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In benzene solution at 10°, 2-butyne and bis~
(benzonitrile)palladium chloride reacted together to
give the Dietl complex [(Me202)3PdC12]2. Reaction of
this complex with Ph3E (E = P, As, Sb) gave hexamethyl-
benzene, l-vinyl-1,2,3,4,5-pentamethylcyclopentadiene,
and 1-(l-chlorovinyl)-1,2,3,4,5-pentamethylcyclopenta~-
diene. The complex was decomposed by hydrazine to the
vinylpentamethylcyclopentadiene; with halogen hexamethyl-
benzene was formed; while lithium aluminum hydride gave
largely l-ethyl-1l,2,3,4,5~-pentamethylcyclopentadiene.
In the presence of o-phenanthroline a new complex was
formed, identified as l1l-(chloro~(o~phenanthroline)-
palladium)~vinyl-1,2,3,4,5-pentamethylcyclopentadiene.
Similar complexes were obtained with bipyridyl and
pyridine. A structure for the Dietl complex is proposed
and the mechanisms of some of its reactions are discussed.
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INTRODUCTION

Zeise prepared the first ethylene complex
KPt(C2H4)Cl3 in 1827, but until 1950 few complexes con-
taining an unsaturated hydrocarbon ligand bonded to a
metal had been made. During the past 20 years a number
of metal-acetylene complexes have also been reported and
the discussion of the mode of bonding in these complexes
has attracted considerable attention. Such complexes are
of interest as‘they are considered to be intermediates in

1,2

metal-catalysed cyclooligomerisations and polymerisa-

tionsz'3 of acetylenes.

The acetylenic bond has two perpendicular sets of
m and 7* orbitals which are capable of complexing with
metals via synergic donor and acceptor bonds. Although
such compounds are known, acetylenes frequently react to

give new ligands or organic products formed by the poly-

merisation of the acetylene molecules.

Complexes in which the acetylene is bonded, unchanged, to

the metal.
Mononuclear acetylene complexes of a number of
transition metals have been prepared. Vaska's compound4

Lzlr(CO)Cl is characterised by its ability to add an

1



extra ligand, e.g. CO, CZH4’ It also gives 1l:1 adducts

with many acetylenes.5
Co

C
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L = PPh,, PPh,Me

3
R = H, Me, Et

6,7,8

Palladium6 and platinum form a’fairly large

number of mono-acetylene complexes. In 1961, Chatt7
reported the preparation of stable acetylene-~platinum
complexes of the type [(RCZR')PtCl3]_ (1) and
(RC2R')2Pt2C14‘(3). The simple alkynes did not form
complexes of this type. Stable complexes were isolable
only when the acetylene had at least one bulky electron-
releasing substituent adjacent to the C=C bond. 1In
addition, some oa-hydroxy acetylenes also readily formed
complexes of this type.8
Acetylenes also form a series of stable'complexes
of the type (PhjP),M(RC,R'), (M=Ni, P4, and Pt), (3).%710
These have been conveniently prepared by the reaction of
the acetylene with ethylenebis (triphenylphosphine)nickel,
tetrakis (triphenylphosphine)palladium, or the hydrazine
reduction product of cis-dichlorobis (triphenylphosphine)-

platinum, Complexes with substituents R=R'=Ph, CF3,

COOMe and R=Ph, R'=Me are known.,



The structures of mononuclear acetylene complexes
have been suggested mainly on the basis of infrared
spectral evidence, owing to the lack of extensive X-ray
determinations.

Two conceivable extremes by which a single alkyne
molecule may be bonded to a single metal are illustrated
by Figures I and II. In I, the bonding is similar to
that found in olefin complexesll and the mutual charge

transfer between metal and ligand results in

R
I e
Me—%l M/i
C ¢
| g
R
Fig. I . : Fig., II

only small perturbations of the triple bond. In II, the
triple bond has been effectively reduced to a double bond
through a reorganisation of electron density on the
carbon atoms.

The infrared spectra of acetylene complexes do
seem to suggest that bonding of both extremes is possible,
since in some compounds there is only a small shift in the
Veozc of the order 130 + 200 cm"'1 decrease on complexing,

i,e, the triple bond is only weakly perturbed. In other

1

compounds the v._. is lowered by ~500 cm - into the

double bond region.



Complexes of the type Na[(RCzR')PtC13]'(l) and
(RC2R')2Pt2Cl4‘(g) in which at least one of the groups
R is a bulky alkyl show a lowering in v,_, of %200 em™ L,
This indicates that the acetylenic bond is not greatly
perturbed and the bonding is best approximated by I.

Acetylene complexes of the type (Ph3P)2Pt(RCZR')

(3) show a lowering in v of 500 cm-l which indicates

C=C
a large perturbation of the triple;bond. Such complexes
can be represented by II. In these complexes, the
greater the electron withdrawing power of the groups R
the greater the stability of the complex and the greater

the drop in frequency v Hence, it is implied that

csC*
the acetylene is functioning primarily as an acceptor and
donation of electron density from the metal into the
acetylene antibonding 7m* orbitals causes a lowering of
the C-C bond order from three towards two.

Thus, infrared data indicate that structures I
and II represent two possibilities. Recently it has been

suggested5 that since v is lowered over the range

100 + 500 cm

c=C
then I and II are actually extremes of a

more gradual transformation. Maitlis et §£.6 have also
discussed the problem and propose that the bonding can

be described by using a single model (Fig. III).



Fig. III

- X=ray determinations of acetylene complexes.

The structure of the platihum complex
(Ph,P) Pt (PhC,Ph) (4) has recently been determined.l?
As predicted from the infrared account given above, the
structure is between I and II but nearer I1II, since the
C-C bond is only 14° out of the plane formed by the

platinum, two phosphorus, and one of the acetylenic

carbon atoms. The structure is given in Fig. IV.

.ﬁg;’
Ph.P ;
102° Pt _ 39° 1.32£.09 A

‘\~_‘§_C
/ N

Ph3P 4

Fig. IV

t

The structure of the complex (Bu C But)PtCl -

2 2
(p-toluidine) (5) has also been determined by x—rays13
and was shown to be closer to that suggested by Fig. I.

A large number of organometallic derivatives


http:1.32�.09

have been prepared from the reaction of metal carbonyls

14

with acetylenes. The binuclear cobalt complex

(PhCECPh)Coz(CO)G’(g) was obtained from the following

reaction:15

COZ(CO)S + PhC=CPh ——m> (PhCSCPh)Coz(CO)6

Its structure has been determinedlf and is shown in
Fig. V. ‘ Ph »
1.46A
Ph . ’
C ’l /\\ . C /
\C /l’ \‘s‘ /
o””. \ T~—o0
C C
d \
(o]
Fig. V

The C-C bond distance of the acetylene is 1.46 R. Both
sets of 7~ and 7%~ orbitals of the acetylene are used in
bonding to the two cobalt atoms which are bridged by it.
The Co~-acetylene~-Co angle is close to the expected 90°.

Acetylenes normally react with metal cérbonyls
to give a wide variety of organic products és well as
complexes in which two or more acetylene molecules have
condensed, with or without inclusion of a metal and/or
carbonyl groups to complete a ring.

The reactions of acetylenes with iron dodeca-
carbonyl have been studied extensively and give a very

wide range of products. With diphenylacetylene, a number
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of complexes have been characterised and their.

molecular structures determined by X-rays. One of the
products is the violet isomer of Fe3(CO)8(PhC’2Ph)2 18

(7), (Fig. VvI).

o
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Fig. VI

The acetylenic bond length averages 1.39 R. The
two diphenylacetylene ligands are not joined together but
form bridges to the iron atoms on either side of the
plane formed by the three metal atoms.

When heated in refluxing benzene, this violet
compound undergoes a facile rearrangement to a black
compound of the same formula, Fe3(CO)8(PhC2Ph)2 18 (8).
The two acetylenes have bonded together with inclusion of
a metal atom to form the stable ferracyclopentadiene ring.

Iron carbonyl groups are mw-bonded on either side of the

planar ferracyclopentadiene ring (Fig. VII).
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An interesting complex is Coz(CO)4(HCZBut)2C2H2 19

(9). This is a diallyl complex and its structure illus-
trates quite nicely how 1,2-di-tert-butylbenzene is formed

on decomposition with bromine (Fig. VIII).

H
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Fig., VIII

Similarly, the related complex Coz(co)4(chBut)3 20‘(12)
frees the otherwise inaccessible 1,2,4~tri-tert-butyl-

benzene.

" Cyclic trimerisation of acetylenes.

As has already been mentioned, organometallic

complexes of acetylenes have attracted considerable



attention in recent years. This is in no small way due
to their impottance as catalysts and intermediates in
acetylene polymerisations. The subject of acetylene
polymerisation by transition metal catalysts has been

reviewed by various people in recent Years.2'14'21'22'23

24 that allowed

Reppe's discovery of catalysts
the selective preparation of cyclic oligomers from alkynes
under mild conditions can be considered the starting point.
The availability and continual discovery of a wide variety
of catalysts has made cyclisation a process of practical
interest. A large number of benzene derivatives which were
heretofore either unknown or obtainable only by complicated
methods could now be readily synthesised, many in high

yields.

1, Catalytic systems

The polymerisation of alkynes by phosphine nickel
carbonyls has been studied by several researchers, parti-

3,25 It was found

cularly by Meriwether and co-workers.
that pretreatment of a solution of the nickel-carbonyl-
phosphine complex at reflux with an unreactive disubsti=-
tuted acetylene enhanced the rate of polymerisation of
reactive acetylenes., The active catalyst is assumed to
be a phosphine~nickel-acetylene complex.

A large number of monosubstituted acetylenes have
been successfuliy cyclised using these catalysts. Un-
symmetrical benzene derivatives are preferred. In addition,

25

linear polymers have been obtained. The ability to form
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10
aromatic trimers depends on the substituent and decreases
from methyl to n-pentyl. Likewise, alkynes bearing bulky
groups give linear polymers, while in fact t-butylacetylene
fails to react at all. Besides this apparent steric effect,
the yields of benzenes decrease in the sequence R = -COOR,
-OR, COR, -CHZOH, —CH=CH2, aryl, n-alkyl, indicating that
the presence of polar groups generally facilitates tri-
merisation. However, acetylenic chlorides and acids poison

the catalyst and do not react at all.

25a which

With the exception of 2-butyne-1l,4-diol
forms high yields of hexamethylolbenzene, disubstituted
acetylenes are not trimerised by phosphine~nickel-carbonyl
catalysts. Similarly, the polymerisation of conjugated

25a An interesting

diacetylenes have been unsuccessful.
case though is the cyclotrimerisation of unconjugated
diacetylenes. In addition to unsubstituted linear polymers,

1,6-heptadiyne forms an aromatic ring structurezsc‘(li).

CH _
/:Hz——- c/ | H
CH, + ﬁ >
C
—_— (CH,)
S . \(cnz) 4=C=CH L 23

HCEC-(CH2)3-CECH

(CHZ) 3

(11
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A number of transition metal carbonyls as well as
their acetylene complexes form a large group of active
catalysts for the cyclic trimerisation of acetylenes.
Hilbel and Hoogzand have studied the catalytic effects of
some metal-carbonyl compounds on mono-and-disubstituted
acetylenes.26 High yields of benzene derivatives were
frequently obtained. The cobalt carbonyls Coz(CO)a,
[Co(co)4]2Hg, and Co(CO)3N0 in addition to the alkyne
complexes (RCZR')Coz(CO)6 and (RCZR')Co4(CO)10 were found
to be excellent catalysts and generally more specific than
the phosphine nickel carbonyls. Unsymmetrically substi-
tuted benzenes were usually obtained and only occasionally
was the symmetrical isomer detected, In contrast, the
trimerisation of conjugated diacetylenes was less specific
and led to both symmetrical and unsymmetrical forms.27

Benzene derivatives containing bulky groups have
been conveniently prepared in the presence of cobalt

0

carbonyls. 1,2',4-tri-t—butyl-2 and 1,2,4,5~-tetra-t-

28

butylbenzene have both been obtained in this way (see

also p. 8, Fig. VIII) while cyclisation of di-~isopropyl

29 In this latter

acetylene gave hexaisopropylbenzene,
molecule rotation of the isopropyl groups is hindered
almost completely for steric reasons.

