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ABSTRACT

Two types of rearrangement are afforded by the reaction 

of 1,4-dienes with a catalyst formed from tra ns-d i chIoro- 

b i s (t r i - n - b u t y I p h o s p h i n e )N i ( I I ) and di isobutyI a I urninum 

chloride. Type I is exemplified by the rearrangement of 

I,4-pentadiene to 2-methyI - I,3-b u t a d i e n e . Type II is 

exemplified by the rearrangement of 3-methyI - I ,4-pentadiene 

to I,4 - h e x a d i e n e s . The catalyst is thought to be a nickel 

hydride or its chemical equivalent.

This study was primarily concerned with the type II 

r e a r r a n g e m e n t . Two possible routes for the type I I rear­

rangement were considered. (I) A 1,2-nickel hydride a d d i ­

tion to the terminal unsubstituted double bond of the diene 

followed by g-elimination of ethylene to form a tt — a I I y I — 

nieke I( I I)ethyIene complex (fragmentation) which could re­

form to afford products. (2) A 1,2-nickel hydride addition 

to the diene followed by cyclization to form a cyclobutyl- 

car b i ny I n i c ke I ( II ) species which could then rearrange to 

form products (equation I).

x i v



I, I-Did e u tero- 2 - m e t h y I - I ,4-pentadiene was prepared by 

the pyrolysis of I , I-did e u t e r o - 2 - m e t h y I-4-pentenyI acetate .

The main precursor of the acetate was 2-met hyI-4 -penteno ic 

acid which was prepared by the reaction of a I IyI chloride 

with diethyImethyI malonate. The resulting diester was 

hydrolyzed and decarboxyIated by heating it at low pressures. 

2-M eth yI -4 -penten oic  acid was esterified with ethanol and 

reduced with lithium aluminum deuteride to form 2 -methyl- 

4-pentenoI - I-D2 • The acetate was formed by treating the 

alcohol, with acetyl chloride.

2 ,3-DimethyI - I,4-pen tadiene was prepared by codimerizing 

ethylene and 2-methyI - I,3-butadiene with the nickel catalyst 

formed from t r a n s -di ch lor ob is (tri-n-butylphosphi n e ) N i ( I I) and 

di isobutyI a I urninurn chloride.

I, I-Did e u t e r o - 2 - m e t h y I - I,4-pentadiene when treated with 

the nickel catalyst resulted in the reappearance of hydrogen 

at C — I as indicated by the pmr spectrum of recovered di- 

d e u t e r o - 2 - m e t h y I - I ,4 - p e n t a d i e n e s . The pmr spectrum was 

consistent with the presence of 3,3 - d i d e u t e r o - 2 - m e t h y I - I,4- 

pentadiene in recovered unisomerized diene (equation 2 ).

xv



The rearrangement of 2 , 3-dimethyI - I,4-pentadiene with 

the catalyst resulted in the formation of (4E)-4-methyI - I ,4- 

hexadiene as the only isomeric 1,4-diene product (equa­

tion 3) .

The type II rearrangement of I , I-did e u t e r o - 2 - m e t h y I - I,4- 

pentadiene and 2 ,3-dimethyI - I ,4-pentadiene were consistent 

with the fragmentation route.

Polar solvents increase the rate of conversion of 1,4- 

dienes to isomeric products.

It was also possible to generate the nickel catalyst by 

different methods. The thermolysis of t r a n s -chloro(2-al IyI — 

pheny I ) b i s (tr i ethy I phosph i ne ) N i ( II ) , J_, in tetrachloro- 

ethylene resulted in the formation of t r a n s -chIo r o (t r i c hIo ro- 

vinyl)bis( trieth y! pho sph in e)N i(l l), 2_, and indene as major 

products. One of the minor products was tra ns- c h I o r o (2- 

p rope ny I p he ny I ) b i s (t r i eth y I p hos p h i ne ) N i ( I I ) , 3_. The main

product during the thermolysis of J_ in benzene was 3_. 

Al lylbenzene was isomerized to t r a n s -l-phenyI - I-propene and 

c i s - I ,4-hexadiene was rearranged to t r a n s - 2-methyl-l,3- 

pentadiene when present during the thermolysis of J_ in ben­

zene. The catalyst formed during the thermolysis of J_ was 

not a nickel(O) complex since e t h y I e n e b i s (triphenyIphos- 

phine)Ni(O) did not isomerize allylbenzene without the 

addition of HCI.

xv  i



PART I . I NTRODUCTI ON



2

The field of organometaI I ic transition metal chemistry

has grown rapidly since the report of the first orga notran-

sition metal complex in 1830, K+ CPtC I .^2 j >1^0 , known as

Zeise's salt. The major impetus occurred in the I950's with
2

the discovery of Reppe's oli go me rization catalyst and the 

3 4ZeigIer-Natta ’ catalysts for the polymerization of olefins.

These practical applications illustrated the potential uses

of related soluble complexes as homogenous catalysts. The

5 6discovery of bis(eye Iopentadieny I ) iron( I I ) ’ in 1951 also

created considerable interest when it was discovered that

this stable compound was actually a sandwich of the iron atom

between two eye Iopentadieny I molecules which were found to

be ir-bonded rather than cr-bonded. The compound was named

ferrocene because it undergoes reactions typical of benzene.

7 8The current molecular orbital description ’ of bonding 

in metal to olefin complexes consists of two parts: (a) 

overlap of the Tr-electron density of the olefin with a 

a-type accep tor  orbital on the metal atom; (b) a backbond 

resulting from the flow of electron density from a filled 

metal d orbital into antibonding it-orbitals on the carbon 

a t o m s .

a Jl



3

The polarity of the donor bond is thus R +— M' > whereas

in the backbond it is in the opposite direction so that these

modes of donor bonding reinforce each other electrostatically

and can lead to eIectroneutraI ity.

9 I 0The x-ray structure ’ of Zeise's salt has been deter­

mined and shows that the C-C bond is perpendicular to the 

bonding plane. This orientation would al low backbonding with

the d or d orbitals. However nmr studies of ethylene-Rh xz y z '
II 12complexes ’ show that the barrier to rotation in coordinated

complexes is usually small and the ethylene in Zeise's sa I t ̂

has been shown to osci I late. When the C-C bond is in the

bonding plane, backbonding can occur with the d orbital.x y

The inability to undergo backbonding may be the reason

that localized alkyl C-M cr-bonds are relatively unstable.

I 4However, Chatt and Shaw were able to synthesize a series 

of stable ortho substituted aryl nickel complexes containing 

a Ni-C a-bond which were stable in solution or when exposed 

to air. One example was trans-chloro (2 - m e t h y I p h e n y I ) bis- 

(triethylphosphine) nickel(ll), J_.

2



4

The stability of such complexes was attributed to several 

factors: (I) the ortho substituent prevents rotation about

the Ni-C bond because of interference by the bulky terti­

ary phosphines on each side of the nickel atom. This allows 

backbonding of aromatic antibonding Trorbitals with the filled

d orbital of the nickel atom. This bonding could cause an xy 3

increase in the energy difference of the d and d 2 27 xy x -y

orbitals by lowering the energy level of the d orbital; 14, 15

(2 ) the ortho substituent protects one of the octahedral

positions of the nickel atom by shielding it from attack by

other reagents. That the ortho substituent was held above

the nickel atom was shown by the low field shift of the

protons on the ortho substituent in ortho-styry Inieke I

complexes such as 2_ when compared to styrene. * ̂

Co ordi nation of olefins with transition metal complexes

can usual ly be studied by observing the change in the C=C

stretching frequency in the infrared or raman. The C=C

stretching frequency of K+ C C ^ H ^ P t C I ■H^O and was (C^HgPtCI 2 ) 2

showed strong absorption at 1504 cm ' which was 143 cm ' lower

than observed in uncoordinated propylene. Silver complexes*"^

of t r a n s - 2 - b utene showed that the C=C stretching frequency was

lowered by about 65 cm ' than in free t r a n s - 2-b u t e n e . Pal ladium 

I 8complexes of I,5-hexadiene showed that the C=C stretching 

frequency was II8 cm * lower than in free diene. The much 

greater lowering of the stretching frequency in Pt complexes 

compared with those of Ag was attributed to olefins being 

coordinated more strongly to P t .^7 A simi lar trend was noted
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in (acryI onitri I e ) ickeI and (a c r o I e i n )^nicke I . Acrolein

complexes were less stable than their acrylonitrile analogs.

19 20 21The C = C stretching frequency in (a c r o I e i n ) icke I ' ' was

only slightly lower than in free acrolein whereas in

19 20 22(acry I onitri Ie ) ickeI ’ ' the C = C stretching frequency

was 164 cm ' lower than in free acryI onitri I e . The C = C

stretching frequency in (a c r o I e i n )^nickeI was lowered by

157 cm * indicating that coordination may be occurring through

the carbonyl functional group.

Olefin coordination is one of the processes necessary

in the reaction of olefins catalyzed by transition metal

complexes. Oxidation addition and c i s-I i ga nd addition or

insertion are other processes which are also important.

For olefin coordination to occur, there must be a

vacant coordination site available. For this reason, a

vacant coordination site has been called the single most

23important property of a homogeneous catalyst. If the

coordination site is not available, it may become available

by several methods. (I) Ligand dissociation may occur.

24 25 26Induction periods, and the requirement of thermal * or

27photochemical stimulation may be indications that the 

active site is formed by expelling ligands. N i (L is

28 2phosphine or phosphite) solutions are known to dissociate. ’ 

(2) The vacant coordination site may become available by 

displacement of other ligands. The preliminary step in the 

tr i mer i za t i on of acetylenes may be the formation of a TT-com- 

pI ex by displacement of carbonyl l i g a n d s ^ (equation I ) .
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( I ) ( C 6 H 5 5 3 P" 

(C6H 5 )3P"

N i
CO

CO
H C ^ 5 5 = - CH ;

CH
6 5 3 ^ N l — III

(C,Hk ),P CH6 5 3

(3) The metal may increase its coordination number. Cyclo- 

dodecatrienenieke I(0 ) was stabilized by forming a 1: 1 adduct 

with tertiary phosphines^' (equation 2). This stabilizing

effect was thought to be due to bondinq of the fi I led da 3 Xy

Although alkenes and unconjugated dienes usually

form 77-complexes with transition metals, conjugated dienes

may also form tt—a II y I complexes. One of the first examples

of such a complex was formed in 1930 by treating p e n t a c a r b o n y I -

32iron(0) with butadiene. The product at first was thought

to contain two Fe-C a-bonds at C-l and C-4. Reinvestig- 

33 34ation ’ has shown it to be a Tr-allyliron complex with a 

syn structure.

sy nanti
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The bonds in rra I lyls were intermediate between a o-bond

and a n^bond. Two I igand positions were occupied in the

coordination complexes. The stability of TP-allyl nickel

compounds as compared to the unstable compounds with

local i zed C-meta I Q-bonds may be due to the if-bond character.

Nickel 7f-a I lyls, of which many are now known, have recently

3 5been reviewed by Wi Ike. One of the more interesting 

7f-a II y I compounds covered in the review was b i s-(methy I a I I y I ) 

n i c k e 1 ( 1 1 ) which forms a stable 1: 1 adduct with triethyl- 

phosphine. The adduct contained both a cr-allyl and a 

7T-a I I y I "^(equation 3).

The oxidation number and the coordination number of a 

metal ion may be increased by insertion into a bond A-B 

(equation 4).

(4) M V * v+ 2
A—  B A—  M B
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Attention was drawn to these addition reactions by Vaska's 37

discovery of a planar iridium complex, 3_, which underwent a
O fl

number of oxidative addition reactions (d to d ) which 

may be conveniently followed by the shift in the infrared 

band of the carbonyl ligand (equation 5).

(5)

(C6 H 5 )3PN ^ 00 (C,-H,),P. H H 
6 5 3 \ |  /

(C6 H 5 }3P

I r

X  \
P ( C , H c ), 6 5 3

->
(C 6 H 5 )3 P

/  \
P(C6 H 5 }3

This r e a c t i o n ^ ’ ^  had recently been used to prepare 

stable organonickel complexes containing localized Ni-C 

a-bonds. Ethyle neb is (triet hy lpho sphin e)NiCO ) formed _i_n_ situ 

oxidatively (d'® to d®) added to tetr achIo roethyIe ne to form 

tra ns-chloro(trichlorovinyl ) b i s ( t r i e t h y lp h o s p h i n e ) N i ( I I). 

Ox idative addition reactions have been the subject of several 

excel lent reviews and wi I I not be covered further here

Metal hydrides were thought to be intermediates in the

44-50 51isomerization of olefins, dimerization of olefins,
r  n  rr i

codimerization of olefins and diolefins, - skeletal iso­

merization of d i o I e f i n s ,62-65 hydrosy I ation of o I e f i n s ,6 6 - 6 8  

and hydrogenation of o l e f i n s . ^  ^  The most pertinent 

ox idative addition reactions to this study were those involv­

ing transition metals with hydrogen and strong acids.
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Oxidative addition reactions were not the only method

of producing metal hydrides. A variety of reducing agents

have been used . ^  However, the stable hydrides were

not very good catalysts and the hydrides which were good

homogeneous catalyst systems were not very stable. The

elements nickel and platinum illustrated this point very

well. Platinum hydrides were stable but were not very good

catalysts since high temperatures were usually necessary to

activate them. Most nickel hydrides were unstable and must

be used _i_n situ under anaerobic conditions. Recently, several

74 7 5stable nickel hydrides have been synthesized. ' These 

complexes were very unreactive however, and could not be 

used as homogeneous catalysts.

The reactions of metal hydrides must therefore be 

studied by indirect methods. c i s -L i ga nd addition or insert­

ion of platinum hydride and ethylene have been s t u d i e d . ^  ^  

Ethylene reversibly added to t r a n s -CPtHBrCPEt-a;)?], 4_. S t u d ­

ies with t_ra_ns_-EPt ( C D 2CH j ) B r ( PEt ̂  ) 2 -̂ showed that either the

methylene or methyl of the ethyl was capable of supplying the 

hydride (equation 6 ). Recovered platinum hydride contained 

deuterium (PtH/PtD = 2.3/1).

c h 2
(6 ) (P E t , ) 7P + B r ( C 7 H [- ) < || PtBr(PEt,)_ *

c h 2 ^

C 2H 4 + PtHBr ( PEt-j ) 2

4



Propylene also reacted with A_ via a 1,2-platinum hydride 

addition to form the n-propyl complex. This was verified by 

the observation that treatment of the n-propyl complex with 

HC I resulted in only C H 3 C H 2C H 2 D.

The addition of HC I to TT-cy c I o pe n ta d i e ny I b i s ( ethy I ene )- 

rhodium(l) at -80°C occurred rapidly to form a u-cycIopenta-
C I

dienyIethyIethyIenerhodiurn( I II )c h I o r i d e . The reaction 

was rapid and reversible. Use of HCI resulted in extensive 

deuteration of added ethylene. Raising the temperature to 

I0°C resulted in insertion of coordinated ethylene into the 

R h C 2H 5 bond to form a RhC^Hg complex. Insertion of ethylene 

into the R h C 2H^ bond was the rate determining step in the 

dimerization of ethylene (Scheme I; L = acetyI a c e t o n e ).

The l-butene initially formed in the above reaction was 

7 0% isomerized to 2-butene. This appeared to be caused by 

competition between kinetic and thermodynamic control. 

Isomerization was much faster than dimerization so the I- 

butene would be expected to isomerize as it was formed. 

However, coordination of substrate for dimerization 

(ethylene) was favored by a factor of 1 000 over the isomer­

ization substrate (l-butene), so thermodynamics favored

dimerization.



R h C I 3 -3H20 

C 2H4

L2 Rh(C 2 H 4 ) 2 + HCI

■t'

+ 2C 2H 4

- c h 2 =c h c 2 h 5

L 3 R h ( C H 2 =C HC 2 H 5 ) -HCI

L4 R h C 2H 5 + C 2H 4 

C I

C 2h 4

L 3 R h C 2 H5

C I

rate determining 

Cl
I

L 3 R h C 4 H 9

Scheme I. --Dimerization of ethylene to butenes.

The isomerization of l-butene to 2-butenes indicated 

that the rhodium hydride was also capable of isomerizing 

alkenes. A variety of other transition metals are capable 

of producing homogeneous catalysts which isomerize alkenes 

The majority of these catalysts were thought to cause iso­

merization via a metal hydride (equation 7).

(7) MH + RCH o—  CH = CH 0 ;----------- » RCH„— CH —  CH,_------->2 2 <------------------- 2 j 3 <------------

M

R —  CH =CH—  CH 3 + MH
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Supporting evidence included the following: (I) isomer-

izations carried out in deuterated solvents resulted in deuterium

being incorporated into the products; (2 ) alkenes deuterated

in allylic positions of terminal olefins resulted in deuterium

being incorporated in the vinylic positions; (3) the metal

hydrides were mild reducing agents which were capable of reduc-

69ing dienes to monoalkenes; (4) hydrogenations carried out

using platinum hydrides usually resulted in the isomerization

of unconjugated dienes to conjugated dienes before hydro-

79genation occurred; and (5) only olefin isomerization occurred

8 0
with the platinum hydride under low hydrogen pressure.

Treatment of terminal alkenes, deuterated in vinylic

positions, with the Rh catalyst resulted in scrambling of

deuterium which could not be explained adequately employing

a mechanism involving simple metal hydride addition-

elimination. However, when a 2,1-metal hydride addition and

2 , 1-metal deuteride elimination was taken into account, the

24results were consistent with a metal hydride catalyst 

(equation 8 ). It was also used to account for the isomeriz-

(8 ) R - C H 2 - CH=CD 2 MH r -c h 2 c h -c d 2h
1
M

R-CH=CH-CHD 2 R - C H 2 -CH=CHD



ation of l-butene in a deuterated solvent using a rhodium

hydride catalyst which resulted in extensively deuterated

48l-butene but only partially deuterated 2 -butene.

Cobalt and palladium homogeneous catalysts appear to 

isomerize a I kenes via an intramolecular tt— a I I y I metal 

hydride (equation 9).

.CH

(9) R C H 2C H y C H 2 CH ' 'CH.

M MH

R CH = CH C H 3 

M

The results, however, were not entirely consistent with

this mechanism. The isomerization of 3 , 3-dideuter o-I-octe ne

8 1 82using a palladium catalyst ' produced very little of the

expected I ,3 - d i deutero-2-octene. The isomerization of

l-octene in deuterated solvents resulted in no deuterium

8 Iincorporation in any of the products. The isomerization

of deuterated terminal olefins in both vinylic and allyic

positions resulted in products containing scrambled deuterium

which was markedly different from the same products produced

46using a metal hydride catalyst. Treatme nt of allylbenzene 

with DCo(CO)^^^ resulted in only a small amount of deuterium 

being incorporated in the tra ns-l-phenyl-l-propene produced.



Extensive deuteration occurred in the minor product propyl-

benzene however. HCo(CO)^ will also reduce butadiene to 

69butenes and stable alkylcobalt compounds are also produced

8 3using cobalt carbonyls.

One of the more interesting reactions is the c o d i m e r i z a ­

tion of 1,3-dienes and ethylene. The codimerization has been

5 2 6 1carried out using homogeneous catalysts formed from Rfi ’

... 28,31, 53 _ 54-56,84-87 _ 57-59,88-92 , D ,93 ,, ,Ni, ’ Fe, Co, ’ and Pd . Most

of the work has been carried out using butadiene to produce

I ,4 - h e x a d i e n e . Except for one of the cobalt catalyst 

8 8systems, codimerization of ethylene and butadiene resulted 

in the formation of c i s or t r a n s -l ,4-hexadiene, 5_, as the 

major product. Minor products included 3-methyI - I,4-pentadiene, 

6 , 2 , 4-h exa d i e n e , 7, and I ,.3-hexad i ene, 8 .

The catalyst was thought to be a metal hydride or some 

system capable of transferring hydrogen. Aluminum alkyls 

are quite often used as cocatalysts. These are thought to 

function as reducing agents in the formation of metal hydrides. 

Studies with d i c h I o r o b i s (d i p h e n y I p h o s p h i n o )ethane cobalt(ll),

9_, and hydrido b i s ( d i p h eny I p h os p h i no ) e t ha ne cobalt(l), 10,
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showed that triethyI a Iuminum was the more effective catalyst

for 9_ and d i et hy I a I um i n um chloride was more effective with 

5 710 . If the diene contained a substituted or an internal

double bond, addition occurred to the unsubstituted end.

