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DECéWPOSITION OF PHLENOXOCOPPLR(ITI) COMPLLXLS

ABSTRACT P )
T ) // B \ /

7 .
The mechanismfof decomposition of

phenoxocopper (I1) to polyphenvliene ether 1s 1nvestigated,
utilizing birs(2,4,6-trichlorophenoxo)bis(pvridine)copper(l1).
Ultraviolet-visible spectrophotometrv and electron spin
resonance spectroscopy provided tne major tools for thne
mechanisttic rroposals. l'hese were suppnorted by analvsis of
the reaction products under varied reaction conditions

(1e., temperature, concentration and solvent), and throupn
the addition of free radical i1nitiators, carbon tetranalidcs

or trichloronhenol .

O

Tae reaction was found to proceed
tshrough the formation of piaenoxv radicals, which served to
induce furtner decomposition of phenoxocopper(Il). A mecn-
anism of autoacceleration 1s pronosed. The addition of
free radical initiatars and carbon Lctrahayldcs was found
to enhance the decomposition. . ,

-~

Oxvgen or hvdroperoxides were
found to generate ua—oxoconper(ll) complexes as s1de reaction
products. Suitable adjustment of the reaction conditions
permitted the formation of these complexes as the sole cop-
ner-containine product, nrbvxding a unique method of svntne-
s1s of ua—?xocopper(ll) complexes from other phenoxo-neutral
liqand—copnér(ll) complexes.

.
Decomposition of 4-bromo-2,6-d1-

chlorophenoxocopper (1I) results in a nearlv-linear polvner

of vervy high molecular weight.

11
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— o
' (x11)y =

~

Chemical formulae:

Pv = pvridine

TCP = 2,4 ,6—trichdhenoxo

TBP = 2,4,6-tribromophenoxo j
TIP = 2,4,6-tri1odophenoxo ‘
ClzBrP = 4-bromo-2,6-d1chlorophenoxo

DMSO = dimcﬁhvlsulphOXLde
DMF = dimesthvlformamide ‘
TPPO = triphenvliphosphine oxide

In cases where tne phenol is substituted 1in the

2,4,6- positions by identical grouns, an abreVngﬁd

'
=+

. N - e T
nomenclature will be used, e.g. 2.4,6—trichlofbnhenol

-t

‘-
w1ll pne referred to as trichlorophenol. —

The nﬁenﬁxo-nvrldine—copner(II) comnplexes are abreviited

@

as phenoxoconper (IT1) throughéut thi% thesis. ,fhis 1s
not to be confused with copper(JI) trichlorornhenolate,
Uu(TCP)z, which was usededttlv in the preparation of
various phenoxo-ligand-copper (11) comnlexes. In cases
where neutral ligands other than‘pvridlne are 1nvolved
in the complexes, these ligands will be 1included 1n the

Py

nomenc lature.
The terms phenoxv, phenoxvl and aroxvl radicals have
been used interchangeablv in the literature. Chemical

Abstracts nrefers nphenoxy, so this term will npe uséd

in tnils thes1is.
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5.

8.

¥

I I3
The téfms-quinone ketal and quinol ether are some- //
times confused in the literature. Compound 1l is a’
quinone ketal if R = 031, otherwise it is a quinol ¢

ether.

The terms redistribution and equilibration are
svnonvmous for the<coupling mechanisms.

Polv(2,6-d1§ubstitdted—l;é—whenvlene ether) will be

o

referred to as polyphenvlene ether. The name "polv-

t

rhenvlene oxide" 1is also widely used 1n the literature.

3

Electron spin resonance spectroscopy and nuclear .

magnetic resonance spectroscopv will sometimes be abbre-

viated ESR and NMR 8pectroscopy, respectivelv.
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I -1 Origin o§ the Problem

and coworkers

’ In 1959, Hay

©

discovered a method of oxidative coupllﬁg%of phenols to

vield high molecular weight noly-l,&—phen§iene ethers (1).

)
The reaction was carried put at room temperature bv passing

oxvgen through a solution of »the phenol 1n an organic

¢

as catalvyst.

vent containing an amine and a copprer(Il)

4



2

B 2

1

The active oxidizing agent in the oxidative coupling reac-

¢

tion was shown to The role

be an amine-copper (I1) complex.

of the oxvgen was to oxidize the copper(Il) ions to copper{(iI).

The reaction gave onlv simple products with the 2,64&isubsti-

-
~

but a large number of the latter were shown

tuted phenols,

to undergo reaction, equations I - 1 and 2.

Y

When the substituents were small,

sucn as methvl, the carbon-oxvgen coupled product, I = 1,

was mainly obtained. On the other hand, with bulkv groups,

such as tert-~butvl, onlv carbon-carbon coupled "products,

'

1 -~ 2 were obtained 1n substantigl amounts.

(3

3

1 -

(’:‘z;
t

)

¥

2,6~disubstituted phenols with

hilogen substitution atttﬁe 4-position have also been

oxidativelv coupled by copper (I) compounds, but 1in a nén-

LS

catalvtic manner.

«

6~thogenated-2,6—d1nethvlphenols,'sub-

tected to tne oxidative coupling reaction, absorbed an

amount of oxvgen equivalent to the amount of copper(I)

salt present and then the reaction stopped(2). This was

[

2
due to the halogen released from the 4-posifion reacting

swith the copper(1) ions, producing a copper(II) halide,

I -~ 3, which is incapable of oxidizing the phenol, equa-

5

tion I - 3.
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Staffin and, Price(3) prepared

high molecular weight poly (2,6—dimethyf-f,6—phenvlene
R
ether) from 4-bromo-2,6-dimethyliphenolate ion with a num-

ber of oxidizing agents such as lead dioxide and potassium

©

ferricvanide.

The reactions described above

¥
were extraordinary because of their apparent extreme sim- R

v

plicitv. Furthermore, thev represented the fitst svnthesis

of high dolecqldr weight polyphenylene ethers. Previous .
studies on the oxjidation of phenols, which are summarized

in four excellent reviews(4-7), have yielded as products

-
©

¢ simple .aromatic ethers, oligomers, or a variety of complex

. . .
W

products,. v




' When unsubstituted phenol was
i

trgmted with oxvgen 1in pyridine sofution, in the presence

of copper(l) chloride, a reaction occurred. However,

-

: insteaad of polvmer forming, an intractable, tarryv residue

resilted (8). This 1s not surprising since the unsubsti-

tuted 2- and 6- positions are expected to manifest a

haet o SEAS 4

reactivity towards coupling comparable to that of the 4-

i

- 7 AN
position, and extensive branching can occur. Coupling

mav be slightlv preferred 1in the 4- position(9). Either

?
>

carbon~carbon coupling, or carbon-oxygen coupling can
occur at the 2,6- and 4- positions. The reaction will
only proceed cleanly to give polv—l,é—phenvléne etners
when the 2,6- positions contain relativelv stable sub-
stituents such as alkyl groups. Substituents in the 2,6-
pbsitions which are readily displaced, for example halo-
zens, lead to some branching. Polymer from the ox1da£10n
of 2-chloro—6-ﬁethvlphenol showed a loss of 157 chlorine
lé%). It should\be noted, however, that linear'unsubsti-

» ‘> tuted polv(phenylene ether) has been successfully pre-

v pared under certain reaction conditions(l10-12).
- ¢

-
»

The mechanical, chemical,

and electrical properties of polyphenylene ethers (13)

o
[

have provided the incentive for Intensive research in

this field in the past twelve years, Recent studies have

o

vy

) [ o

r

Al
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<
shown that apart from the compounds of copper, iron, and

4
lead first used as oxidants.for the oxidative coupling

-

reaction, 1t is also possible .to obtain reasonable results

with compounds of cobalt(l&,l!), manganese(l6), nickel(17,
. ?
18), alumina(l9), metal oxides(20), persulphates (21), tri-
-
tert-butvlnhenoxv radicals(22), and organic peroxides (23).

ﬁost of these reactions, however, are unsuitable for hine-
tic studies since thev invplve either heterogeneous oxi-
dants, or diffusion processes through the interface of
aAgueous alkali-aromitic solvean. Side rea;tions can
result with tri-EELE—butviéhenoxy radicals or organic per-
oxides, The copner(I)-phenol oxidation system provides a
hom6OAenedus reaction. It therefore represents the best
svsten for the kinetic and mechanistic study of tﬁe oxXi-
datlig/toupling of g;enolg to polyphenvlene ethers.

= -~

Recentlv 1interest. in the
oxiddtion 2,6-diphenvlphenol to poly(2,6-diphenvl-1,4-
nhenvlene ether) has accelerated (24,25). It was féund X
tnat problems of degradation experienced for noly(2, 6~
dimethvl-1l,4~-phenvlene ether) were not as common in this

t

polvmer. .
o b

- The oxidative coupling of

phenols with copper(I) chloride as catalyst is very com-



plicated as evidenced in several review articles(26-30).

Despite the vast amount of literature now available, the

Taan

overall mechanism i{s still RBtunompletely understood. This
applies particularly to the role of the oxidant. Tt was
shown(31) that the éole function of the oxvgen in the
catalvtic reaction is to oxidize copper (1) to copner (II).

)

r ;
« Copper(l) salts would not catalvze the coupling of phenols
gl

in the ahsence\of oxvegen, Nelther would autoxidation of
coprer(l) proceed in the ;bsence of amine. The structure
of the catalvst 1s not known. The exact role of the
catélvqt in the oxidation of phenols 1is not definite,
although it 1s almost certain to involve a phenoxo-amine-
copoer(II) intermediate(2,31) and an overall mechanisn

has been proposed, equatidns I - 4 to 7.

T

]

i

|
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More recently, Price and
Nakaoka(32) haverconducted further studies as to the
role of oxygen in the oxidative coupling of 2,6-dimethyl-
phenol using copper(I) chloride as catalyst. They have

proposed a similar but more detailed mechanism, as shown

in equations I - 8 to 11.
L
I i G
A " Arc C1 Ly
Y‘L\ /Cl\ /( J)ﬁ C 0, S , /O ~ \[
cul 1) cu(i)- ———— —/Cd\Il) \O;";‘u(i )
(’y)/ \Cl/ \OAI‘ (:'y) 72 \Cl \\ LT
i
- T A
vy sy + 7 AI‘Od > "
\_.\-Q ATO . Are
rC . i Cl (iy)
A-‘\ /Cl\ /(:Y), 1 ~ PN s A
Cul I.) Cu(iz) ————— /Cu(Il) /Cu(x-)
P ™~ ~ ~.
(Py)~. \Cl OAr (ry)7 C) ot
+ 7 ArCQlh
t = 17 - 7 H.O
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et al(2), was chosen because it was felt that the stable

\There are a number of other
reaction features which are not fully understood. The
reacti1on depends on-the molar concentration of amine rela-
tive to the copper concentration(33). Using pvridine as .
the amine, 1t was found that polvmerization proceeds most
effectivelv ..at a molar concentration ratio of 10 to 1.
The reaction is also devendent on the bulkiness of the amine.
This thesis will deal with the
nomogeneéus thermal decomposition of bis(2,4,6-tr1halo-

nhenoxo)bis(pyridlﬁe)copper(ll), I - 4, to pvolvmer, equa-

tion I - 12,

This reaction, which was first described by Blanchard, .

-

phenoxocopper (11)- complex closelv resembled the proposed

phenoxocopper (II) intermediates in the catalvtic polvmeri-

“

zation. The overall mechanism of oxidative coupling of

phenols can be described in two stages. The first stage

¢



deals with the oxidation of copper(l) to copper(I1) and
the formation of a phenoxocopper (II) intermediate. The
second half involves the decomposition of this inter-
mediate complex with-rthe subsequent formation of polvmer.
Commencing with a stable phenoxocoppe;(ll) complex would
eliminate investigation of the,flrst stage, and permit
complete ecmphasis on the mechanism of carbon-oxvgen cou-

nlln&. This thesis will show that this stage, as well

as the first stapge, 18 verv complicated.

I - 2 Reaction Mechanism

- {

A. Role of the Copper(I1) Complexes

It has been shown that onlv a
limited number of copper(II) complexes wi1ll oxidativelv
couple phenols effectivelv(3l). The most active reagents
were products of the autoxidation of various copper (1)
salts. Detailed studies on the autoxidation of these
copmer{I) complexes in the absence of phenol led to infor-
mation regarding the catalyvst structure. One product,

which analysed as PyCuCl(OCH was found to be at least

¥
as active as copnper (I) chlorlde in the oxidation of 2,6~

dimcthvfphenol when wused in equivalent amounts based on

-

copper content. The structure 1 - 5 was postulated for

this compound.
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P_v,)CU ‘12

A small number of copper(II)

froups.

- 11 -

Ny cl or
\P/ \C/
v Jd
NN

. / Y
+ f \

plex was prepared from copper(I) chloride, or

by either reaction I - 13 or 1l4.

Sonci(ee L)

complexes containing "hvdroxvl

was also found to be active oxidizing agents.

Attempts to prepare phenoxo-

pyridine-coppenr(JI) complexes by a reaction analogous to

"

I - l4-led to a variety of results, some of which are

depicted in reactions I -

15 to 18.
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This sequence of reactions offers a gtéat deal of inform

tion regarding the overall mechanism, and provides stron
support for the hypothesis that phenoxocopper(II) comple

and phenoxy radicals are involved.

- Blanchard, et al(2), have pr

¢
pared and characterized a number of stable phenoxocopper

A Y

a-
4

Xes

e -

(11)



AN

-

complexes from polyhalogenated phenols, Table 1. The onlyv

5 - LN
stable complex possessing an alkyl group was 4-tert-butyl-2,6-
dibromophenol. Even this could not be recrvstallized since

it decomposed so readily. This was not surprising since pre-—

vious work(8) had shown that substituents which diminish tne

reducing power of the pnenol, 1e., electfo—negative groups,

tend to reduce tne polvmerization rate, For example, 2,6-
By “y

dimet hvlphenol polvmerizes readilv at room temperature, bhut

temperatures 1in the neighbourhood of-60O C were required to
\ oxidize 2,6~-dichlorophenol. The products of the thermal
- 84
decomposition of the aforementioned stahle copper(l11) com-

plexes were characterized, Table 2 and 3, but little was

offered in the way of mechanisms.

Harrod also reported the nre-
parat ion and decomposition of several nhenoxocopper(II)
complexes(34) using 2,4 ,6~trichlorophenol..and a varunetv of

’ neutral ligands, Table 4.

-

A number of phenoxosilver (I)

complexes was also prepared and decofiposed, Table 5.

1

This allowed comparison with the phenoxocopperjll) com-
pounds and with the previous work bv Hunter, et al(9).

The low Molecular weights of the polymers were attributed

to the fact that the silver compounds were insoluble.
Y

-

)
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TABLE 1

Phenoxo-Pyridine-Copper(II) Complexes (2)

Y
\\ - o} CuPy2
Y /2

_jfrcnt phenol Decomp .

X Y Result? Colourb temp.OC
C1 (‘,H3 Low polymer -—- ‘ -—--

. .
L5r CH Low polvmer - - ~t o
.3 "
Cl Ccl Stable \ Deep brown 125-127
H Cl Stable Deep brown 237-240
Br C1l Stable Red-brown 143-145
t

c1 Br Stable Red-brown -

’ >
Br Stable Red-brown 130-132
tert-Bu Stable , Red 123-125
Br Br Stable Deep.brown 108-110

d
Ccl Cl Stable Deep Rrown 192-195
tert-Bu CH3 Mixture® Brown ---
CH3 CH3 Mixture® Tan --—-
_ - e

a By stable 1is meant, the compound 1s capable of isolation
and characterization.

After recrystallization.

2,4 ,6-Tribromo-3-methoxyphenol.

Pentachlorophenol.

Mixture of complex plus decompositioen products.

oano

(2) H.S. Blanchard, H.L. Finkbeiner and G.A. Russell,
J. Polym. Sci., 58, 480 (1962).
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TABLE 2
o lapblLL 2
Thermal Decomposijition of
Phenoxo-Pvridine- Copper()&} Complexes (2)
¢ /T W}‘CUPV
' 2
Parent phenol T TNTeTd % T
areéf—pleno Time, o L:c_,.__‘ LZJ
X Y hr.? Py, CuX(Y) polymer dl./g. MW, €
c1 c1 2. 92 88 0.06. 9,600
Br Br n.20 -~ 7 Unstable -- -
H c1 12.d 0 0 - --
Br Br® 0.75 ' 83 ' 90 0.02 2,300
Br c1 n.25 g4t an 0.07 11,000
c1 Br 3. 97 ‘r\—— 0.01 -
cl1 c1® 16, = 0 /o - -
S
cl c1® 2. Y- \87 n.02 -
——— ‘
a Time at reflux in toluene. o
YW Intrinsic viscositv, CHC13, 25°C. 5
¢ Fbulliometric, C6H6 ’
d Refluxing benzene. g \ ¢
e 2,4,6-Tribromo-3- methoxvphenol
f 607 Pv, CuBr
g Pentacglorop?enol.