Criegee and Schroeder were the first to prepare

30

a derivative of cyclobutadiene by dehalogenation of a

3,4-dihalocyclobutene:
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Cl

2

[

c1 + Ni(co), > Nicl, + 4cO

Paura

(12)

In recent years, a number of cyclobutadiene-metal complexes

have been prepared from alkynes. Complexes of Fe,31'32

32,33,34 34,35 . 34 _.36,37,38
M
’ O,

Co W,”" Pd are known.

Malatesta and co-workers39 first studied the re-
action between tolan (diphenylacetylene) and palladium
chloride in ethanol, the product of which was suggested to
be a o~ and m-bonded ethoxytetraphenylcyclobutene palladium

chloride dimer., Subsequent investigations3?'4guand an

41 showed the complex to be

X-ray structure determination
endoethoxytetraphenylcyclobutenyl palladium chloride dimer
(13). Treatment of the complex with hydrogen halide gives
the cyclobutadiene complex (14).

40 have shown that in non-

Blomguist and Maitlis
hydroxylic solvents the trimerisation of tolan to hexa-
phenylbenzene (15) was catalysed by bis(benzZonitrile)-
palladium chloride (16). In ethanol-chloroform solvent
they were able to confirm the results of Malatesta
described above. The tetraphenylcyclobutadiene complex
(14) was not an intermediate in the trimerisation reaction

as it failed to react with excess tolan to give hexaphenyl-

benzene,
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Ph
OEt
EOH-CHC1, Ph
PhC=CPh + (PhCN)ZPdCl2 > Ph
(16) Ph
non-hydroxylic
solvents Pd
7\
' HX Cl //Cl
o _ _ e//,//’ \\bd
Ph Ph
Ph Ph ( | Ph_ I Ph
G'\"dez
Ph Ph
Ph Ph Ph
Ph ‘ L {2 Eto
Ph
(15) (14)
(13)

Under some conditions tetraphenylcyclobutadiene

palladium chloride (14) formed directly36

in addition to
the hexa-substituted benzene (15). The relative propor-
tions of products depended on the method of addition and
the solvent. High dilution and addition of the acetylene

to (PhCN)ZPdC].2 (16) favoured the formation of complex.

- Cl
NN 31 c1\ / R R
RCZCR + (PhCN) ,PACl,—————> i@—- Pd pd/ pd — )l
< N\ / /| / 7
, ci _fc1 R R
(16) cl a n
R R
R = Ph, p-CleH4, p—MeOCGH4 +
R
p-CH;C H, R
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Five-membered rings have also been formed in the
cyclisation of acetylenes. A number of substituted cyclo-

pentadienones have been obtained from the catalytic action

of metal carbonyls on disubstituted acetylenes.l7'29’31

Formation of eight-membered and larger rings from

acetylene are known from the initial work of Reppe24 and

Schrauzer.42

t

Metalacyclopentadiene complexes of Ti,

Zr,45 Fe,l7'46'47 05'48,49 CO'SO Rh,51'52'53 and Ir51

43,44

have been prepared. The structures have generally been
proposed on the basis of spectral evidence or‘the method
of synthesis., Several structures have also been proven
by X-rays.>®
Metalacyclopentadiene and cyclobutadiene complexes
can be considered valence tautomers of one another. It is
sometimes difficult to distinguish between the two possi-
bilities. However, Yamazaki and Hagihara have reported

the conversion of one form into the other.50

heat
L >194° Co
PhBP///
(17) (18)

This was accomplished by heating (l7) above its melting

point to form the known cyclobutadiene complex (12).32'33


http:acetylenes.17

Collman and co-workerss1 have described the
synthesis of metalacyclopentadiene complexes of iridium
and rhodium. The metalacycles (19) and (20) were found
to catalyse the trimerisation of dimethyl acetylenedi-
carboxylate. The iridacycle is an effective catalyst
above 100° while lower temperatures are required for the
rhodium analogue. These metalacycles possess a latent
site of unsaturation and readily take up 1 mole of Co.
The vacant coordination site has been shown to be essen-

tial to the catalytic activity.

R R
// \ (19) M = Ir, L = Ph,pP
R R
M (20) M = Rh, L = Ph.As
L/ '\L — ! 3
c1 R = CO,CH,

15

Apparently the metalacycle unit combines with another mole

of acetylene as evidenced by the reaction outlined below

using a perdeuterioiridacycle.

C0,CD
L co,CD, 0O o0
[-]
Cl——?r + CH,0CC==CCOCH, i10° o
CO..CH
L \ A CO,CD, 2-"3 CH.0.c S09,CD3
O,CH, 372
CO.,CD L /X CO..CD
2¢P3 | . 2CP3
Cl—Ir
YN\ CH4050N" ~02%P3
CO,CH, Co,CD,
CO.CH

2773
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In the case of the binuclear iron complex (21),

6

Hiibel2 concluded that (21) was not a catalytic inter-

mediate but decomposed to form the active catalyst.

H

Treatment of (21) with di(p—chlorophenyl)acetylene
resulted in a 49% yield of hexa(p-chlorophenyl)benzene
but only 4% of the mixed trimer di(p-chlorophenyl)tetra-
phenylbenzene, Similarly, the coordinatively saturated
cobalt complex (17) produced hexaphenylbenzene in 8%
yield when refluxed with tolan in toluene.

Recently, Dietl and Maitli555 reported the
catalytic action of bis(benzonitrile)palladium chloride
(16) on methylphenylacetylene. In methylene chloride a
mixture of organic trimers was obtained which were

separated and characterised spectroscopically.
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Me
CH2012 Ph Ph
PhC=CMe + (PhCN),PdCl1, > (22)
Me Me
(16) Ph
Me Me
Ph Me Me Me
+ +
Ph Ph ph Ph
Me Ph
(23) (24)

The isomers (22) and (23) had previously been obtained
from the trimerisation of methylphenylacetylene with

6

Hg[Co (CO) The isomer (24), however, had never been

o’
reported and is a very novel product since its formation
must involve cleavage of a C=C bond, at least formally.

In benzene solution, methylphenylacetylene
reacted with (16) to give the three isomers (22), (23),
and (24) and a complex (61%) which analysed for
[(PhczMe)3Pd012]2'(g§). The complex decomposed in chloro-
form or methylene chloride solution to give PdCl2 and the
isomers (22) and (23). Likewise, when treated with tri-
phenylphosphine, bis (triphenylphosphine)palladium chloride
(26) was obtained in addition to (22) and (23). None of
the isomer (24) was detected.

56

Maitlis and co-workers have extended their

studies by examining the trimerisation of 2-butyne (27)
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with bis (benzonitrile)palladium chloride'(ig). An excess
of (27) reacted with (16) in benzene at ~10° to give a
little hexamethylbenzene and a complex which analysed
correctly for [(MeczMe)3PdC12]2. An open chain structure
was proposed on the basis of spectroscopic evidence and

its reactions (Fig. IX).

-

Fig. IX

2, Mechanisms

A number of mechanisms have been advanced to

account for the catalytic trimerisation of acetylenes.

57

Initially, Bergmann suggested that cyclooctatetraene

is formed in the Reppe synthesis by dimerisation of
cyclobutadiene; Longuett-Higgins and Orgel58 expressed
a similar opinion to account for the low yield of
benzene which, for thermodynamic reasons, would be the
expected product. The cyclobutadiene hypothesis has not
received wide support since cyclobutadiene complexe559

have been shown to be stable under the conditions for
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acetylene trimerisation. Such a mechanism cannot be

ruled out, however, as certain workerszg'60

have obtained
results which are difficult to explain without.the hypo-
thesis that cyclobutadiene is produced as an intermediate.

In a detailed study of the Reppe synthesis,
Schrauzerl and co-workers found that the formation of
cyclooctatetraene was dependent on the nature of the
catalyst and the solvent. The only active nickel catalysts
were those with an octahedral environment. Moderately
polar solvents in which the acetylenes could undergo ligand-
exchange reactions and displace the solvent molecules sur-
rounding the Ni(II) ion were found to be best. With
complexing solvents such as pyridine or benzonitrile, nc
cyclooctatetraene was formed.

Schrauzer suggested that for cyclooctatetraene
formation the Ni(II) ion is "solvated" by the'weakly co~
ordinating acetylene molecules., In the resulting octa-
hedral complex the acetylenes assume an arrangement which

favors the formation. of cyclooctatetraene. Such a 7w~

complex multicentred mechanism is indicated in Fig. X.

T /

\
z
e
v

Fig. X
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Cyclooctatetraene formation is inhibited when
the reaction is carried out in the presence of one mole
of triphenylphosphine. This strongly coordinating
ligand apparently blocks one of the coordiﬁation sites
and only three acetylenes can couple to give benzene in
high yield. With strong chelating ligands such as
oa,0'=-dipyridyl the cétalyst is completely poisoned.
Meriwether3 proposed a different interpretation
based on the oxidative addition of the acetylenic C-H
bond to the metal so as to form an acetylide-hydride
complex (28) which is considered to be the active catalyst

for both linear and cyclic polymerisation.

R3P\ /co R3P\ c/R R,P
Ni —l‘_’-icz% Ni< “ — \Ni
C
R P/ \co R P/ S R p/ \H
3 3 3

The nickel atom is capable of coordinating a second
acetylene molecule on a vacant < orbital; chain growth
then proceeds by a series of cis insertions between the

nickel and acetylide carbon atoms.



R.P | ! ) 7]
3 PR R.,P | PR R,P PR,
\}i A NS N
/ i RCECH, Ni\ —_— /N:.\
'\ /, '
C c C
H | H H N
l \CR u’/\CR ’1' / Cr
| RC=CH HCZCR
R.,P ' PR
3 [ 3
RC=CH \N'l/
etc, €& I\
/ | “NCH(R)
H 1
CR (H)
RC=C

Aromatisation can occur when the first and the sixth
carbon atoms of the chain approach within bonding dis-

tance, A concerted hydrogen transfer followed by ring

closure would give the aromatic products.

=CR R
R—C/c H PR R
| el —
H-C c — A PR
==\ 3 4
R (H)
R
H(R)
(29)

Since a hydrogen transfer is the characteristic
feature of this mechanism, the cyclotrimerisation of
disubstituted acetylenes cannot be explained. Meriwether

proposed an intermediate metalacyclopentadiene complex (30)

21




22
for the cyclotrimerisation of disubstituted acetylenes,
generally obtained using bis(acrylonitrile)-nickel-

phosphine catalysts

P ——
R.P R R
R.P /R 3
N RCZCR. N\ /
N;\“ p—— ///Nl f:ﬁ
R,P C~\R R.P /
3 R R
RC=CR Q\ /}1
3P R.P
3 ' —
R >Q’ ) O
== S
R R | C—C R3P/: /C= \
R R R
+ (R3P)2Ni (22)

Similar metalacycles have been described

40,50,52,53

recently and have been proposed as inter-

mediates in the trimerisation of acetylenes.

61 have studied the cyclo-

Whitesides and Ehmann
trimerisation of 2-butyne-l,l,l—d3 on a chromium catalyst
and have found~evidence which excludes the formation of a
cyclobutadiene intermediate. The cyclobutadienes (31)
must be formed with equal probability wvia head-tokhead
and head-to-tail combinations. Reaction with a third

molecule of the acetylene would then lead to a statistical

distribution of the three hexamethylbenzenes. If cyclo-
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trimerisation proceeds through a concerted mechanism
then only two of the hexamethylbenzenes can arise. They
found that none of the isomer with three adjacent
labelled methyl groups was formed and therefore concluded

that cyclobutadiene was not an intermediate. (However,

see p. 16,)
f
D,C cn37 D3
CD, D,C cD,
| (e
i —— JH,c CH _—
R SR 35 H,C CH,
? : Hy CD3 \ CH,
CH
3 ( }r-Cr
CD,
D.C CH
"3 3 HyC cD,
(31) "
3= HyC CH,
CD

@l
= | H,C CH,
\CI/\\ s

xr
1N
; //'/ D5C CD,
CH,

In the trimerisation of 2-butyne (27) with (16),
Maitlis and co-worker556 have reported evidence for inter-
mediates and a reaction mechanism different from any con-
sidered to date., At -50° a m-complex was formed which
reacted at -25° with more 2~butyne to give an intermediate

proposed to be a 2-chloro-3,4,5,6-tetramethyl-2-trans—4-
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cis-6-trans octatriene o-bonded to a PACl at the 7-position
and m-bonded to the PAdCl at the other end. At higher
temperatures the complex decomposed to hexamethylbenzene.