The catalyst formed from i r o n ( I I )acetyIacet onate and

triethyI a I u m i n u m ^ ' however, formed products by addition

of ethylene to either end of the diene. Studies with

nickeI ( I I)acetyIace to nate and aluminum alkyls indicated that

94the more probable catalyst was also a metal hydride. The 

iron c a t a I y s t ® ^ ’^  was also ster eospecific in that only c i s -

1,4-dienes were produced. Rhodium and nickel catal ysts 

produced predominately t r a n s - I ,4-d i e n e s .

The first step in the codimerization was generally 

believed to be the reaction of the catalyst with the 1,3-diene 

to form either a tt — a I I y I or a — a I I y I metal complex. Addition 

of metal hydride to 1,3-dienes was thought to occur in either 

of two manners: (I) 2 , 1-metal hydride addition to form the

TT-a I I y I or equilibrating a — a I I y I s (equation 8 ); or (2) 1,4-

addition of metal hydride via M a r k o n i k o f f 's rule to form the 

fT-allyl or rapidly equilibrating a — a I I y I metal complexes.

( C a s e  I ) f  M H  . w or
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In case (I), insertion of ethylene into the M-C bond 

to form a 4 - h e x e n y 1metaI chelate was thought to be foI lowed 

by $-eI imination of metal hydride to form the 1,4-diene.

In case (2), addition of ethylene was postulated to proceed 

by addition of a hydrogen atom to form a coordinated e t h ­

ylene complex with the simultaneous addition of the residual 

ethylene molecule and expulsion of the catalyst.

The only catalyst in which the codimerization has been 

extensively studied is the one involving rhodium hydride.

B i s (e t h y I e n e )R h ( I) compounds react with HCI to produce the 

intermediate C C 2H 5 Rh( I I I )CI3 S 2 H _ (s = solvent) from which



ethylene may be displaced by an excess of butadiene to give 

the stable tt- c roty I rhod i um ( II I ) complex, JJ_. ̂  * This compound 

which has been independently synthes i z e d ^ - ^  has been well 

characterized using both chemical and physical means.

That I I is the intermediate formed from the RhH catalyst 

was indicated by the observation that addition of ethylene 

to II which was sparingly soluble in methanol resulted in it 

being rapidly dissolved with 2.4 moles of ethylene being 

absorbed. Further absorption of ethylene did not occur. 

Analysis showed that the products were 5_ and 7_. Thus 

ethylene rapidly displaced the ir-bonded butadienes as expected 

and insertion of ethylene was not rate determining. Kinetic 

studies showed that release of 5_ was the rate determining 

step. One reason may be due to the stabi I i ty of chelate B_. 

Other examples of such stable chelates similar to B are 

k n o w n . ^ ’^ ' ' ^  Another reason may be due to the higher s t a ­

bility of A_ when compared to localized a-alkylmetal complexes.
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R h ( II I ) a

+ C 2 H 4 

" C 6 H I0

Rh ( I II )

C

- b

C 4 H 6 + C 4H6

^ R h ( I II )
^  I

c 4 h 6

B

Scheme 2. --C od imerization of ethylene and butadiene.

Five processes appear to occur in the reaction of al-

kenes with homogeneous transition metal cata lysts.'®^ These

are: (I) C-H bond formation; (2) C-H bond cleavage; (3) C=C

TT-bond c l e a v a g e ;  (4) C^C TT-bond f o r m a t i o n ;  and  (5) C-C

a-bond formation. A sixth process, C-C a-bond cleavage has

6 2been reported with a nickel catalyst. The nickel catalyst 

skeletal ly rearranged c i s - I ,4-hexad i ene to t r a n s - 2 - m e t h y I -

I ,3-pentadiene and 3-methyI - I,4-pentadiene to I ,4 - h e x a d i e n e s .



Several other examples of skeletal rearrangement via

a-bond cleavage are known. These usual ly involve the reaction

104 105of strained hydrocarbons. Katz and Hogeveen were able

2 4to rearrange exo-tric yc lo C 3. 2 . I . 0 ' H octene to a variety of 

products using a rhodium catalyst. The isomerization of 

cubane to s y n -tri cy clo oc tadien e with a rhodium catalyst is

another example of rearrangement occurring via C-C a-bond

, . 1 0 6 , .  . , . ,. , . , . , . I 07-1 I 0fission. The olefin disproportionation reaction

is also another example of skeletal rearrangement of olefins

(equation 1 0 ).

(10) RCH = C H R ’ ------>  RCH = CHR + R'CH=CHR'

The nickel catalyst is the only one capable of d i m e r i z ­

ing l-olefins, isomerizing l-olefins, codimerizing l-olefins 

and 1,3-dienes, and skeletally rearranging 1,4-dienes.

Two types of skeletal rearrangement are afforded by the 

6 3nickel catalyst. Type I is exemplified by rearrangement 

of I ,4- pentadiene to 2-methyI - I ,3 - b u t a d i e n e . Type II is 

exemplified by rearrangement of 3-methyI - I,4-pentadiene to 

I ,4-hexa dienes.

The catalyst which is formed by the reaction of dichloro- 

b i s ( t r i e t h y I p h o s p h i n e )nieke I( II ) and di isobuty I a I urninurn 

chloride is thought to be a nickel hydride or its chemical 

eq u i va lent.
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Two routes 6 5 ' ' 1 1 were suggested as mechanistic possi­

bilities for the type I rearrangement. A 2,1-metal hydride 

addition to form an a I IyIcarbinyImetaI complex was thought 

to be a preliminary step in both. For the first fragmentation 

of the hydrocarbon occurs. Alternatively, a 2 , 1-metal hydride 

addition is followed by cyclization to produce a cyclopropyl- 

car b i ny I n i c ke I species foI lowed by rearrangement to form the 

products (Scheme 3).

Scheme 3. --Possible routes for the type I rearrangernent.

The catalyst in both routes is regenerated by (3 -elimination 

of nickel hydride to form the diene product. Several examples 

of 3-eI imination of metal hydride to form a Ikenes have 

already been discussed.



Trea tm en t of me thy IvinyI eye I opropanes with the nickel

catalyst resulted in the formation of t r a n s - 2 -methyl-l,3- 

pentadiene as the major product and t r a n s ,trans-2,4-hexadiene 

and ci s ,t r a n s -2,4-hexadiene as minor products (equation II). 

These products possessed the same carbon skeletons in simi lar 

proportions as those formed when c i s -I ,4-hexad i ene was treated 

with the nickel catalyst.

I I 2

The type I re arrangement was also studied^*3 ’ * using 

deuterated c i s -l,4-hexadienes. The deuterated t rans-2- 

methyI - I,3-pentadienes formed were also consistent with the 

eye I op ropy IcarbinyInieke I route. A I IyIcarbinyI complexes of 

other metals were thought to rearrange via the cyclopropyl- 

carbinyl route. Grignards formed from a I IyIcarbinyI chlorides 

such as 4- chIoro-I-pentene resulted in a mixture of l-pentenyl- 

4-magnesium chloride and 3-methyI - I-butenyI-4-magnesiurn 

c h l o r i d e . 1 1 3 CycI op ropy IchIoromethane when treated with

I I 4magnesium afforded l-butene from the hydrolyzed solution.

Cyclopropane derivatives have also been isolated from some

I I 5substituted 4 - c h I o r o - I - b u t e n e s .
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Substitution and stereochemistry apparently affected 

both the rate and the reaction pathway of the 1,4-dienes. 

Although c i s -I ,4-hexad i ene rapidly rearranged via the type

I rearrangement, trans - I ,4-hexad i ene only underwent double 

bond m i g r a t i o n . ^  The rearrangement of c i s -I ,4-hexad i ene 

was as rapid as that of I,4-pentadiene but the rearrangement 

of 2 -methyI - I ,4-pentadiene to 2 ,3-dimethyI - I ,3-butadiene and 

t r a n s - 2 - m e t h y I - I,3-pentad i ene was considerably slower. 3- 

MethyI - I,4-pentadiene may undergo both the type I and type

II r e a r r a n g e m e n t s . However, only the type II rearrangement 

would generate a new carbon skeleton. Thus, the type I re­

arrangement could not be detected during the transformation. 

The rearrangement of 3 , 3 - dimethyI - I ,4-pentadiene produced 

distinct products by both the type I and type I I rearr ange­

ments. It formed 2 , 3 - dimethyI - I,4-pentadiene by the type I 

rearrangement and 5-methyI - I,4-hexadiene by the type II re­

arrangement (equation 1 2 ).

The type II rearrangement was thought to proceed via a

1,2 -nickel hydride addition to the terminal double bond of 

the diene to form a 4-enylnickel complex. Cyclization could 

then occur to afford a eye IobutyIcarbinyInieke I species which
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could then rearrange to produce products. Alternatively,

3-elimination of ethylene might occur to afford an a IIyI 

nickeI-ethyIene complex. Recombination of the fragments 

would result in the formation of products (scheme 4).

Scheme 4. -- Possible routes for the type II r e a r r a n g e m e n t .

The available data tend to favor the fragmentation route.

The rearrangement of 3-methyI - I,4-pentadi ene under a propene

atmosphere resulted in the formation of 2 -methyI - 1 ,4-hexa- 

6 2diene. This could result from displacement of ethylene 

by propene if the rearrangement was occurring via the 

fragmentation route (equation 13).



During the rearrangement of 1,4 pentadiene to 2-methyl-

1.3- butadiene and I, 3 - pentadiene via the type I rearrange-

116ment, two minor products were formed. These minor products

were identified by pmr and infrared spectra to be a 4-methyl- 

I ,4-hexadiene and 3-methyI - I ,4 - h e x a d i e n e . These are the 

same products formed during the codi merization of 2 -methyl-

5 31.3- butadiene and I ,3-pentadiene respectively with ethylene. 

The ethylene can only come from fragmentation of 1,4- 

pentadiene. The fragmentation route is esse ntially the 

reverse of the growth step in the codi merization process.

Prior to the present study, however, the cyclobutyl- 

carbinyl route could not be ruled out. Either route could 

be used to satisfactorily explain the formation of 1,4-hexa- 

dienes from 3-methyI - I,4 - p e n t a d i e n e . Cyc I obutyIcarbinyI
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derivatives of lithium, sodium, and magnesium are known to 

undergo ring opening to form c a r b i n y 1metaI complexes.

The reaction is apparently reversible since 4-enyicarbinyI 

complexes will rearrange to form cycIobutyIcarbinyI inter­

mediates. '

Scheme 4 demonstrated that labelled 1,4-dienes could be 

used to distinguish between the two pathways. One problem 

however, was that in the 1,4-dienes used to date, both double 

bonds were unsubstituted. As a result, utilization of 

deuterated dienes would result in scrambling since addition 

of catalyst could occur at either end of the diene. This 

would tend to confuse the results. Labelling one end of the 

diene with methyl groups would avoid this since available 

evidence indicated that metal hydride addition to methyl 

substituted double bonds was not favored. Three such dienes 

are 2 , 3 - dimethyI - I ,4-p e n t a d i e n e , 4-methyI - I ,4 - h e x a d i e n e , and 

I , I-did e u t e r o - 2 - m e t h y I - I ,4 - p e n t a d i e n e . These dienes were 

prepared and studied.

The stable nickel compound t r a n s -chloro(2-al lylphenyl )- 

bi s( triethylphosphine)Ni(ll) will also be studied. It is 

an example of a stable 4-enylnickel complex. Pmr studies 

had shown that the allyl group was situated above the nickel 

atom. Heating this compound in tetr achIo roethyIe ne resulted 

in the formation of t r a n s -chloro(trichlorovi nyI )bis(trieth yl- 

phosphine)nickel(ll) and indene as major products. Minor

products were allylbenzene, I- pheny I - I- p r o p e n e , trans-chloro-
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(2 -propenylphenyl)bis(trieth yl ph osphi ne)nicke l(lI) , and

40d i c h l o r o b i s ( t r i e t h y l p h o s p h i n e ) n i c k e l ( M ) .  An active 

catalyst may be formed during the thermolysis which affords 

the variety of products. The reaction will be carried out 

in other solvents and in the presence of dienes to determine 

if the catalyst is also a nickel hydride.



PART I I . RESULTS
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PREPARATION OF LABELLED 1,4-DIENES

The 1,4-dienes prepared were labelled with deuterium;

I, I-d ide ut ero-2 - m e t h y I - I,4 - p e n t a d i e n e , 1 2a , and methyl groups;

2 , 3 -d i methy I - I , 4-pentad i ene , JJ5, and 4-methy I - I , 4-hexad i ene , 

_l_4.

A. THE SYNTHESIS AND REA RR ANGEMENT OF I, I-DIDEUT ERO-2 -

METHYL-I ,4-PENTAD IENE

The synthesis of I, I-did e u tero- 2 - m e t h y I - I,4 - p e n t a d i e n e ,

12a, presented the most difficulties. The synthesis had

previously been unsuccessfully attempted using 4-penten-2-one

I I 6and dideuter om et hyIene  trip he nyIphosphi ne . The method

finally utilized was the pyrolysis of I , I-did eutero-2 - m e t h y I -

4-pentenyl acetate, 1 5 a .

The main precursor for the acetate, 15a, is 2-methyl-4- 

pentenoic acid, _l_6 . The first attempt to prepare J_6 was by 

the reaction of I-penteny I-4-magnes i urn bromide, _[_7_, with 

carbon dioxide. Compounds such as J_7, however, are known to 

rearrange v i a a eye I opropyIcarbinyI metal intermediate''^ to 

produce a mixture of intermediates which can react with carbon 

dioxide yielding a mixture of acids (equation 14). The 

desired product J_6_ would be contaminated with 3-methyl-4- 

pentenoic acid, JJ3. These would be difficult to separate 

and were also formed in poor yields. This method was t h e r e ­

fore abandoned.
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The method of preparation of J_6 final ly used was that of 

I I 8Stenhagen. According to Stenhagen, diethyI - 1- p e n t e n - 4 ,4-

d i ca rboxy I a t e , J_9_, could be prepared in 85-89$ yield. Hydrolysis 

of J_9 to produce I-penten-4,4-d i ca rboxy I i c acid, 20_ followed by 

decarboxylation of 2_0 resulted in a 92$ yield of J_6_ based 

upon 19.

16 18

The ester J_9 was prepared in 79$ yield from a I I y I chloride 

and sod i o-d i ethy I methy I malonate. Hydrolysis of J_9_ however 

produced poor yields of 20_. It was found that by varying the 

hydrolysis conditions, the highest yields of 20_ could be 

obtained by gently refluxing the solution for 45 minutes 

after the initial exothermic reaction had subsided. The 

product was then collected by I iquid-I iquid extraction with 

ether. Decarboxylation of 2_0_ at I50-I70°C resulted in a 

6 8$ yield of _l_6_ (equation 15).
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(15) C H 2 = C H - C H 2CI + Na ~ C(C0 2E t ) 2

C H 2= C H - C H 2 - C ( C 0 2E t ) 2 hydrolysis  ̂ C H 2 = C H - C H 2 - C (C 0 2H ) 2

CH. CH.

I 9 20

decarboxylation C H 2= C H - C H 2-C-C0 2H

CH.

I 6

Ethy I -2-me + hy I - I , 4-pentenoate, 2J_, was prepared in 75$

yield by refluxing and ethanol in benzene for II hours

using sulfuric acid as a catalyst. Refluxing the solution

longer resulted in higher yields of 2_\_ but sometimes caused

double bond migration to produce e t h y I - 2 - m e t h y I - 3 - p e n t e n o a t e .

The reduction of the ester 2_l_ with lithium aluminum

hydride, 22_, to produce 2-methy I-4-penten-I -o I , _23, in 85$

I I 9yield utilized the method of Fray and Polgar for the 

reduction of J_6 with 2j2. The reduction of 21 with lithium 

aluminum deuteride, 2 2 a , produced I, I-dideute r o - 2 - m e t h y I - 

4 - p e n t e n - I - o I , 2 3 a , in 85$ yield (equation 16).
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(16)
C O g E t

21

L iA ID *  
------------ ±_>

22  o

C D 2 0 C 0 C H 3 ->

15a 12a

Comparison of the pmr spectra of 2_3 and 2 3a resulted in 

the expected disappearance of the doublet at T 6 . 6  in 23a for 

the two C-l protons. The reaction of acetyl chloride with 

23a produced I, I- dide u t e r o - 2 - me t h y I - 4 - pentenyI acetate, I 5a 

in similar yields.

Pyrolysis of 15 at 600°C produced J_2_ in 20$ yield. The 

I 20suggestion that pyrolysis of primary acetates should be 

carried out at 500-525°C with the unreacted product recycled 

to increase yields and prevent charring and secondary reactions 

can not be appl ied to J_5_ since very I i tt I e product is produced 

below 570°C. Pyrolysis of I 5a in the same manner resulted in 

the formation of 17$ of 12a. Comparison of the pmr spectra 

of J_2_ and I 2a resulted in the expected disappearance of the

singlet at x5.32 in I 2a (Figures I and 2).
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The C-2 methyl protons were used as an internal standard 

for calculating integral ratios from the pmr spectrum of I 2a . 

This method of analysis resulted in 9 7 . 8$ D 2 at C-l. Mass 

spectral analysis of I 2a showed 1.2$ Dq , 2.78$ Dj, 96.0$ D 2 , 

and 0.02$ D-j.

The rearrangement of J_̂2 and I 2a were carried out in 

deoxygenated solvents. In a typical experiment, 8.52 mmoles 

of J_2 were added to a side arm flask under a nitrogen a t m o ­

sphere containing 70 ml of deoxygenated toluene and 0.71 

mmoles of trans- d i c h l o r o b i s ( t r i - n - b u t y l p h o s p h i n e ) N i ( I I ), 2 4 .

A 0.15 ml aliquot was removed and shaken with 0.05 ml of 2- 

propanol in a stoppered test tube for gas I iquid phase 

chromatography (gipc) analysis. To the flask was quickly 

added 2 ml (2.48 mmoles) of a 25$ solution of di isobutyI a Iu- 

minum chloride (DIBAC) in toluene (diene:Ni:AI mole ratio = 

12:1:3.5). The resulting amber solution was stirred at 

24-26°C for 6.5 hours with 0.15 ml of solution periodically 

removed and treated as before. The reaction was terminated 

with 2 ml of l-butanol.

The gI pc analysis was carried out using a 20 ft. x 3/8 

inch 2 0 $ 8 ,3 '-oxydipropionitri Ie (8 ,6 ') on firebrick 60/80 

column at 60°C with a helium flowrate of 170 ml/minute. The 

analysis showed two peaks immediately foI lowing the air peak. 

The first was identified as isobutane and the second as iso­

butene by mass spectrometry. The third peak was identified
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as unreacted Ĵ 2. Two peaks eluted after J_2 were collected 

by preparative glpc and identified by comparing the pmr 

spectra with known compounds. The first was identified as

2 , 3 - d i meth y I - I , 3 - b u tad i e n e , and the second product

was identified as t ra n s - 2-methy I - I , 3-pentad i e n e , 26_ * * 1,12 2 

(equation 17).

12 25 26

Glpc analysis also showed that after 6.5 hours, 35$ of 

12 had isomerized with 7.8$ of the amount isomerized c o n v e r t ­

ed to 2_5_ and 6 .8$ to 2 6 .

In an attempt to increase the yields of products, the

rearrangement of \_2_ was carried out at 50-55°C. Glpc

analysis showed a much reduced yield of 2_5_ (1.6$) and 26_

(4.3$). The major product was a new compound with a retention

time less than that of J_2^ The new compound was col I ected

and identified as 2-meth y I - I - pe n te ne , 27_, from its pmr 

I 2 "5spectrum. The rearrangement of Jj2_ was then carried out

in the more polar solvent chloro benze ne (dielectric constant 

at 25°C is 5.62 compared to 2.38 for t o l u e n e ) . T h e  

reaction was much faster in chlorobenzene. The increase in 

the rate of reaction was due to the increase in the formation 

of 26 and a higher rate of conversion of 12 to products.
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The amount of 2_5 formed is comparable to the amount formed 

in toluene. During 6.5 hours, 74$ of \_2_ had reacted with 

10.7$ of the amount reacted converted to 2_5 and 21.3$ to 2 6 . 

In addition, a new product with a retention time intermediate 

between _l_2_ and 25_ was produced in about 3$ yield. It was 

identified by com parative pmr to be c i s - 2 - m e t h y l - l ,3-penta- 

diene, _28_. ' ' ' Since using a more polar solvent seemed to 

increase the amount of j_2 that reacted and the amount of 26_ 

formed, the rearrangement of J_2 was carried out in the more 

polar solvent I,2 -di ch Iorobenzene (dielectric constant at 

25°C is 9 .9 3 ). '24 During two hours, 61.8$ of J_2 had reacted 

with 5.6$ of the amount reacted converted to 28, 4$ to 25, 

and 43.3$ to 2_6_. The amount of J_2 reacted was si ightly 

higher than the reaction in chlo robenzene and the amounts of 

26 and 28_ also increased relative to the amounts formed in 

chl or obenzene but the amount of 2_5_ decreased.