Refluxing diphenyl ether.

H.S. Blanchard, H.L. Finkbeiner and G.A. Russell,
J. Polym. Sci., 58, 481'(1962).
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TABLE 3

Thermal Decomposition of Bis(2,4,6-trichlorophenoxo) -
bis(pyridine)opper(II) Complex in Various Solvents.

(2)

| . Yield, 2 [2). o

Solvent Timé, hr.? PyZCuC12 polymef dl. g(b

¢ F [
CoHe ’ 1.25 100 100 0.05
py© 2. 0 0 --
c,d

Ce 6/?v 5.25 15 - -

Cq 6/Pv '€ 4 ) 0 .
Isooctane’ ’ 4 . 0 0 - )
AcetoneC " 96, 9 0 00 -

Q
Cs”s‘\‘o , 2. 96 | 92 Y 0.05
CHC1, _ 1. - - 0.025

CHoClig ) 2. 92 88 0.06
C}13011° ‘ .2, ) 0 0 -
Cvclohexenec- 3. 0 0 -
c,Cl, 2. ) - - 0.05

Time at reflux. o
Intrinsic viscosity, CHC1 25 C.
Recovered starting material

47 pvridine.

2n7 pvridine.

o an o

(2) H.S. Blanchard, H.L. Finkbeiner and G.A. Russell,

J. Polym. Sci., 58, 482 (1962).

<
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7 TABLE 4
g ”‘: 0. .
Thermal Stability of Trichlorophenoxocopper(II) Complexes(34)
; ) : ' _— ——— e
Neutral 1fgand 8 Thermal behavior
] —;43'@ ~—_~ - _—,— 2 —
Biquinolyl Too unstable to be isolated
- . > N
Triphenvlphosphine Toan’":g}\stable to be isolated’
2,6-Dimethylpyridine Stabl'e enoulgh to be isolated as
solid. |
Lifetime in benzene ~ hours at .
room temperature*’"
2
@ 0 de g
Ammonia ethylamine Rapid) deqgmp. af ~ 90°C 1in soli
-~ Lifetime,., nben7ene~ davs at rog/om
*r’:; temperature*
= ML "~
Pyridine o Sharp decomp. at 12%“127 C in
& <o solid.
oo Lifetime in benzene ~months at
p room temperature*, ~12 hrs. at
Q, " g8o%. °
None & - " Sharp decomp. at 143-145°C in
| @ - .2 o solid.
g -’:L:'_;ﬂ,’: N ,:5--' -~ N s .
2,2'-Dipyridy L.y o m.p., 175-177°C; decomp. ~195°C
' .
Tetraethylethyléﬁgdiamine m.p., 167;1680C.
m.p., 182-1 & c.

°,,f’i‘é tramethvle thy]ﬂ_g/ediémiqe

v ¥
i~

L1 fetime in Benzene ~ years

. . %,
o-Phenanthroline m.p., 220° C; decomp. ~ 220°%c.
i _ —;—— e _<T~_'__~“—
* Observations made -bn numerous solutions. © N
' . T §
(34) J.F. Harrod, -Can. J. Chem. 2?1 641 (1969). .
. l:ﬂ., v
B
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TABLE 5

Decomposition of Phenoxosilver(I) Complexes (2)

L]

Y
X,<C:>__0Ag
Ny

Br
Br
Br
Cl
}l
Br
Br
Br
Cl
Cl
Cl

Br

Br

¥
Pare;:-phenol Method of .
e decompo- Yield
X Y sitiond W A

— 7 ’

CH3 A ; 65

CH 4 B 48

CH1 c 410

CH3 A 30

CHj B 20

"Br B 72

’ Br c 44

R Br® B 65

) Cc1 B 60

Hf A -

55/ B 45

‘Hf A 40

Hf B -

c1® -h 40

Br

a
b
c
e
f
8

Softening
.point
oC

220

185 |
260
300

180

150
150

195

7]

dl./g. "

0.09

£ 0.06

0.015

M.W.

o

C

2100

1600

7500

5500
8000
1500
1500
2100
1800

1200

A= ethvl {odide, heat; Bz CeHg, heat; C= Py/CgH5CH3, heat.
Intrinsic viscosity, CHCl3, 25°C. .

Fbulliometric CgHg or CHCIg.

2,4 ,6-Tribromo-3-metkoxyphenol.
Polymers contained 20-307 residual halogen.
Pentachlorophenol.
h Decomposed 1in refluxing xylerne.

. ) o )
"¥2)_ H.S. Blanchard, H.L. Ff;ﬁbeiner and G.A. Russell,
J.Polym. Sci., 58, 483 (1962).
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Decomposition was ca¥ried dut under heterogeneous conditiens,

.

«

B. Decompos)ﬁion of Phenoxocopper(lI) Complexes to

<

oPdT;;;;nylene Ethers '

< " -
4 "
) T - . ' ‘

Preliminary work on the oxi-

-

‘dation of 4-halo-2,6-dimethylphenol*was interpreted in

terms of thenformation~of complexed\phenoxv_radicals(Z),

-

s
with copper-assisted transfer of halogen atom, ‘equation

I - 19 to 21.& More recent work, includinpg that described

s
- '

¢ in this thesis, indicates that there is no association ~ *

between the phenody radicals-and copper (I).

o -

s Pl
-
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The existence of phenoxv

radic%lg is well known(35,36). I1f phenoxy radicals are
t
¢

indeed formed, then under comparable conditions, the

resulting radicals should be detected by electron spin
By

resonance spectroscopv provided thky are concentrated

and stable enoug?. This was found to be true for tri-
tert-butvlphenol(3l), equation I - 18. i
Y \\ Cook has reported(37) that

the tri—géii-putvlphenoxv radical assumes a very deep-
b-lue colour. As early as 1917, Hunter noted the forma-
tion of blue to blue-gréen colours(9) during extensive
research’on the decompositio; of phenoxosilver(l) com-
plexes. Staffin and Price(3) observed the formation of

a green colour which faded on warming when 4-bromo-2,6-




- 21 -

, A\

]
~

dimethylphenol was treated with a catalytic quantity of
iodine at -70%C. Cook and Gilmour revorted that when

tribromophenoxosilver(I) in benzene was treated with a
crystal of iodine, the benzene ass;med an intense blue
colour(38). This coiour faded on standing for an hour.
These three reactions all resulted in the formation of

o

polvmer. On repetition of these reactions, Blanchard,

et al(2),were not able to detect anvy electron spin reso-

nance signal. This would 1mply that either the colours
were not due to phenoxv radicals or that their concen-

tration was somehow too low to be detected. It ais
1

|
improbable that anv colour could be detected in the decom-

position of phenoxocopper(II) complexes since the latter

are alreadv intenselv coloured.

Harrod reported the existence
of a ligpand-to-metal charge transfer band (34) in the near
ultra-violet. §uch a low energy photeochemical charge trans-
fer éxcitation is 1n accord with the hypothesis of a

facile homolvsis of the Cu-0O bond.

Kopvlov and Pravednikov failed

to positively detect phenoxy radicals by electron spin

" .
resonance spectroscopy on decomposing a solutiofh of 4~bromo~-

2-methylphenoxocopper(I1) prepared from freshly autoxidized

w

copper(l1l) and 4-bromo-2-methvlphenol i1n an inert atmos-

phere(39). This 1is not surprising in view of- results pre-

r

S
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sented later in this thesis.

Huysmans and Waters(40,41)
have reported that by passing a solution of a phenol 1n
benzene through a- thin layer of a solid oxidant (silver

5 - -
oxide or lead dioxide) placed in an electron spin reso-

.

nance cell, it was possible to record the spectra of manv

unstable primarv radicals, including 2,6-dimethvlphenoxv

radical. When the flow was stopped, strong electron spin

'

resonance spectra of secondarv radicals developed. These
. 4
secondarv radicals were shown to be due to coupling at

the 4- position. It was found that on heatidg, this
NP S ) .
secondarv radicalsp%cﬁtuﬁinc?ﬁased 1in intensitv, onlwv

<

to teturn td the original level on cboling. The rewversi-

ble behaviour can be understood by assuming an equili-

brium between the radicals and quinone ketal intermedi-

ates which will be described later,.

Very recently, Tsuruva,
¢
et al, detected bv electron spin resonance spectroscopny

the formation of phenoxv radicals during the solid-state

thermal decomposition of trichlorophenoxo- hexamethvl-
K3

rhosphoramide-copprer(II) complex to polvmer (42). This

result confirmed the participation of phenoxy radicals 1n

»

'this tvype of coupling reaction.

/
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C. Polywer: Format®on
i) Introductory Remarks
Sy
. . : Polymerizations are generallv
classified as polvadditions or polvcondensations. Polv-

addition 1mplies that a growing molegular chain reacts
‘onlv with monemer units, Thi; could proceed through two
possible mechanisms. The first method,wnown as chain-
growth polvmerization, involves the polvmer molecule
growling extremelv rapidlyv. High polvmer is formed at the
very start of the reaction. If termination 1s occurring,
the concentration of polvmer molecules growing at anv
instant wlll‘be verv low. The intermediate reaction mix-

A M
turc, tnerefdre, consists mainlv of 1nactive high polv-

mer and unreacted monomer. e

The second method of polv-
addition involves polvmer chain growth bv a series of
discrete reaction stens. The 1intermediate stage of polv-
merization consists of polvmer chai;s capable of further’
growtn bv reaction with monomer. The number-averape mole-
cular weight of the polvmer thus Increases proportionately

with monomer conversjon. In general, the intermediates

in step-growth polvmerizations are relativelv stable.
|

R
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Polycondensation also implies

N .
a step-wise reaction. However, polymer growth occurs through

reaction with other polymer chains as wegll as with monomer,

-
’

Long reaction times are essential to &btain polymers of hagh

number-average molecular weights.

During the catalvtic oxidative
coupling of phenols, the degree of polymerization remains
quite low throughout most of the Teaction, but rises sharplv
towards the end (43), Figure 1. Identical polwvmers were
obtained from dimers, trimers and other oligpomers which were

used as '"monomers”. This type of behaviour can be exnlalnfd

‘only if polvymer molecules are reacting with each other as/

well as with the monomer(&B,&&f.

2
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Figure I -1

Dependehce of Degree of Polymerization on

Fractional Polymer Yield#*
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* reproduced from Ref. (43).
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The coupling of poﬂym r ch

must also be reversdible in order to account for the extremely
low degree of polymerization throughout most 6f the course

of reaction. Removal of water gv addition of magnesium sul-
phate in equation I - 1 greatly enhanced the rate of poly-
merization(33). Redistribution of phenolic dimers with a
number of other phenols(45,46), and the depolvmerization of
xpoly—2,6—dimethvl—l,lo--phenvlene ether with 2,6-~-dimethyl-~-
phenol lend further support to the reversibilitv of the

reactions.

vooo i) Suggested Mechanisms

e e Y
P -

In order to explain the »above

results, three mechanisms were proposed (47,48),
V 4

o a) End-linking of Polymer Radicals

7

In this mechanism, which {is
geﬂerally referred to as the '"uncoupled electron'" mechanism,
-polymeric phenoxy radicals couple directly; with the oxygen
atom of one, attacking the 4~ position at the end of the
“chain of the other. This implies the ability of an electron
ﬁto transfer from head-to-tail in a polymer chain, equation

@R
I - 22 to 23.
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b) Ouinone Ketal Rearrangement

This mechanism postulates the
formation of quinone ketals by the combination of two

phenoxy ' radicals, followed by rearrangement, equations

I - 24 and 25.

I

s 18
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Rearrangement presumably takes place by a series of eldctron
) g
displacements involving concerted homolytic breaking of the
ketal C~0 bond and formation of a new C~0 bond as shown in

equations I - 26 to 29.
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Rearrangement usually occurs along the-entire length 5f
the molecular chain. When bv successive rearrangements
of this type one of the terminal rings becomes the dienone

ring, enolization vields the coupled phenol, equation I -

30.
P 0
=0 _.Q—>-W 0 On
. oo '

c) Nuinone Ketal Equilibration

This mechanism 1nvolves the \_

formation of a quinone ketal which then dissociates imme-

o
diately to eilther regenerate the radicals from which 1t
¥

¢

was formed, or to produce two new phenoxv radicals, one

/ -
containing one more and the other one less arvioxv unit

I ‘a)
©

poad
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The coupline of prolymer

Pt

radicals to polymeric phenols 1s

tne result of rapid redistribution of polvmeric wvnenols

to produce monomer,
spec-res.

R

111)

-

which couples witn another phenolac

Discussion of the Proposed Mechanisms .

The mechanism of counling

- o

is

———an Y

toe - .
best determined by examination of the reactiom products

at various stages of reaction.,

The oxidation of a mixture

of .phenols has resulted in copolymers of random structure

a

special conditions (50).

ro,determine the mechanism of coupling of phenols.

_(49), although“block Eopolvmers have been obtained under

Numerous technigques were emploved

However,

. .
much of the evidence rested on the identification of -the

< v

<

~

%4

-




initial products from the oxjdation of "dimers", either
L e,

with themselves or redistributed with other phenols. These
dimers often contained mixed substitution patterns to faci-

litate product structural identifica&ion.

\

Butte and Pr&ce(Sl) found that

1n the oxidative polvmerization of’Q—E3~2,6—dimethvlphenol

o

or 3—!§—Z,G—dimethylphenol, 237 of the label in the former
was retained while 167 of the label in the latter was lost.

To account for this, an extension of the "uncoupled electron'

mechanism was praposed, equations I - 33°to 37, The pneno-

nium 1on, I - 8, could lose the _#&- proton directly or undergo
L1 -2 e e =

simple migration. Tnis migtation allows better resonance

-

stabilitv at the 2,6~ positions. . .
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McNelis suggested an alternate

"

scheme to explain proton migration(Sé). Here, the '"tail"
of the monomer interacts with the "head'" of the macromole-
cule; the opposite of that proposed by Butte and Price,
Since the work by McNelis was performed in an acidic medium
and involved-the effect of hvdrogen ions, Kopvlov anﬁ

Pravednikov(53) modified this mechanism for a hasic solu-

ti1on, equation I - 38 to 43. a

2
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? It was supgested that the reaction proceeds mainly bv
route I - 40 when X is a halogen. On the other hand, -
S ) R
where ¥ is nvdrogen, tritium or methvl, the procés{scould
involve both routes I - 40 and I - 42, giving an isotopic .
n
product.
‘ There is considerable eyvidence .

. - !
against the "uncoupled electron” mechanisn.

1) The reaction is carried out in an organic

)
where the existence

amine or in an inorganic base as medium,

®
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of a phenonium cation 1is improbable.

2) Kopylov and Pravednikov(53) have shown that
the proposed transfer of a resonance electron through the
whole polymer chain is impossible without rupture of the
chain.

It was suggested that electron transfer could not

proceed past the second aryl ether oxygen. This can be
more’ dramaticallyv emphasized(54) in the products of oxi~

>

"dation of 4-(4'-chloro-2,6"-dijodophenvl )-2,6~d1bromo-

10, equation I - 44,

1

nhenoxosilver(l1),1 -

| ) r ‘ -
' e

jledl

-
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|
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‘ o c o
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If the electron transfer were permitted into the second

unit, coupling would be expected bv displacement of the

-

more reactive iodine, contrarv to the experimental result.

Bolon prepared the stable 2,6-di-tert-butyl-4-phenvlphenoxy
radical and found no detectable spin transmission through

v

even a single diaryl ether linkage (55)«
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3) 4-(2,6-dimethylphenyl)~-2,6-dimethylphenol,
] - 11, should be reactive by the uncoupled electron mecha-
—_— [
nism. It was found to be incapable of oxidative coupling

(32).

4) Analvsis of the products of oxidation of
various phenol dimers have shown the existence of products
which cannot be explained by this mechanism(45). A tvpical

example 1s shown in equation I - 45.

el i

oH .
~ b \\
QY —= O O O

From equatiion I - 39, it can

~

be seen }hat the mechanism proposed by Kopvlov and
Pravednikov(53) is essentially an extension of the quinone
ketal mechanisms.® Ouinol ethers, I - 12, are formed bv
the att?ck of polymeric radicals on monomeric radicals

%
rather than with other oligomers, equation 1 - 46.

:



senarated monomer,

Cooper, et al(48), have

trimer, tetramer and unreacted dimer

at early reaction times from the oxidative coupling of

- -

<
4-(2,b~dimethylphenoxy)~2,6~dimethylphenol. This result

can only be accounted for in the quinone ketal equilibra-

tion mechanaism.

The other two mechanisms do not justify

tne formation of products with an odd number of rings.

