLi system,

butane was the main product. Mechanistically, two processes could be envisaged, which

41
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'118Jble 15. Dependence of Products from Catalyst Components

on the Coca七alys七Awc16 Ratio

cocat･

co:aa:;:jl)c16;;:;tdhae,sis≡:::tl;0;≡::,dt.1三::七:b5nc'

RH RCI RR(105mol)

nBu4Sn O･う

1

2

3

4

nBuLi 0. 5

1

2

3

4

17

28

30

26

17

4

6

21

7

2

0.6

2.0

2.9

4.0●

4.ラ

0.8

1.8

6.7

9.4

13.2

2.3 0

4.0 0

ラ.1 0

ラ.6 0

6.4 0

1.8 o.2

2.3 0.3

0.3 0.6

0.4 1.ラ

0.6 2.0

0.8

1.6

2.2

2.6

3.0

0.7

1.2

2.0

3.0

4.2

a) wc16 0･021 mol/1･ 2-Hep七eneAw riBu4Sn:loo nBuLi･･う0,･ Solven七Benzene,

ro.m七emp., 5 hr. Yiel丘(nol%)-100 Ⅹ 5-Decene/(2一江ep七ene 'うーDecene)･

b) WC16 0･0うmi/1 (7･うⅩ 10-5mol)I Solven七3en乞ene･ rOO皿七emp･･うhr･

c) n= (Twice the七o七al of moles 0f products de七ec七ed)/(moles of added

VJC16)･

would account for the formation of butane (Eq. 13). One possibility would involve the P-.

hydrogen abstraction from analkyl ligamd by anotheralkyl in R2WC14 , Which produces equal

amounts?f 1-alkene andalkane (Eq･ 13a)･ Another mechanistic picture wouldinvolve the

α･hydrogen abstraction fromanalkyl ligand by anotheralkyl in R2WC14 , Which foms tungsten-

carbene complex andalkane (Eq. lab). If the non-pairwise carbene･to-metallocycle mechanism98

is to be accepted, Eq. lab is a potentialroute to the formation of the initialcarbene-metal

entity･ Recently'Muetterties111 observed that in the reaction of Me2Znwith WC16 Camied
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c 1

4WVtCc:22CcHH22Ri･く

wIVc14

･旨H2
･ cH,CH2R (13a)

C皿

c14W-LVcHCH･2R
+ CH3CH2R (13b)

outina deuterated solvent, methane free of deuterium waLS Produced. It has been proposed

that α･hydrogen elimination from the tungsten-methyl group occurs leading to the formation

of the initiaicar加ne-tungsten complex･
Undoubtedly, the WC16-Me2 Zn system is prone to

I

transforminto carbene･metalentities, since methyl has no β-hydrogen. Ifalkyl ligand contains

β･hydrogen, buねne may be formed uia the route according to Eq･ 13a･ Actually, WC16-

arylmetalor WC16-PhC≡CNa that cannot transform into a carbene･metalentity is sufficiently

active for olefin metathesis.

The number of the ligands displaced from one mole of tungsten (VI) complex, n,

showninTable 15, is defined, assummg that equalamounts of l･butene and butane are

produced, uiz:

n
-

(Twice the totalof moles of products detected)/(moles of added WC16)

The formation of l･butene was not recogni2;ed. The species may be consumed for the

succe弘ive reactions such as polymeri2;ation by olefinmetathesis catalysts as has been observed

for other l･alkenes,112 and the double bondmigration followed by the cross metathesis

of isomers.

The netathesis yield depends upon'the value of n(Table15)and
the good yield was obtained

only for values of n, Ca･ 2･ The results suggest that WC14 formed from RWC15and /or R2WC14 provides

an active catalyst site.

1･2. Comparison of the Characteristics of Cocatalysts

ln Fig･ 10, n and the metathesis yield are plotted against the
cocatalyst/WC16 ratio･

In the catalyst system of WC16･nBu4Sn, n gradually increases to values greater than 2 as

the Sn/W ratio increaLSeS in the range, Sn/W ≧ 1,and good metathesis yield was obtained

for thewider range Sn/W ratio of 1-3･ On the other hand, in the system WC16-nBuLi,

nincreases linearly as the Li/W ratioincreases,and good yield is obtained in the extremely
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namow Li/W ratio range
,仇2.

These facts suggest that the optimum cocatalyst/WC16 ratio

is obtained for n=2･ The differenceinbehavior between nBu4Snand nBuLiincatalyst for-

mation may be explained on the basis of the weaker nucleophilicity of n･butyl groups

derived from nBu4 Sn as compared to those derived from nBuI･i, and by theinference that

nBu4Sn canbarely replace more thantwo chlorines from WC16 Whereas nBuLi can easily

displace more than two chlorines･ Moreover? in the WC16
1nBu4

Sn catalyst system, WC14

species formed are u血ikely to be deaetivated by attack of an excess of nBu4Sn in仇e wide

嘗
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Fig.10. Plo七 of me七a七hesis IJield and n vs.

cocatalystJ～c16 ratio I
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Sn/W ratio range, whileinthe catalyst system, WC16･nBuLi, WC14 Species formed are easily

attacked aLnd deactivated byanexcess of nBuLi.

Table 15al80 Shows thatinthe WC16-nBu4Sn system, the ratio of theamount of

n取(芳~to-the pp細t--~total in僻aSeS aS the Sn/W ratio decreasesand that the ratio of

butane to the totalamounts of products increases as the Sn/W ratioincreases. These facts

suggest that mono-substituted tungstenintermediates, whichgive WC14 SpeCiesand RCl, were

mainly
formed

when the Sn/W ratio is low,and that di-substituted tungstenintermediates,

which give WC14 Species, RH and l･alkene or RR, gradually increased by further displacement

of chlorine by n-butyl groups on mono･substituted tungstenintermediateswithanincrease

inthe Sn/W ratio･ Moreover, Table 15 shows thatinthe WC161nBuLi system, the ratio of

nBuCl to
-the

totalquantity of products is extremely small when the
nBuLi/WC16 ratio is

2･ This factindicates thatinthe WC16-nBuLi system displacement of chlorine from mono-

substituted tungsten intermediates occurs quickly to give nBu2 WC14 before the elimination

of n-butyl chloride from nBuWC15 because of the strong nucleophilicity of nBuLi･

113. GIcAnalysis
of Tetra･n-butyltinand Tri･n-butyltinChloride from the Reaction of

Tun節ten Hexachloridewith Tetra-n-butyltin

In the reaction of WC16 With nBu4Snand a variety of cocatalyst/WC16 ratios, tin･

containing products were identified and their?oncentrations measured by glc analysis･113

The results are shown in Table 16. Tetra-n-butyltinand tri･n･butyltinchloride were detected,

but di-n-butyltin dichloride was not found血any reaction. The res山t shows that a mole of

nBu4Sn provides only one butyl group per note of WC16and that the butyl group of

nBu3SnCl is unable to displace chlorine
from tungsten･ In fact the WC16-nBu3SnCI system

wasalmost ineffective as a catalyst for metathesis (Chapter II, Table 4). The number of n-

butyl groups transferred (Table 16) represents the number of n･butyl groups which nBu4 Sn

provides for the substitution of chlorineinWC16and that of n-butyl goupsinthe products,

as bu也ne, 1-butene, and n-butyl chk)ride. This datumindicates that the n-butyl groups of

nBu4 Sn provided for the substitutionin'wc16 Wereall convertedinto these products

because each butyl group leaving from nBu4Sn is found in one in the products･ One tetra-

n-butyltin molecule provides only one n-butyl group for substitution in WC16inthe range
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sn/w≦ 1, but in the range Sn/W>l one tetra･n･butyltinprovides less thanone n-butyl group

on average･ Also, on average, only O･5 mole of n･butyl groups were transferred from
nBu4Sn

when the Sn/W ratio is 4. This fact indicates that the further displacement of chlorine by

n-butyl on tungsten is more difficult because of the weak nucleophuicity of n-butyl groups

derived from nBu4 Sn･

旭ble 16. Te七ra-n-bu七yl七in and Tri-n-bu七yl七in Chloride

in the Reaction of WC16 and nBu4Sn a)

Tin compounds in the Number of transferred

Snル

ratio

reaction mixture

(105mol)

n-bu七yl groups per WC16

nBu4Sn nBu3SnCI From riBu4Sn In Products

0.ラ

1

2

3

4

0.1 3.4 0.ラ

0.9

4.8

8.9

14.2

6.2 0.9

9.う 1.3

12.2
.1.7

14.1 2.0

0.ラ

1.1

1.ラ

1.8

2.1

a) wc16 0･047 mol/1 (7･1 Ⅹ 10-うmol)'Solven七Benzene'

room七emp.,う br.

b) (moles of nBu3SnCl)/(moles of WC16)･

c) (moles of n-butane X 2. moles of n-BuCl)/(moles of i;IC16)･
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The mechanism of catalyst
formation from WC16and nBu4Sn or nBuLi in olefin

metathesis is illustratedinScheme 2, on the ba8i8 0f the facts described above.