I, I- Dideutero-2 -methyI - I ,4- p e n t a d i e n e , I 2a , was treated 

with the nickel catalyst formed from DIBAC and 2_4_ in toluene, 

chlorobenzene, and I ,2 - d i c h I o r o b e n z e n e . Treatment of I 2a 

with the nickel catalyst in toluene was carried out for 6.5 

hours. During this time, 42.3$ of I 2a reacted with 11.5$ of 

the amount reacted converted to I, I-dideute ro-2 ,3-dimethyl- 

I ,3-b u t a d i e n e , 25a , and 10.2$ to I , I-di deutero-t r a n s - 2 - m e t h y I 

I ,3-pentadiene, 26a. The pmr spectrum of recovered dideutero

2-methyI - 1,4-pentadiene showed that the singlet at t 5.32 had
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reappeared (Figure 3). There was a decrease of 16.8? at 

C — I and a gain of 15.0? at C-3. This indicated that an 

average of 15.9? 3 , 3-dideutero-2-methyI - I,4 - p e n t a d i e n e , I 2 b 

was produced in the reaction. Mass spectral analysis of 

recovered d i d e u t e ro- 2 - m e thy I - I,4- p e n t a d i e n e , I 2 a showed that 

it contained 2.9? Dj, and 95.5? as compared with 2.2? D| 

and 97.8? in pure 12a.

TABLE I

THE RATIO OF 2 -METHY L - I , 3-PEN'TA D I EN ES TO 2 , 3-D I METHY L-I , 3- 

BUTADIENE FORMED IN DIFFERENT SOLVENTS

T i me
(Minutes) To 1 uene Ch lorobenzene

1 , 2 -d i c h 1oro 
benzene

30 0.9 1 2.96 11.15

60 1 . 0 2.64 13.9

120 0.9 2.54 12.3

390 0.9 2.26 _

I 2 b

Treatment of 12 a with the nickel catalyst in c h l o r o ­

benzene was carried out for two hours. During this time,

56.3? of 12a had isomerized with 3.8? of the amount isomerized
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converted to 2 8 a , 22.5% to 2 5 a , and 34.5% to 2 6 a . Pmr 

analysis of recovered d i d e u t e ro-2 - m e thyI - I,4-pentadiene 

indicated that 19.9# D 2 was lost at C-l and 18.5# D g a i n e d  

at C-3. Thus, there was an average of 19.2# 12b in the 

recovered 12a . Mass spectral analysis showed 1.23# D q ,

3.11# D j , 93.2# D , and 2.45# D 3>

Pmr analysis of 25a showed a ratio of 2.95:1 for the 

methyl:vinyl protons which was 98.3# of the theoroetical 

ratio of 3:1. The mass spectral analysis of 25a showed 1.83#

D , 3.93# o ’ D | , 92. 8# ° 2 ' and 1.4# . The pmr an a 1ys is of

26a was carried out u s ing the vinylic proton at C-4 as an

i n te rn a 11 standard • The integral ratios were 0.885 ( 11.5# D2 )

at C-3; 0 .24 (10. 7# h 2 ) at C - 1; and 5.33 for the six methy 1

protons ( II# D ) . Mass spectral analysis showed that 26a

conta i ned 9.1# D , o .57# Dq , 89.5# D , and 0. 8 6# D 3 (Fi gu res

4 and 5).

Treatment of I 2 a with the nickel catalyst in I , 2 - dichIoro- 

benzene was carried out for 1.5 hours. During this time,

56.4# of 12 a isomerized with 4.82# of the amount isomerized 

converted to 2 8 a , 4.64# to 2 5 a , and 38.71# to 2 6 a . Pmr 

analysis of recovered 12 a showed a loss of 17. I# at C-l 

and a gain of only I 1.5# at C-3. There was a minimum of 

11.5# 12 b in recovered 12a. Mass spectral analysis of

recovered 12 a showed 2.12# Dq , 8.17# D j, and 89.7# D^.

The pmr analysis of 26a showed a ratio of 0.88 (12# D) 

at C-3; 0.283 (14.2# W )  at C-l; and 4.23 (29.5# D) for the 

six methyl protons. Mass spectral analysis showed 1.54# D ,
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11.2% D ! , 85.2$ D , 1.02% D3 , and 0.44$ D .

The ratio of 26a and 28a to 25a was simi lar to the 

ratio of 26_ and _28_ to 2_5_ in toluene. The ratio decreased 

slightly in chlorobenzene. The ratio of 26a and 28a to 25a 

decreased sharply in I,2-dichIorobenzene. The decrease was 

about 75$.

TABLE 2

THE RATIO OF 2 -METHYL-I,3-PEN TAD IENES- I-D2 TO 2,3-D IMETHYL-

I,3-BUTADIENE-I-D2 IN DIFFERENT SOLVENTS

T i me
(Mi nu tes) Toluene Ch 1 orobenzene

1,2-Dichloro
benzene

1 5 1 .0 2.06 8.65

30 0.89 2.87 -

60 0.95 2.5 9.8

90 - 2.5 9 .5

390 0.9 _ _

B. THE SYNTHESIS AND REARRANGEMENT OF 2 , 3-D IMETH YL-I,4- 

PENTAD IENE AND 4 - M ETHYL- I,4-HEXAD IENE

53The synthesis of 2 , 3 - dimethyI - I,4-p e n t a d i e n e , J_3_ and 

4-methy I - I , 4-hexad i ene, J_4, had been carried out by c o dimer­

izing ethylene and 2 -methyI - I,3-butadiene (isoprene) using a 

catalyst formed from DIBAC and 2_4. The codimerization was 

carried out at high temperature and high ethylene pressures.
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Since apparatus for such reaction conditions was not a v a i l ­

able, the codimerization was carried out in ethylene s a t u ­

rated ch lor obenzene under one atmosphere of ethylene (iso- 

prene:Ni:AI mole ratio = 146:1:3.5). The reaction was

terminated after one hour with l-butanol. Glpc analysis 

showed that 63$ of isoprene had reacted with 12$ of the 

amount reacted converted to 2 ,3-dimethyI - I,4-pentadiene 

(Figure 6 ), \_5_, and 54$ to 4 - meth y I - I , 4-h exa d i ene , J_4_

(Figure 7). Glpc analysis also showed that both geometric 

isomers of J_4_ were formed with the isomer having the longer 

retention time on the 8 ,3 ' column being the major product.

13 14a 14b

The rearrangement of _l_3_ was carried out using the same 

general procedure as for the rearrangement of J_2_. The 

reaction was carried out in toluene, chlorobenzene, and 1 , 2  

d i c h I o r o b e n z e n e . Only one major product was produced in 

toluene. Two minor products with long retention times were 

produced in less than 5$ yield. Comparative pmr spectra 

showed the product to be 4-methyI - I,4 - h e x a d i e n e . During 

three hours, 51 .8 $ of J_3 reacted with 60$ of the amount 

reacted converted to J_4_. No 2-methy I - I , 4-hexad i ene or 

2 -methyI - I,5-hexadiene were detected.
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The rate of reaction of J_3 and the rate of formation of

I 4 were much faster in chlorobenzene than in toluene. After

30 minutes, 36.4$ of _lJ5 had reacted with 91$ of the amount

reacted converted to I 4. The amount of J_4 could not be

accurately determined after this time since it underwent

double bond migration rapidly to form the minor products

mentioned above. The rearrangement of _l_3_ in I , 2-d i ch I orobenzene

was slightly faster than in chlorobenzene. The reaction of

14 to form minor products was much more rapid. After 15

minutes, 27$ of J_3 had isomerized with 57$ of the amount

isomerized converted to _M_. Accurate determination of the

amount of J_4_ initial ly formed was not possible at long reaction

times because of it's rapid reaction to form minor products.

Gas liquid phase chromatographic analysis of recovered

14 showed that the geometrical isomer having the longest

retention time on the g, p' column was being produced in

greater than 95$ yield. This isomer was identified using the

procedure of H a t a ^  for the identification of the c i s isomer

of I 4b which is (Z )-4-methyI - I,4-hexadiene by the new rules

I 25of nomenclature (IUPAC). Di isobutyI a I urninurn hydride

preferentially added to the terminal unsubstituted double

bond of 14. Hydrolysis produced a mixture of c i s and t r a n s -

I 2 6methyI-2-hexenes (Figure 8 ). Bates and Gales had found 

experimentally that the x values for the methyl protons in a 

c i s C H 2 -CH = C (C H ^ )-CH2 ~ u nit were lowered by approximately

0.07 ppm than in the trans unit.
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Since the dimerization of ethylene and isoprene produced 

14 with the same geometric isomer as the major product, this 

mixture was treated with di isobutyI a I urninurn hydride. The 

product mixture was resolved using a Se-30 column which 

showed that the isomer having the longest retention time,

3 - m e t h y I - 2 - h e x e n e , was the major product. The decoupled 

pmr spectrum of the minor product showed two peaks for the 

methyl groups. The downfield singled was also sharply spit 

into a doublet which had a rvalue of 8.35 (Figure 9). The 

decoupled pmr spectrum of the major product showed only a 

singlet with a rvalue of 8.43 (Figure 10). Thus, the major 

isomer form the hydrogenation of the mixture of isomers of 

I 4 was ( 2E )-3-methy I-2-hexene , 29_, and the minor product was 

( 2 Z )-3-met h y I-2-h exene , 3_0_. The major product form the 

rea rra ngement of _l_3 was therefore ( 4E )-4-methy I - I , 4-hexad i ene, 

14a.

29 30

The minor products formed during the rearrangement of _L3 

came from the reaction of J_4_ formed during the reaction. The 

rearrangement of the mixture of ci_s,t r a n s -4-methyl-l ,4-hexa- 

diene, \_A_ was carried out using the general procedure for the 

rearrangement of 12. The reaction was terminated after three
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hours. Glpc analysis on the 3 , 3 ' showed four new pro­

ducts. The first was a small peak eluted before unreacted 

I 4 , the second was eluted after _M_, the third product was a 

smaI I peak foI lowed immediately by the fourth which was the 

major product. Al I four products were col Iected by p r epara­

tive glpc. The largest peak was identified by its infrared 

and pmr spectrum to be (2E, 4 E )- 3 - m e t h y I -2,4-hexadiene, 3 I . 

The sma I I peak before unreacted J_4_ was identified by its pmr 

spectrum to be 2 , 3-dimethyI - I,4-pentadiene, J_3_. Glpc a n a l y ­

sis of the time zero aliquot showed that the small amount of 

I 3 was not an impurity. The second peak was identical to the 

third except that the vinylic proton coupling constant 

(J = I 2 Hz) showed it to be c i s . The coupl ing constant of the 

third peak (J=I5 Hz) showed it to be tra n s . The second and 

fourth products had retention times identical with products 

formed by the isomerization of _M_ prepared during the re­

arrangement of I 5 . The second was therefore assigned to 

(2E, 4 Z )-3- methyI- 2 , 4 - h e x a d i e n e , 3 2 , and the third was a s ­

signed to (2Z, 4E )-3-methy I- 2 , 4-hexad i ene, 3_3. The expected

type I product was 2 , 3-d i methy I - I , 3-pentad i ene, 34_. The pmr

I ? 7spectrum of 34_ has been published and the pmr spectra of

the four products were not similar to it.
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C. THE THERMOLYSIS REACTION OF T R A N S - C H L O R O (2-A L L Y L - 

PHENYL)BIS( TRIET HYL PH OSPH INE)N ICKEL ( I I )

T rans-chIo r o (2-a I lylphenyl)bis(triethylphosphine)Ni ( I I ), 

35, is a very interesting compound. It is a model 4-enyl- 

nieke I complex. It also contains a stable Ni-C a-bond. It 

is prepared by the reaction of t r a n s -dich lorobis(triethyl-

phosphine)nickel(ll), _36_, with an excess of 2 — ch loro— I—a I ly I —

I 2 8phenyImagnesiurn chloride . It is a yellow air stable solid

with a planar structure. The stability is thought to arise

I 4from the fixed geometry of the system. Non bonding 

steric repulsions of the t r a n s -phosphi ne ligands with the 

ortho substituent force the phenyl group to assume a 

position perpendicular to that of the bonding system. This 

also places the a IIyI group directly above the nickel atom. 

That this is the case is shown by the down field shift of 

the benzyl ic protons in the pmr spectrum of 3 5 ^ .
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Solutions of 3_5_ were heated in deoxygenated solvents 

under an inert gas atmosphere. Generally one gram of 3_5_

(2.2 mmoles) was dissolved in 10-15 ml of nitrogen purged 

solvent. Solutions of 3_5_ in benzene were heated from 16-26 

hours at 50-70°C and in tet ra chIoroethyIene at 80-90°C 

from 2.5-24 hours. The products were separated by a column 

chromatography on an 18 inch column of acid washed alumina 

through which nitrogen purged hexane had been passed several 

times. The column was then left under a nitrogen atmosphere 

overnight before being used. The conditions used were 

necessary since unreacted 3_5 and products undergo decomposition 

on unpurged columns.

The solvent collected from the column before any of the 

organo nickel compounds were eluted was concentrated. It was 

then analyzed by glpc for aromatic hydrocarbons using the 

20 ft. x 3/8 in. 20? I,2,3-t r i s (2-c y a n o e t h o x y )p r o p a n e (T C E P ) 

on 60/80 Chromsorb P column.

Thermolysis of 3_5_ in tetrach I oroethy I ene had previously

40been carried out by Mi Iler and Fahey . A large amount of 

35 was used in order to obtain products from an unpurged 

alumina column. Under these conditions, three products 

were collected and identified. The major product formed in 

40? yield was trans-chlo ro (tr ichloro vinyl )bis( triet hylph osphine)  

nickel(ll), 37. Two minor products were t r a n s -chloro(2-pro- 

peny I p he n y I ) b i s (t r i e thy I p hos p h i n e ) n i c ke I ( II ) , 3_8, and 3j5

formed in II and 2? yields respectively. Glpc analysis of
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hydrocarbons showed that 46$ indene, 3_9_ and 3$ each of

al lylbenzene, 40_, and trans -l-phenyl-l-propene, 4 1 were

I 2 8formed. A simi lar experiment in benzene resulted in 

31$ 59_, 11$ 42_, and 5$ _4_l_. No products containing the

nickel moeity were isolated because of decomposition on the 

unpurged alumina column.

When 3_5_ was heated in tetrach I oroethy I ene for 2.5 hours 

and chromatographed on the nitrogen purged alumina column, 

similar yields of products were obtained. No new products 

were found. Pmr analysis of the chromatographed products 

showed that 96$ of 3_5_ was converted to products with 48. 1$ 

of the amount reacted converted to 3J7 and 6.4$ to 3_8. Glpc 

analysis showed that 53.3$ of 39, 5.1$ of 40, and 2$ of



The thermolysis of 35_ was carried out for 16 hours in 

benzene before the solution was chromatographed on the nitr o­

gen purged column of alumina. The major product was 5 8 . 

Analysis showed that 56$ of 3_5 had reacted with 39.09$ of the 

amount reacted converted to 3j3. Glpc analysis showed that 

the amount of i ndene, _39, had decreased to 11$ and only 1.4$ 

of 40_ and I .6$ of 4J_ were formed.

The thermolysis of t r a n s -chloro(2-al lylphenyl ) b i s (t r i — 

eth y I p hos p h i n e ) n i c ke I ( II ) , _35_, was carried out in benzene 

containing tet ra chI or oethyI ene (N i :tetrac hIoro ethyIene  mole 

ratio = 3 : 1 )  in order to determine if there were two separate 

reactions occurring. Analysis after 24 hours indicated that 

96.4$ of _35_ had reacted with 24.31$ of the amount reacted 

converted to 38_, 28.4$ to _39_, I .05$ to 40̂ , and 8.5$ to 4 I .

The amount of trichIorovinyInickeI complex, 5 7 , formed was 

75$ of the theoretical amount possible.

The thermolysis of 3_5 was also carried out in benzene 

containing all ylbenzene (allylbenzene:Ni mole ratio = 2:1) 

in order to determine whether the double bond migration 

occurring in 35_ is intramolecular or i ntermo I ecu I a r . During 

26 hours, 78.7$ of 35_ reacted with 53.5$ of the amount 

reacted converted to 3j3_ and 22$ to 3J9. Glpc analysis showed 

that 97.4$ of the allylbenzene had reacted with 63.7$ c o n ­

verted to t r a n s -l-phenyl-l-propene, 4 I . The thermolysis

4 1 we r e  p r o d u c e d .
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of 35 was also carried out in tetrac hIoro ethyIene  containing 

al iylbenzene, 40_ (allylbenzene:Ni mole ratio = 5:1). No 

detectable isomerization of allybenzene occurred during 24 hours.

The thermolysis of 35_ was also carried out in toluene 

containing c i s -l,4-hexadiene, 5 a (dienerNi mole ratio = 2.45:1). 

Glpc analysis on the 3,3' column showed that two products were 

eluted after _5_a. These were col lected v i a preparative glpc 

and identified by comparative pmr s p e c t r a ^ '  * to be t ra n s- 

2-methy I - I , 3-pentad i ene, 2_6, ci s ,t r a n s -2,4-hexad i ene, 42 

and c i s , c i s -2,4-hexadiene, 4 3 . The reaction was terminated 

after 41 hours. During this time, 25.5$ of 5_a had reacted 

with 58.7$ of the amount reacted converted to 2_6, 21.1$ to 

4 2 , and 20.7$ to 4_3. Column chromatography and pmr spectra 

of the products showed that _38 was not formed. Glpc analysis 

showed that after 41 hours, 43$ of 39_ and 9$ of £J_ was formed.

The above reaction was also carried out using 3_5 prepared from 

nickel dichloride of 99.999$ nickel purity (diene:Ni mole 

ratio = 1:1). During 45 hours, 56.4$ of 5a_ reacted with 55.6$ 

of this amount converted to 26_, 21.3 f to 4_2 and 21$ to 4 3 . 

Analysis also showed that 6 8 .8$ of had reacted with 19.2$ 

of the amount reacted converted to 38.

5a 42 43



47

High temperatures were necessary to initiate the 

reaction. Solutions of 3_5_ and 5_a_ in benzene did not afford 

any observable isomerization of 5_a_ over a 24 hour period at 

room temperature. The thermolysis of 3_5_ in tet rach I o roethy I ene 

containing 5ja between 60 and 70°C resulted in 56.4$ being 

converted to products during 45 hours. Of the amount reacted, 

31$ was converted to 26_ but _42 and 4_3 were not detected. 

Lowering the temperature to between 50 and 55°C produced very 

little product. During 19 hours, 35$ of 5_a_ had reacted but 

only 1$ of 26_ and only a trace of 4_2_ and 4_3 were formed.

The conversion of 5_a to products was much lower during 

the thermolysis of _35_ when compared to the catalyst formed 

from t r a n s -d ich lor ob is(tri -n-butylphosphine)nickel(l I), 2 4 , 

and DIBAC. Reaction of 3_5 with DIBAC however resulted in 

the formation of a catalyst which rapidly isomerized 5_a to 

26 , 42 and 4_3. Reaction of 3_5 with t r i e thy I a I urn i n urn 

resulted in the destruction of _35_ with no rearrangement 

occu rr i n g .

The rearrangement of 5a during the thermolysis reaction 

compared with the rearrangement of conjugated dienes in HCI 

saturated solutions.''' For example, a solution of ci s ,trans-

2 , 4-hexad i ene, 4_2, in HCI saturated benzene resulted in the 

formation of 5 to 10$ of t r a n s - 2 - m e t h y l - l ,3-pentadiene, 26

and cis, c i s - 2 ,4 - h e x a d i e n e , 43, over a 36 hour period.
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C_i_s-I , 4-hexad i ene, 5a_, was therefore heated at 60-70°C in 

toluene which was saturated with HCI by constantly bubbling 

it into the solution. No rearrangement occurred although 

5a slowly disappeared over a six hour period. A similar 

experiment with allylbenzene and HCI caused no isomerization 

of al lylbenzene over a 24 hour period.