This finding,

of the

however,

subsistence of the other

does not rule out the possibility

two mechanisms, nor does

‘it prove the existence of quinone ketals.

¢

The dimers” from -several

2,6-disubstitutedphenols have been redistributed with

RN

various
the idea that
occurs during
The

phenols.

the nature of

tri-tert—~butylphenoxy radicals(46). Analysis of the

reaction products lends additional support to

equilibration is an important process that
the polymerization of 2,6-disubstitued
formation of quinone ketals is demanded by

these products.




NN White investigated the redis-
tribution of polymer with different phenols(23). The

resulting mixed dimers can only be explained by the quinone

ketal equilibration mechanism.

"Mixed'" dimers can be labelled)
AB, where A and B represent the top and terminal rings,
respectively, Structural determination of the products
from the oxidation of these dimers offers ev1de%ce for the
mechanism of coup}ing. The end-linking mechanism would
nredict a perfectlv alternating product,bABAB... The
quinone ketal rearrangement me;hanism would predict manv

different sequences of rings in amm-elaigomeric product,

but none with more than two similar rings in succession.
The sequences ABA, AAB, BBA, etc. were possible, but not
BBB or AAA. The ;henolic ring of everv product nmust be

a B ring. The quinone ketal equilibration mechanism

wduld predict prgducts having anv sequence of rings, with
etther ring of the dimer appearing as the phe;olxc ring of
the polvmer. Intensive research by Mijs, and coworkers(45),
showed that the coupling of phenoxy radical;, using several
mixed dimers, proceeds through the formation of quinone
ketals., It was also noted that rearrangement can be com-
petitive with equilibration. The higher the‘temperature
and the bulkier the substituents, the more preferable the

equilibration mechanism. This was further supported by

White(56).




The dimers examined previously
(23,45,46,56-58) contained either the same substitution
pattern in both rings, so that the .rings could not be dig-
tinguished 1n the product, or had an open 2,6~ position in
one or both rings, preventing the formatipn of linear high

N molecular weight polvmers. Cooper and Bennett (59) have
reported the oxidative polvmerization of two '"'mixed dimers",
] - 13 and I - 14, in which both rings correspond to phengls
capable of being oxidized to linear high polvymers. This
permitted the mechanism of coupling to be inferred from Fhe
structure of a,polymeric product. Analvsis of the polvmer
bv nuclear magnetic resonance gave results which could onlv
result from equilibration. Even under conditions prefer-
—

ring rearfangement(as,éﬁ), the equilibration process deter-

minedlthe polymer structure,

«t

.-
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& Equilibration and rearrangement

involve the same quinone ketal intermediate and are com-

plementary reactions. The number of individual rearrangement

<

steps required for producing a polymer molecule solely bv
coupling and rearrangement of polymeric radicals 1s extremelvy
large. There is a high probabili?V that dissociation and

equilibration will occur at some stage of the pnrocess. Lqui-

‘

libration mav therefore proceed by transfer of more than one

unit from one molecule to another. The polvmer couplaing

’

reaction likelvy involves both equilibration and rearrange-

ment, with their relative importance determined by reaction

conditions ..

Becker (60) showed that the

oxidation of 2,6-di~tert-butvl-4-bromophenocl i1nm the pre-
L
sence of pentachlorophenol gave a quinone ketal, I ~ 15.

This could then dissociate at room temperature, equations

I -~ 47 to 49.

)
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iv) Evidence of Ouinol Ethers '
)
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It 1s well established that

the carbon-oxygen dimerization of numerous phenols results

in the formation of quinol ethers(35). 1t

that this process 1is reversible.

S

is also known

Dimroth, et al have iso-

lated a quinol ether (61l) in the oxidation of 2,4,6-tri-

phenylphenol. Similarly, Kopvlov and Pravednikov(39)



obtained a reaction product which analyzed as quinol ether,

I - 16, during the oxidation of 2-methylphenol.

7

Mahoney and DaRooge (62,63)
performed kinetic and thermochemical studies of the reac-

tion of tri-tert-butvlphenoxv radical with a number of
¢

unhindered phenols, equation I - 50. Ouinol ethers,
I - 17, were isolated as reaction product. The rate of

\
Jecomposition of these quinol ethers back to phenoxv radi-~

3

cals was calculated.
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The forward and backward rate constants in this reversible
reaction indicated a rapid equilibrium 1in the case of
trichlorophenol , with the redistribution step relatively
slow compared to the dimerdization step.

[

D. Termination of Polymer Growth

o

The process of termination 1n

* ~

the oxidative coupling of phenols is not understood? It

1S obvious that 1t must somehow involve the destruction of

<

pnenoxy radicals. One mechanism of termination would

involve the destruction of the monomer radicals through
carbon-carbon couplings Factors whfch favour carbon=-carhbon
coupling over carbon-oxvgen coupling include increased
bulkiness of the substituent on the phenol (I), higher tem-
peratures, increased steric hindrance in the amine, or
amine-to-copper ratios(33). This competition between the
two tvpes of coupling at varving ligand ratios was exg}alneé
(31-33) bv means of stwo distainctly diffe;ent, catalvtically
active pyridine-copper (II) complexes. These two complexes
were thougnt to differ in the coordination number with res-

pect to the amine ligpand. The complex with the lower

coprdination number leads to carbon-carbon coupling, and

vice versa. This notion was later discredited by the pobser-
’fn-
vation that tetramethvldiphenoquinone, I - 18, reacted very



“

rapidly with 2,6-dimethylphenol to regenerate more dipheno-
quinone (64,65) under the conditions of oxidative coupling.

Repetition of this process eventually removes all monomer

o

phenoxy radicals by carbon-carbon coupling, equations I - 51
‘ ' . .
to 53.
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. 0 . Termination also takes place

a
bv the removal of the polvmeric phenoxy radicals. Lndres -

P

and Kwiatek reported the existence of one hydroxyl group

per molecular chain(43) in the polymerizéflon of 2,6}w
. ; kY !

dimethylphenol. This was based on the hvdféxyl absorption
at 3580 c:m—l by infrared spectroscopv, and on molecular

weilght data. These hydroxyl groups presumably result fron

a

extraction of hydrogen from the reaction medium. The

""head" of the polymeric phenoxy, radicals could react with

a

tne "tail" of monomer phenoxy radicals, producxn%?a quinol



<«

. .

ether, I - 19. ~These qgihgl ethers could then enolize

giving an hvdroxvl group (57,58,66), ehuations I - 54 and

- ? 4
55. The number-average molecglar welight of the polymer

¢

depends on the equilibrium conditions of the coupling reac-

4
.

*

tions.

-~ - [+
@ °

1
Prigee and Chu(%7) discovered
that the oxidative coupline of 4> bromo-2,6-dimethviphencol

with freshlv_éutoxidized @yridine—coopkr(ll) salts in the

'

absence of oxvgen, result'ed in nolymer containing much

@

less than one hvdroxyl group per polvmer chain.

~

Thev pos-
©

LY




tulated termination involving radical coupling through the

2,6- position, equa%ion I - 56.

» .
-
‘ o o f
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J
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M N c
SO -
. S ‘ The polvmers prenared from

polvhalogenated phenols are not only branched, but’ seem

to have verv little residual hydroxyl. Golden(68) suq;
,sested that the formation of 2,6-dichloro~1,4-phenvliene

® ether 1s terminated by dioxin formation, I - 20, \

.
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E. Present State-of -the-Art of the Oxidative Coupling

o

Mechanism

Compilation of thesliterature
—
on the mechanism of copper catalyzed oxidative TGupling of
2,6-disubstituted phenols has led to the conclusions shown

in equations I - 57 to 70. The first stage of the reaction

i}

involves autoxidation of copper(I) to copper (II). The

18]
rhenol reacts with copper(I1) giving a phenoxocopper (I1)

complex, equati;n 1 - 58. Subsequent decomposition of

this complex produces a phenoxv radical and a copper(l)
intermediate, equation I -~ 59. Polymerization results from
the Sarbon—oxvgen coupling of the phenoxy radicals, equa-
tions I ; 59 to 67. Cooper, et al(48), have shown the
existence of the quinone equilibration mechanism, equation
I - 67, The proton migration reported by Butte and Price
(51) can only be explained by coupling of the "head" of

the ;olvmeric radical to the "tail" of the monomer radical,
[eqhétion*l - 64. Finally, Mijs and coworkers(45), proved
that qujinone ketal rearrangement could also occur, equa-
tion I - 66. The results of tge studies on the degree of
polymerization at y;rioua reaction times(43) can hest be
explained bv quinone ketal equildbration. This mechanism
would therefore be predominant for the oxidative coupling
of 2,6-dimethylphenol under normal reaction conditions.

Equation I -.62 clearly indicates that the oxidation of

4~-halophenols does not proceed catalyti{glly. Phenols

3

“
i

¢




o

' unsubstituted in the 4- position do not destrov the cata- .

lyst and permit re-autoxigation of the coppe;(l) produced.

Equations 1 - 68 to 70 represent the termination

N
. * - R
o= ] — - .- - B
B . - 2
. 8
/"\5‘ L=
15
/
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F. Review of Polvhalophenylene LEthers

l'( .

Hunter and c&@orkers(9,54,69-
72), repoqted extensive investigations thpolymers pre-
pared from silver salts of various polvhalophenols. It
was established that the polvmers were branched, but that
4-halogen was more reactive than 2,6-~halogen. It was also

\

found that the order of reactivity of halogens was 1>Br>Cl.
Similar polvmers prepared by
Blanchard et al(2), were shown to be highlv branched, as
evidenced bv their low 1intrinsic viscositv compared to
linear poly(2,6~dimethvlphenvlene ether) of approximatelyv
tne same molecular weight. hxten;ive branching has also

~

been demonstrated by nuclear magnetic resonance (42).

Polv-2,6-dibromophenvlene ether
«was also found to be highly Rranched(2). Dewar (73)" .and
Price(3) have both shown that bromine_i1s verv readilv dlﬂi.

¢

placed bv a phenoxw radical.

T4

?

#

¥
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o
b

The polvymers nrepared from polv-

f L

| I
halogenated phenols(2) generallv featured verv -low number-

s

a@erége molecular weights (Table 2). Data presented 1n
this thesis will show that this 1s due to the reactions .
N



having Eéen quenched before maximum coupling had been

achieved.

-

3 Hunter found that polvmerization
s he

! s,
of triiodophenol vielded red or white pro&ﬁéts(72) depending

on the reaction conditions. Similar findings of green and
white polymers were obtained(2) from 2,4,6~-tribromo-3-methoxv-
phenol. Elemegtal analvsis and infrared spectoscopv indiea-
ted 1dentgical structures in the latter cases. The colours

were attributed to quinone portions(27) from coupling at

the 2,6- position, I - 35.

&
1

This thesis will report the existe

trapped ”fr;e'
phnenoxv radicals 1in the polymer which could account for the

-~ rw TR

colour of the polvmers in ;ﬁé above work. .

o Stamatoff has reported the forma-

.
tion of linear pelwvw(2,6-dichlorophenvlene ether) from

¢

4-bromo-2,6-dichlorophenol (74) . This polvmer, I - 36, con-

talns only a very small amount of bromine. Unfortunatelv,



no additional information such és molecular weight was
provided. ' Repetition of this work, reported in this
thesis, shows e;idence that a small degree of branching

mav also be present. The molecular weight of the polymer
is also felt to be relatively low compared to values repor-

ted in this thesis.
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The polyhalophenols have the

potential for outstanding mechanical, chemical, electrical

and thermal properties, pravi t thevy can be pre-

pared linearlv at high molecular weight. Thev also be

modified bv the addition of stabilizers, autoxidants,

fillers, pigments and similar additives known in the art.

1

Polvhalonhenols have been found to be éxtremely fire resis-

- tant (75). <Conolvmers of 2,6-dialkvlphehols and polyhalo-

.

nhenols, containing only small amounts of the dinalopheny-

Bttt SLS SN

lene ether unit§y~effer tne advantage of fireproofing with
Ny

)
3 . T

»




no sacrifice in other physical properties.

Kngwledge of the mechanism of
halogen displgcement of polvhalophenols could aid tremen-
dously in the preparation of a number of other linear polv-
(2,a-d1halopheqylene ethers). It could perhaps also explain

2

whv attempts at polymerization of compounds, such as 2,6-

Jichlorophenol and 4-chlorophenol, have been unsuccessful.

1 -3 The Historv of uQ-oxo-hexa—u—halotetra—copper(II)

Complexes

-
N
PRW

¥
This tEeqis reports the formation

of uA—oxo—hexa—p—halotetra-copper(II) complexés, LACuaxé'O,
1 - 37, as side products in the thermal decomposition of
pis(trihalophenoxo)bis(amine)copper (1I) where L = neutral

ligand and X = Cl1 or Br. The appearance of this compound
O
offered a great deal of insight into some unforescen com-

nlexities in the overall mechanism of oxidative coupling

of phenols. - 4 -
. wot :

~\\l\ ’ L
3

During the course of the present
study, a large number of coppér (I1) complexes (76-84)

containing the structural unit Cugxﬁ'o, Table 6, have been
1 1 )
teported by other workers. In these complexes, a central

4
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TABLE 6

Various ua-oxocopper(II) complexes, LACUQXS.O, prepafed

L X

Pvridine, CSHSN cl1

Methanol, CHBOH A
- Methanol, vxcess CH,OH "

_ N
N~cvano-nvrrolidine, N = C’T;V/NH ¢ "

a s

: “-cvano-piperidine, N = C—<::>NH

Dicvclohexvlcvanamide, (CﬁHll)zN-C°N .

R

J11sopropy1carbodilmiEfL/Lﬁﬂgﬁ2CH-N=C:N-CH(LH3)2

AcetonitrileL/gﬂgffgg "

— '

Bepzvicvanide, (CHig)=CH,~CEN L
//////////////;;methvlformamide, (CHB)ZN—CHO

#~picoline, 2-CH_-C_H_N
3 "5°75

- - - N
t=picoline, 3 CH3 CSHS

Y-npicoline, 4~-CH_-C_H_N
TPRlT 377555

Pyridine-NM-ox1de, CSHSN =0
Dimetnvlinitrosoamine, (CH3)2N—N=O
Dimethylsulwhox1de: (CH3)25:0

friphenylphosphine, (C6H5)3P

1]
(o)

Triphenvlphosphine oxide, (C6H5)3P

r |
.

: A N ’.
chloride [x(cHy), ] , c1
Chloride K*

Chloride XNH

78,79
81

82



L ;

Bromide [N(cH),]" , B
rom e h 374 s r

NN
Ouinoline )
. ’ \*NJ

Isoquinoline, [:
i

Diisopropvlcarbodiimide

N \]

AN

N-cyano-pvrrolidine,

N-cyano-piperidine

Pyrid ine
w-ficbline
“-picoline

I-picoline

Triphenvlphosphine

Ouinoline
Isoquinoline

Amine, IIH
3

v

@&
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oxygen atom- is coordinated tetrahedrally to four copper

atoms, bridged in pairs %y six halogen atoms. Somewhat .

[

similar arrangements have been found for BeQ(CH3COO)6'0

(85), 1 - 38, Zgg(CH3COO)6'O(86), I - 39, and

——

CoA[OCO. C(CH3)3]6 0(87), I - 40, where Fhe metal atoms
are’regarded.as four-coordinate., 1In contrast, the copper

complexes, by virtue of an additional ligand, are five-

coordinate and assume 4" distorted trigonal bipvramidal

arrangement, [ - 37, Magnetic measurements indicate that

P

there is no direct bonding between the\ulpper atoms(76).

A Similar strugture has been reported for BC2H5)20}ng4Br6'O

-

(88), 1 - 41.

\\ I - The ua—°oxoC0ppel‘(1"1) complexes dan
# ' . ’

be considered as one of a series in which metal atoms are

br}dged by oxvgen. Such a series would ton51§tldf l}near,
r . 4~ . : iy
e.- [(Rucly), 0]*” (89), L -,42, triangular, e.g5.
. ? .
@r3(Cﬂ3COO)6'O'3HZO] (90), 1 - 43, and the copper complexes

s

represendg#ging the, tetrahedral form,

.
N - . R
.