At 10° in benzene, bis(benzonitrile)palladium
chloride (16) reacted with an excess of 2-butyne (27) to
give the complex [(Me2C2)3PdC12]2 (32) (Fig. IX). The
complex (32) reacted with (16) (1:2 molar ratio) to give a
new complex which was too labile to be isolable and which
was assigned the molecular formula [(Me202)3Pd2C14}n (33).
Complex (32) decomposed via complex (33) to hexamethyl-
benzene.

The rate of formation of (33) was found to be
independent of the concentration of 2-butyne which suggested
that the rate determining step is probably a rearrangement.
A reasonable rearrangement would be cis insertion of the
acetylene in the m-complex (34) into a PdCl bond, which
would then be followed by two further very fast’cis inser-
tions of coordinated acetylenes into the Pd-C (vinyl) bond,
eventually yielding (33). The extra PACl, likely assists
these processes but the method is not yet clear. The
reaction largely finishes after three moles of the acetylene
have been added for steric reasons. The reactién is en-

visaged schematically as follows:



MeC=CMe + (PhCN)deCl

(27)

. Cl Ccl
c1 _MeC=CMe
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Purpose of current work.

As can be seen from the foregoing discussion, the
polymerisation of acetylenes can proceed through a
variety of mechanisms. Due to the complexity of catalysts
and products obtained in these reactions it is often
difficult to predict which mechanistic path has been
followed.

In particular, we have been concerned with the
mechanisms of the palladium-catalysed polymerisations of
acetylenes. When this work was started, the palladium-
acetylene complex [(M.eCzMe)3PdC12]2 (32) had recently been
prepared in these laboratories. It was decided to study |
some of the reactions of this complex in the hope of
learning the structufe and bonding in the complex. A
knowledge of the structure and bonding in (32) should shed
some light on the mechanism of the palladium catalysed
reaction and, hopefully, explain the origin of the
interesting isomer (24) obtained from the palladium

catalysed reaction of methylpenylacetylene.55
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RESULTS

2-Butyne (27) and palladium chloride reacted
together in benzene at about 10° to give a complex which
cbntained three moles of the acetylene per palladium
atom and which analysed for [(Me2C2)3PdC12]2 (32).
Bis(benzonitrile)palladium chloride (16) was used as the
source of palladium chloride because of its ready solu-
bility in.benzene and other organic solvents, A small
amount of hexamethylbenzene was isolated in addition to
the bright yellow microcrystalline complex (32). The
complex (32) was stable for about six weeks when kept

at -10°,

" Reduction of the mother liquors from the synthesis of

. complex (32).

The mother liquors remaining after the isolation
of complex (32) were treated with an excess of anhydrous
hydrazine to free any organic components which may have
been complexedvto palladium. Removal of the reduced
metal and concentration of the filtrate followed by
chromatography over alumina gave an oil whose complicated
nmr spectrum was the same as the spectrum of the mother

27
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liquors before reduction. The oil could be separated
into four components by preparative vpc. The first
fraction represented about 10% of the mixtﬁre and was
identified by nmr as vinylpentamethylcyclopentadiene (35).
The second fraction represented about 7% of the mixture.
The mass spectroscopic molecular weight was 217, whereas
a value of 252 was expected. The difference of 35 mass
units suggests that chlorine is lost very readily in the
mass spectrometer. Component three was 25% of the mix-
ture and analysed for C16H227 the mass spectroscopic
molecular weight was 214. Fraction four was the major
component and represented the remainder or 55% of the
mixture. Analysis showed the compound to have a molecular
formula of C16H25C1 and both mass spectroscopic and
osmometric molecular weight determinations agreed with
this. The 1H nmr spectrum in chloroform showed a small
resonance at 1 4.85 and a series of sharp peaks in the
methyl region of the spectrum between T 8.09 and 8.57; no
assignments were made. The spectrum was almost exactly
identical with the spectrum of fraction two, apart from
minor differences, suggesting that the second and fourth
fractions were isomers. The ultraviolet spectrum of
fraction foﬁr had shoulders at 2610 i (e = 4355) and
2330 R (e = 8710). The infrared spectrum {liquid film)
showed, besides other bands, absorptions at 1645 (m) (non-

conjugated C=C) and 740(m)(vc_cl) cm—l.
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Reactions ny{(MeZCQ)BPdCl2]2, complex (32).

- Reaction of complex (32) with triphenylphosphine.

Triphenylphosphine reacted with (32) in both
benzene and CDCl3 to give the two vinylpentamethylcyclo-
pentadiene derivatives (35) and (36), and a small amount

of hexamethylbenzene.

Ccl
(35) (36)

The structures of the two compounds were assigned on the
basis of their analyses and spectroscopic properties.
The 100 MHz lH nmr spectra in CDCl3 (Appendix I ) showed
the following resonances: for (35), at t 9.00 (singlet,
bridgehead methyl), 8.34 (doublet, J = 0.9Hz, diene
methyls), 8.22 (doublet, J = 0.9Hz, diene methyls), and
4,96 (multiplet, vinyl protons), with intensity ratios
3:6:6:3. (In benzene at 60MHz peaks were observed at

T 8.76 (singlet, 3H), 8.10 (singlet, 12H), and 4.66
(multiplet, 3H),) For (36) , resonances appeared at

T 8.90 (singlet, 3H), 8.33 (doublet, J = 1.0Hz, 6H),

8.22 (doublet, J = 0.85Hz, 6H), 4.76 (doublet, J = l.3Hz,

1H), and 4.71 (doublet, J = 1.3Hz, 1H). (In benzene at
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60MHz resonances appeared at 1t 8.79 (singlet, 3H), 8.10
(singlet, 12H), and 4.61 (double doublet, 2H).) The
small splittings observed in the resonances of the diene
methyls are due to homoallylic coupling between inequi-
valent methyls. The chlorovinyl group in compound (36)
can be considered a disubstituted olefin. Therefore, the
protons can be geminal, cis, or trans to each other.
From a comparison of the spectra of various disubstituted
olefins it has been found that the geminal coupling con-

stant has the smallest value and the trans cdupling con~-

stant the largest, and that ngm (0 to 2.5 Hz) << Jgés
(4.0 to 12,0 Hz) < Jtrans (12 to 19 Hz).65 On the basis

HH
of the observed value of 1.3 Hz for J, the chlorovinyl

group was assigned as having the protons geminal. The
infrared spectra of (35) and (36) also agreed well with
the proposed structures and showed bands, apart from those

due to vibrations associated with the methyls, at 3080 (m),

1

3050 (w) (vinylic CH), 1655(w), 1625(s), and 906(s) cm — for

- (35), and at 3110(w), 1660(m), 1625(s), 1620(sh), 882(vs),

and 708 (s) (v 1 for (36). The ultraviolet spectrum

c-c1) °m
[+ ]
of (25) in n-hexane had Amax at 2400 A (e = 3780) while

that of (36) had A___ at 2500 A (¢ = 4750). These values

are consistent with those normally found for cyclopenta-
dienes. Also, the nmr and uv data for compound (35) are

in agreement with the values reported by Criegee and

63

Griner. High resolution mass spectra of the two compounds
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were run and gave accurate molecular weights. For the
vinylpentamethylcyclopentadiene (35) a molecular ion

peak was observed at m/e 162.139930 (C In addi-

12M18) -
tion low resolution mass spectra showed peaks at m/e

147 (CllHls) due to loss of a methyl and m/e 119

(CoHyqs dimeﬁhyltropylium?) due to loss of CjH,. No
detailed strﬁctural information was obtaineé apart from
the fact that the cracking pattern was simiiar to the
iSomeric hexamethylbenzene. The molecular ;on peaks for
chlorovinylpentamethylcyclopentadiene (36) %ere observed

37.

at m/e 196.103268 (C 35c1) and 198.100317 (c ,H,,>'cl).

12517
In addition low resolution mass spectral peaks were observed
at m/e 181, 183 (C,,H,,Cl) due to loss of a methyl and m/e
161 (C12H17)idue to loss of chlorine, j

The yield of (35) and (36) was found to be tempera-
ture dependent: whereas (35) was formed exclusively at low
temperétures; (36) was favoured at high temperatures. The
results of réactions in benzene and CDCl3 are presented in
Table I.

The chlorovinylpentamethylcyclopentadiéne (36)

took up three moles of hydrogen, providing evidence for

the three double bonds. The mass spectrum of the saturated

chlorocompound had molecular ion peaks at m/e 204 (012H2337C1)
and 202 (C12H2335C1). The hydrocarbon (35) did not undergo

this reaction under the conditions employed. Instead, a

white insoluble polymeric sclid was obtained.
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Chlorovinylpentamethylcyclopentadiene (36) formed
a l:1 adduct with tetracyanoethylene (TCNE). Although the
violet solid could not be purified from excess TCNE the

1l

60MHz “H nmr clearly showed that the adduct (37) had been

formed, ‘ Cl

CN

CN

(371)  CN
In benzene resonances were observed at T 4.87 (doublet,
J = 3Hz, 1H), 5.67 (doublet, J = 3Hz, 1H), 8.46 (singlet,
6H), 8.56 (singlet, 3H), and 8.66 (singlet, 6H). 1In
CDC13, the resonances appeared at Tt 4.50 (doublet,
J = 3Hz, 1H), 5.15 (doublet, J = 3Hz, 1H), 8,15 (singlet,
6H), 8.32 (singlet, 6H), and 8.41 (singlet, 3H). A
solvent efféct is readily apparent, in particular with
the singlets of intensity 3H. This phenomenon is not
unusual and in fact has already been observed in the
spectra of compounds (35) and (36), (see p.29).

In addition to the organic products of hexamethyl-
benzene, l—vinyl-l,z,3,4,5~pentamethylcyclopentadiene
(22),64 and 1= (l-chlorovinyl)-1,2,3,4,5~pentamethylcyclo-
pentadiene (36), bis(triphenylphosphine)palladium chloride

'(gg) was also obtained from the reactions of
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[(Mezcz)BPdC12]2‘(§£) with triphenylphosphine. The
reactions leading to (Ph3P)2PdC12'(g§), hexamethylbenzene,
and (35) (i.e. the lower temperature reactions) were
essentially quantitative. At higher temperatures, another
complex besides (PhBP)deCl2 (26) could be isolated.
Although not conclusive, the evidence strongly suggests
that (Ph3P)4Pd was formed, to some extent at least, pre-

sumably according to:

I(M92C2)3PdC12]2 + Ph3P —————%}(Ph3P)2PdC12 + (PhsP)4Pd
(32) (26)

+ 2 CSMeSCCl=CH2 + HZ(?)

(36)

This was isolated as the more stable carbon disulphide
~adduct (Ph,P),P4Cs, (‘§_§).62 Attempts to purify this
compound were unsuccessful and the analytical results
suggested that the adduct was contaminated, most likely
with (Ph3P)2PdCl2 (26) and triphenylphosphine. After a
few days the solid was observed to have undergone a colour

change from yellow to dark brown by air oxidation.

- Reaction of complex (32) with triphenyl-arsine and ~stibine.

Reactions of complex (32) with excess triphenyl-

arsine and -stibine were carried out in benzene and chloro-
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form at different temperatures. In each case an essen-
tially similar reaction occurred with formation of
hexamethylbenzene, (35), (36), and (Ph3E)2PdC12 (39),

(E = As, Sb). The relative proportions of orgaﬁic
products were estimated by nmr, and the results recorded
in Table I. As with the triphenylphosphine reaction, the
reactions leading to (Ph3E)2PdC12‘(§2), (35), and hexa-
methylbenzene were essentially quantitative.

The results of the reactions with excess Ph3E
(E = P, As, Sb) in chloroform and benzene at different
temperatures are groﬁped together in Table I for compara-
tive purposes. The most readily apparent feature of the
results is that the chlorovinylpentamethylcyclopenta-
diene (36) is é significant product only at higher tempera-
tures, being greatest in the reactions with Ph3P and least
in the reactions with Ph3Sb. The complex (32) normally
reacts with chloroform to give hexamethylbenzene. The
formation of this product has been largely suppressed in
these reactions, with the possible exception of the
reactions with Ph3As. Another interesting feature is the
consistency of the results. The amount of hexamethyl-
benzene formed remains fairly constant for a given base
while it appeérs that (36) is largely formed at the expense
of (35). At low temperatures (35) and about 15% hexa-
methylbenzene are the only products and the formation of

(36) has been completely suppressed.
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CDClB, C6H6

Base Temp. " HMB* - 35 - 36 "HMB | 35 - 36

N 3 KN T KN K3 K3

0 25 65 10 10 60 30

20 15 65 20 10 45 45

Ph3P 40 15 60 25 10 25 65
50 15 60 25

65 15 5 80

0 15 80 5 35 45 20

20 25 70 5 40 40 20

Ph3As 40 30 60 10 45 30 25
50 30 50 20

65 45 30 25

0 15 85 - 10 90 -

20 10 90 trace 10 85 5

Ph3Sb 40 15 80 5 20 75 5

50 15 80 5 ’
65 30 55 15

*HMB = hexamethylbenzene

Table 1. Relative distribution of products from the reaction

of [(Me2C2)3PdClzl2 (gg) with Ph3E
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- Reaction of complex :(32) with o-phenanthroline.

o-Phenanthroline reacted rapidly with complex (32)
in benzene at 25° to give a product from which was iso-

lated a bright yellow complex (40).