D. REARRANGEMENTS INVOLVING N I C K E L (0) COMPLEXES

The intermediate formed during the thermolysis of 3̂ 5

appeared to have properties of both a nickel(O) complex and

38 39 40a nickel hydride. Metal(O) complexes of nickel ’ ' are

known to insert into C-X bonds (X=CI or Br). Platinum 

hydrides are also known to react with tetrafIuoro ethyIene  

to form complexes containing a Pt-C a-bond. Metal

hydrides are capable of isomerizing a Ikenes and dienes 

( i n t r o d u c t i o n ) .

E t hy I ene b i s (t r i ethy I p hos p h i n e ) n i c ke I ( 0 ) , 4_4, was
I 30

prepared in situ by the method of WiIke from nickelacetyl 

acetonate, t r i e t h y I p h o s p h i n e , and triethyI a I urninum in 

ethylene saturated benzene. The addition of allylbenzene 

allylbenzene:Ni mole ratio = 10:1) resulted in the isomer­

ization of allylbenzene to t r a n s -l-phenyl-I-propene, 4 I . 

During I I hours, 73% of 4J_ was produced. The presence of 

ethylene is not necessary since the reaction also occurred 

in nitrogen saturated benzene containing allylbenzene.
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It could not be ascertained that it was _44_ alone which

caused the isomerization due to the complexity of the side

products. Treatment of 3-methy I - I , 4-pentad i ene with 4_4

I I 6formed _i_n_ situ is known to afford 3-methy I - I -pentene .

E thy I ene b i s (t r i p heny I p hos p h i n e ) n i c ke I ( 0 ) , 4_5_ was prepared 

and isolated according to the method of M a i tI i s * ̂  * by 

P i n ke . ** * It is a yellow solid stable under ethylene or 

nitrogen atmosphere at 0°C. A benzene solution of 4_5_ c o n t a i n ­

ing allylbenzene (a I IyI b e n z e n e :Ni mole ratio = 1 0 : 1) caused

no isomerization over a 3.5 hour period. Addition of 0.2 

equivalent of HCI in benzene resulted in the complete 

isomerization of allylbenzene to 4_l_ within 3.5 hours.

Addition of HCI to a benzene solution containing _45_ 

resulted in the formation of an amber colored solution 

simi lar to the one formed when 2_4 was treated with DIBAC.

This reaction was thou.ght to produce a nickel hydride. The

Ni-H stretching frequency is generally found between 1900 

- 1 7 4and 2000 cm in the infrared. Attempts to determine the 

stretching frequency of a nickel hydride formed from A5_ 

and HCI were unsuccessful. This may have been due to the 

low concentration of nickel hydride in the solution since 

a 1:1 molar ratio of 4_5_ and HCI resulted in the rapid 

decomposition of _45_. The amount of HCI was therefore held 

at less than 0.8 equivalents. Because 4_5_ has a high m o l e ­

cular weight (601.3) and is only moderately soluble in benzene,
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only a dilute solution of the nickel hydride was possible.

Organoalumi num compounds were often used as cocatalysts 

with transition metal halides to form homogeneous metal 

catalysts. The aluminum end products derived from these 

aluminum compounds should be aluminum halides. The effect 

of aluminum chloride on the catalyst system was studied 

using 4- 5_ and 5_a. Addition of aluminum chloride to a flask 

containing 4_5 under nitrogen atmosphere resulted in the 

rapid decomposition of _45_. A benzene solution was saturated 

with aluminum chloride by stirring it overnight under 

nitrogen atmosphere. The concentration of aluminum chloride 

was determined by titration of the hydrochloric acid formed 

on hydrolysis of a portion of the solution. A benzene 

solution of 4_5, 5ja, and aluminum chloride (diene:Ni:AI 

mole ratio = 1 0 : 1 : 1 ) did not result in any rearrangement 

of 5_a_ within a 30 minute period. Addition of 0.8 equivalents 

of HCI in benzene resulted in very little rearrangement. 

Approximately 4% of 5_a was converted to products within 30 

seconds and very little reacted after this time. Only 2.4% 

of _26_ and \% each of 4_2 and _43_ were produced during three 

hours.

A nickel(0) species e t h y I e n e b i s (tri-o-to IyIphos phite )-

nickel(O), _46_, was prepared without the use of aluminum com-

I 32pounds by Stauffer. A solution of 4-6, _l_2, and HCI in

toluene (d i e n e :N i :HCI mole ratio = 10.5:1:0.5) was stirred 

for 4 hours at room temperature. A rapid rea r ra ngeme n t of J_2_ 

ensued which slowly decreased. No reaction occurred after 30



minutes. Only 20.2 $ of 2-methy I - I , 4-pentad i ene , JJ2 was 

isomerized with 8.7$ of the amount i someri zed converted 

to 2 , 3-dimethyI - I,3-butadiene and 11.4$ to t r a n s - 2 - m e t h y 1 - 

I ,3-pentad i e n e .

E. THE REARRANGEMENT OF I ,4-PENTAD I ENE

Treatment of I,4-pentadiene with the nickel catalyst 

formed from DIBAC and t r a n s -d ichlorob is(tri-n-butylphosph i n e )- 

n i c ke I ( II ) , 2_4, resulted in the formation of isoprene and 1,3- 

pentadienes. It was found that minor amounts of 4-methyl- 

I ,4-hexadiene and 3-methyI - I,4-hexadiene were also formed.''^

The reaction was repeated to verify the information 

obtained from I,4-pentadiene and gas chromatographic constsnts 

for I,4-pentadiene and the products were determined in order 

to obtain accurate yield data.

Treatment of I,4-pentadiene with the nickel catalyst 

was carried out for four hours at room temperature. Glpc 

analysis showed that 71$ of I,4-pentadiene had reacted with 

24.35$ of the amount reacted converted to isoprene, 21.2$ to 

c i s -l,3-pentadiene, 4.02$ to t r a n s -l,3-pentadiene, 8.89$ to

3-methyI - I ,4-hexadiene, and 3.5$ to 4-methyI - I ,4 - h e x a d i e n e .



PART III. DISCUSSION,
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Several factors are important in the type I I rearran ge­

ment of 1,4-dienes. These are the nature of the diene, the 

catalyst, cocatalyst, and the solvent.

A. THE SKELETAL REARRANGEMENT OF THE 1,4-DIENES

The type II rearrangement of I , I- d i d e u t e ro-2-me thyI -

I,4-pentadiene, I 2 a , should produce 3 , 3 - d i d e u t e r o - 2 - m e t h y I - 

I , 4-pentad i ene, 12b, by pathway a_ (fragmentation route) but 

would only reform I 2a by pathway b_ ( eye I o b u ty I ca r b i ny I 

r o u t e ) P m r  evidence indicated that I 2a recovered from 

the reaction does contain 12b. The results indicated that 

the type I I rearrangement must fol low pathway a_ in the case 

of I 2a (Figures I, 2, and 3).

D D

N \S

Scheme 5. --Possible pathways for the type I I rearrangement

of I,l-dideut er o- 2 - m e t h y l - l ,4-pentadiene.
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2 ,3-DimethyI - I,3-buta d i e n e - I-D^ , 25a formed by the type I

rearrangement provided additional evidence that the type I

6 3rearrangement occurred via the eye I op ropy IcarbinyI route.

Both 12a and I 2b would produce 25 a by this route and this has 

been observed. Pmr analysis showed that the methyl:vinyl 

proton ratio was 98.3$ of the theoretical value of 3:1. 

T r a n s - 2 - m e t h y I - I,3 - p e n t a diene-l~D q > 2 6 , should contain 

substantial amounts of hydrogen at C-I if the type II 

rea r rangement occurred via pathway _a. Pmr analysis indicated 

that there was a substantial amount of hydrogen at C-I (11.5$) 

in the reaction carried out in chlorobenzene (Figures 4 and 

5). The amount of D| should also increase (equation 18).

Mass spectral analysis indicated that 26a contained 9.1$

D| . This compared with 2.1$ D| in pure I 2a and 3.1$ in the 

mixture of 12a and 12b, and 3.9$ D| in 2 5 a .

The transfer of deuterium from C-l in 12a to C-3 appeared 

to be quantitative. Pmr analysis showed that the loss of 

deuterium in one position was usually offset by deuterium 

gained in the other position.

The type II rearrangement of 2 , 3-dime thy I - I,4-pentadiene 

13, should also form different products by pathway _a (4-methyl-
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1.4 -  hexadiene, _M_) or pathway _b ( 2-methy I - I , 4 - hexad i ene or 

2-me + hyI - I,5 - h e x a d i e n e ). Only one product, (4 E )-4-methyI -

1.4 -  hexadiene, 14a, was formed. These results provided 

further evidence that the type I I rearrangement occurred via 

the fragmentation route (Figures 6 and 7).

Scheme 6 . --Possible pathways for the type II rearrangement 

of 2 ,3-dimethyI - I ,4 - p e n t a d i e n e .
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The observation that 2 , 3-dimethyI - I ,3-pentadiene was not 

formed (type I rearrangement or double bond migration) 

indicated that the rearrangement proceeded via 1 ,2-nickel 

hydride addition as the preliminary step. The exclusive 1,2- 

nickel hydride addition was probably due to steric hindrance 

by the methyl groups which shield position four from attack. 

Addition of nickel will therefore occur at position five of 

I 3.

_l_3

Both fragments of the diene have been isolated. Ethylene

was trapped in the rearrangement of I ,4-pentadiene to isoprene

and 1 , 3 - p e n t a d i e n e . ' ^  Minor products J_4_ and 3-methyl-l,4-

hexadiene were presumably formed by the reaction of ethylene

with isoprene and I,3-pentadiene respectively. In the

rearrangement of 3-methyI - I ,4-pentadiene under propene

atmosphere, 2 -methyI - I ,4-hexadiene was formed by propene

6 2presumably capturing the butadiene fragment. The most 

probable route for the type II rearrangement must be the 

fragmentation route since products consistent with pathway 

b_ have not been found (J_3 going to 2-methy I - I , 4-hexad i ene 

or 2 -methyI - I , 5 - h e x a d i e n e ).
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The fragmentation route is the reverse of the postulated

growth step in the codimerization of a conjugated diene and 

5 3ethylene. This implied that the type II rearrangement was 

reversible and that the diene products were in equi librium 

with the reactants.

Support for the fragmentation route also came from the 

observation that only in the case of 5_a did the loss of 

starting material approximate the amount of products isolated. 

In experiments utilizing other 1,4-dienes such as J_2 or 1,4- 

pentadiene there was usual ly a 20-30$ difference in the amount 

of starting material reacted and the amount of products 

isolated. The most reactive diene via the type I rearran ge­

ment was c i s - I ,4-hexad i ene, 5 a . It did not form detectable 

products consistent with the type I I r e a r r a n g e m e n t . Some 

ethylene was lost during the type I I rearrangement of 1,4- 

dienes as was seen with I,4 - p e n t a d i e n e . This could also be 

occurring with the other 1,4-dienes which were capable of 

isomerizing by both types of r e a r r a n g e m e n t s . It should be 

noted that 2 , 3-d i methy I - I , 4-pentad i ene, _l_3 which was thought 

to undergo only the type II rearrangement also showed a p p r o x ­

imately 40$ loss of starting material which was unaccounted 

fo r .

B. THE NICKEL CATALYST

The catalyst is thought to be formed by alkylation of 

t_ra_n_s-d i ch I o rob i s (t r i - n-b u ty I p hos ph i ne ) n i c ke I ( I I ) , 24 with
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di isobutyI a Iuminum chloride (DIBAC). Elimination of iso­

butene could result in the formation of hydridochlorobis- 

(tr i-n-buty I p hosph i ne ) n i eke I ( I I ) , 41_ (equation 19).

(19) N i [ P ( n - C 4H g )3 ] 2CI + A I C I ( i-C4 H g ) 2 --- > C I 2 A I ( i —C 4 H g ) +

24

C I [ P ( n - C 4H g ) 3] 2N i - C H 2 - C H ( C H 3 )2 ------------ ^ C H2 = C ( C H 3 )2 +

H N i [ P ( n - C 4H g )3 ] 2CI

47

Alkyl compounds of nickel that contain localized Ni-C

a-bonds are generally unstable and decompose to form al- 

74kenes. The 8 -eI imination of metal hydrides from alkyl- 

metaI compounds to form a Ikenes has been discussed (intro­

duction) .

The formation of the nickel catalyst may not be the

same as that described in equation two. Stable nickel 
74,75,77

hydrides have been isolated but these were not active

cata I y sts . ' D i methy I a I um i n um chloride and 24_ afforded

I 32an active catalyst. The production of the catalyst from

dimethyI a Iuminum chloride evidently did not follow equation 

two. Several experiments demonstrated that the catalyst 

must be a nickel hydride or its chemical equivalent. it has 

been observed  ̂ ' that a solution of c i s - I ,4-h e x a d i e n e , 5a,

t r a n s - d i c h l o r o b i s ( t r i - n - b u t y l p h o s p h i n e ) n i c k el ( I 1), 24, and



59

DIBAC at -22°C was cataly+ically inactive. Addition of 

ethylene however, resulted in rapid rearrangement to form 

c i s ,t r a n s -2,4-hexadiene, 4 2 , and c i s ,c i s -2,4-hexadiene, 4 5 , 

as major products. T r a n s - 2 - m e t h y l - l ,3-pentadiene, 26 was 

formed in low yield. At room temperature, 26_ was the major 

product and 42 and 43 were minor products. Ethylene was not 

required at room temperature to initiate the reaction. 

Ethylene may be greatly enhancing the rate of transfer of 

metal hydride via a route suggested by Marko and his c o ­

workers in the study of the nickel catalyzed insertion of 

ethylene into an aryImagnesiurn bond and similar catalyzed 

alkyl grignard exchange reaction with olefins. ' 3 3 ' 33

( 2 0 ) R-CH =  CH 2 

M, H)
Pv

h 2 c - ■C(CH3 ) 2

RHC —  
1- ^
N i

c (c h 3 ) 2

Hydrolysis of DIBAC reagent afforded isobutane and 

very little i s o b utene . 136 Both isobutane and isobutene 

were formed in the rearrangement of dienes with the nickel 

catalyst formed from Dibac and 24_. These were col lected 

and identified. Isobutane was formed by destruction of 

unreacted DIBAC with alcohol and isobutene presumably 

from alkylation of nickel.

During the rearrangement of J_2 at high temperatures, 

isobutene was the predominant C 4 product. The major product 

from the rearrangement of 2-methy I - I , 4-pentad i ene, J_2, was 

2-methy I - I-pentene, 27. The reduction of J_2 with a nickel
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hydride such as 47 would result in the formation of 27. The 

reaction must be catalytic since 78$ of 12 reacted to form 

products. At a diene:Ni mole ratio of 12:1, this was 

equivalent to 9.35 moles of 12. The preparation of 21_ must 

also be catalytic since of the 9.35 moles of 12 that reacted,

2.3 moles (35$) were converted to 27. Therefore, only 

about 4.2$ of 2J_ should be produced unless 4J7 was regenerated. 

The impl ications were that 47_ was regenerated as it was used 

up. Thus, each time an aliquot of reaction mixture was 

treated with alcohol, the amount of isobutane diminished 

since the amount of DIBAC had decreased and there was a c o r ­

responding increase in isobutene. (Scheme 7: R = PtC^Hg)^).

I 2

Scheme 7. --Hydrogenation of 2-methyI - I ,4-pentadiene with

trans-hydridoc hlo robis( tri-n -buty lphos phine)Ni ( I I).

The catalyst has also been used to generate tra ns-2-hex-

I I 6ene from t r a n s -l,4-hexadiene. Cobalt and iron catalysts
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used in the codimerization of 1,3-dienes and ethylene were

also capable of selectively hydrogenating conjugated dienes

I 37to monoolefins. The proposed scheme (7) for the h y d r o g ­

enation of J_2 was simi lar to the one proposed by Orchin and 

69Rupilius for the hydrogenation of butadiene to butenes 

using H C o ( I ) (C O )4 .

It was also possible to generate an active nickel cataI

yst by alternate methods. The thermolysis of t r a n s -chIoro-

( 2-a I I y I p heny I ) b i s (t r i ethy I phos ph i ne ) N i ( I I ) , 3_5, in tetra-

ch I oroethy I ene resulted in the formation of indene, 39_, and

t ra n s-c hloroCtrichlorovinyl )bis(triethylphosphine)Ni (I I ), 57_

as major pro ducts. Minor products were dichlorobis(triethyl

phosph i ne ) N i ( I I ) , 36_, t r a n s -ch loro(2-propenylphenyl ) b i s (t r i -

ethy I phosph i ne ) N i ( I I ) , _38, a I I y I be n ze ne , 40_, and l-phenyl- 

40l-propene, 4_l_. The preliminary step in the thermolysis

appeared to be formation of indene and h y d r i d o c h I o r o b i s (t r i -

I 2 8e t h y I p h o s p h i n e )N i ( I I ), 48. Dissociation of 48 could form

39 40
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HC I and b i s (t r i et hy I p hos p h i ne ) N i (0 ) , _49 (equation 21) which 

was immediately trapped by solvent to form 37. Some of the 

hydride, 4_8, however may isomerize 3_5 to 3_8. Protonation of 

55 and 3_8_ could afford 3_6, 4j3, and 4 1. ^ ^  Alternatively, 

reaction of _35_ and 38_ with hydride, 4_8 via hydrogenation of 

the Ni-C bond could occur similar to the route suggested in 

scheme seven .

(21) H N i ( P E t 3 )2CI ■ V HC I + N i ( P E t 3 ) 2

48 49

When thermolysis of _3_5 was carried out in benzene, 38 

was the predominant product. The same intermediate was 

probably formed in both solvents. The addition of a small 

amount of te tr ach Io roe thyIe ne to the benzene solution of 35 

resulted in a 75$ yield of 3_7. This also indicated that the 

equilibrium in equation 21 was probably occurring.

The isomerization of 35 to 38 was probably not intra-

i ? rmolecular as had been postulated since allylbenzene was 

cata I y t i ca I I y isomerized to I - p heny I - I - p rope ne , £J_. Addition 

of 5_a_ resulted in it being slowly rearranged to _26, 4_2, and 

45 in the same relative product ratios formed when 5a was 

treated with the more active catalyst formed from 24 and 

D I B A C . The isomerization of 5_a_ also supported the hypothesis 

that the formation of 58_ in benzene was not i ntramo I ecu I a r 

since very I i tt I e 3j3 was formed even though the thermolysis 

was carried out for 40-45 hours. The more reactive cis-1,4-
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hexadiene, 5_a_ appeared to trap the catalyst as it was formed.

The thermolysis of 35_ in benzene containing allylbenzene did 

not retard the formation of 3_8. C i s - I , 4-hexad i ene may form 

a less sterical ly hindered adduct with 4_8 than would 5 5 .

The adduct formed from allylbenzene and _4£ would be similar 

to the adduct formed from 3_5_ and 4_8. Thus c i s - I , 4-hexa d i ene 

would be able to compete preferentially for the hydride 4 8 .

Also 35_ and allylbenzene would complete equally for the catalyst 

and simi lar amounts of 3_8 and 4_l_ should be formed. The 

stability of 3-enylnickel complexes such as the one formed 

from 5_a_ are known and impart great stability through Trbonding 

( i nt roduct i o n ) .

Hydrogenation of the aliylic double bond of _35_ did not

occur as was expected. The hydrogenation of 3_5 or 3_8 may not

occur unless the catalyst is present in excess. It was

observed during the thermolysis of t r a n s - c h l o r o ( o - s t y r y I )-

b i s (t r i et h y I p hos ph i n e ) N i ( I I ) , 2_, that ethyl benzene was not

I 3 8formed unless DIBAC was added to the reaction mixture.

An active catalyst should also be formed from HCI and

a nickel(O) compound (equation 21). Active dimerization

and codimerization catalysts have been formed from HCI and

5 1-52rhodium(l) compounds. Ethy I e n e b i s (t r i p h e n y I p h o s p h i n e ) -

N i CO), 4_5_, containing \% aluminum impurity did not isomerize 

allylbenzene without the addition of HCI. The catalyst
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was also capable of rearranging 5_a_ to 26_, 4_2, and 43.

Recently, tertiary phosphine and phosphite metal(O) 

complexes of Ni, Pd, and Os when treated with H C I , sodium 

borohydride, or hydrogen formed active catalysts capable 

of rearranging 5 a .

C. THE ALUMINUM COCAT AL YS T

The catalysts formed during the thermolysis of 35 or 

from HC I and 4_5 were not as active as the catalyst formed

from DIBAC and t r a n s - d i c h l o r o b i s ( t r i - n - b u t y l p h o s p h i n e ) N i ( 1 I).