Initially these polynugiéar

v

copper complexes were obtained. accidentallv as side pro-

ducts dﬁﬁing the® synthesis ofiother compdunds(76—78):a As

interest in these complexes increased, thev 'Were found to

be ‘prepared quite easily byhfefluxing Cuxz, Cu0 and the N

- . {,‘&"
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desfyyed ligand in an appropriate solvent; such as, di-

chloromethane. Crystals of the complex were isolated

after a few davs(82,83).

uA-oxo—hexa-u—chlorotetrakis-

1
t

(pvridine copper(II) ) was apparently obtained bv

AN

finkbeiner, et al(31), While studying the role of copper

in the oxidative coupling of 2,6—d1methv1phenol. However,
other than elemental analysis, no further characterization

was performed since there was little interest in the auto-

xidation product at the time.
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IT - 1 Mecnanistic Stﬁdies

A. Chemicals

2.4.6-trichloro nol
(Fastman Chemical Co.), 4-bromo-2,6-dichlp¢rophenol

(Aldrich Chemical Co.), copper (II) sulphate (Fisher
Scientific Co.) and pvridine (Fisher Scientific Co.)
were used as obtained from the suppliers. -All otber
chemicals, 1ncluding solvents, for the p&eparatlon and
isolation of the stable phenoxogopper(II)‘complexes wéré

"of reagent grade quality, and used without further puri-

fication,. . N

¥
For the thermal decomposition
of these complexes, all solvents were of redéent grade
quality, but dried by overnight reflux and distillation
in the presence of calcium dihydriée.

N

\\v ; Spectroscopic grade solvents
4 : B

were used in the charagtterization of polymers end com-

plexes.
B. %" Synthesis of Phenoxocopper(II) Complexes
i) Preparation from Aqueous Solution’s
The phenoQxo-amine-copper (I1I),
(-~

complexes, where the amine ligand is pyridine and -tetra-
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‘ ’ )

qgthvlethylenediamine and the phenol is 2{4,6~tribromophen61,
2,4,6-trichlorophenol, 2,4,6~triiodophenol and 4-bromo-2,6-
dichlorophenol, were prepared in aqueous solutions of reagents
as described by Harrod(34). The general procedure was to add

the required amount of neutral ligand to a solution of cop-
3

per (IT1) sulphate, CuSOA'SHZO, (0.02 mole) in distilled-water

ab (30 ml1.). This solution was stirred for about.one-hour. A

suspension of the phenol (0.04 mole) and sodidm hvdroxide
‘ S .

(0.04 mole) in distilled water (50 ml) was them added to the
copper solution with vigorous stirring. The resultine dark-
brown slurrv was filtered, wasned with water, and vacuum

dried overnight en a medium frit. Recrvstallization was sHY ~

¢ - 3

-,

formed bv dissolution in a minimum of benzene, filtration,

L . '
Aaddition of excess hexane, and refrigeration overnight. A

7

o

second recrvstallization was performed to(Fnsure complete
removal of unreacted phenol. ~¥Well=formed, darn crvstils

resulted in near quantitative vield. The general structute
v .

was confirmed bv infrared analvsis.

11) ' Prenaration from Bis(pvridine)bis~-

A . N
- . (2,4,6-trichlorophenoxo)coppdr (11)

The high solubility of the atove
complex 1n benzepe permitted the simple preparation of other

complexes bv displacement of the pvridine in solution. Corm=-

A
<




-
K

plexes containing ammonia and ethylamine were prepared
in a manner described by Harrod (34). These latter com-
plexes were quite insoluble in benzene and could be pre-

cipitated by careful addition of the appropriate ligand
r‘ - -~

e
to a benzene solution of the pyridine complex at .room

e

temperature. The ammonia complex was prepared by.bubbling
gaseous anhydrous ammonia into the benzene solution.
Ethylamine was added as solution in benzene. Addition of

these ltgands hadifo be regulated in order to prevent‘dis-

<

placement of the phenoxo ligand from the coordination
"

sphere by excess amine. THe identities of the products

)

were confirmed bv infrared spectroscopy. .

[

iii) K\Preparation of Coprer(1I) Trichloro-

! phenolate
~

Copper(IIx. tricrlorophenolate

-

was érepared by the dis§olution éf sodium hydroxide (0.04
meles) in distilled water (150 mi), addition aﬂ 2,4,6- '
tfichloroph;nol (0.04 moles), ;nd stirring for about ;n%//
- /
hour. A solution of copper(Il) sulphate, CUSOA.SHZQV/
(d.OZ moles) was then added with stirring. The rg;ﬁltinﬂ

;-
dark, purple-brown precipitate was washed with methanol to

remove any excess phenol. A near quantitative vield of

%

product was obtained. » ;

C ol



&

ngHZCl

<

iv) Preparation of Phenoxocopper(l1) Lomplexes

v

from Copper (I1I1) Trichlorophenolate

Complexes containing dimethyl-
formamide or dimethylsulphoxide as neutral ligand were pre-
pared bv dissolution of copper (I1I gjichlorOphenolate (n0.9n2

moles) 1n an excess (100 ml.) of either ligand and stirring

N «

for one hour. The light brown solutions were then added to
{ ¢ Iy

gi19tilled water (250 ml.) with stirring. The resultang

crvstals were washed with distilled water and dried 

a -

In the case of dimethvlformamide,

m

a dark brown precipitate was obtained whicn was recrvstai-

9

lized bv dissolution in benzene and ada%tlon of hexane. The

'-
resulting product B2 the empirical formula \(CHB)ﬁh'CHGg'Cu'

30} and was presumably a formamide bpridped dimer

analogous to the hexamethvlphosphoramlde;br§dgec dimer des-

‘

o
.

[

cribed bv Tsuruva, et al(42). ' %“

ro
-
~J

Anal. caled. for CliHllﬂl

dy

. . g 97
LlhO3Cu. c, 33.9 , H,

L, 2.647.

found: C, 34.407; H, 2.117, %, 2.537.

In the case of dimetavisulphoxide,

deep-purnle crvstals were obtained which decomposed readilv

I

in solution precluding purification of tne nroduct. In‘frnregi\‘x

VZ
spectroscopy indicated the presence of both trichlorophenoxo

and dimethylsulphoxide in the complex.

,

.




C. Synthesis of Phenoxo Complexes Using Metals

Other Than Copper

7

i) Preparation of Traichlorophenoxo-nickel(I11)

M1SO, "6H,0 (0.02 moles) was added

te fe0Oh (100 ml.) which resulted 1in a green suspension. To

118 was noured a solution of NaOH (0.04 moles) and 2,4, 6~

trichlorophencl (0.04 moles) 1n 'feOH (100 ml.) and then pvri=-

agirnve

for 2

(N.N8 moles), This milkv-green susnenstion was stirred

nours, and tnen the Na,S0, (white powder) formed was
re -+

removed bv filtration. The green solution was evaporated

uown

i

«

sorewhat bv heating and then cooled 1n' the refrigerator,

Jar« green crvstals resulted whicn were tnen recrvstallized

“ita

¥

hot bnenzene, and stored 1p a vacuunm desicator. trle-

+

5

. o
mental aralysis 1ndicates tne structure Py L1(TCP).,.

~

b < 3 H e ~ ~ ~ LERN . . y T : Al ~ -

\nal. Calcd. for Lzz}tl[‘\.lnuzoz N1 C, -#»1).3_’,, H, 2.32.4,

Cl, 34.877, L, 4.007. o !
Founa. C, 43.547, w, 2.487, Cl, 35.287, , 4.907.
71) Preparation of iric.loropnenoan -

,e :
pvrldlne-cobalt(II)
\ . .
CoSO4 (0.02 moles) was addeca
to MeOh (100 ml.) with consfant stirring. o this »1inek

~ AN ,

14



suspension was poured a solution of NaOH (0.04
2,4,6-trichlorophenol (0.04 moles) in MeOH (100 ml.),
then immedirately afterwards pvridine

resulted in a bluish-pink suspension which was then stirred

hours. The

vent evaporated down somewhat bv heating,
was then allowed to cool in the refrigerator.
needle-shaped crvstals preciﬁitated down.
stallized in- hot benzene,

Elemental analvsis

and PVACO(TCP)Z.

les) and

(0.08 moles).

present was filtered off, the sol-

and the solution

These were recrv-
and stored 1n a vacuum descicator.

indicated a 50/50 mixture of Py

Calcd. for C,,H
a L

y

Cl, 34.867,

Calcd. for C

i, 27.687; N,

Found : C,

complexes to exist--as

not uncommon for cobalt

librium mixtures of tetra and

D,

hexa-coordinated comnlexes

Thermal Decopnposition of Phenoxo-

an;he—conpe}(ll) @omplexes

eneral Remarks

The princuinal
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Ld
$

niques emplovyed to investigate the thermal decomposition of

phenoxocopner(II; complexes Qere gravimetric analvsis and
spectrophotometric analvsis. Decompositions were carried
out homogeneouslvy in an organic solvent (1.e¢., benzene,
tgfuene, or cumene). The phenoxocopper(II) complex most
frequently studieda was bi (tr1chloronhenoxo)h1§(pvrldlne)—
conner(ll}. Otheg\gomn %es were utilized mainlv to com-

-

pare results obtained with trichloropnenoxocopper (I7).

" i1) Gravimetric Analvsis

~ R x
The course of tne polvmerization
reaction was studied by dissolvineg the phenoxocopper(l1) cor-

plex 1n an appropriate orpanic solvent, neating 1n a looselvy
/

corned erlenmever flash, and determining thc vield and pro-

rerttes of tne decomposition products at various reaction

times . The Tetnod of sevarati1on of these, GLecOMPOS1IL1IONn Nro-

,

ducts was similar to that described bv Llinchird, et al(l).
K3

Ine reaction was quenched bv ranrld cooling 1n liauid aztre-

Len. she nrecipitated dinalopgenobisamineconpper(il) complex
\ b

was removed bv filtration, washed with tne solvent used 1in-
I ."3
the decomnmosition and dried., Polymer was precipitatec from

’

the ®iltrate with®methanol. It was then 1solated ov

-
3

filtration, washed with methanol centaining a slisht amourtt

o

. ‘2 . [o2N
ot\cydrochloric acid, and dried overnignt at 100 C.

&

-~



The extent of decomposition of
the phenoxocopper (I1I) complex could be determined by the
vield of copper(Il1) precinitate or polvmer. In all cases,
the vield of copper reaction product determined the c¢xtent
of reaction. Polyvmer was difficult to recover completelyv
because of the method of precipitation and because’of some
loss during filtration. ,
™ A series of thermal decomposi-
tions of bis(trichlorophenoxo)bis(pvridine)copner (il) was
carrgzd out unuer vacuum. Evacuation of the »henoxocopner
(11) complex was performed in a reaction vessel on a stan-
dard vacuum line. Solvent, which had been prev1ouélv out -

¢
passed, was then vacuum distilled into the reaction flasn.

The vessel was sealed and immersed 1n a{constant tempera-

:
i

ture bath.

114) Spectrophotometric Analvsuis

-

a) Visible Spectrosconv
#

Spectrophotometric studies were

~
Iy
1

p?rfgrmed with a Pirkin-leer 124 ultraviolet-visible spec-
trophotometer equipped with a temnerature cont}A% unit.
Bis(tricnlorophenoxo)bis{(pvridine)copper (I1) shows a maxi-
mum absorption in the visible region at 22,500 cm_L(BA).‘
Didappearance of this absorption as the reaction progres-

.

ses provides a convenient metnod for followine <ne decom-

)



position of the phenoxocopper (I1) complex. Solutions of

the complex (1.35 x 10_3

M) in benzene, or tolugne, as
solvent were placed in TSL-Far UV cells fitted with poly-
ethvlene caps to prevent solvent evaporation. A small

amount of air was left in the vessel to allow for sobvent

-,
-

expansion on heating. The insoluble dichlorobismyridine-
copper(II) forméd as a reaction product quicklv settled

to the bottom of the cell and did not interfere with the

photometric measurements on the remaining solution.

b) Electron Srin Resonance Snec-

troscopy

I3

L3

fhermal decomposition of

123 .

bis(trichlorophenoxo)his (pvridige)copprer(I1) was followed
using a Garian~E-3 ESR spectrometer. Operating conditions

were: microwave.frequentv, 9.17 Gc, microwave nower,
4

300 nv, field set, 3230 G, scan range, - 7.5 x 10° G,

modulation- amplitude, 1 x 1 G; modulation frequenCVﬁ

100 Kes, receiver _gain, 8 x lO2 (initiallv), time constant,
i - 1

1.0 sec., and scan time, 4 min. (30 min. for phenoxv radi--

- v

3 N ¥
cdl s1egnal). Temperatures were regu:;fed wilitn @ nitroeen

o

gas flow. ’t
-~ 7 "J‘

s




. ' Solutions of the sample

(8.14 x lO_2 M) in benzene, or toluene, wefe placed 1in hs

quartz tubes under atmosphe}ic conditions and lightly

' o

capped. to prevent solvent evaporation.

*
o

Y

IT -2 Chaigctetizatiop of Polymers and Complexes
Y S ‘
4 .

A) Molecular Weight Data -
) - : ' \

1) Vapour Pressure Dsmometrv

' SRS
( ' ’// The numbe}*average molecuilnr

Qc1ght.of polvmer, 1f less than 20,000, was measuread by

" = .

) A .

vanour pressure o;mometryaemploVLWg a Heﬁ{ett—Pacqud 3010

’ . N : .
. o .- el
instruments. The apparatug was operated ag ds57cC. Benzene

u

. ‘ . ) »
was used as solvent. Tne calibration cgnstant was detér -

mined with polvstyrene (%r = 10,300) sundlied q\vfessure
. p n il }

Lo 4

.

tnemical Comnanv!

i

o

e
b > °
o
The 3instrument was cnecked
. a

for accuygacv witn trial runs‘of polvmers of Kknown molr—

. . \
cular weilghts., Accuracy was witnin 1% for molecular weignts .

- 4 2
less than 1000. However, as the polvmer number-average ~

¢
molecular weight incrgased, errors as large as 10~157 wage =

? N \

possible in the upper regions. .

@

» ) - .



ii) Membrane Osmometry .

Number-average molecular
welghti_greater than 20,000 were determined on a Hewlett-
Packard 502 High Speed membrane osmometer. The arnaratus
uti1lized 0-6 membranes (Schleicher and Schuell) and was
operated at 30°C with toluene as solvent.

\\A polystvrene standard (™, =
50,000), supplied bv Pressure Chemical Companv, showed an
accuracyv withip 2%. It was found that the polvmers onre-
pared from polvnalogenated phenols, presumablv because of
their branch{ngk had a tendency to diffuse tnrougn the
memb;ane. This resulted in apparent values of molecular
weight higher than r;ality. For number-average molecular

.

weights 1in the range 26,000-25,000 this diffusion was

-

quite rapid. The problem decreased as tne molecular weipht -

increased, and did not exist for values greater than 45,000,

e o
B) Nuclear Magnetic Resonancé& Specttosconv of

' Polymers

The protons on the aromatic

rings of the pélymers were analvsed with a Varian T60

-
mo.

?



spectrometer at 35°C and 60 Mhz. Solvent used was carbon

disulnhide. Due to the relatively low number of hydrogen
atoms in the polvmer, very concentrated solutions (350 g/1)

were required. Concentrations varied somewhat from run-to-

B

run due to the viscosity of the solution, the hvdrostatic

properties of the polymer, and the rapid evaporation rate

-

of tne solvent.

o
C) Infrared Spectroscopv
~;-*~: N - Smectra in the range 4000-625
cm = were measured using a Perkin-Elmer 257 spectrophoto-~

.

meter. Samples were dispersed in potassium bromide pellets.
&

On occasion, polvmers were dissolved in carbon disulphide.

w

g
/

¢ Absorptions ;R/Ehe range 625~
Ve

. e
479 cm 1 utilized .a.Perkin~Elmer 5%}/§}ectrophotometer.

Samples were dispersed in a nujel mull on potassium bromide

/

n}ates. //
// .

Far-infrared spectra were mea-

S/
/“"7‘4\-« -~ "'/
l\/ £

sured 1n a nujol mull on polvethylene plates with a Perkin-
- A '

B
~ /

Elmer FIS-3 snectronhotometer. 1

T




The spectra of a numbher of

phenoxocopper(I1) complexes and'their resulting decomposi-

tion products are shown 1in a separqteasection of this the-

sis.

D) Vapour Phase Chromatogranhy-Mass Spectro-

metry - - “3&"'— ‘ /r

An LKB-9000 Gas Chromatosram

e

Yass Spectrometer was used to analyse the reaction products
from the decomposition of bis(trichloropnenoxo)bis{(pvridine)—
copper{(II1) 1n the presence of carbon tetrahalides as addi-
tives. This instrument permitted the studvy of reaction nrd—
duct nmixtures in solution without previous separation. As
eacn successive compound was isolated bv cnromatography,

a mass spectrum of that species was recorded. The technique
required only a verv small quantity of product. Samples
were the methanol/benzene solutions obtained after prelimi-
nary removal of the dihalogenocopper (I1) complex and nolvmer

as described above. .