(40)
H nmr in CDCl3 showed resonances at 7 1.94

The 60MHzZ 1

(multiplet, 8H), 5.00 (doublet, 1lH), 5.20 (doublet, 1H),
8.08 (singlet, 6H), 8.36 (singlet, 6H), and 8.63 (singlet,
3H). At 100MHz in CHCl3 (Appendix I) resonances were
observed at Tt 5.11 (doublet, J = 2Hz, 1lH), 5.30 (doublet,
J = 2Hz, 1H), 8.18 (singlet, 6H), 8.36 (singlet, 6H), and
8.62 (singlet, 3H). The vinylic protons were observed to
decouple in a decoupling experiment. An expanded spectrum
showed further splittings of the diene methyls and is ex~-
plained as being due to homoallylic coupling of inequiva-
lent methyl groups. A strong band in the far infrared at
316 cm-l was assigned to a terminal palladium-chlorine

stretching frequency.
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- Reactions of (o-phen). 012H17PdC1,.complex (40) .

The complex (40) reacted with an excess of tri-
phenylphosphine in benzene either at reflux or at room
temperature to give a yellow solution. Removal of the
solvent followed by the addition of petroleum ether pre-
cipitated a pale yellow complex which was not identified

or further purified. The 60MHz 1

H nmr in CDCl3 showed
resonances at Tt 4.51, 4.65, 6.85, 8,40, 8.52, and 9.05

in addition to the low field resonances around Tt 2.4 due
to the o-phenanthroline and triphenylphosphine protons.,
All of the peaks were sharp with the exception of the one
at 7 6.85 which was broad. The relative intensities were
approximately 1:1:3:6:6:6. Although no detailed struc-
tural information was obtained, it is possible that the
Ph3P simply replaced the chlorine in complex (40). Also,

the compound isolated was probably a mixture of two or

more products,

Reaction of complex (40) with acids.

Trifluoréacetic acid reacted with complex (40) in
chloroform solution at -10°. Following removal of the |
regsidue, the 1H nmr spectrum of the filtrate showed the
presence of a large amount of hexamethylbenzene, Additional
crowded peaks to high field of hexamethylbenzene were not

identified.
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Hexamethylbenzene was also formed when the complex
(40) was reacted with anhydrous and aqueous hydrogen
‘chloride. However, as above, other products were not

identified.

- Reaction of complex (40) with cyanide.

Agueous cyanide and complex (40) were reacted in a
1l:1 ether-water mixtﬁre. A colourless oil was obtained

but was not identified. The 1

H nmr in CDCl, contained
numerous sharp peaks in the methyl region of the spectrum

in addition to smaller lower field resonances.

- Reaction of complex :(40) with hydrazine.

Hydrazine was reacted with the complex '(40) in
benzene solution. Metallic palladium was removed by filtra-
tion and evapo:ation of the filtrate gave an oil which was
not identified and whose nmr spectrum was crowded in the

methyl region.

_ Reaction of.cbmplex:(gg)‘with halogen.

Iodine reacted with complex (40) in chloroform to
give a little hexamethylbenzene, identified by nmr. How-
ever, additional peaks in the nmr spectrum were unassigned
and were observed to comprise the major product(s) of the

reaction.
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- Reaction of complex (32) with 2,2'-dipyridyl.

2,2'-Dipyridyl also reacted with complex (32) in
benzene in a manner similar to that described above to

give the yellow product (41).

N N
\ 7~
pd
Cl’/ H
H
(41)

The 60MHZ L

H nmr in CDCl, contained resonances at 1t 1.99
(multiplet, 8H), 5.10 (doublet, 1H), 5.28 (doublet, 1lH),
8.10 (singlet, 6H), 8.40 (singlet, 6H), and 8.71 (singlet,
3H), The complex was not as stable as the related o-

phenanthroline complex as evidenced by its slow dis-

colouration over a few weeks.

. Reaction of complex (32) with lithium aluminum hydride.

At -30° complex (32) was added to a suspension of
LiAlH, in ether. After stirring and allowing to warm to
room temperature a black residue of metallic palladium
was filtered off. The solvent was removed by evaporation
leaving a palé yellow o0il and a small amount of a white
solid identified as hexamethylbenzene. The oil was

separated into three components by preparative vpc and two
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of the three products identified by analysis and/or nmr.
Fraction 1 represented about 90% of the material; it was
identified as l-ethyl-1,2,3,4,5~pentamethylcyclopenta-

diene (42).

(42)
The 100MHz lH nmr in CDCl3 showed resonances at T 8.28
(singlet, 6H), 8.36 (singlet, 6H), 8.60 (gquartet,

J 7Hz, 2H), 9.16 (singlet, 3H), and 9.74 (triplet,

J 7Hz, 3H).

Fractioms 2 and 3 were present in approximately
equal amounts, i.e. about 5% each. Fraction 2 was not
identified. The third product was identified as penta-
methyl-4-methylene-6H-bicyclo[3.1.0]hex-2-ene (43) by its
nmr spectrum which was similar to that reported by

Criegee and Griiner.63 H

(43)

lH nmr in CDCl3 showed

The 100MHz
resonances at 1 5.34 (doublet, J = 2Hz, 2H), 8.25
(singlet, 3H), 8.40 (singlet, 3H), 8.86 (singlet, 3H),

8.95 (singlet, 3H), 9.05 (doublet, J = 6Hz, 3H), and



9.33 (quartet, J = 6Hz, 1lH).

- Reaction of complex (32) with hydrazine.

At 5° a benzene solution of the complex (32) was
treated with an excess of anhydrous hydrazine resulting
in the precipitation of metallic palladium., The filtrate
yielded a pale yellow o0il which proved to be vinylpenta-

methylcyclopentadiene (35) when examined by nmr,

- Reaction of complex (32) with halogens.

A solution of bromine in chloroform was mixed
with complex (32) at =~78° in an nmr tube. At -50° the

100MHz T

H nmr spectrum (Appendix II) consisted of six
broad peaks at v 7.87, 8.03, 8.19, 8.29, 8.45, and 8.71
which were unassigned. The spectrum remained fairly con-
stant and exhibited no appreciable changes up to a
temperature of =-15°, At this temperature a new peak
began to grow at T 7.78 due to the formation of hexa-
methylbenzene. At 0° the decomposition was more rapid

as evidenced by the quick growth of the singlet at tv 7.78
and the simultaneous decrease of the other peaks in the
spectrum, No detectable intérmediates were observed
during this transformation. The final spectrum at room
temperature showed only the sharp singlet of hexamethyl-
benzene,

Reaction of (22) with iodine also resulted in the

formation of hexamethylbenzene.

41
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Pyridine reacted rapidly with a benzene solution
of complex (gg) at 25° (4:1 mole ratio) to give a brown
solution, from which was isolated a small amount of an
unidentified ochre solid., Evaporation of the filtrate
gave an orange-yellow oil which slowly crystallised.

This orange complex (44) was probably a mixture but
repeated attempts at recrystallisation were unsuccessfui.

. The 1

H nmr in;CD013 was not too informative and showed a
series of broad resonances at t 5.87, 6.70, 7.37, 8.00
(sharp), 8.23 (very broad), 9.00, and 9.37 in addition to
the pyridine protons. The relative intensities of
1:1:3:18:48:1:1 in addition to the complexity of the
spectrum give an idea of the problems involved in inter-
preting this'spectrum. The complex was not too stable in
chloroform as it decomposed within about 10 minutes at
34°. A much better, although still complicated spectrum
was obtained in pyridine solution. The spectrum was
similar to that in chloroform, the main differences lying
in the resolution and chemical shifts, the latter attri-
butable to a solvent effect. Well resolved broad peaks
were observed at t 5.17, 5.50, 5.60, 6.29, 7.06, 7.63,
7.88, 8.87, 8.36, 8.48, 9.01, and 9.30, with relative in-
tensities approximately 6:1:1:3:3:6:3:4:12:1:3. Again,

it was difficult to meaningfully interpret thi#-spectrum.
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Reaction with a 2:1 mole ratio resulted in a red
solution frdm which was isolated an unidentifiable in-
soluble red material. Evaporation of the filtrate gave a
small amount of the orange product described above.

Similar results were obtained when a 1:1 ratio of
reactants was used. However, very little of the orange
complex was obtained.

In chlbroform solution at =-30°, pyridine reacted
with complex (32) (4:1 mole ratio) to give a yellow
solution., After warming to room temperature, a small
amount of bis(pyridine)palladium chloride was isolated,
identified by analysis. Removal of the solvent gave a
greasy solid which, when washed with petroleum ether gave
an orange product (45). Again, the product could not be
recrystallised. The 1H nmr in CDCl3 showed resonances at
T 4.68 (doublet, 1H), 5.23 (doublet, 1H), 8.24 (singlet,
6H), 9.16 (singlet, 3H), and 9.23 (singlet, 6H), in addi-
tion to the pyridine resonances at low field. Such a
spectrum implied a complex (py)2 012H17Pdcl (45),

analogous to the complex (40).
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The upfield shift of the diene methyls adjacent to the
bridgehead is readily explained. From a model of the
complex it is seen that these methyls interact quite
strongly with the pyridines if the pyridine rings are
coplanar with the rest of the structure. Much of this
interaction can be relieved if the pyridine rings are
rotated 90° so that they lie perpendicular to the rest
of the structure. In such a conformation, the two methyls
lie above the plane of the pyridine rings and hence are
largely shielded and an upfield shift in the nmr is
observed.

Experiments were also carried out by mixing cal-
culated amounts of the reactants in either benzene or
chloroform and recording the 1H nmr spectra of the solu-
tions. The spectra observed from the benzehe solutions
were more complicated and less informative than the chloro-
fbrm solutions. A Pd:pyridine ratio of 1:4 in benzene
afforded a spectrum which was identical to that of the
orange complex (44) (pyridine solution) described pre-
viously, although the peaks had slightly different chemical
shifts, attributable to a solvent effect. Other reactions
employing ratios of 1:2 and 1:1 gave spectra which were
crowded with numerous peaks. Identification of products
or assignments to the resonances was not possible in either
case.,

In CDCl3 the 1:4 ratio reacted to give the complex



45
(45), observéd by its nmr spectrum. After 24 hours addi-
tional resonances corresponding to vinylpentamethylcyclo-
pentadiene (gg) appeared in the spectrum. At 100MHz, the
spectrum of a 1:4 mixture of complex (32) and pyridine in
chloroform showed resonances at t 4.82
(doublet, J = 1.9Hz, 1H), 5.37 (doublet, J = 1.9Hz, 1lH),
8.36 (singlet, 6H), 9.27 (singlet, 3H), and 9.32 (singlet,
6H) ., The two low field protons readily decoupled when a
decoupling experiment was done.

When a 1:2 ratio of reactants was mixed in CDCl3
two of the products were observed to be hexamethylbenzene
and vinylpentamethylcyclopentadiene (35). Other products
were not identified.

Hexamethylbenzene was formed when a 1l:1 ratio of
reactants was mixed in CDCl3. This was probably due to

the known decomposition of complex (32) in chloroform.56

- Reaction of complex '(32) with aniline.

In benzene solution at 25°, complex (32) reacted
with aniline (l:4 mole ratio) to give an ochre solid (46)
which analysed for c33H42N3C14Pd2. This was probably a
mixture and corresponds to (an)z* PdC12H17C1-anH+Pdcl3-'1/2
CGHG‘ The complex was too insoluble to get an hmr spectrum,
Its infrared spectrum contained numerous peaks but was too

complicated to make any definite assignments. 1In addition

* an = aniline
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to (46) an oil was obtained from the filtrate. Hexamethyl-
benzene and vinylpentamethylcyclopentadiene (35) were

identified from the 60MHz

H nmr spectrum of the oil in
CDClB. Other peaks appeared in the spectrum too, but were
not identified.