We infer that a WC14SpeCies is formed by reductive elimination of RH, 1-alkene, RCland

RR from RWC15 and/or R2WC14 ･ The scheme proposed by Menapace20 constitutes part of

this reaction scheme.

wv=c16 + riBu4Sn

wv=c 16

-nBu3S nC i

∫

■十

riBuWV=c15 -
riBu2WV=c14

l

+riBu4S n

n-But ane

･nBuCl+WIVc14 + +WIVc14

1-Bu.七ene

-IJiCl

+ 血ユi - ･･-一手

+血BuIJi

[rBuWVIcl,]｣三rB?2WVIcl.
-IJiC 1

nBuCl + W

l

1

)
l

I

↓
=vc14

Sebeme 2

n-Butane

+
+ⅦⅠvc14

1-But ene

2･ The Catalyst Formation in the Tungsten =exachloride -

ArylmetalSystems
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2-1. Products from Catalyst Components

ln the WC16-arylmetalsystems, PhH, PhCl and PhPh species were produced, and good

metathesis yield was also obtained for n=Ca.2ineach systems (Table 17), where n is the

number of ligands displaced from WVI complexesinthe reaction of WC16with an arylmetal,

uiz:

n
=

(moles of PhCl + moles of PhPh) X 2/moles of added WC16･

The catalytic activity decrea紀d when n deviated from two and more than a Ca.2 equimolar

quantity of ben2;ene
relative to tungsten was detected. Probably, benヱene Was formed from

the decomposition of aryltungsten intermediates by moisture･ The compounds Ph3 Bi and Ph4 Sn

themselves did
not由veany ben2:ene When left in 1,2,4-trichloroben2;ene SOlution

for 24 hr,

althoughPh4Pb gave a small amount of ben2iene･ These facts suggest that WC14and PhWC13

species are formed as active catalyst sitesI Recently, it has been reported that PhWC13 is

activewithout any cocatalyst in the metathesis of linearchain olefins･46 The compound

PhWC13 may be formed by successive displacement of chloride of WC14 by benzenide derived

from the cocatalyst,and may be de&ctivated by the attack ofanexcess of cocatalyst.

Moreover Table 17 shows thatinthe WC16-Ph3Bi system, diphenyl was produced in preference

to chloroben2;ene OVer the whole series of Bi/W ratios･Whereas in the WC16･Ph4Pband the

WC16-Ph4 Sn systems chloroben2iene Was prOducedinpreference to diphenyl at low
cocatalyst/

WC16 ratios) e･g･ 0･311,and decreased as the amount of diphenyl increased in the ratio range

≧ o.7. Diphenyl was produced in preference to chlorobenzene at highratios, e.g. 2-3. These

facts suggest that in the WC16-Ph4Pband the WC16-Ph4Sn systems, the displacement of

chlorine by phenyl occurs in a stepwise
fashion to give Ph2WC14 Via PhWC15

, Whereas in the

WC16-Ph3Bi system the displacement of chlorine from PhWC15 occurs quickly to give Ph2WC14

before the elimination of PhCI species from PhWC15 ･ It has been reported that the reaction

of TiC14 With ph3A1 leads to the formation of diphenylwithout
chlorobenzene by a non-

radicalmechanism.114
,
115

2-2･ Dependence of the Metathesis Yield and Amount of PhCland PhPh species on Reaction

Time

ln the WC16-Ph4Pb system, the metatbesis yield increased as the amounts of PbCl
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T8･ble 17. Dependence of Products from Ca七alys七Componen七s

on the Coca七alys七^･'C16
Ratio

(;o'.･aし. P'･VvJ Aletathesis pro(1uc七sa)
Reaction products of

ca七alyst eomponen七s

( M ) rLL七io Yield Selectivity Phli PhCI PhPh

(10うmol)

Ptl:1BL O･3

().ラ

0.7

1

つ
｢-

3

Ph-4l'b (-)･3

0.ら

0.7

1

2

3

Ph4Sr1 0･3

0.ラ

0.7

1

2

3

()

ll

31

2ユ_

3

1

う

12

32

L16

40

10

3

10

14

ユ_9

40

20

()

:!1

う0

94

34

1

13

?4

100

100

81

78

12

2う

2モ1

36

()0

27

1.う 0.4

2.2 0.6

2.6 0.8

8.4 0.7

23.9 0..4

22.4 0.4

2.6 1.7

3.4 3.1

6.8 3.3

8.0 2.7

21.2 2.3

2う.ユ ー
.

2.5

3.6 0.4

4/) 2.'3

6.4 3.4

6.o 3.2

10.1 2.7

ll.6 2.3

1.9

2.8

3.4

4.0

4.8

ラ.1

0.9

1.0

1.3

2.3

ラ.1

ラ.8

0.1

0.3

0.6

1.6

ユ､.ラ

4.0

0.7

1.1

1.4

1.ラ

1.7

1.8

0.8

i.3

1.ラ

1.6

2.4

2.7

0.2

0.Ei

1.3

1.ラ

2.0

2.0

a) wc16 0･041 mol/i (6･9 Ⅹ 10-5mol)'2-Hep七eneル20, Solven七1,2,4-

Trichlorobenzene, roo皿七emp., 24 hr.

b) n=( moles of PhC1 + m?1es of PhPh )/moles 0f added WC16･
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and PhPh sI始CIeS increased, as shownin Fig. ll. Chlorobenzene haLS formed before diphenyl,

and the formation of the latter continued even after the formation of chloroben2:ene had

8tOpped･ The similar results were obtainedinthe WC16･Ph4 Sn system･ These facts suggest

that chloroben2:eneand diphenyl are produced during the steps in which the WC14 Species

is formed, and that even after the disappearance of the intermediate to give chloroben2:ene,

the intermediate responsible for diphenyl is s七山formed･ The early formation of chlorobenヱene

to diphenylalso suggests tb8t the displacement of chlorine by phenyl in the catalyst systerrB

contdning WC16md Ph4Pb or Ph4Sr1 0CCurS･ Stepwise to give Ph2WC14 UぬPhWC15 ･ On the

other hand, in the WC16-Ph3Bi system the metathesis yieldincreased slowly in spite of the

rapid formation of diphenyland chlorobenヱene. The fact Suggests that the rapid displace･

ment of chlorine of WC16 by phenyl of Ph3Bi occurs to give Ph2WC14 directly and that the

activity of the actualcatalyst from WC16-Ph3Bi is lower thanthose from WC16･Ph4Pband

WC16
･Ph4

Sn･

The mechanism of catalyst formation from WC16and arylmetals in olefin metathesis

i8山ustrated in Schem.e 3.

wv=c16 ･ Ph4H (W=Pb･Sn) - PhWVZc15 -

Ph21lvvlc14
1

phCl + W=Vc14 PhPh + WI･Vc14

wvlc16 + Ph3Bi PhWT-clvlc15〕- Ph2WVIc14

J
I

I

l

Y

phCl + WIVc14 PhPh + WIVc14

Seheme 3

The observed behavior of triphenylbismuthineinthe catalyst formation may be due

to the easiness of Bi-C bond
cleavage.

In fact, the average scission energy of Bi一° is lower

than that of Sn･C.
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Finally, the width of the cocatalyst/WC16 ratio (Table 14) may be affected by both

(a) the nucleophnicity of carbanions from cocatalysts. (MR) due to the nature of M and 氏,

and (b) the level of the activity of the active species formed.

2･3. Effect of Group Va atom containing Compounds

The limitation of the cocatalyst was investigatedwith respect to compounds containing

group Va elements.While triphenylarsine and triphenylstibine were not effective as cocatalysts

for 2-heptene metathesis atAs/W or Sb/W ratids of 0.5,1,2,Sand 4, triphenylbismuthine was

effective essentially･ In addition, themixture of WC16and Ph3Asor Ph3 Sb did notgive

chlorobenzeneand diphenyl, althougha smallamount of ben2;ene Was detected, while the

mixture of WC16 and Ph3Bi gave benzene, chloroben2:eneand diphenyl･ The factsindicate

that the metalloid compounds such as Ph3Asand Ph3Sb can barely donate benzemide to WC16
･

On the other hand, the addition of Va atom compounds such as Ph3N, Ph3P, Ph3Asand

Ph3 Sbinhibited both the WC16･Ph4 Sn cataly2;ed 2･heptene metathesisand the production of

PhH, PhCl,and PhPh species from amixture of WC16and Ph4Sn･ The fact shows that the

Va
atom compounds prevented the catalyst formation from WC16 and Ph4Sn･ Metalloid com･

pounds such as triphenylarsineand triphenylstibine seem to function as bases, sim江arly to

triphenylamineand triphenylphosphine. It may be concluded that the central'atom of the

cocatalyst is capable of donating carbanion to tungsten hexachlorideandfunctions as a Lewis
l

acid.