Instrument conditions were as
A

follows: injector, ZOOOC; column, 6' x %" glass containing -

37 0OV-1 on Chromosorb W, High Performance; 290°C; helium

flow rate, 30 ml/min.; and 1onizing energv, 70 eV at

- po —

)
60 x 10 ° a.. . - R
N . .
- -
RS Aty . . X7
Lt . o PN __"*’




-oxo Copper(Il) Complexes

I1 - 3 Synthesis of UA

~oxo-hexa-u-chloro-tetrakls[pyridine

! A) M,

copper(II)] i ”

Bis(trichlorophenoxo)bis{(pvri- -
dlne)co%per(ll) (5 g) was dissolved in cumene (100 ml)
and neated in air at 72°C for 24 hours. The resultine opre-~
cipitate was filtered and extracted with dichloromethane
to give gold needle~shaped crystals of (CSHSN)ACUACIO.O
(1.6 ¢, 977 vield).
Anal. Caled. for C,.H N4C16Cu ‘0: C, 30.03%, h, 2.50%,

20720 4
4, 7.017, C1, 26.65%Z; Cu, 31.787; 0, 2.007.

Found: C, 30.48%; H, 2.50%; ¥, 7.04%Z; Cl, 27.067;

- e

- -7

‘Cu, 32.29%; 0, 0737 . Molecular weight in dichlorometnane

-

797 bv vapour pressure osmometrv. Melted with Jecomnosi-

tion at 2510C.

-oxB:hexa—u—bromo—tetrakis[pyrldxne COpper(IIﬂ
Py

X

B) My,

Bis (tribromophenoxko)bais (pvridine)-

copper (I1) (5 g) was dissolved in cumene (100 ml) and heated

=i

in air at SOOC for 24.hours. The resulting dark green preci-
nitate was extracted with tethrahvdrofuran and recrystallized
by evaporation, giving dark brown crvstals of

(C H,N), Cu, Br "0 (0.6 g, 407 yield). .




® | Y

Aﬁal. Calcd. for C

2olp gV BrCu, "0 C, 22.51%; xk 1.887:
Br, 23.80%; Cu, 45.30%. ' .

Found: ¢, 23.707, H, 2.0l%; Br, 23.717%Z; Cu, 45.307.

Melted with decomposition at 2170C.
1Y

c) u

4-0xo—hexa—u-chloro—tetrakisLethylamxne

‘
I

copper(II)]

Bis(trichlorophenoxo)bis(ethy~-

lamine)copner (II) (2 g) wap dissolved in toluene (75 ml)
-

.

. 0
containing carbon tetrachloride (5 ml) and heated at 72 (L

.

L)

for 4 hours. The resulting olive green nrecipitate (9.7 g),

¢

upon extraction with dichloromethane and recrvstallization

s

witn hexanes, gave a lime-green complex (0.5 p, 827 vield).

Anal. Caécd for C8H2854Ci6Cu4'0: C, 14.487; ¥, 4,227,

%, 8.457; Cf, 37.317.

e 1

Found: C, 15.51%; H, 4.77%; N, 8.91%, Ci, 31.447.

Melted with decomposition at 162°¢C. The poor analvsis for

-3,

this compound is probably due‘agsyﬁﬁmii;: that {t decomposes

A
ol
-

slowlv in air.

*

-
- 4
D) ua-oxo-hexa—u—chloto-tetrakis[trinhenvl—

phosphine oxidg»copper(II)]

The phenoxocopper{(I1) compnlex

'

‘ containing triphenylphosphine oxide as neutral ligand could




-

not be isolated irn the solid state. However, it appeared
to be readilv obtained in solution bv the addition of
coppeaer (I11) triahlorOphenolate (0.01 moles) to triphenvl-

pnospirine oxide (0.01 moles) in cumene (125 ml). This

resulted 1n a brown solution which was filtered to remove

IS

anv unreacted materials. Tnis solution was then reacted
() .
in air at 72 ¢ for 24 hours. Extraction of the precipitate

with dichloromethane and recrvstallization gave orange
[+

crvstals bf the _,6-oxocopper(II) complex.
- 4

. N . f "1 1, : . ” p . P i . ~
Anal calca or L72h60PaC 6Cu& 05 . C,~)4 177%; i, 3.76%;
Cu, 15.927.

Found: C, 53.537; h, 3.797, Cu, 15.727.

Melted ywith decomposition at 239%.

) ;4-oxo—hexa—u*chloro—tetrakis[dimethvl~

formamide copner(II)]

Trichloxophenoxo—d1methvl—
formamiade~copper (11) (2 g) was dissolved i1n cumene (100 ml)

and neated in air at SpOC for 24 hours. The resulting vel-

low-brown precipitate was extracted with dichloromethane.

. . ot
L

Evaporation gave a vellow crystalline product. . vt

>
o

F) -oxo—hexa-u—chloro—tetrakis[dimethvl—

(

“4

.sulphoxide copper(II)]

Trichlorophenoxo-dimethyl -



1

~ sulphoxide-copper(II) (2 g)-was -dissolved 1n cumene (100 ml)
and heated in air at 50°C for 24 hours resulting in a yel-
low-brown precipitatecontaining a mixture of copper com-

Plexes. Isolation by extraction with dichloromethane led

’

to furtner decomposition. However, an infrared' spectrum of
the unextracted vellow-brown precipitate gave an absorption

‘at 583 cm-l, suggesting the presence of [(CQB)iSO}éCuALPB'O
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IIT - 1 INTRODUCTORY REMARKS

k3

There are two principal techni-
ques whicn permit examination of the overall mechanism of

polvpnenvlene etner formation by the decomposition of phenoxo-
p y

»

coponer (11). The first 1nvolves the common spectrometric

methods (1.e., ultraviolet-visible spectrosconv and electron

sSpln resonance spectroscopy). The second metnod entaills

~

investigation of the various reaction products and i1nterme-
diates. [These latter compounds can be related pack to the

mechanistic course by their verv existence. The reaction

’

nroducts from the decoﬁﬂoaitionfof phenoxocopper (lI) were .
v

dGihalocopper(II) complexes and polvmer.

*

Bis(trichlorophenoxo)bis<(bvri-
dine)copper (I1)- gave.dark brown solutions. As the decompo-

sition reactions proceeded, the solutions faded to a "straw'" . .

»

colour. The dichlorobls(pvfluine)copper(II) complex precipil-

¢
1, .\
tat®d out as blue-green crystals. Polvmer, and anv other

~
reaction products,appeared to remain :n solution. Similar

¢ -
results were obtained for tne other phenoxocopper(Il) com-
plexes studied. In the so-called '"gravimetric'" methods of

mechanistic study, the stage of reaction was determined by

tne formation of precipitate, or by the lack of any further

h LN



LY
change in solution,colour. Solutions were generallv per-

mitted to remain Iin the temperature bath for periods of

.

time mach longer than perhaps necessary, in order to ensure

A

complete reaction. vy .

- 1 . -
.

There were manv reaction

) 1

variables which influenced the dtcomposition of phenoxoconp-

~

-

ner(II) complexes. . lThese included temperature, concentra-
tion, éolvent;‘énd naturallv, the particular phenoxocop-
rer(Il) comnlex used. These factors were studied individu-
aAllv 1n some detail.

. .

'

The number-averarce mOXXFular
Y

weleht of the polvmers provided a direct proof of ceéertain
features of the overall mechanism of the reaction. Arart
from a studv of molecular weipht, a limited amount of polv-
mer characterization with regérds to structure was carricd

,

aut, ~

The decomnosition of phenoxo-

copper (11) complexes 1§d, in certain cases, to the formation

of ua—oxoconper(ll) complexes as reaction product. An under-
standing of how these compounds resulted offered a great )

deal of 1information with regard to the overall mechanism of

decomposition. A general, uniacue svnthesis of these MA‘OXO_ ////_/




® , _
coﬁnfr(ll) complexes 13 also Included in this thesis.

g

f

Wyt

111 2 2 MECHANISTIC ASPECTS

o

A) Decomposition of Bis(trichlorophenoxo)bis

>

) (pvridine)coprner(1I) Under Constant -Reaction

I

Conditions.

i) Gravimetric Analvsis

k2]

a) Reaction Under Vacuum

4

- Initiallv, it was felt tnat the

Jecompostition of bis(trichlorophenoxo)bis(pvridine)copper (I11)

[

woulu best be followed under vacuum,. This would permit i1nves-

tirsation of the reaction under the most pure conditions. Sam-

+

ples were prepared individually by dissolving tune phenoxocop-

N M
per (II) complex 1n reagent benzene (2g/30ml), degassing tuae

1 1

solution under conditions of 'stickv' vacuum on a standard

vacuun line, and s®aling the redction vessel. The extent of
reaction was measured by the vield of copper(II) compnlex pre-

cipitdted as reaction product. A theoretical yield of 0.95

grams Pv,CuCl, was expected for complete decomposition.

2 2 2
Results for a series of runs are shown in-Table IIT - 1.
Q
It was obvious from this table
o | | -
- ¥ -
~



T - 84 - .
’ -
. ‘ ; ﬁ;
\ TABLE III - 1
Decomposition of PVZCUSTCP)Z in Benzene*
‘ ,
Reaction time ‘ Temperature (°C) Yield Cu(II)complex (g)
) ” 10 min “ 101.5¢ 0.77
. o
20 min - ; " . 0.73
40 min I 0.79
1 hr , " ' 0.88
l hr " T 0.74
3 hr o " 0.87
5 hr " . 0.87
24 nr " . 0.89
48 nr " . ’ 0.90
1 nr. ’ . 84.5 .04
o 1 hr " a0.7l9
1 Wr ‘ " ‘ - 0.85
1.5 hr ’ " ] no reaction
1.5 hr a " 0.76
2 hr e 0.53
2 hr o " | 0.81
2 hr 0.88 '
5 h " ' . 0.87,

@

* 2.0p reactant in benzene (30ml)

»

<
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-
- .

tﬁyc there was considerable deviation of the observed vields
from that predicted. The yield of copper(Il)dihalide ﬂ%eci— .

pitate was expected to increase with reaction time. It should

-~

also have been identical for duplicate reaction times,. Nei-

ther of these feagpres was observed.

It should be noted that the .

reactions were quenched with liguid nitrogen immediatelv on

> - , o

"removal from the constant temperature bath. The reaction ~ .

?

products were also separated as quicklv as the experimental

.

"precedures would permit. This was to prevent possible fur-

ther decomposition after cooling. The phenoxoconner (II) com-
n R
nlexes were stable up to several months i1n solution at room
* z .
temperature(2). lowever, it was possible that once the
o

-

reaction was iIinitiated, 1t would then proceed ,rapnpidlv, even

on cooling to ‘room temperature. Evidence supportinge this

°

W,
proposal is snown in Table III --2. Three pnhenoxocooner (II)

-

£
solutions were reacted under idemtical conditions for two

v - u
hours. Thev were then sef fde at room temperature for
i
o) AN

different times before work-up. " N e , s
- v
P | -
' ~ - ) -

had ~ »
- t e A A




TABLL

occomnositionlof Pv,,Cu(TCI’)2 in Benzene (2g/30 ml) at

“w 84,5 C. éeaction Time

-2
<

[ime before work-up

1
. 2 hrs
24 hr<.

7 davs

w

Yield Cu(Il) complex (g)-

0.26

) \

A modified technique was -

© ~

emploved 1n an attempt to remedv the 1nconsistent results

- +

°

» -
from run-to~run. Lach run consisted of several sanmples rre-

RE—

s v ‘.

g :?F}Qne vere depassed separately.

13

. —_—

shown xn Figure II1 - 1.

N

nared simultaneouslw. The phenoxocopner(gl) commnlex and .

The solvent was then

evacuum distilled intg the reaction vessel contaprning the

L4

€
nhenoxocopper(I1) complex. ,The results of seVeraL){uns are

Reactions were quenched "as soon

as there vwas evidence of 'the dihalocerper (II1) reaction¢nro-

- 3

duct. It was necessarv to stop the reaction at an lnterme-

L]

diate stage in order to agetermine 1f tne decompos1t}ons wvere

. proceeding simultaneouslv.

.

Unfortunatelv 1t was imnossaible
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to predict an exact equivalent stage of decomposition from
vessel-to~vessel due to the intense colour of the remaining

phenoxocopper (II) complex in solution, which tended#io obscure

. .t
LS CTE

any precipitate. e 6T

tr

-
Rl

-~

© - -~ -,

The decomposition rate followed
the order vessel 3>vessel 2>vessel 1. The vessels had .
received solvent in the reverse order to this. Reagent ben-—

’

zene had been used, and 1n each run, only the amount of 'ben-
- L — 0.
zene required for three vessels (90 mls) had been depassed.
It was possible that any impurities, such as water, could
have bgen vacuum distilled with the solvent, If so, it would
be found in more concentrated levels with each successive
reaction vessel. This occur;nce could account fot the incon-
sistent results of eagh run. i
¥y
< e As a final precaution, spectro-
scopic benzene wasﬁhtilized, with further purification bv

reflux and distillation over calcium dihvride. Results for

a series of runs are shown in Table III - 3.

d -



-~ i‘ K K - 8 9’ -

TABLE TIII - 3

Decomposition of Pv2CuII(TCP)2 at 84.5°C

in Benzene

Run T Run 11

reaction time wt.complex reaction time wt.complex

- s

vessel #1 1% hr. 0.94 3% hr. n0.78
vessel #2 1} hr. 0.95 34 hr. 0.79
vessel %3 1% hr. 0.95 34 hr. G.78
vessel 4 1% hr. 0.96 3% nhr. " oye7

Although the reactions now seemed to be progressings simul-

taneouslv for each run, there was a variatioh from run-to-

¢

run. This suggested two possibilities:
- ¢
1. the decomposition rate varied from run-to-run. Th1s

seemed improbable since the temperatures were 1den-

tical.

to

the reactions experienced an induction neriod which
I

-
varied from run-to-run. Thils induction neriod would

be highly sensitive to anv slight cpange in reaction
conditions. This seemed the more likelv or the two
ptoposals.

To investipate the existence of

this induction period, six samples were reacted simultaneousiv,



P
T o

an removed at various reaction times. The results are shown

Y

«

in Fipure III - 2. Although the vields were still somewhat

scattered, there was strong evidence of an induction period.

1

An additional run of four ves-
- . .
sels was prepared under }he highest purity obtaindble on
the vacuum line. IT'he entire line was heated (under vacuum)
‘ LY
wlthha Bunsen flame in order to remove anv absorbed water.
The phenoxocopper (I1)complex was recrvstallized four times,

and degassed overnight. The benzene, which had been purified

bv reflux and distillation over calcium dihvdride, was degas-

-~
4

sed five times. It was then vacuum distilled into the reac-

tion vessels, In all samples, no decomposition occurred at

<0 . .
84.5C over a reaction time of seven davs.

At this point, 1t was decided (
that further 1nvestigation of the decomposition of bis(tri-
chlorophenoxo)bis(pvyridine)copper(Il), under conditions of
vacuum, was not worthwhile. Vessel construction and sample
preparation consumed too much time,. Added to this, it 'was
not possible to obtain complete consistency of results.
Consequeﬁtly, all subsequeng reaearch was conducted under

atmospheric conditions.

&



.
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FIGULRE II[ -~ 2

Yield of Copper(II) Reaction Products with Time in the
Decomposition of PyzCu(TCP)2 in Benzene at 84.5°C Under -~

Vacuum.

fu
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e i
e RS b) Under,Atmospheric Conditions

The decomposition of bis(tri-
chlorophenoxo)bis(pyridine)copper(II) was again examined
for an induction period. A series of solutions (40gms/1l),
using toluene as solvent, was reacted at 84.5°C and removed
: @
at various reaction times. The extent of reaction was mea-
sured by the yvield of copper(IIl) precipitate, anu 1n some

cases, by the numher-average molecular weight of polymer.

The results are shown i1n Figures IITI - 3 and III - 4.

An analogous rTun was performed

1n benzene. In this case, the trichlorophenoxo-pyridine-

-

copper (I1) complex was decémpqsed in benzene (50gms/1) at

71°C.  The results are shown in Figures II1 - 5 and III - 6.

~

~»

1i) Spectrophotometric Analysis

a) Ultraviolet-visible Spectroscopyv

Tﬁe visible spectrum of bis(tri-

chlorophenoxo)bis(pvridine)copper(II) is shown in Figure III -~
7. A maximum absorption occurred at 22,500 cm—l, as previously .
reported bv Harrod (34). This absorption obeved Beer's Law

5

(Figure IITI - 8), and had an extinction coefficient of 1160

-
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(A

FIGURE 1III - 3

Yield of’ Copper(II) Reaction Products vs Time in the -
Decomposition of Py,Cu(TCP), in Toluene (2gm/150 ml) at

84.5°C.
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©

ﬁn of Polymer vs Time 1in the Decomposition of Py

in Toluene (2gm/50 ml) at 84.5°C.