I 32Stauffer prepared e t h y I e n e b i s (tri-o-to IyIphosph ite)- 

N i (0) , 4_6, without the use of organoa I urn i num compounds. He 

observed that solutions of HC I and 46_ formed a catalyst as 

active initial ly as the one formed from DIBAC and .24. It 

rapidly decreased in activity however over a 30 minute 

period. Furthermore, the catalyst formed from HC I and 46̂  

did not rearrange I 3 . It reacted with I 2a to form 25a and

26a but not 12b. Treatment of 3,3-dimethyI - I ,4-pentadiene 

with HC I and 4̂ 6 afforded only 13 which was the type I product.

5-MethyI - I,4-hexadiene which was the type II product was not 

detected. It thus appeared that the role of the aluminum 

cocatalyst was not only to form the metal hydride.

A similar situation existed in the catalysts used in the 

codimerization of 1,3-dienes and ethylene. It was observed 

that dia IkyI a I urninurn halides were more effective cocatalysts
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with the nickel catalyst formed from 24_. Fly d r i dob i s E ( d i -

p he ny I p hos p h i n o) et h a neUCo ( I ) , _l_0_, did not produce an active

5 7codimerization catalyst without the use of an organoa I u-

minum compound. The stronger Lewis acid diethyI a I uminum 

I 40chloride was a more effective cocatalyst than triethyl- 

aluminum. The situation was reversed with dichlorobisE(di- 

p he ny I p hos p h i n o ) et ha neHCo( I I ) , 9_. It was also observed that

only AI:Co mole ratios greater than 2:1 resulted in an active

+ i + 8 9  catalyst.

8 6Hata and Miyake found that b i s (diphenyIp h o s ph i n o ) -

ethane Fe(0) which catalyzed the codimerization reaction at

high temperatures was greatly accelerated at low temperatures

by an organoa Iu min um compound. Furthermore, the most effective

catalyst was formed at A I :Fe mole ratios greater than 3:1

and chlorinated organoaI um inum compounds were more effective.

The function of the org anoa Iumin um compound besides

acting as a reducing agent was also thought to be the removal

of a coordinated diphenyIpho sphinoeth ane ligand to leave a

coordination site for butadiene. The codimerization was thought

to occur via a 71—  allylmetal ethylene complex which required

more coordination sites than are available in 9_, J_0_, or bis-

(dipheny I p h o s p h i n o ) F e (0 ) without ligand dissociation.

2 8 29Tolman * had also shown that t e t r a k i s (t r i e t h y I p h o s - 

phine)Ni(O) in the presence of sulfuric acid would dissociate 

to form a h y d r i d o t r i s (triethy Iphosphite)N i ( II ) cation which

than tria IkyI a Iuminum compounds during the codimerization
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In the presence of a conjugated diene would form a tt — a I lyl — 

nieke I( II) complex. This complex was in equilibrium with a 

7T-a I I y 11 r i s ( t r i e th y I p h os p h i t e ) n i eke I ( I I ) species (red) and 

a ff-a I I y I b i s (t r i e th y I p h os p h i te ) n i eke I ( I I ) species (yellow).

The resulting amber solution was simi lar to the one formed 

in toluene containing a diene when 2_4 was treated with DIBAC.

DIBAC may also function simi larly in the catalyst formed 

from it and 2_4. Hy d r i doch I orob i s (t r i - n-bu ty I p h os p h i n e ) N i ( I I ) , 

4 7 , normally has five potential coordination sites. These are 

adequate for the type I rearrangement which require only five 

coordination sites to form the 3-enylnickel chelate. The type 

II rearrangement would require an extra coordination site in 

the formation of the Tr-a I I y I n i eke I ( I I ) ethy I ene complex from 47 . 

The extra coordination site may be gained by uti lizing an 

empty 4d orbital or by dissociation of one of the tri-n- 

butyIphosphine ligands (equation 22; R = butyl).

( 2 2 )

D I B A C +

P R 3 -d i b a c

D . THE SOLVENT

Various ionic nieke I-a Iuminurn complexes have been p r o ­

posed as intermediates in the nieke I-a I urninurn catalyst
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systems. ’ Most of these possible intermediates incor­

porated a complex containing bridged halogen bonds. Such 

an intermediate should decrease the electron density around 

the nickel atom through elongation of the Ni-CI bond.

. - C 1

N i ' ' A I

'''Cl'"

53 14 1

If such an intermediate was improtant, it should be 

affected by increasing the polarity of the solvent and a 

change in the reaction should be observed. The rearrange­

ment of _l_2 was carried out in toluene, ch I orobenzene, and 

I ,2- di chIorobenzene (dielectric constant = 2.38, 5.62, and 

9.93 respectively at 25°C). The most noticeable effect 

caused by increasing the polarity of the solvent was on 

the formation of 2 , 3 - d i met h y I - I , 3-b uta d i e n e , 2_5 and t r a n s - 

2-methy I - I , 3-pentad i ene, 26_. The ratio of 26/25 formed in 

toluene was slightly less than 1.0. The ratio increased 

to 2.0 in chlorobenzene. A new product, c i s -2-methy1-1,3- 

pentadiene, 2_8_, was also formed. Thus, the overal I ratio 

of 2-methyI - I ,3-pentadienes/2,3-dimethyI - I ,3-butadiene was 

2.6. A much more pronounced effect was noted in 1,2— 

d i ch I orobenzene . The amount of 2_5 was less than 28_ and 

the ratio of 2-methyI - I,3-p en tadiene s/ 2,3-dimethy1-1,3-

butadiene increased to 12.
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The results indicated that 25_ was formed via the type I 

rearrangement but 26_ and 28_ were formed via double bond 

migration. The common intermediate appeared to be the 2,1- 

metal hydride adduct of 2-methyI - I,4-pentadiene, I 2 .

The solvent did not appear to affect the type I rearr a n g e ­

ment of J_2 since the same relative amounts of 25_ were formed 

in ch lor obenzene as in toluene. The increase in the reaction 

of J_2_ in ch lor obenzene was due to the much greater rate of 

conversion of J_2 to products and the increase in the rate 

of formation of 26_. The decrease in the rate of formation 

of 2_5 in I , 2-d i ch I orobenzene as compared to toluene or 

ch lo robenzene may be due to the inability of the type I 

rearrangement to compete effectively for the 1,2-nickel 

hydride adduct of I 2 .

The high t ra n s/c i s ratio of 2-meth yl-l, 3-pentad ienes

was also expected. Cramer had shown in the isomerization

of l-butene with a rhodium hydride catalyst that the major

4 8product was t ra n s -2- b u te ne . The isomerization of J_2_ to 

25 and 26_ could also be rationalized in a similar manner.

C i s -Add i t i on and c i s -el imination of nickel hydride would 

require the nickel atom to be in close proximity of h y d r o ­

gen on the adjacent carbon. Steric properties dictate that 

the nickel hydride adduct a_ of J_2 should be more stable 

than the adduct _b as a result, 26_ should be the predominant 

product rather than 2 8 .
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The type II rearrangement was also faster in the more 

polar solvents. In chlorobenzene, 19.2$ of I 2 b was formed 

within two hours from I 2 a . This implied that 38.4$ of the 

molecules were undergoing fragmentation. This compared with 

16$ of I 2 b formed in 6.5 hours in toluene. Similar results 

were also obtained from the rearrangement of J_3_ to 14a. After 

30 minutes in toluene, 49.3$ of I 4a (24.3$ conversion of I 3 ) 

was formed. This compared with 91$ of I 4a (36.4$ conversion 

of J_3) after 30 minutes in chlorobenzene.

The results of the rearrangement of J_3 in I , 2-d ich I oro- 

benzene could not be easily interpreted since double bond 

migration in initially formed 14a occurred almost immediately. 

Metal hydride addition to the substituted double bond 

appeared to be occurring in I, I-did e u t e r o - 2 - m e t h y I - I,4- 

pentadiene, I 2a when the rearrangement was carried out in

Pmr analysis indicated that 17$ D 2I ,2-d ichloro benzene.
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was lost at C-l but only 11.5$ gained at C-3. Mass 

spectral analysis showed that the I 2a and I 2 b mixture 

contained 2.1$ D , 8.17$ D| and 89.7$ • The large

amount of D| indicated that some metal hydride addition 

metal deuteride elimination may be occurring. Some 

deuterium may also be incorporated in the C-2 methyl group 

(equation 23).

(23)
-N iH

Very I ittle, if any, metal hydride addition occurred 

at the substituted double bond during the rearrangement 

of I 2a in ch lor obenzene or toluene. There was only a 

minimal increase in D| in recovered I 2a from the rearrange­

ment of 12a in toluene or chlorobenzene. Detailed mass 

spectral analysis of the C-2 methyl group in pure I 2a 

indicated the possibility of a small amount of deuterium 

in the methyl group. This small amount of deuterium 

actually showed a decrease of deuterium in the methyl group 

of starting material recovered from the rearrangement of 

I , I- dideutero -2-methyI - I,4-p e n t a d i e n e , I 2a which would 

not be the case if nickel hydride addition was occurring

at the substituted double bond.
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Because of the rapid isomerization of I 2a via double 

bond migration in the more polar solvents, the correct 

amount of 12b initially formed could not be accurately 

determined. The amount of 12b converted to deutero-2- 

methy I - I ,3 - p e n t a d i e n e , 26 b , could be estimated from the 

excess D found in 26a compared with the amount of D| found 

in recovered I 2 a . In the rearrangement of \ 2a_ in c h l o r o ­

benzene, recovered I 2a contained 3.931 D| which compared 

with 9.1% D| in 2 6 a . This implied that an additional 5.2$ 

of 12b was formed. Thus, at least 48.8$ of the molecules 

had undergone fragmentation.

A 2,1-nickel deuteride addition and metal deuteride 

elimination would result in some molecules of 26a being 

determined as instead of D| (equation 24). The methyl 

groups of 25a should also contain deuterium if this was 

occurring to any appreciable extent. The very close 

agreement between the methyl and vinyl protons (98.3$) 

indicated that very little of this was occurring.

( 24)

V. D

-N ID

D
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E. THE TYPE I I REARRANGEMENT

Several observations could now be drawn regarding 

the type II rearrangement: (I) the most probable catalyst

was a nickel hydride; (2) the preliminary step in the 

reaction was the 1,2-nickel hydride addition to the terminal 

unsubstituted double bond of the 1,4-diene; (3) the rear­

rangement was reversible; (4) the aluminum cocatalyst was 

necessary; (5) the rearrangement fol lowed the fragmentation 

route; and (6) the polarity of the solvent affected the 

rate of formation of products.

The above observations could also be used to illustrate 

several similarities and differences between the type I and 

type I I r e a r r a n g e m e n t s . The nickel hydride catalyzed both 

rearrangements and addition of catalyst to the unsubstituted 

terminal double bond of the 1,4-diene also appeared to be 

the preliminary step in both rearrangements.

The position of the addition of the catalyst to the t e r ­

minal double bond was different in the type I (2,1-nickel 

hydride addition) and type II (1,2-nickel hydride addition) 

rearrangements. The reaction pathways also were different. 

These observations have been demonstrated by the reaction 

of 2 , 3-dimethyI - I,4-pentadiene which only underwent the 

type II r e a r r a n g e m e n t ; I, I-dideu ter o - 2 - m e t h y I - I,4-pentadiene 

which underwent both rearr a n g e m e n ts ; and c i s - I ,4-hexadiene
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which only underwent the type I r e a r r a n g e m e n t .

The aluminum cocatalyst necessary for the type II 

rearrangement was not needed initial ly for the type I 

rangement since the catalyst formed in the absence of 

aluminum compounds did not react with 2 , 3 - dimethyI - I ,*■ 

diene via the type I rearrangement.

rea r-

-penta-
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A. EQUIPMENT AND MATERIALS

1. Eg u i p m e n t . --Infrared spectra were recorded on the 

Beckman IR 12 and the Perkin Elmer Infracord 137 recording 

spectrophotometers. Infrared absorptions were reported in 

reciprocal centimeters (cm- '). The proton magnetic reso­

nance spectra were recorded on a Varian A-60 spectrometer 

using neat samples or solutions in either carbon t e t r a c h l o ­

ride or deuterated benzene. Chemical shifts were reported 

as T values in units of parts per million (ppm) downfield 

from tetramethyIsi I ane . Mass spectra were recorded by Morgan 

Shaffer Inc. and on the Dupont 21-491 mass spectrometer.

Product yields from the diene rearrangement reactions 

were determined by gas liquid phase chro matography (glpc).

The diene products were analyzed on the 20 ft. x 3/8 in. 20$

3 ,3'-oxydipro pio nitri Ie on firebrick 60/80 column (3,8').

The alkenes were analyzed on the 15 ft.x 1/4 in. 20$ silicon 

rubber (Se-30) on Chromsorb P 60/80 column. The aromatic 

hydrocarbons were analyzed on a 20 ft. x 3/8 in. 20$ 1,2,3- 

t r i s (2-cya n o e t h o x y )-2-propane on 60/80 Chromsorb P (TCEP) 

column

2. Ma te r i a Is. --Anhydrous diethylether was obtained from 

freshly opened cans or distilled from sodium wire. Tetra- 

hydrofuran was dried by distillation from lithium aluminum 

hydride and stored over molecular sieves type 4a (Linde Air

Products). Pentane (Fischer Pesticide Grade) was used without
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further purification. Hexane (reagent grade) was washed with 

5% potassium permanganate, dried over anhydrous calcium c h l o ­

ride, and distilled from sodium wire. It was stored over 

silica gel. Tetra ch Ior oe thyIene was stored over molecular 

sieves and filtered through alumina prior to being used. 

Toluene (ACS certified s p e c t r o a n a I y z e d ) was distilled from 

sodium wire and stored over molecular sieves. Commercial 

absolute ethanol was refluxed over magnesium ethoxide and 

distilled directly into the reaction flask prior to carrying 

out reactions. Allyl bromide was dried over anhydrous m a g ­

nesium sulfate, distilled, and stored over molecular sieves.

AI IyI chloride was dried over anhydrous calcium chloride, 

distilled, and stored over molecular sieves. Acetyl chloride 

was dried over molecular sieves, distilled, and stored over 

molecular sieves in a tightly closed bottle. DiethyImethyI 

malonate (Aldrich Chemical Co.) was dried over anhydrous m a g ­

nesium sulfate and distilled prior to use. Aluminum oxide, 

acid washed, purchased from J. T. Baker Chemical Co., was 

heated at I I0°C for an hour before being used. Bis(2,4- 

p e n t a n e d i a n a t o )nickeI ( I I ) (Research 0 rganic/Inorganic C h e m ­

ical Co.), tri- n-b ut yIp hosphi ne (Aldrich Chemical Co.), t r i ­

ethyl phosphine (Orgmet, Inc.), triethyI a I urninurn (neat), d i ­

isobutyl a I um i n urn chloride (25% in toluene), and diisobutyl- 

aluminum hydride (neat) (Texas Alkyls Inc.), lithium 

aluminum deuteride: minimum 99% deuterium (Merck Sharpe and
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Dohme of Canada Ltd.), vin yI magnesium chloride; I molar in 

tetrahydrofuran (Alfa Inorganics, Inc.), nickel dichloride; 

9 9. 999I purity (Alfa Inorganics, Inc.), and l-butanol (ACS 

Fischer Certified Grade) were alI used as obtained. 2-Methyl-

1.4 -  pentadiene, t r a n s -2- me thy l-I,3-pentadiene, 2-methyl-l- 

pentene, a I I y I benzene, 2-chIo ro -I-b enzoic acid, and triphenyl- 

phosphine were all obtained from Aldrich Chemical Co. c i s -

1.4 -  Hexadiene and e t h y I e n e b i s (t r i p h e n y I p h o s p h i n e )- N i (0) were 

obtained from P. Pinke. E t h y I e n e b i s (t r i - o - t o I y I p h o s p h i t e )- 

N i (0) was obtained from R. Stauffer. D i c h I o r o b i s - (t r i - n-

b u t y I p h o s p h i n e )N i ( I I ) and d i c h I o r o b i s (t r i e t h y I p h o s p h i n e )N i -

(II) were prepared according to the method of Jensen and 

I 42Nygard. I-A I IyI-2-chIorobenzene was prepared from a I IyI

chloride and the Grignard derived from I - c h I o r o - 2 - i od o b e n z e n e .

B. THE SYNTHESIS OF I,I -D IDEUTER0-2-METHYL-I,4-

PENTAD I ENE I.

I. Preparation of d i e t h y 1 - I-pe ntene-4,4-dicarboxyI a t e .--So- 

dium metal (24.9 g, 1.08 moles) was added in small pieces to 

750 ml of absolute ethanol over a one hour period under n i ­

trogen atmosphere. Redistilled diethyImethyI malonate 

(188.6 g, 1.08 moles) was added to the flask. Freshly distilled 

a I IyI chloride (114 g, 1.49 moles) was added to the flask 

over a one hour period. The solution was then refluxed for 

twenty hours. The ethanol was then removed on a steam bath.
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An aquesous solution of 15$ sodium chloride was added to the 

cooled solution and the lower layer discarded. The diethyl- 

I - p e n t e n e - 4 ,4-d i ca rboxy I ate , J_9, was dried over anhydrous 

magnesium sulfate, filtered, and vacuum distilled at 101—

I06°C (13 mm) to afford 183.1 g (79$). The pmr spectrum 

showed a multiplet at T3.95 to 4.63 for the C-4 vinylic 

proton, a perturbed doublet centered at T4.98 and 3.47 for 

the two C-5 protons; a quartet at T5.92 (J=7 Hz) for the CH^ 

group of the ester ethoxy group, a doublet at T7.47 (J=7 Hz) 

for the two C-3 protons, a triplet at T8.8 (J=8 Hz) for the 

C-2 methyl group (strong singlet) and the methyl of the ester 

ethoxy group. The infrared spectrum showed bands at 3097,

930 and 1030 cm ' (mo nosubstituted vinyl ic), 1650 cm '

(C = C) , and I 740 cm" 1 ( O O )  .

I I 82. Preparation of 2-methyI- 4-penteno ic a c i d . --Hydrolysis 

of 19 (183 g, 0.86 mole) was carried out using one gram of 

potassium hydroxide and one ml of water for each gram of the 

ester. A double surface condenser is necessary to control 

the spontaneous reaction. After the spontaneous reaction 

terminated, the solution was then refluxed gently for an 

additional 45 minutes. To this solution was then added 175 ml 

of water and the ethanol was removed by distillation. The 

solution was cooled in an ice bath and made distinctly 

acidic with hydrochloric acid. The I-pe ntene-4,4-dicarboxyI ic 

acid, 20, was collected by I iquid- I iquid extraction with 

d i ethy I ethe r . The d i ac i d 2_0 was then deca r boxy I a ted by
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by heating in an oil bath at 160-I70°C (10-20 mm). 2-Methyl-

4-pentenoic acid, J_6, was removed by distillation (93-IOO°C) 

as it formed. The yield of J_5 was 66.7 g (68.4$). The pmr 

spectrum of J_6_ showed a singlet at Tl .38 for the CO^-H, a 

mu ltiplet at T3.73 to 4.53 for the C-4 proton, a perturbed 

doublet at T4.85 and T5.06 for the two protons at C-5, a 

multiplet at T 7 . I 7 to 8.23 for the C-2 proton and the two C-3 

protons, and a doublet at T8.83 (J = 7 Hz) for the C-2 methyl 

group. The infrared spectrum showed bands at 3090 cm *,

920 cm 995 cm ' (mo nosubstituted vinylic), 1648 cm '

(C =C) , and 1718 c m ' 1 (C=0).

3. Preparation of e t h y I - 2 - m e t h y I - 4 - p e n t e n o a t e .--The acid 

I 6 (35 g, 0.31 mole) was added to a flask containing 40 ml of 

absolute ethanol, 75 ml of dry benzene, and three ml of sulfuric 

acid. The solution was refluxed for II hours under nitrogen 

atmosphere at 94-97°C. The water was removed as it was formed 

using a Dean-Stark trap. The solution was cooled and shaken 

with an aqueous solution of 15$ sodium chloride and the lower 

layer was discarded. The upper layer was washed with an 

aqueous solution of 10$ sodium chloride-IO$ sodium carbonate 

and dried over anhydrous magnesium sulfate. The benzene was 

removed by distillation under reduced pressure. The ethyl-2- 

m e t h y I - 4 - p e n t e n o a t e , 2 I, was distilled at 80-82°C (71 mm) 

to afford 32.4 g (75$ ) .