Similar results were obtained when a 1:1 ratio of
reactants was used. An insoluble ochre solid, which was
not analysed but whose ir spectrum was identical to
complex (46), was isolated from the reaction mixture.
Evaporation of the filtrate left an oil whose ;H nmr
spectrum showed, as usual, some hexamethylbenzene and
compound (35). The major components were
not identified, however, and appeared as numerous sharp
peaks in the methfl region of the spectrum,

Complex (32) and aniline were reacted in varyihg
mole ratios in benzene and deuterochloroform solutions and
the products observed by recording the nmr spectra.
Reactions in which palladium:aniline ratios of 1:4 and 1l:2
in CDCl3 were used resulted in the formation of hexamethyl-
benzene, vinylpentamethylcyclopentadiene (35), and other

unidentified products. The reactions in benzene resulted

in complicated nmr spectra and were inconclusive.

Reaction of complex (32) with p-toluidine.

p-Toluidine reacted with complex (32) in benzene

at 25° to give a brown solution. A pale yellow precipitate



(47) was isolated and analysed for C40H54N4014Pd2. This
was probably a mixture and corresponds to

(p-tol) ,* PAC Cl:(p-tol)+ (p-tol H'PAC1;7). The

12817
complex slowly darkened on exposure to the atmosphere.
An oil was obtained on evaporation of the solvent from
the filtrate. Hexamethylbenzene and (35) were identified

by nmr while additional products were not identified.

47
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DISCUSSION

1.  Structure of [(Me,C,) PdCl,], :(32).

The present work was undertaken with the purpose
of finding chemical evidence for the structure of the
complex (32). The spectroscopic evidence implies that the
complex is highly asymmetric, that it contains both a co-
ordinated and an uncoordinated double bond, possesses an
asymmetric PdC12Pd bridge, and yet has no terminal PdCl
bonds. A number of structures have been proposed (i-v)

and each of these is considered below.

c1
- PACl ...J2
(ii)
= — -
oy PACL
N 2

(v)
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Each of the five structures exhibits the high

degree of asymmetry required by the spectra. Models of
the structures were prepared and from these a number of
interesting observations were made. From a considera-
tion of bond lengths and bond angles for (iv) and (v)
it was seen that there could be little effective coordina-
tion between the metal and double bond. In these cases
the distance from the palladium to each double bond is at
least 3.0 i compared with Pd-~C distances of between 2.1
and 2,25 i normally found in m-bonded olefinic or allylic

com.plexes.66

Although this objection does not apply to
the structure (ii), a model indicates this to be essen-
tially a planar molecule. As a résult, it is unlikely
that the m-allylic group would remain localised as shown.
Instead it would be expected to exhibit fluxional

behaviour between the forms

P4Cl

PACl
(iia) (iib)
with a resultant simplification of the lH nmr at ambient
temperatures.
The structure (iii) does not possess an unco-

ordinated double bond. Furthermore, a complex of this
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type would be expected to lose HC1l to give the complex

'(48) already obtained by Shaw and Shaw.67
~ —
- -
1 -HC1l
—_—

\
- - PACl ~5 L H,

(iid) (48)

The structure (i) is the only structure which
satisfies all of the spectral requirements; none of the
above objections apply to it. Models show this to be a
relatively strain-free molecule, capable of existing in
two conformers, one with the coordinated double bond
perpendicular, and the other with it coplanar, to the
coordination plane of the metal. Interconversion between
these two conformers can occur by rotation of the 0203
bond about its axis to the metal and a twisting of the
bond., The two conformers are conveniently written

C3C4

as follows:

(32b)
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2, 4Reactions.of.L(Mezcz)anClzjz.(ég).

The reaction of {(Me2C2)3Pd012]2 (22) with
triphenyl-phosphine, -arsine, and -stibine gave hexa-
methylbenzene, vinylpentamethylcyclopentadiene (35), and
l-chlorovinylpentamethylcyclopentadiene (36). At higher
temperatures, the chlorovinylpentamethylcyclopentadiene
(36) was the main product; below 0°, vinylpentamethyl-
cyclopentadiene (35) and hexamethylbenzene were the only
organic products. The complex (32) was decomposed by
acids and by halogen to hexamethylbenzene; hydrazine
gave vinylpentamethylcyclopentadiene (35); and lithium
aluminum hydride gave largely ethylpentamethchyclo-
pentadiene (42). o-Phenanthroline reacted with (32) to
give the stable complex 1l-(chloro-(o-phenanthroline)-
palladium)vinyl-1,2,3,4,5-pentamethylcyclopentadiene (40).
Similar complexes were obtained with bipyridyl and

pyridine. The reactions are summarised in Fig. XI.

3. Proposed Mechanisms.

None of the reactions of complex (32) led to an
acyclic organic product. It must be assumed that cyclisa-
tion occurs very readily under the influence of most
reagents. This probably takes place via a ligand- or
solvent-assisted cis-insertion of the w-bonded olefin into

68

the Pd~C o-bond. It has generally been found that in

order for this to odcur, the coordinated double bond and



52

y (34) (35)
c1 J
o
a0y BF - NpHy
— ‘&ﬁmn (34)
— \ —_—>
Br, pac1| H
orxr 12
- 2

/ LiAlH, Sy
Pd Pd
v py C1
N’ y
(41) " (45)
; +
(42) (43)

Fig.XI Reactions of Complex (32)
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the metal-carbon bond must be coplanar.69'7o This
requirement is met in the structure (32b) and as a

result pentamethylcyclopentadienyl products can easily

Pa—C1l L
: _—
1 |
Pd-—C1l
1 |
cl

(32b) (49)

arise,

o]

The product (49) contains an active chlorine which
probably ionises. Further rearrangement likely occurs
to give a more stable product, presumed to be the bi-

cyclohexenyl complex - (50).72

|

Pd—C1l

| ¢ Pd——Cl
PACl

(49)
c1l”

The reactions with triphenyl-phosphine, -arsine,
and -stibine have been studied in considerable detail.

In particular, the reactions with =-phophine and -arsine
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were studied from -60° to +20° by nmr by Dr. Reinheimer.71
These findings have provided much of the evidence for the
mechanisms and intermediates described below.

At low temperatures; the bicyclohexenyl complex
(50) presumably exists as (51). Although the stereo-
chemistry is not known, the reaction scheme is simplified

if it is assumed that the metal lies above the ring and

that the chlorine is endo to the metal.

L
L/

L = Ph,P

e
n

Ph.,As

(51)

At temperatures of -60° with P:Pd ratios of
between 1 and 6, reaction had already occurred with the
formation of a new species for which structure (51) is
proposed. As the temperature was raised, and in the
absence of an excess of Ph3E (E = P, As), a reversible
coalescence of the five cyclopentyl methyls was observed.

73,74 have

Childs and Winstein72 and Koptyug et al.
described a similar process for the bicyclo[3.1l.0]hexenyl

cations (52) at low temperatures.
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RI

* CRR!

(52)

R = R' = Me

R(endo) = H, R' (ex0) = Me

This five-fold degenerate scrambling is believed to
arise via a suprafacial concerted 1l,4-sigmatropic shift

of the C, methyl. Furthermore, it has been shown that

72

2
no inversion occurs at C2 during this process.

The species (51) being considered here behaves
in a similar manner. In order for the sigmatropic
rearrangement to occur, the chlorine on the ring must
be removed. If the complex has the indicated stereo-
chemistry, then this chlorine is close to the fifth
coordination position of the metal and is within bonding
distance of it. The proposed sequence is outlined as

follows:



~N_ L7
Pd
/
L
— ——
— o — < 1
L Ccl cl -
~Nza” 1 e w “ra
e \~ / |
.~ | Pd
Cl + I\ Cl
Cl
— m—
= Y =
(53b)
- PdC1L2
(53a) (53c)
Cl
—— ——
- ——

Stabilisation of the positive charge on the carbon in
(53b) can occur by back-donation from the metal.
The final step in this decomposition leads

directly to the products.
L,PdC1l

\

2

— 2 2
-\ (53)
L.,P4dCl
2 2
<y CH,-H
SN + L2PdCl2

(53) (35)

7~
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The reaction leading to (35) must involve a 1,2-hydride
shift, There are many well-known palladium-catalysed
reactions of this type,75 for example the formation of

acetaldehyde from ethylene.

H
—|
c1 CH4~CH=O-H

R

Pd ° - ) +
POy > Ba +2€17 + H0T + CHyCHO

In the presence of an excess of triphenylphosphine
the further reaction of (51) was different. No averaging
of the cyclopentenyl methyls occurred; instead, (51)
underwent an irreversible change, presumably via (53),

to a new species (23).71

Cl
L
LdeCI L.PdC1l

KEE}—I{@-PPh3

- + Ph 3PH+C1—

(53) (55)
The species (55) is seen to arise in the presence of a
base, such as triphenylphosphine, which is strong enough

to abstract a proton from the C, methyl. Triphenylarsine
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is not a strong enough base to effect this removal.71

The formation of hexamethylbenzene can arise
from a reversal of the above reactions; namely, (55)——>
(53) ——> hexamethylbenzene.

The formation of wvinylpentamethylcyclopentadiene
(35) can also arise by the above route. Alternatively,
oxidative addition of Xs+++H' to the palladium to form
the intermediate'(gg), followed by an internal hydrogen
transfer, leads to éroducts. Similar mechanisms have

been reported for some Pt(II) complexes.76

(Ph3P)2PdCl

H
Ph P 'N
+ XoooHY  —y 3 >1I>d"’,,
: X ! \\Cl
_ PPh,
X=Cl or Ph.,P .

3
(55) / (56)

PAXCl + (35)

L,

The chlorovinylpentamethylcyclopentadiene (36)
appears to be formed at the expense of vinylpentamethyl-
cyclopentadiene (35) in the higher temperature reactions.
The mode of formation of'(gg) is not too clear due to a |
lack of details, Conceivably this could ariée by the
decomposition of some intermediate such as (55)

in the presence of excess phosphine.
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Cl

(55) (36)
__ + (Ph3P)de

Attack by triphenylphosphine at the metal accompanied
by a chloride shift would lead directly to the products.
Alternatively, the product (36) may arise prior to the
formation of the intermediate (55). Cyclisation of the
complex (32) is believed to occur by a cis-insertion of
the coordinated double bond into the Pd-C bond to give
a product (49) (see p. 53). Proton abstraction and
elimination of Lde01 as shown below gives the chloro-

compound (36).

Cl
/LPdC 1
p— _—9
?"CHé‘“H ¢— L
Cl

49 (36)

()
i

Ph,P + L,PdCl” Lt
LL

-3
(L)de + HC1
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The reactions with other bases provide some
evidence for the intermediate complex (55). In parti-
cular, the chelating diamines o=-phenanthroline and
bipyridyl reacted with complex (32) to give fairly good
yields of a complex which was assigned the structure
(55) (L2 = o-phenanthroline, bipyridyl) on the basis of
analysis and spectroscopic data. A similar product was
obtained with pyridine, but only in an impure state.
Furthermore, this latter product was observed to partially
decompose to give vinylpentamethylcyclopentadiene (35).

The o-phenanthroline complex (40) was reacted
with a number of reagents with the purpose of finding
additional proof for the structure of this intermediate.
In particular, it was hoped that reactions of the complex
(40) would give vinylpentamethylcyclopentadiene (35).
In fact, none of the organic product (35) was formed in
any of the reactions investigated. The reaction with
acids gave hexamethylbenzene in addition to small amounts
of unidentified materials. The formation of hexamethyl-
benzene is explained in terms of the protonation of the
vinylic group followed by formation of the bicyclo-
hexenyl complex (53) which can decompose to the observed

product.
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L,PdC1l

2 L,PdCl
+ +
+ H ——>
(40)

L, = o-phenanthroline

The reaction of complex (40) with different
bases led to products which were unidentified. These
products were generally oils and hexamethylbenzene was
not formed in the reactions.

The intermediate (55) is probably formed in
other decomposition reactions which lead to pentamethyl-
cyclopentadiene derivatives., For example, vinylpenta-
methylcyclopentadiene (35) is the product of reaction of
complex (32) with hydrazine. This can be explained by
the formation of (55) (L = N2H4) which could react
further to form a hydride (57). Intramolecular hydrogen
transfer and subsequent decomposition gives the observed

product.
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L,P4C1 |
’ N2H4 P ° N
274 e —> N,H, + Pd’ + (35)

H LSN2H4)2

However, with lithium aluminum hydride the
reaction path is likely to be different. Following ring
closure to '(49), reduction of the carbon-bonded chlorine
and the palladium-carbon bond can lead directly to the

major product, ethylpentamethylcyclopentadiene (42).