Probably transition metalderivatives except IIb atom compounds are not contained

inthe cocatalyst, which decompose by the reductive elimination ofalkyl orary1 1igands

before they donate carbanions to tungstenand/or cataly2;e the other reactions. The IIb atom

derivatives probably candonate carbanion to tungstenwithout causing Other reactionsフSince

IIb elementsare regarded as nontransition elements. In fact, diethylzinc wasaneffective co-

catalystinthe 2-heptene metathesis with WC16 I



53

3. General Discussion

The foregoing results suggest that the cocatalysts reduce WC16 SO aS tO Open upal1-

inportant coordination vacancies foranolefinand a carbene.* The need to provide coordi･

nation vacanciesinorder to produce a catalyticany active species hasalso been recognizedin

other伐talyst systems･ For example,_Whan116 reported thatanⅩ-ray photoelectron spectrum

of a Mo(CO)6/alumina catalyst system revealed the loss of carbon monoxide ligands when

the catalyst was activated. Probably it is cis coordination vacancies that is required for

catalysis･Any mechanisms thus far posturated requlre Cis coordination vacancies on the

metal･ That PhWC13 Prepared by the reduction of WC16with Ph4Snl17 is activewithoutany

coc&talyst for olefinmet'athesis,46 means (a) that Lewis acid cocatalystsare not essential

components of the active catalysts弧d (b) that even noncarbenoid precursors cancatalyze

the olefinmetathesis.

Figure 12 shows that the addition of metallic compounds considerably increased the

activity of the WC16･nBuLi system･ The addition of LiCl, NaCl, BiC13
'SnC12 and PbC12 did

not provideany effect･ The following routes leading to powe血1 catalysts canbe envisioned:

(a) WC14 resulting from WC16-nBuLiis activated by additives, (b) nBu4 Sn, nBuxAIBr3_xetC･,

resulting血om the reactions of nBuLiwith nBu3SnCl,AlBr3 etC., give highly active catalysts.

Menapacel18 reported the enhancement of the catalytic activity of the WC16
-nBuLi system

when AIC13 is added to it and proved that this benefit is not derived from the possible

fomation of nBuAlC12 from nBuLi and AIC13 ･ The result of Fig･ 12 suggests that the co-

catalysts serveanotherfunctionin&ddition to the one as reducing agents. The cocatalysts

are converted to metalhalides or organometalhalides. These halides species may act as

Lewis acids so as to accelerate the metathesis. This inference explains the fact that the

辛 Calderon9 has reported that a combination of WC16 With excess AIX3 (Ⅹ-Cl, Br; Al ‥W-

2･8 : 1) is a metathesis catalyst,and has proposed thatthe chloridesare removed from the

tungsten not throughreduction but Via am acid･base equilibrium: WCIx+AlC13三wcrx_1 + AIC14- ･

However it is
unlikely that the finalsystems contain WV or WVI. since it is conceivable

that olefins caninsert into aluminum-halogen bonds simuar to the well-known olefin-
insertioninto aluminum-hydrogen bonds,aluminum chloroalkyls produced may reduce

WC16･
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optimum ranges of the
olefin/WC16 ratio vary drasticdlywith the nature of the cocataiyst

metals (Table 14)･ Mor?over, it has been reported thatthe combination of AIC13 With WC14
,9

phWC1346., w(cH2Ph)450 leads to a powerful catalyst･AsCalderon9
has pointed out (Eq･ 14

and 15), Lewis acids may associatewith reduced tungsten. Lewis acids would reduce electron

wclx ･

AIC13-cl/hくccll>wclx-1(14,
Cl

wclx ･

AIC13芦=±WCl;_1
･ AIC14- (1う)

density on tungsten by attracting electrons from the ligands, as shown below. This phenome-

non is related to the `tTYZnS effect"inwhich the susceptibility of a metal1igand toward sub-

cFf-w-L一光
志=-LL……:;dAcid

stitution may be stronglyinfluenced by the properties of the ligand trams to it. Menapacel18

has described that the enhancement of the activity of the WC16-nBuLi system by AIC13 is

attributable to the rapid isomeri2:ation of trms-WC14 (01efin)2 tO Cis-WC14 (Olefin)2 by acid-

base equilibria (Eq. 15). Most recently, Gas昏man48 has demonstrated that a metal-carbene

complex formed asanintermediateina metathesis reaction possesses a nucleophilic carbon,

as depictedin(c).
)

Ln一蒜-c･(;,-もn-H･････(a;
←

くa) (b)

Ln一志-
;/R
＼Rl

(e)
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Lewis acids may interact with tungsten throughcarbene bridges, as Muettertieslll has pointed out.

Substantial supportive evidence exists for the non-pal-ise chain mechanism, whereas

relatively little is known
about the orlgln Of the metal-carbeneintermediate, except the

reports of Farona40and Muetterties･111we believe that potentialroutes to the formation
of

theinitialcarbene-metal
entity exist in our

catalyst systems, aside from the catalyst formation.

Gassman48 has demonstrated that metal-carbeneintermediate canbe generated from non-

carbenoid precursor under metathesis reactiわn conditions. Pathways仇at olefins and catalyst

metallead to the formation of carbene-metalentitiesare speculated by severalinvestigators.102 ･119



CHAPTER Ⅳ

EFFECT OF THE REACTION MEDIUM

1. Effect of the Reaction Medium on the Metathesis Yield

1･1. Effect of the Catalyst Concentration

lnfluence of the catalyst concentration on the finalyield in the metathesis of 2･heptene

with WC16-Et3AI was examinedinvarious solvents･ The results are shown in Table 18･ At a

fixed level of the catalyst concentration, the metathesis yield was markedly affected by the

solvents used. Additionally, the level of the catalyst concentration at which the finalyield

of the metathesis attained the equnibrium value, variedwith the solvents. The polychlorinated

aliphatic hydrocarbons,and polyhalogenated benヱeneS Such as trichloroethylene, tetrachloro･

ethylene, hexachloro-1
,3･butadiene,

hexachlorocyclopentadiene, 1
,1 ,2 ,2･tetrachloroethane,

o一往nd

m･dichlorobenzeneand 1,2,4-trichloroben2:ene gave the good yieldwithout the formation of

the undesirable Friedel-Crafts products. By the judicious choice of solvents, the sepiLr8tion of

the product fromthe reactionmixture canbe performed more easily･ Especially, the use of

trichloroethylene, tetrachloroethylene; 1
,1 ,2,2･tetrachloroethane,

1
,2-dichloroethane,

and 1
,1 ,2-

trichloroethane as solvents appears toincrease the merit of the metathesis reaction in synthetic

chemistry, since these solventsare inexpensive.

The data showedinteresting trends as fouows:

(a) In the more chlorinated benzene, the better result was obtained. It is noteworthy that

I 1,2,4-trichloroben2;ene and o-dichlorobenzene gave the significantly good results.

1,2,4-trichlorobenzene -

o-dichlorobenzene > m-dichlorobenzene > chloroben2:ene

- benzene

(b) Of the monohalogenated ben21eneS, bromoben2;ene gave the best metathesis yield. The

metathesis did not proceediniodoben2;ene･

bromobenzene > chlorobenzene
- ben2:ene > florobenzene

(c) In the chloroflorobenzenes, the metathesis yie血was affected by the orientation of halo-

gen atoms of solvent molecules.

57
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Table 18. The Dependence of r･･二e七athesis Yield on Solvents a七

various (Ja七叫s七Concen七ra七ionsa)

S
olyt!nt

Metathe5i日歩b)

catalys七Coneentr8tion. mol/1
Ⅹ 102

o.4 0.7 1.0 1.3 1.6 1.8 2.0

ben:乙Cne

(F.C.Products

florobenzene

chloroberI･Ztfne

bromob8n･Lene

lodobcn2:ene

o_dlchlorobt)n2:en8

m_dichlorobcnzene

1

0

7 1う
1 1

0 1 6

1 8 17

6 2う 33

CI 0 0

20 31 33

1.2.4一七richloroben乙ene 20

a_florochloroben･Lene 0

IA_floroehl oroben2ienO 0

p-florochloroben乞enC I

ci.i-1, 2-Aichloroethylene 1

trtLm卜1 , 2-dichloroethylene

l

Lrichloroe七hyleno 1

tctrachlo,roethylene 1

1

,2-di'bromoetトylene(1nix)
o

hexachloro-i, 3-butadiene 3

hcxachlorocyclopentむdiene

う

1
, 1-dichloroetbarle 0

1, 2-dichloroethane 0

1,1, 2-trichlorocthanc 0

i
,
i

,
2

, 2-tetr.achloroethane

9

1 ,
2-dibror[10e七hane 0

13

33

0

1

2

2

2

1

ラ

O

8

10

0

1

0

33

33

0

3

5

4

3

7

19

0

19

21

1

4

0

2

2

3

2

4

9

4

3

0

3

3

i

1

1

1

2

3

3

3

3

0

7

2

0

ラ

6

7

0

i

33

2

12

3

33

33

0

33

33

33

0

15

27

16

12

33

33

0

33

33

3

24

8

33
4

22

33

33

0

33

33

33

3

18

30

23

17

33

33

0

33

33

4

33

ll

33

ラ

26

33

33

0

33

33

33

12

22

33

28

24

33

33

0

33

33

5

33

15

i6 24 30 33 33 33

0 0 1 1 1 2

33

ら)

33

33

33

0

33

33

33

17

28

33

33

29

33

33

1

33

33

9

3う

21

a)
The

reaction8 0f 2-heptene with WC16 and Et3Al (mole ratio:

2-hep七eneル- 100, Al/Wニ1) were carried out at room temperature

for 5 hour8･

b) 100 ⅩうーI)ecene/(21Hep七ene +ラ-I)ecene), mollo.
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chloroben2iene
- benzene > p-florochloroben2:ene > norot光nZene > m･florochloro-

txn2iene > 0･florochloro加nzene

(d) Mazly Chlorinated ethylenesand chlorinated dienes provided the better results than

t*n2iene and chloro加nヱene.

hexachloro-1,3-btadiez)e -

hexachlorocyclopentadiene
- tetrachloroethylene > chloro一

加n笈ene - ben2;ene - trichloroethylene > cis-1,2-dichloroethylen占> trans･1,21dichloro-

ethylene

(e) h chlorinated ethaz)es, the yield decreased in the following order.