2

Cu (TCP)2
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Yield of Cu(II) Reaction Products in the Decomposition of
1’3,'2(ﬂ:u(11‘CP)2 (50 g/1) in Benzene at 71°C for various Reac- P
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) FIGURE III - 6
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 Polymer molecular Weight at various Reaction Times in the

Decomposition of Py,Cu ('DCP52 (50 g/1) in Benzene at 71°c.
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" FIGURE III - 7 ' X ,

1

Spectrum of Pv Cp(TCP)2 in Benzene (1.35x10—3m01e/1)
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FIGURL TIII - 8 -
-
_Absorbance at 22,500 cm_]’ vs Concentration of I’y:zCu(TCP)2 LT

‘

in Benzene showing Beer's Law.
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(compared to € = 1100 reported by Harrod(34) ). Examina-
tion of the disappearance of this absorption, as the reac-

tion proceeded, was expected to provide kinetic and mechanis-

tic information.

] '
An absorbance/time plot for

decomposition of bis(trichlorophenoxo)bis(pvridine)copper (I1)
in benzene i; shown in Figure III - 9, The existence of an
induction period, strongly suggested-byv the aforementioned
gpravimetric study, is clearly evident from this curve. An

unforeseen feature of this result is the marked hump appear-

ing in the absorbance curve well after the onset of reaction.

, Two other features of the curve
in Figure 111 - 9 which are of major importance, and td be
discussed in detail below are a) the marked auto-acceleration
after onset of reaction and b) the residual absorbance at the
end of the reaction. The latter was somewhat surprsing since,
at thl; time, none of the reaction products was believed to

absorb significantly at 22,500 c:m“1

Visible spectra, taken at vari-
ous times during the decomposition of phenoxoc0pper(1i) at
70°C are shown in Figure III - 10. The ultraviolet spectra

of the phenoxocopper (II) complex, the remaining straw-coloured
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FIGURE III - 9

2Cu(TCP)ZL‘in Benzene at 75°C following
Absorbance at 22,500 cm_l.

s

Decomposition of Py
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FIGURE TIII - 10

Decomposition of PVZCu(TCP72 1in Benzene at 70°C

“

a) 0 min
b) 90 min
¢)130 min
d)150 min
e)180 min .

£)270 min
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. - b.9.r_Electron Spin Resonance Spectroscopv

6 - < t#-..— ——

bS o

! N
* As reported earlier 1in thapter T,

tae oxidation of phenols to polvphenvlene ethers 1s beli.ved ,

v

to proceed through the formation of phenoxv radicals. For

tnis reason, the deconposition of bis(trichlorophenoxo)nis~-

'
B

(nvridine)covoper(Il) was examined bv electron spin resonance

SDeCctrosconv. The phenoxocopper (I1I) complex, 1a toluenc
) _ .B < .
(50 gms/1l), was reacted at 100 C. Thne change 1n copver (I11)

v

s1gna. witn decomposition 1is shown i1n Figure III - 12. The a

i

pnenoxoconper (II) complex had decomposed completely in 1ess

“ - .

t.ian one Heur. At tnis stage, a slignt 1irregularitv was detec- -
o

\
ted on thg{ﬁlgn-fleld tai1l of the copper(lI) signal. The sen-
-~ - LN -

. si1tivity -of the detector was increased, revealing a well

«)uefined singlet. An example of this radical sienal is snown

72, 3
i
in rigure III - 13.

- - A value of g = 2.007 was caléu-

iated fo% tnis signal from equation III - 1.

IS
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FIGURE III -~ 12

*

Cnange 1n Copper (I1) Complex Signél by Electron Spin
Resonance Spectroscofiv During -tne Decomposition of

Py,Cu(TCP), 1in Toluene at 100°c.

Tne marked area at g = 2.007 (lowest curvVe) is shown at/

gain x 100 in Figure III - 13. g
Rt




300 min.

b_

100 dauss
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FIGURE 1II1I - 13

. ? >
2,4,6- Trichlorophenoxy Radical Signal by Electron Spin .

Resonance Spectroscopy. The location of this singlet is

indicated 1n the lower curve in Figure III - 12.

8]




g = 2.007




= J2m
; _E%ﬁ" ITI - 1 ,//ﬁ\x\\\\

where h - 1.05 x 10“27 erg. sec. . .

B - 0.927 x 1020 erg./gauss .
Vo= 9.}7 X lOg”Hertz

H - 3250 gauss

This is in agreement with values of g = 2,0056 and 2.0n07
reporfcd bv Tsuruya, et al, (42) and Borg and Llmore (95),
respectively for a trichlorophenoxy radical. This 1s simi-
;lar to a value of g = 2,006 for ;,6—d1methy1phenoxy radical
(41) or a galue'of g = 2.0965 reported during the thermal
oxidation and photo-oxidation of poly(2,6-dimethyl-1,4~
phenvlene ether) (96). .The value for a completely free
electron is g - 2.0023 (97). The instrument was checked for
accuracy with ''strong pitch”, a standard provided bv the

Varian Corporation. A value of g = 2.0027 was obtained,

compared to the theoretical value of g = 2.0028.

R
i
*»

The ttichlorophenoxv radical'

siﬁnal increased in intensity over the time examined. This

is shown in Table ITII - 4. Following these measurements,

the sample was allowed to stand in a constant~temperature
4
bath at 100°C for five days. After this time, no phenoxy

radical signal could be detected.
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TABLE III - 4

Variation of Intensity of Phenoxy Radical with Time 1n the

Decomposition of Pv2Cu(TCP)2 in Toluene at 100°C

t

Time (min.) Intensity (Arbitrary iLnits)
70 0.05
90 0.09
110 - ’ 0.16
150 0.22
180 0.37
220 : . 0.44
250 0.61
| 280 0.73
300 . 0.80
: 335 6.94

A similar run was performed

o . , ,
at 71°C using benzene as solvent, in the presence of a small

amount of carbon tetrachloride (carbon tetrahalides were
found to greatiy enhance the decomposition, and will be dis-

cussca in Section III-2D). This permitted complete investi-

~

gation over a much shorter period ofltime. The results,

snown 1in Figure III - 14, demonstrate a rapid build-up pf

tne pnenoxy radical signal, followed by a slow decav.
1
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FIGURE III -~ 14 »

2,4,6- Trichlorophenoxy Radical Signal at Various Reaction

. Times i1n the Decomposition of PyZCu(TCP)2 in Benzene at

a

710C 1in the Presence of CCla.
4
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B) Decomposition of Bis(trichlorophenoxo)-

bis(pyridine)copper (II) Under Varied

Reaction Conditions.

1) Various Temperatures

The decomnosition of bis(tri-
chlorophenoxo)bis(pyridine)copper(Il) was followed photo--

metrically at 22,500 cm_l in benzene or toluene (50 gms/l)

at various temperatures, Some results are shown in Figure
ITT - 15. As expected, the rate of decomposition increased
with temperature. There was also a dramatic change in the

induction period.

The number-average molecular
welights of the polymers resulting from the decomposition
of phenoxocopper(Il1) at various temperatures are shown 1n
Table III - 5. In all cases, the solutions were given suf -

ficient time to permit complete reaction.
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4
Decomposition of PyZCu(TCP)2 (1.35 x 10.3 moles/1l) in

-Benzene or Toluene at Various Temperatures. Decomposi-
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« TABLE IIT ~ 5 °
ﬁn of Polvmers from Decomposition of PyZCu(TCP)2 at Various @
Tenperatures -
Conc.(gms/1) Solvent . Temp . (OC) Mn L,
40 toluene ) 20 24,000
40 ’ " 60 16,700 .
40 " 90 16,600
50 benzene 26} A 8v,000
50 o 71 o 80,000

- ., 1i) Various Concentrations

Bis(trichlorophenoxo)bis (pvri-
dine)copper(Il) was decomposed at 71°C for 48 hours at a
number of concentrations in benzene. The polymers were 1so-
lated and analvsed for molecular weight. A plot 6} concen-
gration versus polymer,humber-average molécular weilght is
shown in Figure IIIl - 16. A, plot of the square root of 2

these concentrations in moles/l versus molecular weight is--

shown in Figure 111 - 17.

The polymer molecular weignts
from run-to-run for the same concentration were identical®
assuming constant reaction conditiorgs. This 1s summarized !

in Table III - 6.
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Polymer Molecular Weight at Various Cincentratiqns of
Py

2Cu(TCP)2 in Benzene at 71%C. feactioﬁ Time = 48 .hrs.
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Polymer Molecular Weight at Various Concentrations of
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Pv,Cu(TCP), in Benzene at 71°C.
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TABLE 1III - 6

in of Polymers from Decomposition of PyZCu(TCP)2 in Benzene

4

) (40 gms/1)
Temp. (°C Conc. (gms/1l) "
71 1 gm/25ml 44,500
71 2 gm/50ml 46,000
71 3 gm/75ml 46,000
71 4 gm/100ml 45,600
4 -
iii ) Various Solvents

, )

The decomposition of bis(tri-

cnlorophenoxo)bis(pyridine)ecopper(I1) in benzene, toluene

or cumene at 75°C was examined photometrically at 22,500

em” L. Theé results are shown in Figure III - 18.

It was found that the scolvent

tray

- .

utilized had an adverse effect on the reaction products pro-~
duced. The effect on polymer is shown in Table III - 7.

The effect on the copper(II) complexes will be discussed in
5
Section IIT - 4,

A




: FIGURE III - 18

Decc;mnosition of PyZCUCTCP)2 (1.35 x 10-3 mcles/1l) in

‘ o -1 B W
Various Solvents at 71 C at 22,500 cm . ;?"v" -
[s¥
0O 00O benzene
A A A toluene
- O O[Fr cumene
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TABLE I1I ]2]

qn of Polymers from Decomposition of PyZCu(TCP)z for

48 hours in V;rlous Solvents

Conc. (gms/1l) Solvent ‘n
3

50 benzene 79,000

50 toluene 39,000 .

50 cumene 13,000

C) Decomposition of Other Phenoxo-metal Comnlexes

. i) Phenoxo Complexes Containing Metals Otner
A

Than Copper.

a) Trichlorophenoxo~pvridine-nickel (II)

The infrared spectrum of this
green complex is shown in Chapter VII, and contains evidence
of ooth trichlorophenoxo and pyridine ligands. The ultra-

¢

violet-visible spectrum is demonstrated in Figure III =~ 19.

The complex was found to be
rewativeiy staple in air. In organic solvents, such as open-
zene, tne complex showed no sign of decomposition, even at

o -
70°C for a reaction time of 24 hours.

W&




/

FIGURE III.- 19

Ultraviolet-Visible Spectrum of PyZNi(TéP)2 1n Benzene
Conc. = 4 x 10_3 M in visible region

4 x 10-4 M in ultravielet region

13
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N
perforded with this complex.

No further experiments were

g 4

b) TrichlorophenokXo-pvridine-cobalt (11)

- The infrared spectrum of these
purple crystals is shown in Chapter VII. The presence of

trichlorophenoxo and pvridine ligands were clearlv 1adicated.

The ultraviolet-visible spectrum is shown in Figpure T1II - 27.
a

This comﬂlex was found to be

[
stable 1n poth air and solution. There was no inaication ot

decomposition in beanzene at 70°C for 24 hpurs.

No further experiments were

performed on this complex.

11) Polyhalophenoxo-pyridine-copper (I1)

Y

Complexes

a) Bis(A-bromq:Z,6—dichlorophenoxq-

LN

bis{éyridine)copper(ll)

The ultraviolet-visaible spectrum
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FIGURE I11 - 20 '

Ultraviolet-Visible Spectrum of PyCo(TCP)2 {n Benzene

Conc.

4 x 10_3 M in xisible rééion

2 x 10_4 M in ultraviolet region
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of tnis complex is shown in Figure III - 21, The absence
of anv well defined maximum absorption in the visible
regilon prevented following the reaction bv ultraviolect-

visible spectrophotometry.

The phenoxocopper(II) complex,
first reported bv Blanchard, et al, (2), was decomposed 1mn

nenzene or toluene (5 gms/l) at 71°C for 24 hours. It naa’

i

reen noped that there would be increased reactlvlgﬂ at tne

e

’ -
4- nosition, du'e to the more readilv displaced bromine atom

//
(69). Linear polv(2,6-dichloro-1l,4-phenviene ethery was
' - /'/‘/
the ultimate goal. Stanatoff (74)-had reported tac¢ succes-
/

//
ful preparation of this polymer with exclusive 1,4- iinkagze
using A—bromgtgji—dichlor0phenol and benzovl peroxide as
initiator,

L]

-

In order to have exclusiveﬁy

1,4- ;1nkage,%tne dihalocopper(II) reaction product from
¥
tne decomposition of the phenoxocopper(Il) complex would

nave to be entirely PVZCuBt The precipitated complex

2t
turnec out to bhbe caked with insoluble polymer. ﬁThc rolvmer
was separated with hot toluene. Analyses of botn tne cop=~
per(Ii) complex and polvmer, in the case where benzene was

usea as soivent, are shown in Table III -~ 8. Similar .

-resujts were obtained with toluene. as solvent. The presence
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ﬁof some Py

t

!

2CuCl2 was also indicated by far-infrared spectros-—

o

copy.

Ll .

TABLE III - 8

L
Elemental Analyses of Reaction Products from Decomposition of

PyZCulélzBrP)2 in Benzene at 710C
Theor. for Anal. Theor. for Anal.

.o szcmuBr2 7% _polvmer ¢

C 31.5 ﬂ 32.51

T 2.6 2.52 p

N h 0. 3.84 44.1 30.23

br 42 35.87 0 5,38

i 7.3 7.62
Cu 16.6 17.60

The molecular weight of the

polvmner was found to be: benzene as solvent, ﬁn = 126,090,
toluene as solvent, ﬁn = 130,000. s ' ,
S
el
s . The 4-bromo-2,6~dichlorophenoxo-

&
¢

copper (I1) complex was also decomposed at room temperature orx

1.5 months in bg%zene. It was hoped that reaction at lower

.

‘temperature would result in greater selectlvitg towards coupai-

a

1ng at tne 4~.position. The.analvsis for the polvmer proauced
h)

it
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in this reaction was as follows:

Calcd. for linear polymer: cl, 44.17; Br, 07.

»

Found: cl, 39.23%Z; Br, 6.68%.

’

Tnis analvsis indicates no increase in selectivity at lower

temperature. - P

* The low temperature polvmer

was found to be soluble in toluene above 7002. The result-

AN gunmy solution of polvmer in hot toluene was senarated

]

from tne copper(II) precipitate by decantation instead of

filtration. Several washings with hot toluene were made
{ (9

»

‘to ensure complete isolation. No, ‘suitable solvent was
- F
! J 1
found for determination of the olecular weight of this

~

polvmer at ambilent temperature It can be %ssumed, nowever,

trat M was considerably higher than that found for otuaer

i

similar polymers prepared at higher temperature,

b) Bis(tribromophenoxo)bis(pvridane)-

copper (I1)

(

’ ) : This tribromophenoxocoﬂher(II)

»

compiex, first reported by Blanchard, et al (2), was decom-

-, o ’ .
posed 1n benzene, or toluene, (50 gms/l) at 71 C. Reaction

o

tooxk place very rapidly. The green copper(IIl) precipitate
- /
resulting from the reaction was shown to be Py2CuBr2 bv far-+

a
»
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infrared spectroscopy, {(cf. Chapter VII). Confirmation of
structure was made by comparison with results reported bv ’ s

Goldstein, et al (92). The visible spectrum of tribrono-

phenoxocopner(I1) and the resulting solution after decomposi-

tion 1is shown in Figure III -~ 22. A photometric studv of t.ae
decomposition of tribromophenoxocopper(II) at 22,300 cm  1n
penzene at 75°C i{s shown in Figure III - 23.

//} - N I8

The infrared 3pectrum of the

noivmer 3agreed witn that obtained bv Tsuruva, et ai (90),
for polv(2,6~-dibromophenvliene ether). ine infrared spectrun
d

1s snhown 1n Chapter VII, .

-

Apart from results rTeported in
secttlon 1I1 - .4, for the formation of Ha—oxocopper(ll) com-

riexes, no further investigations were carried out on t.a.s

gompound. R ‘
c) Bls(trliodophenoxo)bis(pyrldine)copnvr(ll)v i
o - The visible spectrum of this
. ~ w &
{

ﬁncnoxoéopper(fl) complex and the solution after ageconpositior

1s snown in Figure III - 24. These maroon-coloured crvstals

were found to pe relativelv unstable in the solid state. In
solution, using benzene as solvent, the complex decomposea

rgadlly, glving a wni}e polymer, The infrared spectrum of .
tnis éolvmer 1s shown i1n Cnapter VII, A photometric studv

%,

.

1 e
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FIGURE III - 22

Visible Spectrum of PyZCu(TBP)2 and Solution After Decompos:- 2
tion.