PAC1(s)
CClMe °
+ LiAlH4-———> C5Me5Et + Pd
(49) (42)
Alternatively, the hydride acting as base may first cause
loss of HC1l to give a bicyclic species (58), which is

then cleaved at the Pd-C bond to give the homofulvene '(43).
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() ,C1Pd
(Cl
| /
/Pd\c1 + LiAlH, ——>
(o
(58)

(43)

Addition of hydride (2H) to (43) may also give rise to
ethylpentamethylcyclopentadiene (42).

The paths of decomposition of complex (32) to
hexamethylbenzene almost certainly depend on the condi~
tions used. In acid media the reaction presumably goes
via the path previously described for the acid-catalysed
decomposition of the o-phenanthroline compiex'(ig).
However, the reaction with halogens is not well under-
stood. One possibility would be a concerted ring closure
to the cis-cyclohexadiene (59) followed by a cis-

elimination of PdClz.



64

+ PACl

(32) (59)

There are objections to this route though in that the
role of the solvent or reactants is not explained.
Furthermore, the origin of the anomalous isomers obtained
from the trimerisation of unsymmetrical acetylenés55 is
not explained.

The complexes obtained from reaction of (32) with
aniline and p-toluidine were not fully characterised. By
analogy with the intermediate (55) it is conceivable that
these ligands formed similar complexes. The origin of
vinylpentamethylcyclopentadiene (35) and hexamethylbenzene

in these reactions is believed to arise via intermediates

such as (55) (L = aniline, p-toluidine).

4., Other products.

The complex [(M.eZCz)BPdCILZ]2 (32) was obtained in
50% yield from the reaction of 2-butyne with palladium
chloride in benzene, Other complexes, hexamethylbenzene,
and possibly other organic oligomers were found to compose

the remaining material. Reduction of this mother liquor



65
with hydrézinéigave, apart from the hexamethylbenzene,
four products. Vinylpentamethylcyclopentadiene (35)

(10%) presumabl& arose from residual amounts of the
complex'(ég); This reaction path has already been dis-
cussed. The remaining three products were found to be
tetramers. Two of these had the composition ClGHZSCl
(ca. 7% and 55%) and were isomers, while

the third had the composition Ci6

H22 (25%). Their
structures are not known.

The origin of the tetramers is not known. It
was mentioned in the Introduction (p. 24 ) that
[(Me2C2)3PdC1é] (32) is believed to arise from a palladium-
acetylene 7 complex by a series of cis-insertions. Con-

ceivably, this mechanism could be extended to account for

the tetramers.

Cl -
MeC_CMe4%> tetramers
/7 insertion
pd
=7 \

(32)
However, due to steric hindrance about the metal in (32)
it is believed that this reaction terminates following

the combination of three moles of the acetylené. Further-

more, tetramerisation has been found to occur only under
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certain conditions, that is, the reaction in benzene at
5°. In addition, it is not known whether these tetramers
are formed as organic products or as complexes.
Alternatively, these products may arise from side reac-

tions.
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CONCLUSION

The reaction of 2-butyne with palladium chloride
gives a complex [(Me2C2)3Pd012]2 (32). Spectroscopic
data indicate that (32) is a highly asymmetric molecule.
A number of structures have been considered but the one

most favoured is the following acyclic molecule:

The complex (32) cyclises readily as evidenced by the
formation of five-~ and six-membered ring systems in all
of its reactions.

Reaction mechanisms have been proposed to explain
the formation of pentamethylcyclopentadiene derivatives
and other products. Evidence has been obtained for inter-

mediates such as (55).

67
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PéCle

(55)

Firstly, (55) (L = Ph,P or pyridine) was observed in the

3
nmr in the presence of an excess of phosphine or pyridine.
Seéondly, complexes (55) have been isolated with the
chelating agents o-phenanthroline and bipyridyl. In
addition, with pyridine the complex (55) was isolated in
an impure state.

Tetramerisation as well as trimerisation was
found to occur in the benzene reaction of 2-butyne with
palladium chloride. Tetrameric products were not observed
when this reaction was done in chloroform, nor were they
formed when complex'(gg) was used as a trimerisation
catalyst. Their origin has not been established, although
they may arise from the further reaction of qomplex (32)

with more 2-butyne, or they may be formed from one or more

side reactions.
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Experimental

" Melting points

These were determined using a Thomas Hoover

capillary melting-point apparatus and are uncorrected.

Solid compounds were made up as potassium bromide
discs (unless otherwise indicated) while liquids were run
as a film between potassium bromide plates. Sppctra were
recorded on a Beckmann IR5 spectrophotometer., Far infra-
red spectra were recorded on a Beckmann IR12 spectrophoto-

meter.

" Ultraviolet spectra

Solutions of compounds were made up using spectran-—
alysed solvents and placed in gquartz cells having a 1.0 cm
path length. Spectra were recorded on a Cary 14 Ultra-

violet-Visible recording spectrophotometer.

Mass spectra

These were run on a Hitachi Perkin-Elmer RMU-6A
spectrometer at 200° and a CEC 110B high resolution mass

spectrometer,

69
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Proton magnetic resonance spectra were run on
Varian A60 GOMHz, Varian T60 60MHZz, and Varian HAl00
100MHZ spectrometers. Hexamethylbenzene (17.77) was usu-
ally used as an internal reference and this was calibrated

against solvent (benzene, chloroform) or tetramethylsilane.

Analyses were by A. B. Gygli, Toronto, and by A, Bernhardt,

‘Germany.

Reagents

Reagent grade solvents were used at all times.
Benzene was dried over lithium aluminum hydride and freshly
distilled before use. Nitrogen (Purified Grade) was dried
by passage through concentrated sulphuric acid and phos-
phorus pentoxide. The petroleum ether used was that frac-
tion with boiling point range 30-60°, 2-Butyne was
'Obtained from the Air Reduction Company, New York, was
purified by distillation, and freed of dimethyl sulphide
by stirring with palladium chloride and redisﬁilling.
Palladium chloride was obtained on loan from Johnson,
Matthey, and Mallory, Ltd. Alumina (80-200 mesh) was

supplied by Fisher.

Experimental Techniques

All reactions were carried out under a nitrogen

atmosphere. Solutions were stirred magnetically using
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25 mm Teflon-coated stirring bars, and solids were isolated
by filtration. Solvents were removed under vacuum on a
rotary vacuum evaporator. Organic products were prepuri-
fied by adsorption elution chromatography on a column 35 cm
in length and 2 cm in diameter. Products were then separa-
ted and collected by preparative vapor phase chromatography
using a Varian A90-P3 gas chromatograph. A 5' x 1/4" 20%
SE-30 on 60/80 Chromosorb W column or a 15' x 3/8" 15%
Carbowax 20M on 60/80 Chromosorb W column was used. Analy-
tical vapor phase chromatography was carried out using a
Varian Aerograph. Five foot columns of 5% SE-30 and 5%
Carbowax on 60/80 Chromosorb W were used,

Low temperature nuclear magnetic resonance experi-

ments were carried out by mixing the reactants in an nmr
tube at ~78° then following the reaction in the spectro-

meter at successively higher temperatures.

- Preparation of dichlorobis(benzonitrile)palladium (16).

Palladium chloride (4 g, 23 mmoles) was dissolved
in benzonitrile (100 ml) by stirring with heating to 115-
120° for 2 hours. The hot solution was filtered and poured
into light petroleum (1000 ml). The yellow precipitate
(8 g, 90%) was filtered and washed with petroleum ether,

and air-dried.

Reaction of 2-butyne with palladium chloride in benzene,

Particular care was taken to exclude air during
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the reaction. Complex (16) was used as the source of
palladium chloride and was freshly washed with petroleum
ether, filtered and air-dried before use,

Benzene (400 ml) was saturated with nitrogen by
bubbling through the gas for about 15 minutes. Then
hydrogen chloride gas was passed through for ca. 1-1/2
minutes, With stirring, 2-butyne (27), (lS.ml, 190 mmoles)
was added and the solution cooled to 5°. While a strong
stream of nitrogen was sweeping upwards out of the.
reaction flask, dichlorobis(benzonitrile)palladium'(lﬁ)

(12 g, 21 mmoles) was added in small portions over 15
minutes, care being taken that the temperature did not

rise above 10°. When the temperature had returned to 5°,
the mixture was filtered to remove polymers and palladium
metal. The solvent was stripped off as quickly as possible
on a rotary vacuum evaporator and to the resulting brown
oil was added a solution of light petroleum (200 ml) and
2-butyne (27), (5 ml). The mixture was vigorously shaken
for about a minute, and the resulting pale yellow polymeric
precipitate filtered off. The clear yellow filtrate was
saturated with nitrogen during which time the complex
slowly begaﬁ to crystallise., The flask was stoppered and
placed in the freezexr for about 4 hours to allow complete
crystallisation. A bright yellow powder (32) was isolated
(5.2 g, 49%). M.,Pt. 100° (dec.).

Anal, Calcd. for {Cle Clde]2: C 42,44 H 5.34

18
Cl 20.88 Pd 31.33% M.Wt. 679
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Found: C 42,20 H 5.55 Cl 20.68 Pd 31.0%
M.Wt., 673, 678 (osmometric, benzene).

Following isolation of the yellow complex, the
solvent was removed from the mother liquors‘on a rotary
evaporator. The remaining oil (ca. 13 ml) was stirred
with benzene (15 ml) and the solution treated with an
excess of anhydrous hydrazine. Black metallic palladium
was filtered off, the solvent removed on a rotary evapora-
tor, and the oil chromatographed over alumina using
petroleum ether as eluent to give a pale.yellow oil (2.0 g).
The o0il was separated into four components by preparative
vpc on a 20% SE-30 column at 185°, Fraction 1 (ca. 10%)
was identified by nmr as the vinylpentamethylcyclopenta-
diene (35).

Fraction 2 (ca. 7%) was a yellow oil. Anal. Calcd. for

H,.Cl: C 76.01 H 9.97 Cl 14.02% M.Wt., 252

C16M25
Found: C 73.53 H 10.50 C1 13.06% M.,Wt. 217 (mass
spectroscopic)

The analytical sample probably contained some peroxide.
Also, the compound apparently loses chlorine very readily
in the mass spectrometer, thereby accounting for the low
molecular weight.

Fraction 3 (ca. 25%) was a yellow o0il, Anal. Calcd. for
CigHyps C 89.75 H 10.25 M.Wwt. 214

Found: C 89.27 H 10,55 M.Wt. 214 (mass spectroscopic)

Fraction 4 (ca. 55%) was also a yellow oil., Anal. Calcd.

for C16H2501: C 76.01 H 9.97 Cl 14.02 M.Wt, 252
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Found: C 75.91 H 9.99 Cl 14.26 M.Wt. 252 (mass
spectroscopic), 258 (osmometric, benzene)

The nmr, ir, and uv spectra were recorded.

Reactionsvofu[(Me2C2)3PﬂC12]2,.complex (32) .

Reaction of complex (32) with triphenylphosphine.

(a) Complex (32), (.340 g, 0.5 mmole) was dis-
solved in benzene (15 ml) at 25° under nitrogen. To the
stirred solution was added triphenylphosphine (1.05 g,

4 mmoles) dissolved in a small guantity of benzene. The
colour lightened at once and after 3 minutes a precipi-
tate began to form. Stirring was continued for an addi-
tional 30 minutes and the yellow crystalline solid
filtered off (.31l g). The infrared spectrum was recorded
and was identical to that of an authentic sample of
[(C6H5)3P]2PdCl2 (26) .
Anal., Calcd. for C,_H,.P

3673072
Ccl 10.10 P 8.83 Pd 15.16%

Clde: C 61.60 H 4,31

Found: C 61.02 H 4.46 Cl 10.40 P 9.07 P4 15.54%
The filtrate was concentrated to about one-fifth
of its original volume on a rotary‘evaporator and the
resulting greasy solid stirred with light petroleum (20 ml)
for 10 minutes. The pale-yellow solid (.360 g) was
filtered and washed with petroleum ether.
The mother liquor was taken to dryness, dissolved

in petroleum ether (1 ml) and chromatographed‘over alumina.
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A colourless oil and a white solid were separated; the
excess triphenylphosphine was not collected. The white
solid was identified by nmr and melting point (164°) as
hexamethylbenzene. The oil was separated into two
components by preparative vpc on a 15% Carbowax column
at a temperature of 140°. Fraction 1 (ca. 25%) was a
colourless oil, vinylpentamethylcyclopentadiene (35).