1,1,2,2･tetrachloroethane > chloroben2;ene
- benzene > 1,2･dichloroethane > 1,1,2･

trichloroethane > 1
,1Jichloroethane

(∫) h the mixed 1,2Jibromoethylene and 1,2-dibromoethane, the metathesis reaction h打dly

proceeded. In
cyclohexane, n-pentaneand n-hexane, the yield was low because of the poor

solubility of WC16inthesealkanes･ The good solubility of WC16 may be due to the affinity

of WC16with aromatic rugs, double bonds or chlorines of solvent molecules･ The coordination

of aromatic molecules to tungsten carbonyl complexes120 or halogenides (WC16 and WF6 )12l ,122

has been reported. It was shownthat, at leastinthe latter case, a rapid exchange process

actua且y takes place.

In halogen8ted propenes such as 1,3-dichloropropene, 2,3Jichloropropene, 1,1-dichloro-

propene and 1,2,3-trichloropropene,the metathesi岳hardly proceeded.

The results show that the good yield was obtainedinthe solvents containing the

groups such as
Cl→c=c/Q C]-c-c-Cl

and aromatic nng･ The order of extent of the meta一I

thesis in monohalogenated benzenes parallels that of the Hammet･Brownsubstituent constant ap or

om
, except iodoben2:ene. This suggests that the metathesis

is affected by the 7r-donor ability

of the aromatic molecule･ The metathesis of 2-heptene with WC16･nBu4Snalso showed the

similar trends. The obseⅣed trends are independent of the dipole moment of solvent mole-

cules.

Solvent
molecules may be effective for formlngand stabilizing active species. It is

speculated
from

molecular radii and bond distances that
Cl-

c=c-eland
Cl＼c-c/CI

can fill

the cis-vacancies of WC14with
chlorine atoms･ Active WC14

COntaining cis-vacancies may be

formed predominantly in the solvents containing such groups. Moreover, the catalyst deacti-
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vation may be retarded by the st?,b止i2:ation of the active species due to the interaction

between tungsten species and
a-c=c

-Cl,
CLc-c-a

or aromaticrmgs of solvent molecules･

Tbe olefin e葺change step which completes the catalytic cycle is important in the

olefin metathesis. That is,anoutstanding feature of certain net&thesis catalysts is their

capacity to promote rapid reactions at very low concentrations. Extremely fast
rates are

common,and these could not be realized ifanefficient route did not exist for the exchange

ofincomlng and outgoing olefin molecules on the active Site on the metal. In this step,

which may be viewed as either SN 1 or ELS SN 2, solvent molecules may affect this reaction

by either the rapid competitive coordination to tungsten or by acting as a metalligand.

Alternatively, solvent rnolecules may affect this reaction in the transalkylidenation step.

A氏erall, the metathesis yield seems to depend on both rates of olefinmetathesis

and catalyst deactivation. Good solvents act so as to increase the metathesis rateand so as

to slow downthe catalyst deactivation.

Table 19 suggests that the catalyst formation is not influenced by the solvents such

鮎trichloroethyleneand bromobenzene.

Table 19. Effect of Solven七on qataly8t Formation from

a)VJC16 - Ph4Sn System

Solven七 Snル
i)roduc七β, mol X 105

PhC 1 Ph_Ph

He七athe8is
7(o

b)

℡richloro- 0.5 1.3 0.6 8

e七hylene 1 2.6 3.7 28

Bromo- 0.5 1.4 0.6 15

benヱene 1 2.8 3.6 33

a)
The reBCtion8 0f 2-hep七ene (1.2 Ⅹ 10-3mol, 0.8 nol/1)
with VtC16 (6･5 I 10-5mol･ 0･043 nol/1) and Ph4Sn were

carried ou七 8七 room七empera七tue for 5 hours.

t') 100 Ⅹうーつecene/(2,-Heptene +うーI)ecene)･,molS.
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1-2. Optimum Reaction Conditions in SeveralSolvent8

Figure 13 shows the effect of the
cocatalyst/WC16 ratio on the 2-heptene metathesis

with WC16･Et3 AlinseveralsolvQntS･ In 1,2,4-trichlorobenzene, the good met&thesis yield

wats Ob也j血edwithout the Friedel･Crafts products even at low Al/W ratio, thoughin benzene

the Friedel-Crafts reaction rapidly occurredand extremely decreased the selectivity of

netathesi8 at lowAl/W ratio. Moreover, 1,2,4-trichlorobenzene provided thewider optimum

Et3Al/WC16 ratio range as compared to benzene･ In trichloroethylene and Gis-1,2Jichloro･

ethylene, the good yield was obtained at the Et3Al/WC16 ratios more than oneand the I

decrease of the yield was not observed even at the mBLrkedly highAl/W ratio. Davie123

reported that the activity ofanheterogeneous Mo(CO)6 -A1203 SyStein
isincreased by
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Fig･13･甲fec七of Et3Al仲c16 ratio on the me七athesis yield
in

･severa1
801ven七8: WC16 0･016 mol/1, 2-Hep七eneル100,

room七emp･･ 5 hr･ He七athesiβ
yield(noIFo)=100 Ⅹ 5-Decene/

(2-Heptene + 5-I)ecene).
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treating the catalystwith a halogenated olefin. He obtained some evidence that the activat-

ing molecules are bonded to the catalyst,and suggested that the increase in activity caused

by halogen-containing olefins is attributed to electron-withdrawing Substituents reducing

the strength of the back bonding from the molybdenum to the other ligandsand thus

enhanclng their reactivity. Similarly in our homogeneous system, trichloroethyleneand cis-

1,2-dichloroethylene may activate the catalyst by coordinating on over･reduced tungstenwith

double bond.

As.showninFig. 14, 1,2,4･trichloroben2:ene especially gave awide optimum olefin/

WC16 ratio range･ Generally, the solvent which gives a good yield appears towiden the

optimum ranges of the
cocatalyst/WC16 BLnd the

olefin/WC16 ratios･
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Fig･14･ Effec七of olefinルc16 ratio on the me七athesis yield

in several solvents･･ WC16 0･016 mol/1･苫七3A1^w
l･ 01efin

2-Hep七ene, room七emp., 5 hr.虹eヤ?･bhesis yield (mol葬)≡

100 I 5-Decene/(2-Heptene + 5-Decene).
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2. Effect of Binary Solvent Systems

In the binary solvent systems of benzene-trichloroethylene,
-1,2,4-trichlorobenzene,

and -m･dichloroben2;ene,
the 2-heptene metathesis with the WC16

-nBu4 Sn system was carried

out. The best yield was observed at 40･45 volume‰ of the halogenated solvents (Fig. 15).
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Fig.15. Effec七of benzene-binary solvent 8yStem8･･ YFC16 0･01 mol/1･

2-Hep七eneル100, nBu4Snル1･ room七emp･,うhr･
Me七athesis yield

(mo:描)= 100 Ⅹう-Decene/(2-Hep七ene +うーI)ecene)･

The result shlows that amixture of aromatic rmgand
Cl-c=c-CI

components leads to

the excenent medium for olefinmetathesis･ Again, it is assumed that these components of

solvent molecules acceleratethe olefinexchange or the transalkylidenation and/or slow down

the deactivation of the catalyst.



64

3. Inhibitory Effect of Heteroatom Compounds

Table 20 shows that the addition of ether depressed the 2･heptene metathesis more

intensively thanthe production of PhCland PhPh species from WC16-Ph4Sn･ The result

suggests that etherinhibits the metathesis by deactivating the active species produced rather

than by depressmg the catalyst formation. This assumption isalso supported by the fact

that the aLddition of ether to the medium stopped the reactioninthe course of the meta-

thesis.

Table 20. Effe'ct of Ether on Catalyst Formation from

WC16 - Ph4Sh System

products, moI I 105

PhC 1 Ph-Ph

Me七a地e5i8 Fo b)

0

0.3

0.6

1

2

1.1

1.1

1.1

0.7

0.4

3.4

3.1

2.7

2.3

1.1

31

29

21

1

0

a) wc16 0,046
mol/1 (6･9 Ⅹ 10-5mo11)i 2⊥Hep七eneJ～ 20, Sn^w 1,

Solven七℡richloroe坤ylene, room七emp., 5 hr.

b) 100 Ⅹ 5-Decene/(2-Hep七ene + 5-Decene),molS.