~- a) PyZCu(TBP)Z

b) solution after decomposition.
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‘Jecomposition of Py2Cu(TBP)2 at 22,300 cm in_Benzene
at 75°c.
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¢ FIGURC IIIl —(?4

"

1
Visible Spectrum of Pv2Cu(TIP)2 and Solution After

Jecomposition

. a) Py ,

-

ZCu(TEf)Z

b) solution after decomposition.
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' of the decomposition of trilodophenoxocopper (I1) at

20,800 cm“1 in benzene at 75°C ig shown in Figure III - 25.

<

No further studies were con-

ducted on this phenoxocopper(l1I) complex.

iii ) Trichlorophenoxocopper(EI) Complexes

Containing Neutral Ligands Other Than

Pvridine.

a) N,N,N'",N'-Tetraméthvlethvlenediamine

as Neutral Ligand

Bis(trichlorophenoxo) (tetrametav.-
ethylenediamine)copper(I1), first reported by Harroa (34), was
decomposed in benzene (saturated solution) &t room temperatutce

L 4

for fave months.. The reaction products were a blue copper(I1i)
e 2

complex and polvmer. The polymer was identical to nolymer
“from tne decomposithn:of tﬁéchLoropheﬂoxo—pyrid;ne—copper(II)
as evidenced by {its infrared a;d nuclear magnetic resonance
spectra. The number-average molecular weight was found to be
161,000.

Bis(4-bromo-2,6-dichlorophenoxo)- 4,

(tetramethvlethylenediamine)copper(lI) was formed as cark red-

‘ '
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Decomposition of

-

at 75°C.
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FIGURE 1I1I - 25

Lo
v

PyZCu(TIP)2 at 20,800 cm-l

in Benzene
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brown crystals. These were stable in air in the solid state.

The ultraviolet~-visible spectrum is shown in Ficure LII - 26.
= . . &

- ) . e

. -
This compla* was decomnosed in

§

v

-

~benzene (25 gms/l) at room temperature for four months. Tne

\

react-ion products were a dark green coppeft (II) precipitate

and a partially insoluble polymer. The latter compound gave

infrared and nuclear magnetic resonance spectra 1dentical to
3 ;

-~
-

polvmer obtained from the corresponding pvridine compiex.

—

“

Ne

- - Although tnese phenoxo-tgetra-’

. -

metnv}echylenediaminecopper(II) conmplexes exhibith?,clcgrlv

r

defined maxima at. 20,500 and 20,600 cm_l rESpectivelv, their
. ) .

v

decompositgions were not studied photometrically.
] - o - 3 -

> . ¥ . . 4
. ~ '
’ o = b) Other Conmpounds as Neutral Ligand )
! I3 . - . r Q

3 . L

i «
& -

' *  ~Phenoxocopper (I1) complexés

Iy * - B

3 . .
@ o , .
Ttontaining ammonia, ethylamine, dimethylformamide or

dimethylsulphoxide as neutral ligand were ‘decomposet 1n

.

various solvents in an attempt to prepare the corresponding

4

-oxocopper{(11) complexes. The results are discussec 1n A

“

A

Section.III - 4,° No other studies were performed on these ® .

-~

s

compliexes.
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D) Effect of Additives on the Decomposition of

?
Bis(trichlorophenoxo)bis(pvridine)copper (il).

1) Free Radical Initiators

I3

. The reaction rate of bis{(tr:y:-

chlorophenoxo)bis(pvridine)copver(II) was skronglv affeacted

initiators. The decomnosi-

.

pv the addition of free radical

tion was studied photometrically\at 22,500 cm_l. Some "

[
results are shown in Figure III -\27. A number of peroxides

&
s well as azobispropioni-
<

.

and hvdroperoxides” were examined,
i

trile.

From Filgure III - 27, the

N

eri10d and increase the reaction rat

[

nowever, scemed to have a more complipated effect. This will

. Tne nvdroperoximcs,

]

-y
ve discussec further in Section II{ -{4.
v
. Analysis pf polymers ov infrarcec
. .
spectroscopv showed no evidence of infitiator fragments. e

]

numoer—-averagermolecular weight of polvmer, from tricnioro-

-

9nenoxoconper(IT)\}n‘the presence of a 1:1 molar ratio of

' - o ‘ . L0
cumvl nydroperoxiade, reacted in benzene (50 gms/i) at 71°C
P N

b
for, 24 Blours, was 44,000. In comparison, nolvmer obta.ned

under 1identical circumstances, but in the absence of uavaro-

.
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FIGURE TIII - 27

Decomposition of py, Cu(TCP) (1.35 x 10-3 m) 1n Benzene at
Y2 2

7lOC in the Preéence—of a 10:1 Molar Ratio of Various Free

Radical Initiators (Initiator to Py
-

2Cu(TCP)z). Reactitrns

followed at 22,500 cm

B -

no initiator
tert-butyl peroxide

dicumyl peroxide,

benzoyl peroxide

2,2"'-azobis{propionitrile]

tert-butyl hydroperoxide

——

cumene hydroperoxide ‘ .
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peroxld;, had a molecular weight of 49,000.

=
The effect of benzovl peroxide
on the i1nduction period in the decomposition.of trichloro-

phenoxocopper(I1) 1s shown in Figure III - 28.

11) Carbon Tetrahalides

- The addition of garbon tetra-

naliaes to a solution of bis(trichlorophenoxo)b1s(pyyldine)—
copper(II) was found to gréa&ly,enhance the decomposition

rate. A §olution of this phenoxocopper(II).complex 1in

renzene (50 gms/l) took tnree months to deEEmpose at room

temperature. On the otner hand, an identical ;solution,

Il * v
containiny a 16:1 molar ratio (CClé/PyZCu(TCP)Z) of carvon

¥ T

- N " ™~
tetracnloride, reacted in less than one week. Similag results
were obtained with bis(trichlorophenoxo) (tetramethyletnviene-

aiamine)copper (I1), using carbon tetrabromidfe.
B

<>

) Similar findings were alsco

obtained at elevated temperatures. The dihalocopper (I1)

precipitate was detected withain fifteemr minutes for a 10.1
molar solution (CXA/PyZCu(TCP)Z) of the pherioxoconner (I31)

commplex 1n benzede (4 gms/l) at 7loC. Witnout tne carbog_

~)




B

N - 135 -

FIGURE TIII - 28

”
\

‘nffect on the Induction Period at Varjious Concentrations of

Benzovl Peroxide 5\ Inifiator in the Deconpositionr of

Pv2Cu(TCP)2 (1.35 x 10-3 M) in Benzene at 71°C. .
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o ’
tetrahalides, approximatefy three hours were reaquired to

reach the equivalent stage of reaction.

The effect of carbon tetra-

opromide on the rateé)f decomposition of trichlorophenoxo-

4, ‘ .
copper(II) in benzéne at 70?C was ,studied nhotometrically
-1
at 22,500 cm . The results are shown in Fipure III - 29.
’ The reaction produces from tne

o

" decomposition of trichlorophenoxocopper (II) in the presence

of a 10:1 molar ratio of carbon tetrabromide were analvsed

-

for tne presence of bromine. The results are summarized .n

Table III ~ 9. )

o~

~ TABLE III - -9

{

Analvsis of Reaction Products from the Decomnosition of)

Pv_ Cu(7TCP)_, in the Presence of CBrQ at 710C '
4 . -
“roduct ~» Cl ‘T Br
PVZCuXZ 23.75 N 4.00
polvmer 44,1 , 0.
/ - . - ' o “
% \ Q\ bl {'»1
l ) The polymer number-average

molecular welight did not appear to be affected by tne adci-

° w

¥ ‘

t
2
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FIGURE III - 29 :

¥
\ﬁfféct of the Addition of CBr4 on the Decomposition of
1Pv2Cu(ICP)2v1n Be?zene at 70°C., Rgactgons followed-at ‘
22,500 cm_%. ¢ ‘ ‘
. '
. E no SBrA.. ‘ .
N LO . P trécevof CBra-- -’ ¢
' “6 o O 10:1 Molar Ratio (CBr4 to PVZFU(TCP>2)' |

[ N
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tion of carbon tetrahalides. This $s shown in Table III - 10.

-

TABLE III - 10

1 A\

- R S
Mn of Polvmer from the De&dﬁposition of Pv2Cu(_TCP)2
(50 gms/1) 1n Benzene at 7l°C in the Presence of CXA -
EREE L A g N v
“RKxn. time (hrs.) n p CAA
) 68 49,000 none
68 49,000 CCla
68 46,000 CBrA
A s The additional reaction prowucts,

aue to the presence of carbon tetrahalides, were analvsed ov
a coupled gas chromatograph-mass spectrometer. Samples were
prepared by preliminary removal of tne dihalocopper{Ii)
complex and polvmer. About‘752 of the benzene/methanol wis

tnen removed bv distillation on a rotary i;aporator. _
U N

v For an initial 1:1 molar con-

cefnitration (£Br4/Py Cu(TCP)z), dichlorobenzene was detected.

2

Tnis is shown im Figure III - 30. Dichlorobenzene was not

evident as a reaction product from the decomposition of
- -
phenoxoconper (I1) in the absence%;f carbon tetrahalii.es.

/
le
v L

-




)

1)

11)

FIGURE

I1T -

Gas—ChAomatogram of Reaction Mixfure in Presence of

1:1 Molar Ratio of CBr4 (CBrL to PvZCu(TCP)z).
X .
a) methanol : . _ :
b) benzene ~ ‘ R ) —
'y « . : ’ ~¥"‘_ .
CHBr,? . A
c) r, , )
d)ruydchlorobenzene N .
e) @% Br - - (\—/ ’
4
- ) “,
Mass® Spectrum of gfthloropenzené‘ — -
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n. ¢ K‘“«v.-]
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For an initial 10:1 molar
conceqfralion (CBr, /Py.Cu(TCP).), chloroﬁribromometnane,

L% Fa . 1‘ 2 2 - ! N y

CBr3Cl, was detected: This is shown in Figure III - 31i.

There was no indication of the presence of dicnlorobenzene.

The mass spectrum of carston

tetrabromide is shown in Fipure II1 - 32.
111 ) Trichlorophenol
. The decomposition of big(fri-

chloropnenoxo)bis(pyridine)copper (II) was studied 1in tne

presence of added trichlorophenol. Solutiomns of tne nnenoxo-
copper(II) complex in benzene (50 gms/l), containing various

amounts of trichlorophenol, were reactea for 24 hours at
- . N
71°C. The polymers were isolated and washed several tipcs

with methanol to remove anv trichlorophendl. The effect on

the number-average-molecular weight of the polymer 1s snown

o

in Figure III - 33. .

. The polymers were studjed 1in

solution (0.04 gms./2 nl CSZ) by.infrared spectroscopv.

Tne intensity of thehydrofyl absorptioh at 3530 cm-l was

Ae

found to increase with the concentration of trichlorophenol.
} h a
,L“_’p v i

N ' : :
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Mass Spectrum of GBr

RN

FIGURE

I1I

3

1

3

Cl.
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FIGURE TIII - 32

Mags Spectrum of CBr4
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FIGURE III - 33

"

Effect of the Addition of Trichlorophenol on Polvmer

P

Molecular Weight in the Decohpositign of Py Cu(TCP)2

2

in Benzene at 71°C for 24 hrs. Trichlorophenol is added

to a solution of 5 gm. P’yZCu(TCP)2 in 100 ml. benzenc. .

-
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This is shown in Figure III - 34. k

1v) Other Additives

’ The addition of pyridine to a
v »
solution of the trichlorophenoxocopper(II) comnlex in
benzene was found to prevent reaction. This agrees witn

i

results reported by Harrod (34) and Blanchard et al (2).

AN w

!
The use of stvrene as solvernt

for bis(trichlorophenoxo)bis(pyridine)coprner (II) innibited
tne reacgion. It had beep hoped that 1if the decomposition ;
of phenoxocopper(Il) indeed did procéed Lhrough the forma-
tion of phenoxy radicals, the formation of polvstvrene or

a copolymer of styrene and phenvlene ether units mignt

occur. The reaction was performed under vacuum and 1in

view of the highly irreproducigle behaviour of the reac-

tion 1n benzene under vacuum, perhaps this result should

not be taken too seriously. .
. & .

Trichlorophenoxocopper(Il)
in benzene (50 gms/l) was reacted at 7l°C for seven hours, . -
while bubbling oxygen through the solution. The number-

average molecular weight of the resulting polvmer was tne

El

P
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FIGURE 1III - 354
Iinfrared Spectra of ﬁ?lyﬁer from the Decomposition of
V! . 4

PyZCu(TCP)2 (50 g/1) in Benzene at 71°C for 24 hrs. 1n

the Presence of Various Amounts of 2,4,6~trichlorophencl.

\":_‘

a)
b)
)
d)

e)

i

no trichlorophenol

0:25 gm/5 gm Py2Cu(TCFT;“—~
0.50 gm/5 gm PyZCu(Tcp)z'
0.75 gm/5 gm Py,Cu(TCP),

1.00 gm/5 gm PyZCu(TCP)2
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b)

)
)

)

cm -1




. v
same as that obtained under normal atmospheric conditions.

uxvegen had no detectable effect on the product copper

comnlexes either.

111 - 3 POLYMER CHARACTERIZATION

The nuclear magnetic resonance

spectra of polvmers prepared from bis(trichlorophenoxo)bis~

(pvricine)copper(II) and bis(é—bromo—Z,6-Q1Chlorophenoxo)—l

-

pis(pvridine)copprer (11) are shown in Figure II1 - 35,

The intrinsic viscosity of

several polvmers is shown in Table III ~ 11.
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TABLE III - 11

o

[n] for Polymers from the Qféomposition of Phenoxocopper(1I)

- — ; T at 71°C- -
Phenoxo Reaction Solvent [n]* ﬁn
TCP benzene . 0.038 26,000
. " "o 0.054 34,000
" ' " 0.054 47,000
. " y 0.066 54,000 "~
L " ° 0.073- 61,000
v, o ~ 0.073 69,500
" toluene 0.043 39,000
cl,BrP . ‘ " 0.112 130,000
" benzene 0.112 126,000

¥

k]
* Data obtained in diigloromethane at 25°C.

‘\\4—\\l ) The infrared spectra of the
n N

polymers prgpared from trichlorophenoxocopper (II) were

1¢entical, regardless of solvent, temperature, concentra- . o

tion or reaction time. There was no change in peak positions

or 1n relative intensity of any absorptions.

Polyme; prepared from the

©

decomposition of bis(4-bromo-2,6-dichlorophenoxo)bis(pyr1d1ne)-

cobper(II) in benzene at room temperature could be isolated

as a thln&‘clear film by evaporation of the solvent. Addi-

‘% :
]
e

. .
A -
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tion of methanol to the solution resulted in a white pow=
der. X-Ray a?alysis of the polymer showed no indication
of crystallinity. On the other hand, no definite glass
transition temperature could be obtained bv differential

scanning calorimetry. L.

Poly(2,6~-dichlorophenvliene

-

;ether) of in = 25,000 (see Figure IIJI - 16) was found to
contain trapped "free" radicals, by electron snin resonance
spegct¥oscopy.

0
- e /

111 - 4 FORMATION OF uA—OXOCOPPER(II) COMPLEXES

7

a) Decomposition of Bis(trichlorogﬁenoxo)ais-

A Y

. ? 4
(pyridine)copper (I1).

P

« " " In the course of a spectro-

v .

H .
phnotometric study "of the phenéxocopper(ll) co@qlex in

benzene, toluene or cumene as sglveut. it was noticed tnat
the absorbance of the Folutions did not go to negligiolv
small levels at 22,500 c:m-l on'completibn of reaction, as
expected. Thne dlchlé;ocopper(II) reaction product was
completely insoluble. Eveh on removal of polymer from®

solution, the anomalous absorption remained. The resuit

‘ suggested the presence of a hitherto unidentified reaction

product.

. ’ M ¢
- L]
.
:



L Ied

. LUnder microscopicrexamination,

tne dichlorocopper(I1) precipitate 'was found to be contamina-

'

3

ted by ahsqgll amount of crvstalline material wnich couid.ve

PR B « .

removed bv extraction with d&ichloromethane or acetone. Tue
' -~

amount of this compound in the precipitate wds usualiv anout .

.

3. by welgnt. A trace amount was in splution 1n‘the reac-

¢

, .
tion solivent, resulting i1n the aforementioned 'straw' colour.

:
.

Repetition of the above nroce-

dures 1n toluene and in cumene as reaction solvents gave tre

v

same compound 1n ca. 15% and ca. 1007% vields respectiveiv.

Renertation of the reaction in henzene 1n the preseace of .a

fi1ve to one molar ratio (hvdroperoxide/PVZCu(TCP)q) nEs
L

cumvl hvdroperoxide gave a near quantitative Vvield of tne

\

cold -coloured crvstals. . .