C 88,82 H 11.18% M.Wt.

Anal, Calcd. for C.,,.H

12%18°
162,140844

Found: C 89,05 H 11.16% M.Wt. 162.139930 (mass
spectroscopic)

Fraction 2 (ca. 75%) was a pale yellow o0il, chlorovinyl-
pentamethylcyclopentadiene (36). Anal. Calcd. for

C12H17C1: C 73.26 H 8,71 Cl 18.02% M.wt. 196,101872
35 : 37

for C12Hl7 Cl and 198,098922 for C12H17 Cl

Found: C 72,92 H 8,64 Cl 17.80% M,Wt, 196.103268
and 198.100317 {(mass spectroscopic)
The nmr, ir, and uv spectra were recorded.

A sample of the chlorovinylpentamethylcyclopenta-
diene (36) was hydrogenated at 3.2 Atm and 20° over a
platinum oxide catalyst in methanol. After removal of
the solvent an o0il was obtained. The mass spectrum showed
this to be a saturated chlorocompound. The molecular ion

3

peaks were observed at m/e 204 (CIZHZB 7C1) and 202

(012H2335C1). In addition, peaks corresponding to the

cleavage at the quaternary carbon involving (i) loss of

methyl (giving CllH20C1' m/e 187, 189) and (ii) loss of
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C2H4Cl (giving C10H19’ m/e 139) were found.

Attempts to hydrogenate the vinylpentamethyl-
cyclopentadiene (22) in the presence of a platinum oxide
catalyst were unsuccessful, and a white polymer was the
only product.

A solution of chlorovinylpentamethylcyclopenta-
diene (36) (0.04 g) was stirred in benzene at 45° for 18
hours with a solution of tetracyanoethylene (0.03 g).

The solvent was removed to leave a violet solid (37).

All attempts to purify this adduct from excess TCNE failed.
However, the 60MH2z g nmr spectrum clearly showed that a
l:1 adduct had been formed. In benzene, resoaances weré
observed at 1t 4.87 (doublet, J = 3 Hz, 1lH), 5.67 (doublet,
J = 3 Hz, 1H), 8.46 (singlet, 6H), 8.56 (singlet, 3H), and
8.66 (singlet, 6H). 1In CDCl3 the spectrum showed peaks at
T 4.50 (doublet, J = 3 Hz, 1lH), 5.15 (doublet, J = 3 Hz,
1H), 8.15 (singlet, 6H), 8,32 (singlet, 6H), and 8.41
(singlet, 3H).

(b) Oxygen was excluded from the reaction of
complex (32) with triphenylphosphine by working very care-
fully under a nitrogen atmosphere in a glove box. Care-
fully degassed solvents were also used here.

To a solution of triphenylphosphine (1.05 g,

4 mmoles) in benzene (25 ml) at 65° was added the complex
(32), (.340 g, 0.5 mmole)., The light yellow solution was

stirred for 10 minutes, then cocled to room temperature,
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A bright yellow precipitate (.141 g) was isolated and
washed with light petroleum., The ir spectrum of this
material was identical to that of (Ph3P)2PdC12 (26).
Anal, Calcd., for C36H30P2C12Pd: C 61.60 H 4,31
Cl 10.10
Found: C 64.41 H 4.39 Cl 8.02
A second (.109 g) and a third (.062 g) crop of crystals
also precipitated from the solution on allowing it to
stand; these were collected and washed with light
petroleum. Their infrared spectra were identical to the
above and their analyses showed them to be (Ph3P)2PdCI2
(26).
Found: C 62.34 H 4,45 Cl 9.31; C 62.05 H 4.82
Cl 9.79%
The coprecipitation of some triphenylphosphine probably
accounts for differences from theoretical in these three
samples. |

The orange filtrate was concentrated to about
5 ml. Carbon disulphide (15 ml) was added to the orange-
red suspension. (This was done to convert the remaining
product, presumed to be largely tetrakis (triphenylphos-
phine)palladium, into the more stable 082 adduct,

2 After 20 minutes the mixture was

_ 6
(Ph;P) ,PACS, (38).
concentrated. An orange precipitate formed which was
filtered and washed, first with carbon disulphide, then

with light petroleum resulting in yellow crystals (.048 g).
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Anal, Calcd,., for C37H30P282Pd: C 62.82 H 4,27 S 9.07%
Found: C 75.70 H 5.89 S 0.69 Cl1l 1.76%
This sample was probably a mixture of (Ph3P)2PdCl2 (26),

Ph,P, and (Ph,P),PdCS, (38).

3
A small amount of petroleum ether was added to

the carbon disulphide filtrate and the solution kept

under nitrogen overnight. A small quantity of dirty

orange crystals (.015 g) were filtered, washed with carbon

disulphide and petroleum ether, and dried.

Anal, Calcd. for C37H30P282Pd: C 62,82 H 4.27 S 9.07%

Found: C 59.42 H 3.90 S 11.00%

Further concentration of the mother liquors gave a
second crop of brighter orange crystals (.093 g).

Anal, Calcd. for C37H30P282Pd: C 62.82 H 4.27 S 9.07%
Found: C 62.62 H 4.59 S 10.68%

The filtrate was finally taken to dryness, the
residue stirred with light petroleum (V15 ml) and filtered
to give the orange-brown complex (.292 g). M,Pt. 120-
128° (dec.,). This was somewhat lower than the value of
130-133° (dec.) reported by Hagihara‘gz'§£.62
Anal, Calcd. for C37H30P282Pd= C 62.82 H 4,27 S 9.07%
Found: C 74.63 H 5.46 S 3.18%

This last sample was probably contaminated with a large
excess of triphenylphosphine.

Evaporation of the petroleum ether from the filtrate

gave an oily white solid (.354 g) which was shown by nmr to
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contain in addition to the excess triphenylphosphine,

1

hexamethylbenzene (ca. 15%), vinylpentamethylcyclopenta-
diene (35) (ca. 5%), and chlorovinylpentamethylcyclo-

pentadiene (36) (ca. 80%).

Reactions of complex (32) with triphenyl-phosphine,

- —arsine, and -stibine at different temperatures.

Complex (32) (.025 g, .037 mmole) and triphenyl-
phosphine (.077 g, .29 mmole) were allowed to react in
deuteroehléroform: solution (total volume ca. 0.5 ml) at
0° for 15 minutes. The solution was decanted from a
small amount of precipitated (Ph3P)2Pd012(3§) and analysed
fér hexamethylbenzene, (35) and (36), quantitatively by
lH nmr,

Similar experiments were carried out using tri-
phenylarsine (.090 g, .29 mmole) and triphenylstibine
(.104 g, .29 mmole), and were also carried out in benzene,

at a variety of temperatures. The results are presented

in Table I.

- Reaction of complex 12&) with o-phenanthroline.

To a stirred benzene solution (10 ml) of complex
(32), (.340 g, 0.5 mmole) at 25° was added to o-phenanthro-
line (.360 g, 2 mmoles). A bright yellow precipitate
formed at once., Stirring was continued for 30 minutes,
the precipitate filtered and washed with benzene. After
drying, 0.581 g of a yellow powder containing the complex

(40) and o-phenanthrolinehydrochloride was obtained.
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Recrystallisation from benzene gave the puie complex
l—(chloro—(o—phenanthroline)palladium)vinylpentamethyl-
cyclopentadiene (40) as small crystals. M.Pt. 200-210°
(dec.)
Anal. Calcd. for C24H25N201Pd: C 59.64 H 5.21 N 5.80
Cl 7.34 Pd 22.02%
Found: C 58.63 H 5,19 N 5,91 Cl 7.48 Pd 21.85%
The ir spectrum showed peaks at 3060(w), 2930(m), 2850(w),
1623 (vo_o) (W), 1605(w), 1575(m), 1516(m), 1496 (m),
1428(s), 1378(m), 1358(w), 1346(m), 1306(w), 1286 (w),
1226 (m), 1212(w), 1147(m), 1130(w), 1108(m), 1070(m),
1049 (m), 908(w), 889(w), 873(s), 852(s), 81l2(w), 775(m),
734(m) , 723(s), 684(w), 646(m), and 316 (de-Cl) cm"l.

The nmr spectrum was recorded.

Reactions of [o~phen C12H17PdClJ,.complex (40) .

- Reaction of complex (40) with triphenylphosphine.

Complex (40) (0.096 g, .2 mmole) and triphenyl-
phosphine (0.208 g, .8 mmole) were refluxed in benzene
(15 ml) under nitrogen for 15 minutes. The reaetion
mixture was cooled to room temperature and the solvent
stripped off under vacuum to give an orange-yellow oil.
Light petroleum was added to yield a pale yeliow insolu-
ble complex (0.065 g) which was filtered and washed with
petroleum ether. The nmr spectrum was recorded.

The reaction also occurred readily at room

temperature.
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- Reaction of complex (40) with acids.

Complex (40) (0.096 g, 0.2 mmole) and trifluoro-
acetic acid (0.022 g, 0.2 mmole) were stirred in chloro-~
form at -10°, After warming to room temperature the resi-
due was removed by filtration. The solvent was removed
under a stream of nitrogen and the nmr spectrum recorded.
Hexamethylbenzene was identified (1t 7.77) as the main
product while other peaks in the spectrum were not identi-
fied.

A solution of the complex (40) in CDCl3 was treated
with a stream of anhydrous hydrogen chloride. A precipi-
tate formed at once and was removed by filtration. The nmr
spectrum of the filtrate showed a singlet due to hexamethyl~-
benzene and other broad peaks which were not assigned.

Reaction of complex (40) with a 10% aqueous hydrogen
chloride solution for two days again showed hexamethyl-

benzene and other unassigned peaks in the nmr.

- Reaction of complex (40) with halogen.

Iodine (0.025 g, 0.1 mmole) and complex (40)
(0.048 g, 0.1 mmole) were mixed in chloroform solution.
Hexamethylbenzene (ca. 20%) was observed in the nmr spectrum,

However, additional low broad peaks could not be identified.

Reaction of complex (40) with cyanide.

The complex (40) (0.096 g, 0.2 mmole) was suspended


http:Re.ac.t.i.on
http:halog.en
http:Re.ae.ti.on
http:Re.ac.ti.on

83
in a l:1 mixture of ether-water. Aqueous potassium
cyanide (0.065 g, 1 mmole) was added and the solution
rapidly stirred for 36 hours.v The ether layer was
separated, dried over magnesium sulphate, and evaporated
on a rotary evaporator to give a colourless oil. The
nmr spectrum was recorded but was too complex to make

any assignments.

Reaction of complex (40) with hydrazine.

A benzene solution of complex (40) (0.096 g, 0.2
mmole) was treated with anhydrous hydrazine until all the
palladium in the complex had been reduced. The mixture
was filtered and the solvent removed under vacuum. The
nmr in CDCl3 contained a number of peaks in the methyl

region and were unassigned.

Reaction of complex (32) with 2,2'-dipyridyl.

This was reacted in a manner analogous to the
above but substituting 2,2'-dipyridyl (0.312 g,'2 mmoles)
for o-phenanthroline. A yellow powder (0.504 g) containing
the complex (41) and dipyridylhydrochloride was obtained.
Pure complex (41) was obtained after careful recrystallisa~-
tion from benzene., M.Pt. 162-165° (dec.)
Anal. Calcd. for CyoH, sN,ClPd: € 57.53 H 5.49 N 6.10
Cl 7.72 Pd 23.17%
Found: C 56.70 H 5,53 N 6,43 C1 8.17 Pd 23.71%

The ir and nmr spectra were recorded.
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Reaction of complex (32). with lithium aluminum hydride.

To a stirred suspension of lithium aluminum
hydride (1.10 g, 30 mmoles) in dry ether (30 ml) at -40°
‘was added complex‘(ég) (2.55 g, 3.8 mmoles). Black
metallic palladium separated at once. After 10 minutes
the mixture was allowed to warm to room temperature.
Filtration and evaporation of the solvent left a pale
yellow oil which was contaminated with a little hexa-
methylbenzene. The oil was separated into three compon-
ents by preparative vpc on a 20% SE-30 column at a
temperature of 120°,

Fraction 1 (ca. 90%) was a colourless oil, ethylpenta-
methylcyclopentadiene (42). Anal. Calcd. for SPLOTE

Cc 87.73 H 12,27 M.Wt, 164

Found: C 87,81 H 12,15 M.Wt. 164 (mass spectroscopic)
The ir and nmr spectra werxe recorded.