Other heteroatom compoundsalsoinhibited the metathesis (Table 21). These com-

pounds containoxygen, sulfur, nitrogen and phosphorus atoms･
The intensity of the inhi-

bition of metathesis by ethers decreasedinthis order: VHF > ethyl ether >furan> n･

propyl ether > iso-propyl ether. Less･hind.ered etherinhibitsthe metathesis more strongly･

The order of this effect roughly paral1es the order of nucleophilicity of ether. Furanshowed



Table 21. Retarding Eff.c七.f Addi七ive8 a)

Additive

Co

_

_E_∋･:npr20

i80Pr20

地eOH

tBuOH

PhOH

Additl've-i.-y516

-

,aei…

)

0.う 1 2 4 6 12 24 48

33 2う 7 0

33 33 33 26

33 32 30 28

33 33 33 33

20 4

23 11

33 33

33 33 33 33 33 32

ユ1 21 6 o

32 2う 13 0

(30)

33

MeCOOnPr 33

JueCOOiBOPr 33

MeCOOPh 33

加eCOnPr
3 3

MeCOisoPr 30

PhC OOH

Cs
Phs ll

Et3N

nBu3N

Ph3N

4

31

33

33

30

33

2e

33

9 0

5 0

(33)

1 0

(33)

28 20 12 0

(30)
20 4 0

18 13 0

0

19

33 1

4

1

29 2

2

0

0

0

7

(ll)

21 10 0

(33)

nBu3P 33 7 0,

Ph3P 23 12 3. 0

8) ℡ho reactions
0ぎ2-heptene (1.4 Ⅹ 10~

0

2 0

･31 21 1

(33) (33) (33)

21 19 2

(30) (27) (20)
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mol,- 1.03
mol/1) withーー~r -▼~-′
■■■V■し′JLJ YY⊥LI▲.

wc16 (4･6 I 10-5nol･ 0･034
mol/1) and Bu4Sn (4･6 I 10-5mol,

o･o34
mol/1) were eELrried out in i,2I4-trichloroben宅ene

8t

ニe?::::.n:ienr:三u;:.mfotrhe5
rh:::t8;.::n:.er6?.io.cn:

indicated in ''

b) 100 Ⅹ 5-Decene/(2→Ⅰep七ene
+うーDecene), mol〆.
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the less inhibitory effect thantetrahydrofuran. This fact may be explained by the weaker

nucleophilicity offuranas compared to that of tetrahydrofuran, due tothe delocali2:ation

of the electron of oxygen into the double bond. Theinhibitory effect ofalcohols, esterS

and ketones resembles that of tetrahydroftm. The fact that estersand ketones showed the

similarinhibitory effect suggests their coordination to the catalystwith carbonyl group.

Phenyl acetate showed the weakerinhibitory effect than the other carbonyl compounds.

This may be due to the delocalization of the electron of carbonyl oxygeninto phenylring.

Ben2:Oic acidinhibited the reaction most strongly. It may be due to the coordinationwith

both oxygens of carbonyl and hydroxy groups tO the catalyst and due to the function as

protonic acid. 0Ⅹygen compounds showed the sim且zLr inhibitory effect to the corresponding

sulfur compounds, uz'z: tetrahydrofuran us. tetrahydrothiophene, and phenol us･ thiophenol.

Nitrogen COmpOundsalso showed the similarinhibitory effect to the corre甲Onding phos･

phorus compounds, uiz : tri-n･butylamine us. tri･n･butylphosphine. Triphenylamine showed the

less inhibitory effect thanthe cotresponding phosphine, exceptionally.

When the reactions were carried out at 60oC, the inhibitory effect extremely dec･

reased. Heating may weaken the bonding between the catalyst and additivesand may cause

the competitive coordination of olefins, additives and solvents. The result means that heating

enables the metathesis of unsaturated hydrocarbons containingfunctionalgroups.



CHAPTER V

METATHESIS OF 1-ALKENE

1. Effect of Additives on l･Octene Metathesiswith the Tungsten Hexachloride - Tetra-n-

butyltin System

The metathesis of l･alkenegivesanethyleneand a symmetricintemalalkene (Eq. 16).

CH
2=CI想

+ ∈===±

CH2= CHR

+

CHR

CHR

(16)

Unfortunately this reaction is accompanied by the various side reactions18 ･112 such as

double bond migration, oligomeriヱation/polymeri2;ation of olefins and the Friedel･Craft8

alkylation,and the yield of the metathesis products is low, except severalcatalysts･19 ,38 ･39 ,40

The depression of various side reactionsand the improvement of the metathesis yield have

､been thus far important
subjects

in this reaction. These problems were resolved by uslng

the modified WC16 -nBu4 Sn catalystsand trichloroethylene as a solvent at elevated tempera-

ture as shown in Table 22. In the absence of additives, the metathesis of l･octene with

WC16-nBu4Sn at room temperature afforded amixture ofalkenes ranging C2 tO C14with

low conversion.When the temperature was elevated up to 80oC, theamount of consumed

l･octene gre&tlyincreased･ and theincrease in the yield ofalkenes ranging from C9 tO C14

was recogni次d. Probably a polymeri2iation took place at the same time, since theamount of

productalkenes was much less than that of the consumed l･octene. At the same temperature,

the addition of n･propyl acetate to the reaction system suppressed the formation ofalkene8

ranging from C9 tO C13 and from C3 tO C7,and the polymeri2:ation, but 7-tetradecene and

ethylene were formedinhighyield and in highselectivity. The addition of ethyl acetate,

n-butyl acetateand see-butyl acetatealso provided highyield of 7-tetradeceneand high

67



でable 22. Effec七8 0f Addi七ive8 in七he He七a七heQiB Of 1_Oc七ene
a

Distribution of aJkenes, mol %b

Additive C9 CIO C12 C】3

Selectivity,
c

%

Noned･p

None t'

No工Ie/

n

-Propyl acetate

Ethyl acet8t¢
n

-Butyl
acetate

sec

IButyl acetate
AcetonitJ･ile

Phenylacetylene

Dicycl()pentadiene

Ethyl ether

n-Propyl ether

Tetrahydrofur&n

I

1-Propanol

0

0

0

4l'

4g

4

4

4

2

4

4

8

4

8

4

8

4

8

4

8

1

4

87.8 1.4 0

6.7 5.1 1.8

14.7 7.2 2.0

64.3 1.0 0.8

57.5 1.1 0.9

68.2 0.4 0.8

69.2 0.5 0.7

74.5 0.6 0.4

60.2 0.1 0

73.5 0 0

44.1 3.2 l.4

44.8 2.3 1.5

37.5 4.0 1.1

51.7 1.6 0.5

30.8 6.3 1.6

38.5 5.1 1.7

22.1 7.5 1.5

36.9 5.6 l.5
73.4 0.8 0.5

84.9 0 0

43.7 8.2 2. 1

100 0 0

0.2

2.3

4.0

0.4

0.2

0.2

0.2

0.2

0.2

0

0.9

0.7

1.6

1.6

I.6

1.5

2.0

1.5

0

0

1.2

0

0.5

2.6

4.7

0.6

0.9

0.3

0.3

0.3

0.1

0

2.6

1.7

3.1

1.2

3.9

3.6

4.7

3.3

2.7

0

3.8

0

1.4

2.8

5.1

14.8

16,9

14.1

13.7

ll.3

19.4

13.2

1-7.0

16.1

15.4

15.4

12.1

15.3

9.9

13.7

9.4

4.5

10.6

0

23.0

6.0

12.1

82.9

79.5

88.7

89.0

88.6

97.5

1()0

60.8

58.5

49.3

64.0

34.8

49.9

25.4

43.4

70.4
59.6

37.7

o Themixture of 1
-octene (1.2 M), WCk (0.024 M), Bu4Sn (0.048 M), and an additive was heated in trichloroethylene in the

absence

of air at 80 oC for 3 h. b
Mole % of each alkene based on the amount of I-∝tene used. The productalkenes lower than C8 Were not de-

terⅡ血ed. ('% se)ectivity
==

(moles 0f 7-tetr&decene X 2) × 100/moles of 1-octene consumed.
a The reaction was Carried out 8t r00m

temperature.
p

The reaction was c即Tied outinthe presence Ofair. I Detectd ∝tenes were comp港ed of 1-∝tene (0.ll M), trams-2-∝tene

(o.04 M), and cis-2-octene (0.02 M). Detected C14 COmpOnentS COnt&ined tis- and trans･7-tetradecene mainly,with Several other

components. 7-Tetradecene contained
21% cis isomer. 8 Detected octene8 Were COmpOSed of

1
-octene (0.67 M), trams

-2-octene
(0.02

M), and trace of cis-210Ctene. No other CJ4 COmpOnent e‡cept 2恥cis- and 8()% tr･ans17-tetradecene was detected.
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seleetiv祉y, respee伽ely. The distribution of仇e alkenes ran如g
from C8 tO C14 Was not

influenced by the presence of air. In the 1-octene metathesis in the absence of additives,

cis- and tTmS-2-octene, whichare produced by the double bond mlgration, were detected

by a capillary squalane column･ Presumably,alkenes ranging from C2 tO C14 Were formed

not only by the self･metathesis of l･ and 2･octene and by the cross･metathesis of 2･octene

with 1-octene butalBO by the飢1CCeSSive reactions 0f productalkenes such asthe isomeri･

石ation of 1-hepteneinto 2-heptene and the self･and the cross-metathesis of 21heptene. The

WC16･CH3 COOnPr/nBu4 Sn system reduced theamounts of cis- and tTVnS-2二octeneand the

productalkenes
･ranging

from C9 tO C13 ･ This fact indicates that the addition of n-propy1

acetate SuppreSSeSthe isomeri2:ation of 1-octene to 210Ctene. Acetonitr止e showedanex-

cellent effect at the CH3 CN/WC16 ratio of 2･ Phenylacetylene, dicyclopentadiene, ethyl ether,

n･propyl etherand tetrahydrofuran werealso found to be comparatively effective aLdditives.