The pmr spectrum of 2_l_ showed a multiplet at T3.87 to 

4.53 for the C-4 vinylic proton, a perturbed doublet centered 

at T4.88 and 5.10 for the two C-5 vinylic protons, a quartet 

at T5.82 (J = 7 Hz) for the methylene of the ester ethoxy
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group, a multiplet at T7.33 to 8.28 for the C-2 proton and 

the two C-3 protons, a multiplet from T8.68 to 8.92 for the 

C-2 methyl group and the methyl of the ester ethoxy group.

The infrared spectrum showed bands at 3090, 920, 1,000 cm *

(monosubstituted vinylic), 1650 cm * (C=C), and 1740 cm '

( C = 0 ) .

4. Preparation of I, I-did e u t e r o - 2 - m e t h y I - 4 - p e n t e n - I -o I . 

Lithium aluminum deuteride, 2 2 a , (3 g, 0.07 mole) was placed

in the reaction flask under nitrogen atmosphere v i a a glove 

bag. Anhydrous diethylether (50 ml) was added to the flask 

and the solution stirred for five minutes. A solution of 21 

(191. g, 0.135 mole) in 60 ml of anhydrous ether was placed 

in an equi-pressure dropping funnel and added to the flask 

at such a rate as to produce gentle refluxing of the ether.

An additional 100 ml of. ether was then added and the solution 

stirred for one hour. The excess 22a was carefully destroyed 

with water. The solution was added to 200 ml of 12.5$ s u l ­

furic acid and ice. The ether layer was removed and the 

water layer was extracted three times with 50 ml al iquots of 

ether. The combined ether extracts were washed twice with 

an aqueous solution of 10$ sodium chloride-IO$ sodium c a r b o n ­

ate and dried over anhydrous magnesium sulfate. The solution 

was fi Itered and the ether removed under vacuum. Disti I lation 

under vacuum at I 14— 1 16 ° C (146 mm) afforded 13.7 g (100$) of
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The reaction had previously been carried out several 

times with lithium aluminum hydride to obtain 87-90$ of 

2 - m e t h y I - 4 - p en t e n - I - o I , 2 3 .

The pmr spectrum of 23_ possessed a multiplet at T5.85 

to 4.52 for the C-4 vinylic proton, a perturbed doublet c e n ­

tered at T 5.0 and 5.17 for the two C-5 protons and the 0-H 

proton, a mu ltiplet at T 7.63 to 8.82 for the two C-3 protons 

and the C-2 proton, a doublet at T 6.6 (J = 6 Hz) for the two 

C — I protons, and a doublet at T 9.08 (J=6 Hz) for the C-2 

methyl group. The pmr spectrum of 23a was the same as 2_3 

except for the expected disappearance of the doublet a t T  6.6 

and the 0-H proton shifted to 15.5.

The infrared spectrum of 23a was not run for fear of 

loss of sample. The infrared spectrum of _23_, however, showed 

bands at 3080, 915, 99c cm ' (monosubstituted vinylic) and

1645 cm * (C=C) indicating that double bond isomerization

does not occur during the reaction.

5. Preparation of I, I-d ideutero-2-me thy I- 4 -pentenyI a c e t a t e . 

--The alcohol 23a (13.7 g, 0.134 mole) was added to a flask 

containing 100 ml of anhydrous ether and 12 g of pyridine.

The solution was cooled to 0°C and acetyl chloride (13.2 g, 

0.168 mole) was added to the flask under nitrogen atmosphere 

over a twenty minute period. The solution was al lowed to 

warm to room temperature and stirred under nitrogen for three
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To the flask were then added 50 ml of cold water and the 

lower layer was discarded. The ether layer was washed s u c ­

cessively with 100 ml of 10$ hydrochloric acid, 100 ml of 

water, 100 ml of an aqueous solution of 10$ sodium chloride- 

10$ sodium carbonate, and 100 ml of water. The ether layer 

was then dried over anhydrous magnesium sulfate, filtered, 

and the ether removed under vacuum. Distillation at 99-l02°C 

(III mm) afforded 19.3 g (80$) of I , I-did e u t e r o - 2 - m e t h y I-4- 

pentenyI a c e t a t e , I 5 a .

The reaction had previously been carried out several 

times with 253 to obtain similar yields of I 5 .

The pmr spectrum of j_5_ possessed a multiplet at T 3.95 

to 4.5 for the C-4 proton, a perturbed doublet centered at 

T 4.88 and 5.10 for the two C-5 vinylic protons, a multiplet 

at T 7.77 to 8.32 for the two C-3 protons, the C-2 proton, 

and a strong singlet at T 8.03 for the acetyl methyl group.

It also possessed a doublet at T 6.58 (J= 7 Hz) for the 

C-2 methyI g r o u p .

The pmr spectrum of I 5a was essentially the same except 

for the expected disappearance of the doublet at T 6.09.

The infrared spectrum of I 5a was not run for fear of loss 

of sample. The infrared spectrum of J_5_ however possessed 

bands at 3090, 920, 1,000 c m - ' (monosubstituted vinylic),

1649 c m - ' (C=C), and 1750 cm ' (C=0) which indicated that no

double bond isomerization was occurring.

h o u r s .  I t  was  t h e n  r e f l u x e d  f o r  an a d d i t i o n a l  two  h o u r s .
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6. Preparation of I, 1- d i d e u t e r o - 2 - m e t h y I - I,4 - p e n t a d i e n e .-- 

The acetate 15a (8.3 g, 0.098 mole) was pyrolized by passing 

it slowly through a ten inch column of glass ringlets heated 

to 600°C with a nitrogen atmosphere of about five liters per 

hour. The product was collected at the end of the column 

with two traps immersed in dry ice-acetone baths. The product 

was separated from the acetic acid by distillation at 50-70°C. 

The residue was passed through the column and the product was 

collected as before. Preparative gas liquid phase c h r o m a t o ­

graphic (glpc) on the 20 ft. (3,g' column at 30°C afforded

1.4 g of I , I- d i d e u t e ro-2-m ethy I - I,4- p e n t a d i e n e , I 2a (17$).

The pyrolysis was carried out several times previously 

with J_5_ to afford 2-methyl-l,4-pentadiene, 12 in similar 

yields.

I 22The pmr spectrum of J_2_ has been characterized and 

shows the following: a multiplet at T3.96 to 4.57 for the 

C-4 proton; a perturbed doublet of 8-line singlets at T4.89 

and 5.13 for the two C-5 protons; a singlet at t 5 .32 for the 

two C — I protons; a doublet at T7.29 (J=6 Hz) for the two 

C-3 protons; and a singlet at T8.3I for the C-2 methyl group.

The pmr spectrum of 12a was essential ly the same except 

that the singlet at t 5 .32 for the two C-l protons had d i s ­

appeared as expected.

The C-2 methyl group was used as an internal standard 

to determine the integral ratios of the protons in 12a.
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TABLE 3

INTEGRAL RATIOS FOR PURE 

I , I-DIDEUTERO-2-METHYL-I ,4-PENTAD IENE

Protons Position (T ) Relative Ratios

C - 1; two 5.32 0.0432

C-2 M e t h y 1; three 8.31 3.0

C-3; two 7.29 1 .99

C - 4 ; one 3.96 to 4.57 1 . 1 1

C-5; two 4.89, 5.13 2.07

The ratio of 0.0432 at C-I indicated that there was 

97.8$ D2 at that position. The mass spectral analysis of 

12a indicated that it contained 1.2$ DQ , 2.78$ Dj, 96$ D 2 , 

and 0.02$ D 3>

C. THE GENERAL PROCEDURE FOR THE REARRANGEMENT

REACT ION OF I ,4-DIENES

The reactions were normally carried out in a 100 ml

single neck side arm flask fitted with a three-way stopcock 

and a magnetic stirring bar. The side arm (used for aliquot 

removal) was capped with a rubber septum.
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To the flask was added t r a n s -dich lorob is(tri-n -buty l- 

phosphine)Ni (I I ), 2A_ (0.378 g , 0.71 mmole) and the flask 

was purged with nitrogen. To the flask was then added 70 ml 

of nitrogen purged solvent and 9.52 mmoles of diene. The red 

solution was then treated with two ml of 25$ di isobutyI a Iu- 

minum chloride in toluene (2.5 mmoles). Di isobutyI a I urninum 

chloride will be referred to as D I B A C . The resulting amber 

solution was stirred at room temperature under nitrogen 

atmosphere (diene:Ni:AI mole ratio = 12:1:3.5). The reaction 

was monitored by periodic removal of standard sized aliquots 

which were quenched with a fixed quantity of 2-propanol and 

then analyzed by glpc analysis on the 20 ft. 8,3' column at 

60°C with a helium flow rate of 170 ml/minute. The reaction 

was terminated at the desired conversion with l-butanol and 

the resulting solution distilled to give a diene rich fraction. 

The diene products were then collected v i a glpc and identified 

by infrared and pmr spectra.

D. THE REARRAN GE MEN T REACTION OF 2-METHYL-1,4-

PENTAD I ENES

I . The rearrangement reaction of 2-methyI - I ,4-pentadiene 

in to Iuene.--The reaction was carried out according to the 

general procedure except that 0.191 g of 24_ (0.358 mmole), 

35 ml of toluene, 0.35 g of 12 (4.26 mmoles), and one ml of
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the 25% DIBAC solution (1.24 mmoles) were used (diene:Ni:AI 

mole ratio = 12:1:3.4). Periodically 0.15 ml aliquots of 

solution were removed and shaken in a stoppered test tube 

containing 0.07 ml of 2-propanol for gI pc analysis. Analysis 

by gI pc indicated the formation of two new products. The 

reaction was terminated after 6.5 hours with one ml of I - bu­

tanol . The resulting solution was distilled (50-l00°C) to 

give about two ml of distillate. Preparative glpc analysis 

on the 20 ft. 8,3' column at 60°C and a helium flow rate of 

170 ml/minute resulted in the isolation of 2 , 3 - dimethyI - I,3- 

butadiene, 2 5 , as the lower retention time product. This was 

identified by comparative pmr s p e c t r a .' ^ ^  The higher 

retention time product was collected in the same manner and 

was also identified by comparative pmr to be t r a n s - 2 - m e t h y I -

I,3-p e n t a d i e n e , 26.***'** ̂  The lowest retention peak was 

unreacted I 2 .

2. The rearrangement reaction of 2-methyI - I,4-pentadiene 

in c h i o r o b e n z e n e . --The general procedure for the rearrange­

ment of dienes was f o I lowed except that 0.21 g of 24_ (0.4 

mmole), 40 ml of chlorobenzene, 5.85 mmoles of J_2_, and 1.3 ml 

of 25$ DIBAC in toluene (1.6 mmoles) were used (diene:Ni:AI 

mole ratio = 15:1:4). The reaction was terminated after

6.5 hours with two ml of l-butanol. The products were s e p ­

arated from the solvent by disti I lation and col Iected by 

preparative glpc on the 20 ft. 8,8' column. A new product
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eluted before 2j5 was identified by comparative pmr spectra 

to be c i s - 2 - m e t h y l -I,3-pentadiene, 28.'*'

TABLE 4

YIELD DATA FOR THE REAR RANGEMENT OF 

2-METHYL-I ,4-PENTAD IENE IN TOLUENE

T i m e
(m i n u t e s ) % C o n - 

v e r s  ion
i Y i e l d  

25
o f % Y i e l d  of

26

1 0 15.4 1 .6 1 . 3

30 19.4 2. 2 2.0

60 23. 1 3.0 3.0

1 20 2 8 . 2 4. 2 3.9

390 3 5 . 0 7. 8 6. 8

3. T h e rea rra n g e m e  nt r e a c t i o n  of 2 - m e t h y 1 - 1,4- p e n t a d  i e n e

in 1 ,2 - d i c h l o r o b e n z e n e . - - T h e  g e n e r a  1 p r o c e d  u re fo r  t h e  re-

arrangement of dienes was followed except that 0.192 g of 

24 (0.36 mmole), 40 ml of I,2-d i c h I o r o b e n z e n e , 4.26 mmoles 

of J_2_, and one ml of 25$ DIBAC in toluene (1.24 mmoles) were 

used (diene:Ni:AI mole ratio = 12:1:3.8). The reaction was 

terminated after two hours with two ml of l-butanol . The 

products were separated from the solvent by distillation and 

collected by preparative gI pc on the 20 ft. 8,8' column.



88

TABLE 5

YIELD DATA FOR THE REA RR ANGEMENT REACTION OF 2 -METHYL-I ,4 -

PENTADIENE IN CHLOROBENZENE

T i me
( M i n u t e s )

% C o n -  
v e r s i o n

% Y i e l d  
o f 2_5

f  Y i e l d  
of 26

% Y i e l d  of 
2_8

1 5 44 3.4 7. 1 2 . 4 3

30 4 7 . 2 4. 7 11.3 2 . 6

60 5 5 . 8 6 . 3 13.5 3. 1

24 0 6 7 . 8 10.3 19.9 3.2

390 7 4 . 0 5 10.7 2 1.3 2 . 9

TABLE 6

YIELD DATA FOR THE REA RR ANGEMENT REACTION OF 2-METHYL-l,4 

PENTADIENE IN I,2-DICHLOROBENZENE

T i me
(Minutes)

% C o n ­
version

% Yield 
of 2_5

% Yield 
of 26

% Yield of 
28

1 5 31 .9 4.6 47.14 6.2

30 4 1.2 4.5 47.14 7.15

60 49.2 3.8 46.15 6.8

I 20 6 1.8 4.0 43.26 5.6
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4. The rearrangement reaction of 1 , I-dideutero-2-methy1 -

I,4-pentadiene in t o l u e n e . --The general procedure for the 

rearrangement or dienes was followed except that 0.083 g of 

24 (0.15 mmole), 14 ml of toluene, 1.7 mmoles of 12a, 0.4 ml 

of 25$ DIBAC in toluene (0.5 mmole) were used (diene:Ni:AI 

mole ratio = 11:1:3.2). The reaction was terminated after

6.5 hours with two ml of l - b u t a n o l . The products were s e p ­

arated from the solvent by disti Ilation and collected by 

preparative gI pc on the 20 ft. 8,8' column.

TABLE 7

YIELD DATA FOR THE REA RR ANGEMENT REACTION OF I, I-DIDEUTERO-

2-METHYL-I ,4-PENTAD IENE IN TOLUENE

T i me
(Mi n u t e s )

$ C o n ­
v e r s i o n

$ Y i e l d  of 
25a

$ Y i e l d  of 
26a

5 13.5 2. 2 1 . 7

1 5 19.4 3 . 1 8 3 . 1 8

30 2 0 . 5 3.6 3 . 1 8

60 2 6 . 2 4. 4 4 . 1 4

240 4 3 . 1 5 9. 1 7 . 3 2

390 4 2 . 3 11.5 10.2

T h e  p m r s p e c t r u m  of r e c o v e  red 12a was a n a l y z e d  u s i n g

the C-2 methyl group as an internal standard. Comparison with 

the pmr spectrum of pure I 2a showed a gain of 15$ D2 at C-3
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and a loss of 16.8$ at C - I . This indicated that an average 

of 15.9$ 3,3 - d i d e u t e r o - 2 - m e t hyI - I ,4-pentadiene , I 2 b was formed. 

Mass spectral analysis of recovered I 2a showed 2.9$ D|

99.5$ D^, and 1.6$ as compared with 2.2$ Dj and 97.8$ 

in pure 12a.

TABLE 8

PMR DATA FOR THE REARRANGEMENT OF I, I-DIDEUTERO- 

2-METHYL-I ,4-PENTAD IENE IN TOLUENE

N u m b e r  of 
P r o t o n s

P o s i t i o n  ( T ) 1n t e g  r a 1 R a t i o

C - 4 ; o n e 3 . 9 6 - 4 . 5 7 1 .06

C-5; t w o 4 . 9 8 , 5 .  13 2 . 0 6

0 3 ; t w o 7 . 2 9 1 .70

C- 2 M e t h y 1 ; th ree 8.31 3 . 0 0

C-l ; t w o 5 . 3 2 0 . 3 7 8

5. The rearrangement reaction of 1,I-dideutero-2-methy I -

I,4-pentadiene in c h l o r o b e n z e n e . --The procedure was the same 

as the general procedure for the rearrangement of 1,4-dienes 

except that 0.425 g of I 2a (5.06 mmoles), 43 ml of c h l o r o ­

benzene, 0.242 g (0.453 mmole) of 2A_, and 1.2 ml of 25$ D I BAC 

in toluene (1.49 mmoles) were used (diene:Ni:AI mole ratio = 

11:1:3.2). The reaction was terminated after two hours with
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two ml of l-butanol. The products were separated from the 

solvent by distillation and collected v i a preparative glpc 

on the 3, 3' column.

TABLE 9

YIELD DATA FOR THE REARRANGEMENT REACTION OF 1,1-DIDEUTERO- 

2-METHYL-I ,4-PENTAD IENE IN CHLO ROBENZENE

T i me
(Minutes)

% C o n ­
version

% Yield 
of 2 5a

% Yield 
of 26a

J Yield 
of 28a

1 5 33. 1 9.0 16.7 1 . 8

30 38.5 16.45 38.4 5.9

60 52.2 15.8 35 . 1 4.4

1 20 56.3 22.3 34.5 3.8

TABLE 10

PMR DATA FOR THE REA RR ANGEMENT OF 1,1-DIDEUTERO- 

2-METHYL-I ,4-PENTAD IENE IN CHLOROBENZENE

Number of 
Proton s Pos i t i on (T ) 1 n t e g r a 1 Rat i os

C - 1; two 5.32 0.427

C-2 M e t h y 1; th ree 8.31 3.00

C-3; two 7.29 1 . 622

C-4; one 3.96-4.57 1 . 07

C-5; two 4.89,5.13 2.02
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The C-2 methyl group was used as an internal standard 

to analyze the pmr spectrum of recovered I 2a . Comparison of 

the pmr spectrum of recovered I 2a with that of pure I 2a 

showed a gain of 18.5$ at C-3 and a loss of 19.9$ at 

C-I . This indicated that an average of 19.2$ 3,3-dideutero- 

2-methyI - I ,4 - p e n t a d i e n e , I 2 b was formed.

The products of the type I rearrangement (25a and 26a ) 

were also analyzed by mass spectrometry and pmr spectroscopy.

The pmr spectrum of I , l-dideutero-t r a n s -2-methyl-l .3- 

pentadiene, 26a showed the following: a perturbed doublet 

at T3.39 (J=I5 Hz) for the vinylic proton at C-3; an o v e r ­

lapping multiplet at T4.0-4.66 for the vinylic proton at 

C - 4 ; a perturbed singlet at T 5 .0 for the two protons at C — I ; 

a singlet superimposed upon a slightly perturbed doublet at 

T8.20 (J=5 Hz) for the C-2 methyl group and the three C-5 

protons. The pmr spectrum of 26a showed only a smaI I singlet 

at T5.20 (due to the reaction of 3 , 3-did e u t e r o - 2 - m e t h y I - 

I ,4-pentadiene formed during the rearrangement of I, I-dideutero- 

2-methyI - I ,4-pentadiene ) . The integral ratios using the six 

methyl protons as a standard showed 0.24 at C-I (12$ H^ ) ; 1.00

at C-3; 1.13 at C-4; and 6.00 for the C-2 methyl group and

the three protons at C-5. The mass spectral analysis showed 

0.5$ D , 9.07$ D |f 89.5$ V and 0.86$ D .

The pmr spectrum of 2_5 showed a doublet at T5.03 (J=5 Hz) 

for the four protons at C-I and C-4; and a single T at T8.I0 for 

the six protons on the C-2 and C-3 methyl groups. The pmr
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spectrum of 25a was the same except that the intensity of the 

doublet at T5.03 was reduced. The integral ratios using the 

six methyl protons a-s an internal standard showed a ratio of 

2.95 (98.33? of the expected 3:1 ratio).

The mass spectral analysis of 25a showed the fol lowing: 

1.83% D Q , 3.93% D (, 92.8? D 2 , and 1.42? D^.

6. The rearrangement reaction of I , I-dideutero-2-methy1 - 

I ,4-pentadiene in I ,2 - d i c h I o r o b e n z e n e . --The general procedure 

for the rearrangement of dienes was fol lowed except that 55 

ml of I , 2-dich I o r o b e n z e n e , 6.75 mmoles of 2 5 a , 0.3 g (0.56 

mmole) of 2_4, and 1.6 ml of 25? DI BAC in toluene (1.98 mmoles) 

were used (diene:Ni:AI mole ratio = 12:1:3.5). The reaction

was terminated after 1.5 hours with two ml of l-butanol. The 

products were separated by distillation and collected by 

preparative gI pc on the 20 ft. 8,8' column.