Fraction 2 (ca. 5%) was a colourless oil but was obtained
in insufficient amount for an analysis to be done. The
lH nmr spectrum was recorded but was too complex to

assign a structure.

Fraction 3 (ca. 5%) was also a colourless oil and obtained
in insufficient‘quantity for an analysis. From its nmr
spectrum the compound was identified as the homofulvene
(43); the spectrum was similar to that reported by

Criegee and Griiner. ©3
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Reaction of complex (32) with hydrazine.

A benzene solution (25 ml) of complex (32)
(.680 g, 1 mmole) was cooled to 5°, Hydrazine (.64 ml,
20 mmoles) was added dropwise to the rapidly stirred
solution. Black metallic palladium precipitated at once.
The temperature was allowed to rise slowly to room
temperature, The mixture was filtered and the solvent
removed on a rotary evaporator to give a pale yellow oil,
This was identified by nmr as the vinylpentamethylcyclo-

pentadiene (35).

Reaction of complex (32) with halogens.

A chloroform solution (ca. .5 ml) of bromine
(.016 g, .1 mmole) was cooled to -78° and mixed with
conmplex (gg)'(.034 g, 0.05 mmole). The solution was
quickly transferred to an nmr tube at -78°., Low tempera-
ture lH nmr spectra were recorded on a l100MHz spectro-
meter., At -51° the initial spectrum was rather broad
with peaks appearing at t 7.94, 8.10, 8.28, 8.36, 8.54,
and 8,79. Aé the temperature was increased the spectrum
showed no changes until -15° when a new peak at tv 7.77
(hexamethylbenzene) appeared. At higher temperatures
the intensity of this new peak increased and was accom-
panied by a simultaneous decrease in intensity of the
other peaks in the spectrum. At 34° the formation of

hexamethylbenzene (1 7.77) was firmly established. There
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were no other products and the decomposition had proceeded
without the formation of any other detectable intermediates.

Iodine (.025 g, .1 mmole) and complex (32) (0.034 g,
0.05 mmole) were similarly mixed in chloroform at -78°.
The solution was allowed to warm slowly to room temperature.
The nmr spectrum showed that hexamethylbenzene was the only

product.

(a) To a stirred chloroform solution (30 ml) of
pyridine (1.6 g, 20 mmoles) at -30° was added complex (32)
(1.6 g, 2.4 mmoles). A precipitate formed at once.
Stirring was continued for 1 hour, after which time a grey
solid (.14 g) was isolated. M,Pt. >250°
Anal, Calcd. for CloHloNzclde: C 35.76 H 3.00 N 8,34
Cl 21,12%

Found: C 35.42 H 3,17 N 8.08 C1l 21.11%

The solvent from the filtrate was removed on a
rotary evaporator and the greasy orange-yellow solid
stirred briefly with petroleum ether. Filtration afforded
the orange-yellow complex (2.7 g) (43). M.Pt. 103° (dec.)
The complex was not recrystallisable due to decomposition,
The ir spectrum showed peaks at 1652 (w), 1628(w), 1600 (m),
1575(m), 1528(m), 1480(s), 1445(s), 1370(m), 1355(w),
1332(w), 1240(w), 1210(m), 1153(m), 1132(mw), 1075(s),
1060(w), 940(w), 895(s), 767(s), 758(s), 698(s), and
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1 1

690(s) cm ~. The “H nmr in CDCl. showed resonances at

3
T 4.68 (doublet, 1H), 5.23 (doublet, 1lH), 8.24 (singlet,
6H), 9.16 (singlet, 3H), and 9.23 (singlet, 6H) in
addition to the pyridine resonances at low field, giving
evidence for a complex (py); C12H17PdCl'(£§) analogous

to the complex (40).

(b) Complex (32) (1.02 g, 1.5 mmoles) was dis-
solved in benzene (30 ml) at 25°., To the stirred solution
was added pyridine (.948 g, 12 mmoles) in benzene. After
5 minutes a precipitate began to separate from the orange
solution which was then stirred for 30 hours. The ochre
solid was isolated (.309 g), washed with benzene and
dried. It was too insoluble to be recrystallised,

The filtrate was evaporated on a rotary evaporator
and dried (1 mm HS) to give orange crystals (0.977 g) (44).
M.Pt., 110-113° (dec.). The complex could not be re-
crystallised due to decomposition. The ir spectrum con-
tained peaks at 2800(m), 1680(m), 1625(w), 1583(w),
1500(w), 1418(m), 1350(s), 1260 (mw), 1230(w), 1208{(m),
1149(m), 1053 (m), 1030(w), 1003(w), 945(m), 873(m), 810(m),
795(w), 748(s), 677(s), 654(m) cm™t. The nmr spectrum was
recorded in chloroform and pyridine solutions.

The reaction was repeated using complex (32)

(0.340 g, 0.5 mmole) and differing ratios of pyridine

(0.158 g, 2 mmoles; 0.079 g, 1 mmole). Both reactions

*py = pyridine
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gave red solutions from which were isolated insoluble
red solids (0.310 g and 0.395 g). The compounds were
not identified but their infrared spectra were identical.
Evaporation of the filtrates gave small quantities of
the orange complex (44).

(c) Complex (32) (0.034 g, 0.05 mmole) and
pyridine (0.032 g, 0.4 mmole) were allowed to react in
deuterochloroform™ solution (total volume ca. 0.5 ml) at
0° for 20 minutes. The solution was transferred ﬁo‘an

nmr tube and the 60MHz 1

H nmr spectrum recorded. The
spectrum was similar to that of complex (45). After
standing at room temperature for 24 hours, further
reaction was observed to have occurred by the presence
of additional peaks in the nmr spectrum corresponding to
vinylpentamethylcyclopentadiene (35).

Similar experiments were carried out using
different amounts of pyridine (0.016 g, 0.2 mmble; 0.08 g,

1y

0.1‘mmole). When a 1l:2 ratio was mixed in CDC13, the
nmr spectrum showed peaks, among others, corresponding to
hexamethylbenzene and vinylpentamethylcyclopentadiene (35).
After 24 hours the spectrum had changed and was dominated
by broad peaks at T 8.23 and 9.00. Hexamethylbenzene was
the only observed product when a 1l:1 ratio of reactants
was mixed in CDC13.

The three reactions described above were also
carried out in benzene solution (total volume ca. 0.5 ml).

1

The "H nmr spectrum of the reaction using an excess of



89
pyridine (0.032 g, 0.4 mmole) indicated a product identical
to the orange complex (44), although the peaks had slightly
different chemical shifts, attributable to a solvent effect.

A red solution was obtained when a 1l:2 ratio was

lH nmr spectrum consisted of seven broad peaks

used. The
at T 5.37, 6.04, 6.77, 7.29, 7.52, 8.08, and 8,80. The
relative intensities were measured with difficulty and were
approximately 1:1:1:2:1:4:1, It was not possible to inter-
pret this complicated spectrum,

When a l:1 ratio of reactants was used, the initial
1H nmr spectrum contained peaks at Tt 7.64, 7.77, 8.00, 8.24,
8.49, and 8.23; additional minor resonances were observed
at Tt 4.81, 5.50, and 5.94. After 24 hours the spectrum had
changed and was characterised by a large broad resonance at

T 8.0l as well as a smaller broad resonance at T 8.54 in an

approximate ratio of 5:1. The peaks were not assigned.

- Reaction of complex (32) with aniline.

(a) A benzene solution (liml) of aniline (0.372 g,
4 mmoles) was added to a stirred solution of complex (32)
(0.340 g, 0.5 mmole) in benzene (10 ml) at 25°, A grey-
browh precipitate (0.344 g) (46) formed and was isolated
after stirring for 15 hours. M.Pt. >250°

Anal, Calcd. for C,.H,,N.Cl,Pd C 47.45 H 5,07

337427 3%4479%2°
N 5.03 Cl 16.98 ©Pd 25.48%

Found: C 47.79 H 5.45 N 4.93 Cl 16.80 P4 24.82%
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The ir spectrum showed bands at 3250{(m), 3150(m), 3090(w),
2750(s), 2555(m), 2000(m), 1595(w), 1569(m), 1520(w),
1489 (m), 1460(m), 1432(w), 1370(m), 1338(w), 1322(w),
1290(w), 1218(m), 1200(w), 1173(w), 1145(s), 1117(s),
1067 (m), 1018(s), 901(m), 804(m), 763(s), 755(s), 740(s),
686 (s) cm .

Evaporation of the filtrate on a roﬁafy evaporator
gave an oil which was dissolved in a small quantity of
petroleum ether and chromatographed over alumina. The
1H nmr of this oil in CDCl3 contained resonances due to
hexamethylbenzene, vinylpentamethylcyclopentadiene (35),
and additional unassigned peaks.

The reaction was repeated but using a different
amount of aniline (0.093 g, 1 mmole). An ochre solid
(0.36 g) was isolated after two days. The ir spectrum of
this material was identical to that described above for
complex (46). Evaporation of the filtrate left an oil
which was shown to contain some hexamethylbenzene and (35)
by its nmr'spectrum.

(b) Complex (32) (0.034 g, 0.05 mmole) and
aniline (0.037‘g, 0.4 mmole) were reacted in deutero«=n
chloroform solution (ca. 0.5 ml) at 0° for 20 minutes.
The solution was decanted from a small quantity of pre-
cipitate and examined for hexamethylbenzene and (35) by

nmr. Additional peaks in the spectrum were not identified.

A similar result was obtained when a smaller
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guantity of aniline (0.019 g, 0.2 mmole) was used.

Simiiar experiments were carried out in benzene
solution (total volume ca., 0.5 ml). Complex‘(ga) (0.034 g,
0.5 mmole) and aniline (0.0l g, 0.1 mmole) reacted to give
an nmr spectrum of crowded peaks at t 7.65, 7.91, 8.03,
8.37, 8.56, 8,72, and 9,03, The two major peaks appeared
at v 8,03 and 8,56, the latter being the largest. The
peak at t 8.03 showed a fine splitting although this may
actually have been due to two overlapping singlets. When
a larger amount of aniline (0.019 g, 0.2 mmole) was used
a similar nmr spectrum was recorded. Howevet;_a signifi-~
cant difference was the increased intensity of the peak
at t 8,03 while the peak at 8.56 had decreaséd. This trend
continued whén-an excess of the aniline (0.037 g, 0.4 mmole)
was used to give a spectrum dominated by a broad intense
peak at T 8.03. However, little information can be
obtained from these spectra due to a lack of additional
information from other parts of the spectrum (i.e. to

lower field).

- Reaction of complex (32) with p~toluidine.

A benzene solution (10 ml) of complex (é&) (0.340 g,
0.5 mmole) was reacted with p-toluidine (0.428 g, 4 mmoles)
at 25°, A precipitate soon separated from the brown solu-
tion and was isolated after stirring for 2 days. The pale-

yellow solid (0.317 g) (47) was washed with a little
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benzene, then dried. M.Pt., 224-229° (dec.)
Anal, Calecd. for C4OH54N4Cl4Pd2: C 50.81 H 5,76
N 5.92 Cl1 15.00 P4 22.51%
Found: C 49,48 H 5,83 N 5.86 Cl 14.97 P4 22.,53%
The ir spectrum contained bands at 3250(m), 3150(m),
3090(w), 2750(s), 2555(m), 1890(w), 1611l(w), 1575(m),
1500 (m), 1445(w), 1390(w), 1370(m), 1320(w), 1290(w),
1218(m), 1205(m), 1180(m), 1150(m), 1120(m), 1100(w),
1070 (w), 1043 (w), 1022 (m), 965(w), 937(w), 834(w), 8l4(s),
745(m), 728(w), 704(m) cm T,
The complex was too insoluble for a nmr to be taken.

Evaporation of the filtrate and subseQuent chroma-
tography over alumina by elution with light petroleum gave
a colourless oil. Analytical vpc analysis on a 5% SE-30
column at 105° separated the oil into four components.
The major component, representing about 60%‘of-the mixture
was the vinylpentamethylcyclopentadiene (35). The other
components represented about 30, 5, and 5% respectively,

but were not identified.
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