Water, hydrochloric acid, ben2:Oic acid, tri-n-butylamine, tri･n-butylphosphine, and tetra･

hydrothiophene were not effective ones･ In the presence of such compoundsl the catalytic

activity was hardly recogni2;ed at the additive/WC16 ratios of 1 and 4･ Water, hydrochloric

acid,and bn2:Oic acid might destroy the catalyst. However, the addition of 1-propanol gave

ll% 7-tetr&decene at the equlmOlar amount to tungsten. Tri-n･butylamine, tri-n-butylphos-

phine,and tetrahydzt)thiopheneinduced the yellow precipitationswith a solution of WC16 ･

Protnblythe stable acid-base tungsten complexes were formed.

2. Research for Optimum Reaction Conditions in the l･Octene Metathesis with the Tungsten

Hexachloride -

n-Propyl Acetate
-

Tetra-n-butyltin System

Optimum reaction conditions were駆arChed in the metathesis of 1-octene catalyzed

by the WC16･CH3COOnPr/nBu4Sn systeTn･ Figure 16 showsthe effects of temperatureand

of the CH3COOnPr/WC16 ratio on the yieldand the selectivity･ At room temperature,

n･propyl acetate hindered the reaction at the CH3COOnPr/WC16 ratio of 2, whereas at 60oC

good yield and good selectivity were obtained at the same CH3COOnPr/WC16 ratio, though

the yield decreased sharply with the increase in the CH3COOnPr/WC16 ratio･ At 80oC, good
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results were obtained at the CH3COOnPr/WC16 ratio of 2-8,皿d 27% yieldand 74%

selectivity were obtained even at the CH3COOpPr/WC16 ratio of 20･ This result means

thatanexcessamount of n-propyl acetateinhibits the metathesisand that heating promotes

the metathesisand extremelywidens the optimum range of the CH3 COOnPr/WC16 ratio･

Figure 17 shows the effect of the nBu4Sn/WC16 ratiointhe reaction at 80oC･

Good yield and good selectivity were obtained at the
nBu4Sn/WC16 ratio of 2-8･ The

optimum range was extremelywider than that of the nBu4Sn/WC16 ratio in the 2-heptene

metathesisin加n2;ene at room temperature. This result shows that the catalyst effective

for the l･alkene metathesis is eas皿y prepared from WC16
, nBu4Sn and n-propyl acetate in

trichloroethyl ene.

Figure 18indicates that this system gives the markedly wide optimum range of

the
olefin/WC16 ratio such as 20-400･ The yield decreased from 38 to 14% when the con-

centration of WC16 Was Changed ffom O･024
mol/l

tol o.oo8 mol/I at the l･octene/WC16

ratio of 400･ At O･008 mol/I of the WC16 concentration,the yield of 14-9%and the sele-

ctivity of 99･93% were obtained at the l･octene/WC16 ratio of 400･800･ The result of Fig･ 18

means again that this reaction does not require certain strict reaction conditions.

Table 23 shows that the metathesis yield is rarely influenced by the order in which

reagentsare combinedinthis system.
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Table 23. Effect･of the Order of Adding Reagents

order a' 芸:te;tdh詳sselec七iv杓C'

0 - A - W - Sn

O - W - Sn - A

W - Sn _ A _ 0

Ⅶ _ A - Sn _ 0

29

33

34

33

79

93

9う

91

a)
w…

-wc16
0･028皿01/1･ Sn: rBu4Sn SnP 2･ 0: 1-Oc七ene

oJ～ 50･ A･･ CH3COOnPr A仲4, Solven七Trichloroethylene･

80.C, 3 hr.

b) (7-Te七radecene X 2) Ⅹ 100/1-Oc七ene used,molto.

c) (7-Te七radecene X 2) Ⅹ 100/1-Oc七ene consumed,molto.
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3. Metathesis of Various 1-Alkenes

The yieldand the cis-isomer content of the reaction product from the metathesis

of 1-alkene using the WC16 ･CH3 COOnPr/nBu4 Sn or the WC16
･CH3 CN/nBu4 Sn catalyst

systemare血owninTable 24. Symmetricinternalalkenes were obtained in good yield.

The additives prevented the double bond migrationand other cationic reactions, but per-

mitted the geometric isomerization, for the ratio of cis-isomerinthe product alk占ne ap･

proached its equilibrium value at the end of the reaction. This suggests that the cis･trans

isomeri2iation of productalkeneinolefinmetathesis proceeds by the successive metathesis

rather thanby a cationic mechanism.

でable 24. Me七athe8is of Various 1_Alkene8 a)

Reactant Produc七 Addi七ive Ym喜;1芸
Gis_i50mer

cTntent Fo

1-Pentene 4-Octenc

1-Iiexene うーDecene

1-Heptene 6-Dodecene

(A) 38

(B) 28

(A) 41

(B) 40

(A) 32

(B) 24

1-Octene 7-Tetradecene (A) 43

(B) 43

1-i)ecene 9-Octadecene (A) 45

(a) 44

22

34

20

21

33

32

19

20

-I-

: ｢
L_ ｣

8'WC16 0'024
mol/1･

i-Alk;nA;巧｡6,Oiら.謝㌘…昌,sod!:efNt,.lTr2ミchloro-ethylene, 80.C, 3 hr.
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When the ethylene was removed from the reaction system by the liquefactionwith

liquid nitrogeninthe metathesis of
1-octene

catalyzed by the WC16 ･CH3 COOnPr/nBu4 Sn

system in trichloroethylene at 80oC for 5 hours, 59% yield and 94% selectivity were obtained.

The reactionalso＼ proceededwithout solvent. This process is remarkably effective one for
′

the synthesis of the symmetric
internalalkenes. This result apparently increases the merit

of the metathesis reactioninsynthetic chemistry. Additionally, these reaction systems remove

difficulties in reproducing the level of catalytic activity in olefin metathesis reaction.

4. Interpretation of the Effect of Additives

The foregoing results conceming effects of organic additives (Tables 5,10,20 and 21,

and Fig. 16) mean thatthe organic additives are essentially poisons. The excellent effects
*

of additives in l･alkene metathesis may be abo explained by theinference that the additives

poISOn the highly cationic metal specleS Causing v打ious side reactions more intensively

thanthe active species catalyzing met&thesis. The side reactions were extremely promoted at

hightemperatureinthe absence of additives, whereas even in benzene at 80oC, the meta-

thesis of 2-heptene or 1-octene was catal少2;ed
by the WC16

･CH3COOnPr/nBu4Sn systemwith

highyield and highselectivity almostwithout the Friedel-Crafts productsand other side

reaction products. These results support the above inference.

According to Katz56, the reason for the low yield in the metathesis of 1-alkenes is

that the metal･carbene complexes combinewith terminalalkenes Selectively according to

:_).- :.‥

.
+

I

HR)c-
cH

2

kl

i;;:=≡コ

k2

I -
>

(17)

(18)
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Eq. 17 rather than according to Eq. 18, that this selectivity varies with the catalysts,and

that only a limited number of rnetatheses take place before the chain reactions terminate.

The improvement of the metathesis yield in our systems ma☆be explained by the inferences

(a) that the increaseinthe number of productive metathesis (Eq. 18) due to heating forces

the distribution of olefins to approach the statistical one before the reaction is stopped

by the catalyst deactivation and/or (b) that the catalyst giving highk2/kl ratio is produced

from WC16
, nBu4Sn and additives at high temperature･
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CHAPTER VI

METATHESIS OF MヱTHYL OLEATE

1. The Reactivities of the Tungsten Hexachloride
-

Cocatalyst Systems

The met&thesi8 0f methyl oleategives 9･octadecene and dimethy1 9･octadecenedioate

(Eq.19).

ctI3(CH2)7CH=CH(CH2 )7COOCH3

+

cH3(CH2 )7CH=CHl(CH2 )
7COOCH3

F=±

≡;,3:cC:≡::i"･亘H"
(cH2 )7COOCH3

(cH2 )7COOCH3

(19)

The unsattmted dicarboxylic acid ester is significant as raw material for the preparation of

unsaturated polyestersand polyamides, as well as for the synthesis of certain flavoring agents,

from technologicalview points.63 The reactivities of the WC16
-COCatalyst systems which

were found to be effective for the 2･heptene metathe畠is were examined in this reaction,

鮎Shownin Table 25. Tetra-n-butyltin, tetraethyltinand triethylaluminum, were found to

be effective as cocatalystswith WCk for this reaction･ It is worth noting that nBu4Sn is

less toxicand easier to handle than Me4Sn60-63 andalso less hazardous than Et3B･64

In the WC16･Et3Alsystem, the yield and the selectivity were low as compaued to thわse in

the WC16･Et4Sn and WC16･nBu4Sn systems, owlng tO the side reaction between methyl

oleateand triethylaluminum･ The WC16
･Ph4

Sn, WC16
-Ph4Pb, and WC16

-Ph3
Bi systems were

inactive for this reaction under these reaction conditions. The presence of the considerable

amount of ester groups may hinder the phenylation of WC16 by
arylmetalsand/or the reductive