TABLE I I

THE YIELD DATA FOR THE REARRANGEMENT OF I, I-DIDEUTERO-2-

METHYL-I ,4-PENTAD IENE IN I ,2-DI CHLOROBENZENE

T i me
(Minutes)

? C o n v . 
version

? Yield 
of 26a

? Yield 
of 25a

? Yield 
of 28a

1 23.4 1 10.89 1 . 90 1.71

5 27.42 25.78 4.06 3.25

30 37.9 39.08 3.5 6.5

60 48.0 39.81 4.6 5.4

90 56.4 38.71 4.6 4.8
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The pmr spectrum indicated that the singlet at T 5 .32 

for the two protons at C-I had increased in intensity by 0.342 

(17.2$ H ^ ) a n d the doublet at T7.29 (J=6.4 Hz) for the two 

protons at C-3 had decreased in intensity from 1.99 to 1.77 

(11.5$ ) in recovered I 2 a . There was a minimum of 11.5$

3,3- d i d e u t e r o - 2-methyI - I ,4-pentadiene , 12b, in recovered I 2 a .

The other products were 2 5 a , 2 6 a , and 2 8 a .

Mass spectral analysis of recovered I, I-dideutero-2- 

methy I - I ,4 - p e n t a d i e n e , I 2a showed 2.12$ Dg, 8.17$ D , and 

89.71$ . Recovered 26a contained 1.54$ Dg, 11.2$ D|, 85.78$

D^, I.02$ D^, and 0.44$ . The pmr spectrum of 26a was

analyzed using the C-2 proton as an internal standard. The 

relative peak intensities were 0.876 (12.4$ D) for the vinylic 

proton at C-4; 0.283 (14.1$ H^) for the two C-I protons; and 

4.23 (30$ D) for the six methyl protons.

7. The rearrangement reaction of 2-methyI - I , 4-pentadiene 

in toluene at 5 0 - 5 5 ° C . --The apparatus used in the general 

procedure for the rearrangement of dienes was modified by 

inserting a condenser between the side arm flask and the 

threeway stopcock. To the flask were added 0.116 g (0.21 

mmole) of 24_, 40 ml of nitrogen purged toluene, and 2.53 

mmoles of 2-methy I - I , 4 -pe nta d i e ne , J_2. The flask was then 

immersed in an oil bath at 50-55°C and 0.15 ml of solution 

removed and shakened with 0.07 ml of 2-propanol in a 

stoppered test tube. To the flask was then added 0.6 ml of 

25$ DIBAC in toluene (0.74 mmole) (diene:Ni:AI mole ratio =
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12:1:3.4). The reaction was monitored periodically by remo v­

ing 0.15 ml aliquots and treating as before for gI pc analysis. 

The reaction was terminated after 6.5 hours with two ml of 

l-butanol. The products were separated from the solvent by 

distillation and collected by preparative gI pc on the 20 ft. 

3,3' column.

Glpc analysis indicated that the major product was one 

eluted before _l_2_. Comparative pmr spectra with an authentic 

sample purchased from Aldrich Chemical Company confirmed 

that this product was 2-methy I - I-pente ne, 2J7.I23 The 

products from the normal rearrangement of J_2 in toluene 

25 and 26_, were formed in low yields.

TABLE 12

YIELD DATA FOR THE REA RR ANGEMENT REACTION OF 2 - M E T H Y L - I ,4- 

PENTADIENE IN TOLUENE AT 50-55°C

T i me
(Minutes)

% C o n ­
version

% Yield 
of 2_7

% Yield 
of 2_5

% Yie 
of 26_

1 5 1 2 - 0.93 0.68

60 25.4 - 1 .55 1 .6

1 80 50 6.9 2 . 1 2.4

240 68 2 1.7 1 . 64 4 . 1

300 75.2 25.2 1 .26 4.3
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8. The rearrangement reaction of 2-methy I - I ,4-pentadiene 

using e t h y 1e n e b i s (t r i - o - t o 1y I p h o s p h i t e )Ni (0 ) and H C I . - - E t h y l ­

ene b i s (t r i - o - t o I y I p h o s p h i t e )N i (0) (0.19 g, 0.24 mmole) was

placed in a small round bottom flask topped with a medium por­

osity filtering tube. It was dissolved in four ml of nitrogen 

purged toluene and filtered into a 50 ml side arm flask under 

nitrogen atmosphere. A smaI I magnetic stirring bar was 

placed in the flask and it was topped with a three-way 

stopcock. The solution was diluted to 20 ml with toluene 

and 2.53 mmoles of J_2 were added to the flask. Al iquots 

were removed periodically and subjected to glpc analysis on 

the 3 , 3 ' column. HCI in toluene (0.5 ml, 0.121 mmole) was 

added to the solution (diene : Ni : HCI mole ratio = 10.5:1:0.5) 

and stirred for four hours. Periodically 0.1 ml aliquots 

were removed and shaken in air to destroy the catalyst.

These were subjected to glpc analysis. The reaction was 

terminated after four hours by shaking the solution in air.

The products were removed by disti Ilation and collected by 

preparative glpc. Glpc analysis indicated that the reaction 

had ceased after 30 minutes. Pmr spectra of the products

showed that these were 25 and 26.
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TABLE 13

YIELD DATA FOR THE REA RR ANGEMENT REACTION OF 2 -METHYL-I ,4 - 

PENTAD IENE WITH E T H Y L E N E B I S (TRI-o- TOLYL PHOSPH ITE)Ni (0)

T i me
(Minutes)

% C o n ­
version

j Yield of 
25

% Yield of 
26

0.5 6.2 45.3 54.7

30 20.2 43.2 56.3

60 20. 1 45.5 55

240 19.6 45.7 56

E. THE SYNTHESIS OF 2 , 3-D I METHYL-I ,4-PENTAD IENE AND 

CIS, T R A N S -4- M E T H Y L - I ,4-HEXADIENE

A 500 ml three neck round bottom flask was equipped 

with a magnetic stirring bar, an extension joint capped 

with a rubber septum (for aliquot removal), a bubbler tube 

(for saturating the system with ethylene), and a reflux 

condenser topped with a three-way stopcock for ethylene 

atmosphere. To the flask were added 200 ml of anhydrous 

chlorobenzene and 1.093 g of 2_4_ (2.05 mmoles) and the 

mixture was purged with nitrogen. Ethylene was then bubbled 

vigorously into the solution for 15 minutes. Isoprene 

(20 g, 300 mmoles) was added through the septum to the 

solution and ethylene was bubbled into the solution for
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an additional fifteen minutes. An aliquot (0.15 ml) was 

removed and shaken in a stoppered test tube containing 

0.07 ml of 2-propanol. To the solution was quickly added 

6 ml of 25$ DIBAC in toluene (7.45 mmoles) and the solution 

stirred for 30 minutes at 23-25°C under ethylene atmosphere 

by bubbling ethylene vigorously into the solution. Another 

aliquot was removed and treated as before. The reaction 

was then terminated with 5 ml of l-butanol. The isomeric 

butenes were removed by stirring the solution at room t e m ­

perature for one hour. The unreacted isoprene was removed 

by distillation.

A fraction boiling at 70-96°C was collected and further 

separated by distillation from a spinning column. The 

fraction from the spinning band column boiling at 77-82°C 

contained mostly 2 , 3-d i met hy I - I , 4 -pe n ta d i e ne , _L3 and the 

fraction col lected at 90-95°C contained mostly c i s ,tra ns-4- 

met hy I - I , 4 -hexa d i e ne , J_4_. These were further purified by 

preparative gI pc on the 20 ft. 8,8' column at 40°C and a He 

flow rate of 170 ml/minute.

The al iquots were used to calculate the yields of pro­

ducts by glpc analysis using the method described in the 

general procedure for the rearrangement of dienes.

The chromatograms contained three peaks. The first was 

unreacted isoprene (63$ conversion to products), the second 

was J_3 (11.97$ yield), and the third was a doublet for a 

mixture of cis,trans-!4 (53.9$ yield).
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The pmr spectrum of J_3 possessed the following: a complex 

array from T3.94 to 5.33; a multiplet of five distinct peaks 

centered at T7.22 (J=7 Hz); a singlet at T8.33; and a doublet 

at T8.90 (J=7 Hz). The ratio of the respective peaks intensi­

ties were 5.0:1:3.0.

The pmr spectrum of J_4 possessed the fol lowing: a complex 

array of peaks between T3.88 and T5.20; a doublet at T7.30 

(J — 7 Hz); and a multiplet centered near T8.38. The relative 

peak intensities were 3.94:2.0:5.9.

F. THE REARRANGEMENT REACTION OF 2 , 3-D I METHYL-I ,4- 

PENTADIENE AND C I S , TRA NS-4-METHYL-I,4-HEXADIENE

I . The rearrangement reaction of 2 , 3-dimethyI - 1 ,4 - p e n t a - 

diene in to Iuene.--The general procedure for the rearrange­

ment of dienes was followed except that 0.1 g of 24_ (0.19 

mmole), 20 ml of toluene, 0.22 g of JJ5_ (2.26 mmoles), and

0.54 ml of 25$ DIBAC in toluene (0.76 mmole) were used (diene: 

N i :A I mole ratio = 12:1:4). The reaction was terminated 

after five hours with two ml of l-butanol . The products 

were removed by distillation and collected by preparative 

gI pc on the 20 ft. S,3' column. The only isomeric hydro­

carbon formed was 4-methyI - I ,4 - h e x a d i e n e .
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Y I E L D  DATA FOR THE R EARRANGE ME NT  R E A C T I O N  OF

2 , 3 - D I M E T H Y L - l  , 4 - P E N T A D  I E NE  IN TOLUENE

T i me
(M i n u t e s ) l Conversion

f Yield of 4 - M e t h y 1 
1 ,4-hexadiene

1 5 22 25.7

30 29.9 34.4

60 39.6 4 1.5

1 20 45.25 47.8

1 80 49.6 55.6

300 56.2 47.8

2. The rearrangement reaction of 2 , 3 - d i m e t h y 1 - 1 ,4-penta-

diene i n ch 1 o r o b e n z e n e .--The general procedure for the

rearrangement of dienes was followed except that 0.191 g of 

24 (0.35 mmole), 40 ml of chlorobenzene, 0.408 g of J_3 (4.23 

mmoles), and 1.0 ml of the 25$ DIBAC in toluene (1.24 mmoles) 

were used (diene:Ni:AI mole ratio = 12:1:3.5). The reaction

was terminated after two hours with two ml of l-butanol.

The only isomeric hydrocarbon product formed was 4-methyI - I ,4-

hexad i e n e .
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Y I E L D  DATA FOR THE REAR RANGE ME NT  R E A C T I O N  OF

2 , 3 - D  I M E T H Y L - I  , 4 - P E N T A D  I E NE  IN C H LOR OBE NZ ENE

Time
(Mi n u t e s )

Percent
Conversion

% Yield of 4-Methyl- 
1 ,4-hexadiene

1 5 20.8 60 . 1

30 36.4 90.8

60 47.2 55 . 1

1 20 55.8 53.6

3. The rearrangement reaction of 2,3-dimethy1 - 1 ,4-penta-

diene i n 1 , 2- di ch1orobenzene.--The general procedure for the

rearrangement of dienes was followed except that 60 ml of 

I , 2-d i c h I o ro ben zene , 0.59 g of J_3 (6.15 mmoles), 0.277 g of 

t r a n s -dichlorobis(tri- n- but yl phos phine )Ni (I I ), 24 (0.52 mmol 

and 1.46 ml of 25% DIBAC in toluene (1.81 mmoles) were used 

(diene:Ni:AI mole ratio = 12:1:3.5). The reaction was t e r m ­

inated after three hours with two ml of l-butanol. The 

products were separated from the solvent by distillation and 

the products were col Iected by preparative gI pc on the 20 ft 

6,8' column. Only one isomeric product (4-methyI - I ,4-hexa- 

diene) was formed. It, however, rearranged to two minor pro

ducts as it formed.
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Y I E L D  DATA FOR THE REARRANGEMENT  R E A C T I O N  OF 2 , 3 - D  I M E T H Y L -

1, 4 - P E N T A D  I ENE IN 1 , 2 - D I C H L O R O B E N Z E N E

T i me
(Minutes)

Pe rcent 
Conversion

f Yield of 4 - M e t h y 1 - 
1 ,4-hexad i ene

5 10.49 55.4

1 5 24.6 57.2

30 37.4 43.7

60 43.4 47.7

1 80 57.5 32.8

4. Reduction of 4-methyI - I,4-hexadiene with diisobuty I a Iu- 

minum h y d r i d e .-- 4-Methyl-I,4-hexadiene (2.9 g, 0.03 mole) was 

placed in a glass tube and purged with nitrogen at liquid ni­

trogen temperatures. It was allowed to warm to room t e m p e r a ­

ture under nitrogen atmosphere. Di isobutyI a I urninum hydride 

(5.6 ml, 0.053 mole) was added to the tube along with a small 

magnetic stirring bar. The tube was sealed and heated at 

70°C for 16 hours with constant stirring. It was then cooled 

to room temperature and placed in an ice bath. The tube was 

broken open and quickly placed under nitrogen atmosphere. 

Water was carefully added to the tube until the vigorous 

reaction ceased. It was then completely hydrolyzed by c a r e ­

fully adding 12.5% sulfuric acid. The mixture was placed 

in a smaI I separatory funnel and the lower layer discarded.



The hydrocarbon layer was washed with water and dried over 

molecular sieves.

The 4-nnet hy I - I , 4 - hexa d i e ne , J_4_, consisted of two isomers 

with the isomer of longest retention time on the 20 ft. 3,3' 

column the major component. Glpc analysis indicated that 

50? reaction of _l_4 had occurred. The 3-methy I-2-hexenes were 

separated from J_4 on the 3 , 3 ' column and separated into two 

products on the 15 ft. Se-30 column at 45°C with a He flow 

rate of 60 ml/minute (Figure 8).

The smallest product was analyzed by decoupling the 

methyl protons in the pmr spectrum (Figure 9). The methyl 

peak furthest downfield was split into a sharp doublet at 

T8.35. The major product was also analyzed by decoupling 

the methyl protons in the pmr spectrum (Figure 10). These 

showed up as a very intense singlet at ^8.43. The major 

product was therefore (2 E )-3-meth yI-2- hexene or tra ns-3 

m e t h y I - 2 - h e x e n e . The minor product was (2Z )- 3 - m e t h y I -3- 

hexene or c_i_s_-3-methy I- 2 - hexene . The literature values are 

T8.40 and 8.33 respectively for the t ra n s and c i s- 5 - m e t h y I - 

2 - h e x e n e s . ^  The major product in the rearrangement of 13 

was therefore (4E )-4-methyI - I ,4-he x a d i e n e , 14a.

5. The rearrangement of 4-methyI - I , 4 - h e x a d i e n e s .--The 

general procedure for the rearrangement of dienes was f o l l o w ­

ed except that 70 ml of chlorobenzene, 0.82 g of 14 (8.5 

mmoles), 0.479 g of 2_4_ (0.71 mmole), and two ml of 25? DI BAC 

in toluene (2.5 mmoles) were used (diene:Ni:AI mole ratio =

12:1:3.5). The reaction was terminated after three hours with



two ml of l-bu+anol. The products were separated from the 

solvent by distillation and collected by preparative gI pc 

on the 20 ft. 3,3' column.

Glpc analysis indicated the presence of a smaI I p r o ­

duct before J_4_ was eluted, two minor products, and one 

major product after _l_4 was eluted. The pmr spectrum of the 

first product showed it to be 2,3-dimethyI - I ,4 - p e n t a d i e n e .

The pmr spectrum of the first product eluted after unreacted 

I 4 possessed the fol lowing: a doublet at T4.23 (J = I 2 Hz); 

a multiplet from T4.45 to 4.85; and an apparent triplet 

centered at T 8 .3. The relative peak intensities were 1:2:8.9. 

This product was attributed to (2E, 4 E )- 3 - m e t h y I -2,4-hexa- 

diene, 3 2 . The pmr spectrum of the second product eluted 

after unreacted J_4_ possessed the fol lowing: a doublet at 

T3.6 (J — I 6 Hz); a multiplet from T4.28 to 4.88; and an 

apparent triplet centered at T8.27. The relative peak in­

tensities were 1:2:8.7. The second product after ]_A_ was 

eluted was attributed to (2Z, 4 E )-3 - m e t h y I - 2 , 4 - h e x a d i e n e ,

3 3 , because of the coupl ing constant of the protons at C-4 

and C-5 (t ra n s ) and the third peak after _l_4_ was eluted. The 

third product eluted after _l_4 was the major one and the pmr 

spectrum of this product possessed a doublet at T3.92 

(J = I 6 Hz), a multiplet from T4.2 to T4.8; and an apparent 

doublet at T8.34. The relative peak intensities were 

1:2:8.6. The infrared spectrum exhibited bands at 960, 1310

(weak), and 1656 cm ' which can be attributed to a di-



substituted trans alkene linkage. A band at 840 cm

attributed to (2E, 4 E )- 3 - m e t h y I -2,4 - h e x a d i e n e , 3 1 .

TABLE 17

YIELD DATA FOR THE REA RRANGEMENT REACTION 

OF 4 - M E T H Y L - I ,4-HEXADIENES

T i me
(M i n u t e s  )

% C o n -  
ve  r s  i on

% Y i e l d  
o f  _l_3

% Y i e l d  
o f  2 1

% Y i e l d  
o f  32_

% Y i e l d  
o f  2 1

60 4 5 . 5 2 . 1 8 6 2 . 7 9 . 3 1 1 . 0

1 20 5 1 . 61 2 . 1 5 9 .  1 8 . 5 9 . 8

1 80 5 4 . 4 6 2 . i 5 5 . 2 7 . 7 9 . 5

G. THE SYNTHESIS OF T R A N S - C H L O R O (2-A L L Y L P H E N Y L )-

B I S (TRIE TH YLP HO SPHINE) NICKE L( I I )

I. The synthesis of 2 - c h I o r o - I - i o d o b e n z e n e .--SuIfuric acid 

(36 g, 0.5 mole) was poured into 150 ml of water contained 

in a liter beaker and cooled to room temperature. 2-Chloro- 

l-aniline (31.85 g, 0.25 mole) was slowly added to the acid 

with stirring. The amine salt precipitated as finely divided 

crystals. The solution was then cooled to -I0°C in an ice- 

salt bath. Potassium nitrite (42.5 g, 0.5 mole) was dissolved 

in 60 ml of water and added drop wise to the solution with 

the temperature maintained below -5°C. Sodium iodide (90 g,



0.6 mole) was dissolved in 60 ml of water and cooled to 0°C.

It was then cautiously added to the reaction mixture. The 

solution was then allowed to warm to 50°C over a two hour 

period.

The crude 2 - c h I o r o - I - iodobenzene was extracted with 

three 75 ml aliquots of carbon tetrachloride. The aliquots 

were then washed with 20$ sodium thiosulfate until the purple 

color of iodine had disappeared. The carbon tetrachI oride 

solution was then washed with 20$ hydrochloric acid, water, 

and dried over anhydrous calcium chloride. Vacuum distillation 

at I00-I80°C afforded 108 g (90.6$) of 2 - c h I o r o - I - i o d o b e n z e n e .

2. The synthesis of 2-c hIoro-I-a I I yI b e n z e n e .-- Magnesium 

turnings (2.43 g, 0.1 mole) were placed in a 250 ml three 

neck flask equipped with a magnetic stirring bar, equi- 

pressure dropping funnes, a three-way stopcock, and a reflux 

condenser topped with a three-way stopcock for nitrogen 

atmosphere. With nitrogen passing through the apparatus, 

water vapor was removed by warming the apparatus for fifteen 

minutes with a bunsen burner. The apparatus was allowed 

to cool and 100 ml of anhydrous ether was added to the 

reaction flask v i a the dropping funnel. 2 - C h I o r o - I - iodo­

benzene (23.9 g, 0.1 mole) dissolved in 30 ml of ether was 

added to the dropping funnel and about five ml of the 

solution added to the reaction flask. Heat was used to 

initiate the reaction and the rest of the solution was 

added at such a rate as to generate a gentle refluxing of

the ether.
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Freshly distilled a I I y I bro-mide (12.1 g, 0.1 mole) 

dissolved in 30 ml of ether was placed in the funnel and 

al lowed to slowly drop into the flask overnight. The 

solution was then refluxed for an hour. Unreacted Grignard 

was carefully destroyed with 25$ hydrochloric acid. The 

solution was diluted with 100 ml of water and placed in 

a separatory funnel. The lower layer was discarded. The 

product was washed with 20$ sodium thiosulfate, dried over 

anhydrous calcium chloride, and the ether removed under 

vacuum. Distillation at 43-45°C (l.l mm) resulted in 18.3 g 

(39$) of 2-chIoro-I-a I I y I b e n z e n e . It was stored over m o l e ­

cular sieves.