79
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Table 2う･ Reac七ivi七ies of WC16-Coca七aly8七Sy8temS

for斑eta七heBis of Ⅲe七hy1 01ea七e a)

cocatalys七 MJN yieldb) selectivity C)

( M ) ra七io mol lo mol lo

Sn Et4Sn

Bu4Sn

Bu3SnC 1

Bu2SnC 12

Ph4Sn

Al玉t3Al

払 E七2五n

Pb Ph4Pb

Bi Ph3Bi

2

4

2

4

2

2

2

4

2

4

2

4

2

4

1

2

39

29

40

40

3

0

1

2

18

17

2

1

3

2

1

0

81

74

68

66

24

17

33

う4

41

23

3

25

33

14

一■■一■■

a)
The mix七tue of methyl olea七e (3 Ⅹ 10-4mol)I WC16

(2 Ⅹ 10-5mol･) and, a cocatalys七wa8 heated in

chloro■ben5a8ne a七100 oC for 3 hour8.

b) 100 Ⅹ (9-Oc七&decene X 2)/He七hyl Olea七e used.

c)
100 Ⅹ (9-Oc七adecene X 2)畑e七hyl Olea七e consⅦned.
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elimination of Ph and Cl from phenyltungstenintermediates. n･Butyllithium, lithium alumi･

nun hydride, or Sodium borohydride in coqunctionwith WC16 did not catalyヱe this reaction･

Probably these reagents were consumed by the re&ctionswith the ester. Diethyl2;inc did not

formthe active catalystwith WC16 ･ On the other hand, the WOC14-nBu4Sn system efficiently

cataly2:ed this reaction.

2. Research for the Optimum Reaction Conditions

It is presumed that the Jpとimum conditions for the metathesis of methyl oleateare

different from those for the metathesis ofalkene having nofunctional group, since methyl

ole&te contains eSter gOup. The optimum reaction conditions for this reaction were searched

usmg WC16
-nBu4

Sn･

In the re&ction8 at lOOoC, good yield was obtainedinthe extremelywide range of

Sn/W ratio, via: 2･8 (Table 26). This optimum range agreeswith the oneinthe metathesis

of l･octene cataly2ied by the WC16
･CH3 COOnPr/nBu4 Sn野Stem･ The optimum- methyl

oleate/WC16 ratio was 1e錨than 30 under this reaction condition (Table 27). The yield signifi･

cantly decreasedwith an increaseinthe methyl oleate/WC16 ratio･ The fairly low optimum

olefin/WC16 ratio is attributable to the poisoning effect of ester group. A lowering in

temperature decreased the yieldintensively (Table 28). This effect was observed more

remarkably at the methyl oleate/WC16 ratio of 30 thanat the ratio of 15･ This resultalso

shows that heating promotes the metathesis wh皿e the ester group inhibits this reaction.

The加st
result was obtained at lOOoC･ The yieldand the selectivity both decreased at 120oC･

Over･he&ting mayinduce the catalyst decompositionand the side reactions.

3･ Effect
of Eater Group of Methy1 0leate

The addition of methyl oleateand methyl stearate provided a good metathesis yield

by depressing the various side reactions such as double bond migrationand oligomeri2:ation/
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Table 26･ Effec七of nBu4SnPc16
Ratio a)

Bu4SnJ^.TtC16 Yield Selec七ivi七y

ra七io mo1 7(o 7nO1 9乙

1

つ
▲.-

4

6

8

10

21

40

40

48

38

30

53

68

66

87

う8

43

a) The m･ixture of Tne七hyl oleate (3 Ⅹ 10-4mol)･･WC16

(2 Ⅹ 10-5mol) and Bu4Sn wag heated in chlorobenzene

a七100 ●C for 3 hours.

'pable27･ Effec七of methy1 01ea七e/1VC16 Ratio a)

Methyl olea七eJ～IC16 Yield Selectivity

ra七io mo1 9乙 molヲ乙

15

3O

60

90

120

44

42

6

4

0

72

78

88

100

｣==二:｣

a) The nix七ure of methyl olea七e, WC16 (2 Ⅹ 10-5mollJ

and Bu4Sn (4 Ⅹ 10-うmol) was heated in chlorobenzene

a七100
'c for 3 hours.
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rpable P8.コffec七of Tempera七ureE･･)

虹ethyl olea七e / WC16 ratio

Yield Selectivity Yield Selecti.rity

Reaet土on temp.,●C

30

60

80

100

120

3 60

17

40

44

37

う7

61

72

うぅ

0

0 __

32 73

42 78

30･ 58

a) The mixttue of me七hyl oleate･ WC16 (2 Ⅹ 10-うmol) apd Bu4Sn

(4 X 10-5mol) wa8年eated in chloroben乞ene for 3 hou-･

Table 29.Effec七of Faセセy Aci且E5七ers on i-Oc七ene

ue七a七hesis a)

Additive
Yield b) selec七ivity C)

molヲ吉 molヲ王

･T(ie七h3'1 olea七e 36

Tl11e七hy1 5七eara七e 4Ti_

n-Propyl ace七a七e 42

rLJone 4

7β

90

89

4

a) ･ilhe mix七uTe Of i-oc七ene (1･5 Ⅹ 10-3moコ･), YIC16 (2 Ⅹ 10-5mo1),

BuヰSn (4 Ⅹ 10-5mol) ar･d an additive was heated in

七richloroe七hylene a七100 oC for 3 hours.

b) Yield･ (mo1 7!J)=100 Ⅹ (7-Te七radecene X 2)/i_Oc七ene used.

c) selec･tivi七y (moI Fo)-100 I (7-Te七radecene X 2)/1_Oc七ene

eonsⅧmed.
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polymeri2;ation of olefins in the metathesis of l･octene at elevated temperatu托,由m皿&rly to

the 8ddition of alkyl acetates (Table 29). These additives also depres紀d the Friedel-Crafts

reactioninthe 2-heptene metathesisinben2;ene at hightempera血re. These factsindicatethat

inspite of the high reaction temperature, the relatively highselectivity is obtained in the

metathesis of methyl oleate, owlng tO the existence of
its

ester group. Afterall, it is

concluded that the action of ester group ln methyl oleate molecule is essentially the same

as those of esters as additives. The observed effects canbe interpreted similarly to those of

alkyl acetatesin1-alkene metathesis (Chapter V).

4. C･ross Metathesis of Methy1 01eate and 1-Decene

It is too difficult to synthesi2;e u･unSaturated fatty acid e卓ters. We found out that

the cross metathesis of methyl oleate and 1-decene gave methy1 9Jecenoate directly (Eq･ 20)･

cH3(CH2)7CH=CH(CH2 )7COOCH3

十

cH3(CH2 )7CH=CH2

H2C=CH (CH2 )
7COOCH3

+

cH3(CH2)7CH=CH(CH2)7CH3

+

cH30CO (CH2 )
7CH=CH

(CH2 )7COOCH3

+

(20)

CH,i=CH2

GIc analyses showedthat compounds except those shownin Eq･ 20 were barely formed･ If

the double bondmigration of methy1 9-decenoate formed occurs,anexceedingly complex

reaction mixture is obtained by the successive metathesis of isomers･ Hence, the double bond
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migration of methy1 9-decenoate is depressed, probably owlng tO the existence of ester group.

The results肝e Summeri2;ed in Table 30. The yield of methy1 9･decenoate was maximalat the

雪able 30. Cro58恥七a他esis of methyl Olea七e with i-Decene a).

Reac七弧七(105mo1) Di8tribu七ion of reaction mixture (105mol) b)

ntethy1
1_Decene

粁e地y1 9-Oc七a- Me地yl
1_I)ecene

olea七e 9-decenoa七e decene olea七e

34

34

3ヰ

34

68

136

204

272

73

109

145

182

73

73

73

73

8

9

10

ll

9

16

17

14

20

25

28

49

25

42

37

34

16

8

6

ll

16

56

125

i95

38

37

57

72

22

29

29

31

a) The nix七ure of nethyl olea七e･ 1-decene･ WC16 (4 Ⅹ 10-5mol)

eLnd BuASn (4 Ⅹ 10-5nol･) Nab heated in七richloroethylene

a七100 oC for 3 hours.

b) Dimethy1 9-oc七adecenedioa七e was Produced, but no七de七ermined.

nethyl oleate/1-decene ratio of 2･3. Theincreaseinthe concentration of 1-decene
at the

fixed concentration of methyl oleate led to the considerable increase in the yield of 9-

octadecene, but theincrease in the yield of methy1 9-decenoate was slight. This result

suggests that the coordinating power of 1-decene is stronger thanthat of methyl oleateand/or

that l･decene is more reactive toward olefinmetathesis thanmethyl oleate.

In conclusion, metathesis offunctionally substitutedalkenes requires judicious selection

of reaction conditions, via: (a) the use of the catalyst that is inert towardfunctionalgroup,

-e･g･ WC16-nBu4Sn, (b) the most favourable catalyst composition, (c)anappropriateamount
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of substrate, and (d) a moderate ieactiontemperature.



EXPERIMENTAL

1. Chemicals

1-1. C&taly由

Tn坤ten henchloride (N山払r8iChe血kmi, extn pure
､reagent)

was purified by the prefer-

entid 8ublim&tion of more vol血且e contaninent&,WO2 C12 and WOC14, under nitrogen at about

200o C, leaving a residue of pure tungsten hex批hlo*de･ Tungsten oxytetrachloride(Soekawa

Chemical, guzLnnteed re呼nt) was usedwithout f止血er purification.

Tdethylduninum (Tokyo KaBei, 15 W/V % n-he土ane solution), n-butyllithium (Merk,

15 W/V % n-hexine SOlution), diethyl由nc (Wako Pure Chemicals, 20 W/V % n-hexane solution),

tetra-n-butyltin (Tokyo Kasei, extra pure reagent), triphenylbismuthine (Tokyo Kasei, ex.tra

pure reagent), tetraphenyllead (Tokyo Kasei, guannteed reagent)and tetraphenyltin (Tokyo

KzL8ei, extra pure reagent) were u紀dwithoutfurther purification.

me unsolvated n･butylma酔IeSium iodide was prepared according to the method given

in the literature.124 Twenty five g of n-butyl iodidein100miben2;ene Were added drop-

wise to 5g of dried magnesium tumlngSinthree necked且ask undermitrogenwith vigorous

Stiming. Then the reactionmixture was refluxed for a day. The supematant Solution was

●

storedina駆aled Sehlenk tube. The concentration of the reagent was determined by

titrationwith aqueous sodium hydroxide, after the addition of excess hydrochloric acid to

the re呼nt.

The cyclopentadienylsodium was prepaqed according to a modification of the method

gⅣen in the literature･125 ,126 sodiumJried benヱeneand a sodium･naphthalene di甲erSion

containing 15 wt% sodium were usedinste8d of xylene and sodium metd. The弧Pematant

solution was Stored in a sealed Schlenk tube. The concentration of the reagent was determined

by titrationwith aqueous sodium hydroxide after the addition of exce8S hydrochloric acid

to the regent. The preparatipn and the analy由of phenylethynylsodium were camied out

in a similar way.127･128

87
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1-2. ReactaLnt Olerms

Mixed 2-heptene (cis･content 75%, Tokyo Kasei, extra pure reagent), trams-2･pentene

(99%, Tokyo Xa8ei, guaranteed re呼nt), and cz's-2-pentene (95%, Tokyo Easei, extra pure

reagent) were dried by sodiumwireand distilled over sodium hydrogensulfiteunder

nitrogen. The purification of l･pentene (Wako Pure Chemicals, guaranteed reagent), 1-hexene

(Tokyo Kasei, guaranteed reagent), 1-heptene (Wake Pure Chemicals, extra pure reagent),

1-octene and l･decene (Tokyo Ka8ei, extra pure reagents) wBL8 C即Tied out by th占distnhtion

under nitro酢n.

Methyl oleate was purified by the vacuuzzl distuation (152-155oC/4mmHg) after the

esterific&tion of oleic acid, which was purified uid the urea complex of the commercialoleic

acid (Wako Pure Chemicals, extra pure reageht). Methyl oleate obtained was ge&ter than 97%

pure as determined by glc. The content of tTmS double bond w舶1ess than 3% by ir･

1 I 3. Solvents

Zkn2;ene Was dist皿ed over sodiumwireundermitrogen, after thiophene-free ben2;ene

was reflnxed over sodiumwire for sev甲alhours･ Halogenated hydrocarbons were dis也Ied

under nitrogen after dried overanhydrous calcium sulfate (Drielite),anhydrou8 pOta岱ium

carbonate or anhydrous calcium chloride for two weeks.

2. Procedure8

Alheaction tubes (Pyrex) were dried at 150oC for 8 hours and cooledinthe desic･

cator containing phosphoruspentoxide and anhydrou8 Calcium sul血te (Drielite) as desiccants

before use. After the dry tube was sealedwith a neoprenerubber cap, an olefin, a solution

of WC16
iand

a solution of the cocatalyst were successivelyinjected
by hypodemic syringes

inthis order. The tube wぉshakenvigorou$ly aLt room temperature through the reaction

periods. The reaction was stopped byinjecting lSOprOpanOl･
In the metathesis of 2･heptene

,

with WC16-arymetals, 2-hepteneand a solution of WC16 Were injected into the tube suc･

cessively afteranarylmetalwas placedina dry glass tube･ In the reaction at hightemperature,
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the如tube ･was sealed afterair was evacuated. The tube was heated in the o皿bath.

3. A血yse8

恥mtit&tive 9c analy8eB Were routinely perfomed on a JEOL{iC-1100 chromatograph,

or a Shim血u･GC･4APF chromabgaph, using a lm X 3mm column or a 1.5m X 3mm

coluzzm p&ckedwith lO% SE30 on 80･100 mesh Chromosorb W. n･Undecane was used asan

intemal standzLrd in order to determine the metathe8is yieldand the
selectivity･

Isomer

content of olefin WZLS Obtained, usmg a 90m X 0.25 mm capillary column co&tedwith

qudane or a 1.5n X 3nm由&継COlumn packedwith lO% silver nitr&teJiethyleneglycol

(1:4 W/W) on 80-100 mesh Celite 545. Alkyl･ and chloroalkyl･tin compounds Wereanaly2;ed

u弧ng a 2m X 3mm column packedwith 20% DC550 sniconefluid on 801100 mesh

chromosorb W.1 1 3

Pe血inthe chromatograLmS Of the reaction mixtures were identified by comparison

of retention times for knowTl m&teriah.. In this qualitative glc analysis, the identification wats

conLirned, by usinganadditionalpolar column such &s a 2m X 3mn column packed

with 18% DEGS on 60-80 mesh Diasolid i or a 2m X 3mm column packedwith 20%

FFAP on 60･70 mesh An血om ABS. Methy1 91decenoate was identi丘ed by the correlation

througha linear relation of logarithms of retention time vs. the numt*r of carbon atoms in

the fatty acid ch由n.129

Authentic姐mPle 5-decene was prepared according to the method described in the

literature･130 mat is, 5-decyne prepared by the addition of n-butyl bromide BLnd liquid

amotliu血solution of sodium aLmide to the liquid ammonium solution of sodium acetylide,

was hydro9en&ted to 5･decenewith hydrogen and palladium black: mass Spectrum m/e 140

(CIOH20); elementa町analysi8 C 85･48, H 14･52 (Calc. C85.63, H 14.37); The capillary

column chromatography showed that 5-decene prepared contains Gis- isomer predominantly･

Mixed 7･tetradecene (tnns content 79% by ir)and other olefins as authentic samples were

supplied by Tokyo K&sei･ Diphenyldiacetylene was prepared for the identification of the

product, by the method described in the literature･131 The Friedel･Crafts products,
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heptylben2;eneS, Were prepared in thealkyl血ion ot ben五enewith 2-heptene by 8ulfuric acid

aLnd duminum chloride catalysts.

Methy1 9-octadecenedioate azld 9-oct&decene were isolated and identified as fo皿ows.

Amixture of methyl oleate (15m甲01), WC16(0･5mmol),and nBu4Sn (0･75mmol) was heated

without solvent in the sealed如tube at lOOoC for 6 hours, after air was evacuated from

the reaction tube. At the end of the. reaction, the reaction mixture was dissolved inan

excessーof A-hexaLne. To this BOlution, an exce砧Of strongammonium hydroxide was added.

Then, themixture WZLS. Stirred vigorously during which operation the metallic derivatives of

the catalyst sydem were precipitated. After f正tr&tion of the precipitate, a bright yellow

solution resulted. Methy1 9-octadecenedioate was crystaui2;ed from the solution aLt -20oC,

and purified by the recrystaui払tion from n-hexane: mp 29-30oC (lit.62mp32oC); mass

spectrum m/e 340; elementary analysis C 67.28, H 9.98, 0 22.74 (Calc. Cワo.55, H IO･66,

tt H

0 18･79); nmr (CC14) 8 5･3 (-て-C-), 3･6 (-OCH3), 2･25 (--℃H2･一七00), 1･9 (-℃-C-1CH2-),

1.25 (-℃-℃H21i-); ir (CC14) a strong absorptionpeak at 1735 cm~1 (vc-o)･ The mother

liquor was concentnted and姐pOnifiedwith potassium hydroxide ethanol solution･ The soap

formed was dissolved inanexcess of water. The water layer Was eXtraCtedwith n-hexane.

The n･hexane layer obtained was cohcentrated, where曲r 9-octadecene was distilled as main

product: mass spectrum m/e 252 (C18H36); elementary analysis C 86･06, H 13･94 (Calc･
H H

C 85.63, H 14.37)･, nmr (CC14) 8 5･3 (-℃-C-), 1･9 (-℃H2-℃-C-), 1･26 (-C-<H2--て=),

0･86 (CH3-)･

Infrared spectra study wasperformedwith a Shimad2;u IR･27B spectrophotometer･

The nmr spectra were recorded on a JEOL･C･60HL spectrometer at 60 M日2;with TMS as

anintemal standard. MaBS Spectra Were Obtainedwith a Hitachi RMS-4 mass spectrometer

at 80 eV. Elementary analyses were carded outwith a Perkin-Elmer 240 ElementalAnaly2;er

or a Yanapmoto C.H.N. Corder.
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