3. T he synthesis of t r a n s - c h I o r o (2-a IIyIphenyI )b i s (t r i -

ethylphosphine)Ni (I I).-- The apparatus described in the s y n ­

thesis of 2-chIoro-I-a I IyI benzene was set up containing 

0.54 g of magnesium (.022 mole). To the flask were added 

30 ml of anhydrous t e t r a h y d r o f u r a n . 2-ChIoro-I-a I I yI benzene 

(3.35 g, 0.022 mole) freshly distilled and dissolved in 30 

ml of tetrahydrofuran was placed in the dropping funnel.

Ten drops of solution were added to the flask and it was 

heated to vigorous reflux. Three drops of methyl iodide 

were added to initiate the reaction. The solution was then 

cooled to a gentle reflux and the rest of the solution added 

to the flask over a two hour period. The solution was 

allowed to reflux for a total of 48 hours.

In a 500 ml round bottom flask were placed 4.75 g of 

t r a n s - d i c h l o r o b i s ( t r i e t h y l p h o s p h i n e ) N i ( I I ), 36 (0.013 mole),



100 ml of t e t r a h y d r o f u r a n , and a magnetic stirring bar. The 

solution was then purged with nitrogen. The Grignard solution 

was placed in the e q u i - pressure dropping funnel and slowly 

added to the rapidly stirred red solution until the foam 

produced by the stirring bar turned yellow permanently. The 

solvent was then removed under vacuum. To the flask was added 

300 ml of pentane. Ten mi of ethanol was also added to destroy 

any unreacted Grignard. The solution was removed with a large 

syringe and filtered through a medium porosity glass filter 

under nitrogen pressure. The solvent was then removed under 

vacuum.

The crude product was dissolved in 20 ml of benzene and 

ch romatographed on a specially prepared alumina column. The 

column of acid washed alumina (400 ml) was purged with 500 ml 

of nitrogen purged hexane and left under nitrogen atmosphere 

overnight. The product was eluted under nitrogen atmosphere 

with nitrogen purged hexane and ether. The unreacted dichloro- 

b i s (t r i e t h y I p h o s p h i n e )Ni ( I I ) was destroyed when the solvent 

concentration reached 30$ (v/v) ether/hexane.

The solvent containing the yellow product was removed 

under vacuum. It was then recrystallized from a solution of 

benzene and methanol. The yield of t r a n s -chloro(2-al IyI — 

p h en y I ) b i s (t r i et hy I p hos p h i ne ) N i ( II ) , 3_5, was 3.5 g (61$) and 

had a melting point of 64-65°C. It was stored in a r e f riger­

ator under nitrogen atmosphere.



THE THERMOLYSIS REACTIONS OF T R A N S - C H L O R O (2-ALLYL-H .

P H E N Y L B I S ( T R I E T H Y L P H O S P H I N E )N I C K E L (I I )

I . The thermolysis of t r a n s - c h I o r o (2-aI Iy I pheny I ) b i s (tri- 

e t h y I p h o s p h i n e )Ni ( I I ) in b e n z e n e .--To a 50 ml side arm round 

bottom flask was added 0.895 g of 3_5 (2.0 mmoles). A sma I I 

magnetic stirring bar was placed in the flask and a reflux 

condenser attached to the flask. The condenser was topped 

with a three-way stopcock for nitrogen atmosphere. The sys­

tem was purged with nitrogen and 10 ml of nitrogen purged 

benzene was added. The flask was immersed in an oil bath 

maintained between 60 and 70°C. The solution turned red and 

a brown sand-like material began to precipitate after one 

hour. A smaI I amount of green precipitate also formed and 

adhered to the sides of the flask.

The reaction was stopped after sixteen hours, cooled, 

and the solution chr omatographed on a specially prepared 

nitrogen purged alumina column (see preparation of _35_) . The 

product was eluted with hexane and ether. The amount of ether 

was increased by 10$ (v/v) each time an additional 100 ml of 

solvent was used. Aliquots before the yellow products were 

eluted, were concentrated under vacuum to about 15 ml. The 

aliquots containing products (80 ml each) were placed in 

tared flasks and the solvent removed under vacuum. The pmr 

spectrum of each al iquot sample was run using deuterated 

benzene as a solvent. The analysis indicated that 56.5$ of



35 had reacted with 39$ of the amount that reacted converted 

to trans-chloro(2-propenylphen yl )bis( triet hylphosp hine) Ni( I I), 

38^

Analysis of the hydrocarbon products was carried out by 

preparing a glpc standard of indene, 39_, a i I y I ben z e n e , 40,

I-pheny I - I-p ropene, 4_0_, and I , 2 -d i b romob en zene (internal 

standard). The ratios of 39, 40_, and 4_l_ to the internal 

standard (peak areas) were carefully recorded. To the c o n ­

centrated aliquot was added 0.1 g of I,2-dibromo benzene and 

the glpc analysis carried out. The column used for this work 

was the 20 ft. TCEP column at I60°C and a He flow rate of 

60 ml/minute. The analysis showed that of the amount of 35 

that had reacted, 1.36$ of this amount was converted to 4 0 ,

1.6$ to 4J_, and 10.9$ to 39_.

2. The thermolysis of t r a n s - c h I o r o ( 2 - a I I y I p h e n y I )b i s (tr i- 

ethy I p h o s p h i n e )N i ( I I ) in tetrachIoroe thy Iene.--The conditions 

for the rea r rangement of 3_5_ in benzene were fol lowed except 

that 0.85 g of _35_ (1.9 mmoles) and 10 ml of tet rach I o roethy- 

lene were used. The temperature was maintained at 80-85°C 

for 2.5 hours. The product solution was chromatographed on the 

specially prepared alumina column as before. Maintaining the 

concentration of ether at less than 30$ resulted in the rapid 

elution of t r a n s -chloro(trichlorovi nyl )bis(triethyIphos- 

phine)Ni(ll), 37_, but not 3_5 or 38_. These were then eluted 

by increasing the concentration of ether in the hexane/ether

solutions.



Analysis indicated that 95.9$ of 55_ was converted to 

products. Of this amount 53.5$ was converted to 39_, 5.11$ 

to 40, 2$ to 4_l_, 6.42$ to 38, and 48.07$ to 37.

3. The thermolysis of t r a n s - c h I o r o (2-a I IyIphenyI )b i s (tri- 

ethy I phosph i ne ) N i ( I I ) in benzene containing tetrachloro-

ethy I e n e . --The conditions for the thermolysis of 35_ in benzene 

were followed except that 1.19 g of _35 (2.7 mmoles, 10 ml of 

benzene, and 0.155 g of tetrach Ioroe thyIene (0.93 mmole) were 

used. The temperature was maintained between 60 and 70°C for 

24 hours.

Analysis indicated that 96.4$ of 35 was converted to 

products. Of this amount, 28.4$ was converted to 39_, 24.3$

+ ° _38, 1.05$ to 4_0, and 8.05$ to 4 1 . The amount of 37_ formed

was 75$ of the theoretical amount.

4. The thermolysis of t r a n s - c h I o r o (2-aI IyIphenyI )b i s (t r i - 

e + h y I p h o s p h i n e )N i ( I I ) in benzene containing a I I yI b e n z e n e .-- 

The conditions for the thermolysis of 35 in benzene were 

followed except that 0.908 g of 35 (2.03 mmoles), 10 ml of 

benzene, and 0.522 g of allylbenzene (4.42 mmoles) were used 

(allylbenzene;Ni mole ratio - 2:1). The temperature was 

maintained between 60 and 70°C for 26 hours.

Analysis indicated that 78.7$ of 3_5 had reacted with 

53.5$ of this amount converted to 58_ and 22$ to 39. The 

amount of allylbenzene reacted was 97.4$ with 63.7$ of this 

amount converted to 41.



5 . The  t h e r m o l y s i s  o f  t r a n s - c h I o r o ( 2 - a  I I y I p h e n y I  ) b i s ( t r i -

e t h y I p h o s p h i n e )N i ( I I) in toluene containing c i s - I ,4-hexa- 

d i e n e . --The general conditions for the thermolysis of 

in benzene were fo I lowed except that 0.986 g of 35_ (2.2 

mmoles), 14 ml of toluene, and 5.4 mmoles of c i s - 1 ,4-hexa- 

diene, 5_a_, were used (dienetNi mole ratio = 2.45:1). The 

temperature was maintained between 60 and 70°C for 41 

hours. No observable reaction of 5_a occurred within the 

first six hours. The rearrangement of 5a_ was followed 

by glpc on the 20 ft. column. Aromatic hydrocarbons

were analyzed as before on the TCEP column.

Analysis showed that 56.3$ of 35_ had reacted with 9$ of 

the amount reacted converted to £0 and 4J_, and 43$ to 3 9 . 

Column chrom at og rap hic analysis and pmr spectrum of unreacted 

35 showed that _38 had not been produced. The diene products 

from a previous reaction were identified by comparative pmr 

s p e c t r a 111 to be t r a n s -2- methyl-1,3-pentadiene, 2 6 , c i s , 

t r a n s -2,4-hexad iene, 42 , and c i s , c_i_s-2,4-hexad i ene , 43 .

After 41 hours, 25.5$ of £a_ was converted to products with 

58.7$ of the amount reacted converted to 26_, 21.1$ to 42, 

and 20.7$ to 4 3 .

The above reaction was also carried out at room temper^- 

ature. No rearrangement of 5a occurred over a 24 hour



period. The solution was divided in half. One part was 

placed in a nitrogen purged side arm flask. Addition of 

triethyI a Iuminum in hexane (A I :N i mole ratio = 1:1) resulted 

in a rapid reaction but none of the expected 1,3-dienes were 

formed. To the other part of the solution was added 25$

DI BAC in toluene (AI :N i mole ratio = 1:1). A rapid reaction

to form t r a n s -2-methyl-l ,3-pentadiene, 2 6 , c i s , c i s2 ,4-hexa- 

diene, 4_3 and c i s , t ra n s-2,4-hexadiene, 4_2 occurred .

6. The thermolysis of t r a n s - c h I o r o (2-aI IyIphenyI ) b i s (t r i - 

ethy I p h o s p h i n e )Ni ( I I ) prepared from very pure nickel d i c h l o ­

ride in benzene containing c i s - i ,4 - h e x a d i e n e .--The nickel 

dichloride used to prepare 3_5 contained nickel of 99.999% 

purity. The general conditions for the thermolysis of 3_5_

in benzene were followed except that I.06 g of the very pure 

35 (2.4 mmoles), 10 ml of benzene, and 2.0 mmoles of 5a_ were 

used (diene:Ni mole ratio = 0.85:1). The reaction was run 

between 60 and 70°C for 45 hours.

Analysis indicated that 51.4% of 3_5 had reacted with 

35$ of the amount reacted converted to 58_. During 45 hours, 

56.4$ of 5_a_ had reacted with 55.6$ of the amount that reacted 

converted to _26_, 21 .3$ to 42_ and 21$ to 4 3 .

7. The thermolysis of trans-ch I o r o (2-a I I y 1phenyI ) b i s (t r i - 

ethyIphosphine)Ni ( I 1 ) in tetrachIo roethyIe ne containing 

cis-l , 4 - h e x a d i e n e .--The general conditions for the t h e r m o l ­

ysis of 3_5_ in benzene were fol lowed except that 0.51 g of 3_5 

(l.l mmoles), 7 ml of t e t r a c h I o r o e t h y I e n e , and l.l mmoles of

5a wer e  u s e d  ( d i e n e : N i  mo l e  r a t i o 1 : 1 ) . The  r e a c t  i on  was



run between 60 and 70°C for 44 hours.

Analysis indicated that 32.5% of 5_a had reacted with 

63.3% of the amount that reacted converted to 2_6_. Analysis 

also showed that 100$ of 35_ was converted to products with 

39.5% of 3_7_ formed.

The above reaction was also carried out at 50-55°C. 

Although 35$ of c i s - l ,4-hexadiene, 5 a , reacted during 19 

hours, only a trace of isomeric hydrocarbon products were 

formed .

8. The reaction of allylbenzene with H C I .--A 50 ml three 

neck round bottom flask was equipped with a reflux condenser, 

magnetic stirring bar, and a bubbler tube. The condenser 

was topped with a three-way stopcock for nitrogen atmosphere.

To the flask was added six ml of nitrogen purged benzene

and 15 mmoles of allylbenzene. The solution was saturated 

with HCI by constantly bubbling it into the solution for

20.5 hours between 60 and 70°C. No rearrangement of a l l y l ­

benzene occurred.

9. The reaction of c i s - I ,4-hexadiene with H C I . --The above 

apparatus was used. C i s -l,4-hexad i ene (2 mmoles) and six ml

of nitrogen purged benzene were placed in the flask and treated 

as above. The c i s -l,4-hexadiene slowly reacted during six 

hours but no isomeric hydrocarbons were formed.

I. REARRANGEMENTS WITH E T H Y L E N E B I S (TERTI ARY PHOSPHINE)-

NICKEL(O) COMPOUNDS



The  r e a c t i o n  o f  a l l y l b e n z e n e  w i t h  e t h y I e n e b i s ( t r i e t h y I  -

p h o s p h i n e )N i (0) formed in s i t u .--To a fifty ml round bottom 

flask were added 0.96 g of b i s (2,4 - p e n t a n e d i a n a t o )Ni ( I I ), 10

ml of benzene, and a small magnetic stirring bar. A small 

equi-pressure dropping funnel was placed in the neck of the 

flask and it was topped with a three-way stopcock for inert 

gas atmosphere. The solution was purged with nitrogen. It 

was then purged with ethylene. To the solution was then added 

one gram of triethy Ip hos phine (8.5 mmoles). The flask was 

cooled to 0°C in an ice bath and 8.5 mmoles of triethyl- 

aluminum in benzene was placed in the dropping funnel. It 

was slowly and carefully added to the flask. Allylbenzene 

(5 g, 0.04 mole) was added to the flask (diene:Ni mole ratio = 

12:1). The solution was stirred at room temperature for 21 

hours. Periodically one ml all iquots were removed and hydro­

lyzed with two ml of water. GLPC analysis on TCEP column at 

I60°C and a He flow rate of 60 ml/minute showed that iso­

merization of allylbenzene to t r a n s -I-phenyI - I-propene was 

occurring. During three hours, 5 5 . 4f of t r a n s - l — phenyl — l — 

propene was formed. This increased to 75$ within II hours. 

Some polymerization occurred since the amount of 4J_ decreased 

to 67$ after 21 hours.

2. The reaction of allylbenzene with ethy I e n e b i s (triphenyl-

phosphine ) Ni (0) and H C I .--Ethylen ebis(tri pheny lphos phine )-



Ni(0), 45_ (0.14 g, 0.228 mmole) was placed in a fared 50 ml 

side arm flask (nitrogen purged) while immersed in an ice 

bath. To the flask were added 5 ml of nitrogen purged 

benzene and 2.28 mmoles of a I IyIb enzene. The solution was 

stirred under nitrogen atmosphere at room temperature for

3.5 hours. No rearrangement occurred. To the flask was 

then added 0.16 ml of 0.29 N HCI in benzene (a I Iy I benzene :

N i:H C I mole ratio = 10:1:0.2). An amber solution formed

and the allylbenzene rearranged to 41 within 3.5 hours.

3. The reaction of c i s - I ,4-hexadiene with e t h y I e n e b i s (t r i- 

p h e n y I p h o s p h ine)Ni(O) in benzene containing aluminum c h l o r i d e . 

--Eth y I ene b i s (t r i p h eny I p hos p h i n e ) N i ( 0) , 4_5_ (0.15 g, 0.25 mole) 

was weighed as before in a nitrogen purged 50 ml side arm 

flask. To the flask were added 14 ml of nitrogen purged 

benzene and 2.1 mmoles of c i s -l,4-hexadiene, 5 a . Aluminum 

chloride in benzene (0.076 ml, 2.5 mmoles) was then added 

to the flask and the solution was stirred for 30 minutes 

at room temperature. Aliquots removed and analyzed on the 

3, 3' column showed that no isomerization of 5_a_ occurred.

HCI (0.6 ml, 2.0 mmoles) in benzene (diene:Ni:AI mole ratio 

10:1:1:0.8) was then added to the solution. A small amount 

of reaction occurred within the first 30 seconds and none 

thereafter. Only 4j of the cis-l,4-hexad i ene was converted

I 16

to products. Of the amount that reacted, 57.5% was converted 

to 26, 19.2$ to 42, and 23.6$ to 43.



S U P P O R T I N G  R E A C T I O N SJ .

I. The rearrangement of 1,4-p e n t a d i e n e .--The rearrangement

of I,4-pentadiene with the catalyst formed from DIBAC and

I I 624 had previously been carried out by Baker. The product

formed were 2-methy I - I , 3-butad i ene , 5J), c i s -l ,3-pentadiene,

5 I , t r a n s -l ,3-pentadiene, 5 2 , and traces of 3-methyI - I ,4-

hexadiene, 5_3, and 4-methyI - I ,4 - h e x a d i e n e , I 4 .

The rearrangement was carried out again in order to

obtain a more accurate determination of the product yields.

3-MethyI - I ,4-pentadiene was prepared from 1,3-penta-

diene and ethylene under one atmosphere of ethylene with

the catalyst formed from DI BAC and 2_4 using an adaption of

5 3the procedure of Miller, Kealy, and Barney.

A gas ch romatographic standard solution was prepared 

by adding 0.3933 g of I,4-pentadiene (5.77 mmoles), 0.152 g 

of 2-methyI - I,3-butadiene (2.23 mmoles), 0.033 g of 3-methyl 

I ,4-hexadiene (0.34 mmole), 0.393 g of 4-methyI - I , 4 - hexa- 

diene (0.408 mmole), and 0.0733 g of I,3-pentadiene (1.06 

mmoles) in a 50 ml volumetric flask and diluted to the mark 

with toluene.

Aliquots of 25, 26 and 27 microliters of the glpc 

standard solution were then analyzed on the 8 , 8 ’ column at 

60°C with a helium flow rate of 170 ml/minute. The follow-



d i e n e  ( 1 . 1 5 8  x 10 ^ ) ;  2 - m e t h y l - 1 , 3 - b u t a d i e n e  ( 1 . 2 1 9  x 10 ^ ) ;

- 43 - m e t h y I  -  I , 4 - h e x a d i e n e  ( 1 . 1 8 5  x 10 ) ;  4 - m e t h y I  -  I , 4 - h e x a d i e n e

- 4
( 0 . 9 8 9  x 10 ) ;  and  c i s  and  t  ra  n s - I , 3 - p e n t a d i e n e  ( 1 . 1 7 9  x

i n g  c o n s t a n t s  ( m m o l e / u n i t  a r e a )  we r e  d e t e r m i n e d :  1 , 4 - p e n t a -

TABLE 18

YIELD DATA FOR THE REARRANGEMENT 

OF I ,4-PENTAD IENE

T i me 
(Min. )

% C o n ­
version

I Yield 
of 5_0

% Yield % Yield 
of 5J_ of 52

% Yield 
of 53

% Yield 
of _U

30 43.0 18.2 3.03 8.2 5.18 2.86

63 44.5 24.7 2.35 6.17 12.9 2.9

1 80 63.8 26.4 2.8 5.2 9.5 3.0

240 7 1.0 24.35 2.2 4.02 8.89 3.5

The rearrangement of 1,4- pentad i ene was carried out

using the general procedure for the rearrangement of 1 ,4-

dienes except that 0.354 g of 24 (0. 667 mol e ) , 7 5 ml o f

nitrogen purged toluene, and 1.9 ml of 25% DIBAC in to 1uene

were used (diene: N i :A 1 mo 1 e ratio = 12:1:4) . The progress

of the reaction was followed by g 1 pc analysis of the a 1 i q uots

on the 3,3' column as in the gene r a 1 procedure. The reaction

was terminated after four hours with two ml of l-butanol.
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Fig. I . - - P m r  s p e c t r u m  of 2 - me  + h y I  - I , 4 - p e n t a d ie n e . ( C C I ^ )

Fig. 2.--Pmr spectrum of I , I-d i de ute ro-2-met b.y I I , 4 r. 
pentadiene. (C C I ^ )
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Fig. I 0 . --Decoup Ied pmr spectrum of (2E)-3-me + h y I -2- 
hexene . (CC I
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