* These crysfals analvsec¢ as v
?VACUAC16 using elemental analysis and molecular weignt
cetermination. On dissolution, the resulting "straw'’

IS

@
coloured solution had a visible spectrum identical to that
of tne solution at completion of reéaction. This provided

at least partial explanation for the finite absorntion at

.

> £ N

.

the endggf reaction.’ .

. P?e{iziﬁary X-Ray data (99)

P



e

indlcated a tetrahedral copper cluster with each edge .

occuplied bv a chloride atom and each apex by a pvridine.

"
[

At about tne same time as this work, Kilbourn and Dunitz

(76) reported the synthesis and structure determination .

ol -oxo-hexa-u-chlorotetrakis(pyridine copper(Ii)} it

"4

quicklv became evident that tne gold crvstals ontainea as
reaction product from pheno;ocopper(II) were the same ;Oﬁ—
ﬁOPnd. The oxvgen nad initially been missed due to 1insu!-
ticient sensitivitv in chemical analysis. Refinement of
our own h;Ray data confirmed the identity of this complex
wilth ;nat of Kilbourn and Dunitz. The structure of the

compound 1is snown in Figure I11 - 3F.

A series of decompositions of

bis(trlcnlorophenoxo)bfs(prfdine}copoer(ll) in benzene 1n

L%

»
the presence of some common free radical initiators, foi-
¢

lowed spectrophotometrically, 1s shown 1n Figure II1 - 27.

-

Altnough all of the initiators caused diminution of the

normally observ®d induction period, the .behaviour af nvaro-

~

peroxides was distinctly different from that of peroxide i
and azo 1initiators. It was evident that hydroperox1deé ) t\im.\J\‘
unuerwent a very rasid reaction with tne pnenoxocopécr(ll)
complex which was qualitativelv different from that occur-
ring witl otner 1nitiators. This difference was also

reflected in the difference of reaction products, as shown

in Table III - 12.

~Ura
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FIGURE III - 36

—oxXxo~hexa~u-chlorotetrakis

{{(pvridine)

«¢
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.1 fect of Various Iaitiators on the Reaction Yroducts 1in

the Jecomposition of Bis(trichlorophenoxo)bis{(pvr.vine)-

.

&onner(II) 1n Benzene at 720C, Yolar Ratio 3.1 I/Cu
! ) ¢
A , ?
initiator Wt. 4—030* -
~0 1nitiator 4.,
o Be;ZOVI peroxide ] P
t-batyl peroxide 4
D;cuﬁyl peroxide 3{ Y
t-Butyl hvdroperoxide 1007 ’
' - - Cumene nvdroperoxide 10467

He

. :mQL*Precipxtapgd rcaction product 1s a
- - - i

- *
-

»

"mixture of Py CuClo and Pv Lugil6 O
L )

-~

2 4

#




B) Synthesis of Other ua-oxocopper(II) Complexes

L4

il

The synthesis of a number of

otner ;a—oxocopper(II) complexes was attempted bv first pre-

paring tnhe respective phenoxocopper(I1) compiex, and tnen

decomposing 1in the same manner as for the formation of .y

oxo—hexa—u—chloro-te&;ékis(pvridlne copper (I11)),

':

1) o ua—oxo—hexa—u—brom -tetranis(pvridine-~

copper(I1))

¥ -~

Decomposition of bis(2,4,0-tri-
vpromopnenoxy)bis(pvridine)copper(11), dn“hgnzene or toluene
produced a green crystalline precipitate whicn was shown to
pe PVZCuBrz, by infrared and far-infrared spectroscopvy, in
quantitative yield. ~ Further extraction wita benzenre and
dicnloromethane showed no additional comnlexges.

Decomposition of tne phenoxo-
cqpper(II) complex in cumene gave a dark green precipitate
which was found to be a mixture of anprox}mately 60Z
PyZCuBrz and a dark brown complex which on extraccio{bwltn
tetrahydrofuran and recrystallization bv evaporation was

Vs
shown to ove PyACuABr6'O, by itnfrared spectroscopy ana ele-~

mental analysis. Repetition of the decomposition in benzene,
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in the presence of a one to one molar ratio of cumyl nvdro-
peroxide gave only a small trace of the ua-oxocopner(II)

complex.

11i) ua—oxo—hexa-u—chloro—tetrakis(ethvlamlno

copper(Il) )

Thermal decomnos:ition of tne
corresponding phenoxocopper(I1) complex. in benzene, toiuenc
or cumene, or in benzene in the presence of a nvdroneroxide
vielded only intractable products, possibly due to autoxi-

dation of the ethvlamine ligand. However, catalysed decom-

. ~

position 1in thé presence of traces of carbon tetracnior.de
vielaed a precipitate which contained 757 of a lime green
dicnloromethane soluble complex and an intractable gold
coloured residue. Spectra and elemental analyses of tne
former complex were in accord with those expccted for the

conmplex (CZLSNHZ)ACu4C16 0.

1ii ) ua—oxo-hexa—u—chloro-tetrakis(tr13nenvl~

phosphiné oxide copper (I1))

It was impossible, under the

conditions attempted, to prepare and characterize stable

I

birs(trichlorophenoxo)bis(triphenylphosphine oxide)copoer (II1),

’

5



‘ because of the extreme ease with which this complex lost
neutral ligand. However, a mixture of uncomplexed copner (IT1)
trichlorophenolate and triphe&hOSphine oxide (both indivi-
dually completely insoluble in cumene) 1n cumene gave a darx
brown solution which on thermal decomposition precinmitated a
large amount of orange-vellow powder, admixed with a Smaii
quantity of green material. Extraction of tnis mixture witn
dlchlorometnane,.folldwed by evaporation, produced a larpe
vield of beautiful, well-formed orange crvstalis. A1l physai-

cal measurements agreed with the formulation of this comnpiex

as ((C6d5)3PO)4CuACl6'O, previously synthesized by Bertrana

and xellev (78) by a different method.

- 1v) Other Attempted Svntheses .

Attempts were made to svntnesize
ua—oxocopper(II) complexes with dimethvlformamide, dimetsnvi-
sulphoxide or hexamethylpbosphoramide as ligand. Althousz:
strong evidence for the formation of the de§ired products
in the former two cases was obtained, the extreme facilitv

with wnich these ligands dissociated, frustrated complete

1solation and characterization.

: Bis(trichlorophenoxo)diamnine-
copper (I1I) was decomposed under all of the various conditions

described above. In all cases the complexes produced were

‘ intractable and could not be satisfactorily characterized.




3

- C) Spectra of ua-oxocopper(II) Complexes

[

far-infrared absorptions,

The principal infrared and

respectively of the dihalo-

copper (II) and u4—oxocopper(II) complexes are shown 1n

Chapter VII. Tom Dieck and Brehm (82) have reported that

a band at 588-515 cm-1 assigned to an asymmetric group

-

vipration of the Cu,0 tetrahedron 1s a facile metnhnod of

!dentifying the u

4

4

~oxocopper (I1) complexes.

These renported
/

‘ \
values 1n this region, along with values in other regions

by others authors (78,79) provided substantial support for

identification of the ua—oxocopper(II)'complexes reported

in this thesis.

0

o

v
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IV - 1 Preliminary Discussion

As reported 1n Section I, the (ata-
ivtic oxidative coupling of phenols to polyphnenvlene ¢t .ers,
using copper(I1) salts as oxidants, is believed to procecd
tnroupgh tne formation of phenoxocopper(IIl) i1ntermediates. .:«
reaction 1s complicated sdpce 1t not onlv proceeds verv rai~:iad.w
at room temperature, but the 1nitial i1ntermediate com" ouncus
are extremelv unstable: The apnility to iéblate stable nnenoxa-

E

copper(I1) complexes would not only prove thelr existence,
but also, chilicate an investigation of the overal. rca;:Aun.
Lmpnasis could be placed entirely on the later stages o: oxi-
gative coupling; ignoring all steps leading to the formation
of phenoxocopper (II). Blanch;rd, et“al(Z), and Harrod(34) re-
ported the preparation and decomposition of several stanle

polvhalophenoxocopper (I1) complexes. Analysis of tne decomno-

sition products resulted in equation IV - 1. Tnis thesis Jdeals

1

with the overall mechanism of decomposition, utilizin~ several

phenoxocopper(II) complexes. '

These complexes, IV - 1, are taouznt
to be related to the unstable phenoxocopper(II) 1intermediates
in the oxidative coupling of 2,6-dialkyvlphenols reported in-

1t1allv bv Hay, et al(l). The reactions in equation IV - .
4
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may be carried out in solution or in the solad state%Z,J&).

Most of the research reported in this thesis was conducted -

&
with compound IV - la. All decompositions were performed in

solution, using benzene, toluene or cumene as solvent.

bt !
. o

s

Trichlorophenoxocopper (11) com-

plexes, IV - la, exhibit no dipole moment (34), suggestaing

the nphenoxo ligands to be trans to each other. On tune other

hand, tne tetramethylethylenediamine complexes, IV - le¢ and

13
f, must have the phenoxo ligands cis to each other due to Cnav

<3

bpirdentate neutral iigand. This has been confirmed pv A-Xav

v

analvsis(l00), and 1s shown below. }

%

These latter Fomplexes assume a slightly distorted square
[y - 6 /
planar configuration. ! .

- Chemical analysis, molecular weignt

data ana infrared spectra indicate that the majority of tne

v
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“

sfgable phenoxécopper(II) complexes are fpu;—cod?;inated and
monomeric(2,3é). Of the phenoxocopper(il) complexes stucied
and reported in this thesis, only_the dimetnylformamide conm-
plex, IV - 14, dis thought to be dimeric, from elemental analv-
s1s. In the present study, structural confirmation coula not
be obtained with the triphenylphosphine ox1de‘and dimetnvi-
sulprfoxide complexes, IVFA- 1li and k, respecta;elv, necause of

tneir instabilaity. However, it would not seem unreasonabie to
&

«

suggest that all trichlorophenoxocopper(ll) complexes studicc
1n tnls work, possessing neutral ligands bonded: - througn ocxvgen,

are dimeric. They would assume a structure similar to tne

nexamethylphosphoramide bridged dimer reported bv “suruya,

et al(42).
¢ b ]
IV - 2 Discussion of nghanlsm
, A. Earlier Proposals ~
i) General Comments
, It has long Heen r¥cognized tnart
equation IV - 1 1s rather ide;lized. irstlyy\the final vielic

of copper(II) reaction product, IV - never fcompletelv ap-

proaches the theoretical yield. Thi suggests tnat not

all of the phenoxocopper(II) complex has been decomposeay; or

that an additional hitherto undetected copner(II) reaction

] ~
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/ \
product ex1sts. Secondly, the polymers, IV - 3, are weil «xnown
- L

to be branched. This has been c early indicated by 1ntrinsic

) viscositv(2) and bv nuclgar agnetic resonance studies (42).

Similar findings z;ge obtained by both techniques 1n tnis work,
-

) as evidenced in Table III - 11 and Figure III1 ~ 35. Even more

l

important, these polvmers have onlv modest number-average

4 5 . , .
molecular weights (10 =~ 107), not essentiallv infinite mo. -
ecular weights as required by, ,the exact stolch:0ometrly wu: R
equation 1V <2 1, -

It would seem, therefore, rtaat
equation IV - 1 is only a rather poor first approximat:ion to

tne actual reactants and products involved in the tnermal ce-

composition of the phenoxocopper{(IT) complexes, IV - 1. In

fact, under the best conditions of purityv obrained in tn.s

-

work, the decomposition of complex IV - la exhibits an exceca-

ingiv long, perhaps infinite, induction period. This sugrpests

the need for an initiator. There 1s no doubt that oxygfean can

.

function as an 1initiator. Reactions in air exhibit guite re-

) , 4
producible behawviour, unlike those carried out under vacuur,

1i) Reaction Scheme

It 1s highly uniikely tnat vocn

phenoxo 11%3“09 in compound IV - la would be lost simultanc-




ously. Compilation of the results of previous worke%ﬁ, as sum-
marized 1n Section I for a variety of 2,6-disubstituted pnemols,
would suggest the series of reaction steps shown in eauation

IV -~ 2 to 1V - 8,

Cl 5
- /\ i o Cl féul\
- | ~ - &
'y ~,CLA-L‘ CiL N — j)y‘jcul_‘o clL + R O/r_-4~ -

Vo= Lo R
c1
c c1 0 c1 ‘
R L — c1\<z§=o \ )
Ck c1
| c1 .
- v - &
, Cly
' 0 ! 1
Vo4 IV -6 —— pycull @ + 0 O@CL
) e c1 c1
' ) iy - ST
v - 7
o a
Vo= ] Py20u1c1 + 0 c1 -
' IV - g ¢l .

.
&

. Cl\ Cl

= Bk iV =9 ——— PyPCulICla + -o~©~o o ;e =
_ ‘ cl Cl

v -2




r B
Ciy O: ,Cl cl c1? ,
L " M Jn ~~——3ee— Dol ymer

O HE
Cl. : c1 Ccl L ‘ LV = 0

Cl Ccl

]
IV = L
The initiation step 1n the tnermai
dgecomposition of phenoxocopper(II), IV - la, involves a ligana-

\!

to-metal charge transfer, resulting 1in a copper(l) comnlex,

iV - 4, and a pnenoxv radical, IV - 5(34). Oxvgen mav act as
D

an initiator 1in this reaction step by reacting with starting

material, to produce a phenoxv radical and a Cu—OZ species,

-

represented as compound IV - 11.
© N Cl
//O Cl
N py.cult 1
\\ ?
- O’)
IV - 1.

A more likely reaction, in view of
4

tne radical induced decomposition reaction to ‘be discussed
later, 1s the oxygen induced dcigsion of the Cu-0 bond, with

Hl

formation of cvclohexadienoneperoxide, equation IV - C.

|G

[
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oo : c1 c1
Cu - "—0- ClL + 0, ——> Cu + 0= -
o < O—Ou
Cl Ccl

1ae formation of such peroxides with phenoxy radicals 1s well

establisned(37), equation IV - 9,

. O,—y + 0. ——— 0= =G
. v - Oo h

[
> S

“

Carpon-oxvgen coupling of two n»uen-

oaxv radicals results in quinol etuer, IV - 6..Tals quino.
etner can unuergo chlorine atom transfer witn IV - 4, Tre-
sulting 1n tne copper(ll) complex, IV - 7, and a dimeric
pnenoxy radical, IV - 8., Compound IV - 7 can also underyo

v

further decomposition bv loss of a phenoxo ligand, produ-
cing tne copper{(l) species, IV - 9 and a phenoxv radical
Ltiorine transfer between quinol ether and tnis copper (i) ~

comnlex would pive the dichlorocopper(l1) precipitate,

Repeti1tion of these reactions,
accompanied by further reaction of the phenoxyv radicals,

caiwer with monomeric pPnenoxy radicals or with Bther growing

L3
r

~
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oligomeric pnenoxy radicals via tne quinone ketai mechaats ..,
would eventuallv result in high molecular weight polvmer.

Termination may result from udirect

1

coupling of two polvmeric phenoxy radicals producing a dioxin

moltecule (), or bv simple equilibration of the carbon—axd&en

coupling steps. In the latter case,_Lhe\:Eﬁﬁgs” of the polv-

mer cnains would consist of quinol ethers, IV - 12.
4
Cl
A T T :O
Cl cl1
v - 12

nirared spectroscopy has revealed a small degree of terminal
.

ivdroxvl absorption. Evidence reported later 1i1n the discussion

attributes this to trace amounts of tricnlorophenol impur-

1ty in tne pnenoxoconper (11) starting material.

111) hranching

o
With trihalophenols, coupling can

s
[52]

occur at anv of the 2,4,6- positions(2), altnougnh tnere

rt

some preference for counling at the 4- position(Yy) wnen tae

3 E

a7
nalogens are identical. Coupling at the 2,6~ positions re-

sults in branching, by the reactions shown 1n ecquations
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IV - 10 and 11.
. . Cl\\
a9 a a f a c1 ﬁ Cl o@\\\
+ ——— Cl i} .
-~
2 N\ hRY A
»> i . ¥ +

ct ¥ o AN
CJ(I) + ;.V"13 ———— cl + Cu(.L;Cl
* IV = 14

B. Present Findings

. i) Spectrophotometric Results
N

Spectfophotometric observation of

~

decompositions of trichlorophehoxocopper (11) at 22,500 c= °

nas thrown much light on several phases of the overall nechan-

ism of reagtion. The initial stage of the spegfrbyhotonetr:ic
14

1

curve suggests that decomposition of phenoxocoppef (11) must

ne accelerated bv the resulting formation of phenoxv racdicais,.
Pl
o 47

If this were not so, the spectrophotometric decompoesition
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nlot wo;la decrease linearly, and éompleté decompostition
would require extensive reaction times. Hay and L;dres(lﬁl)
rave suggested the direct attack of phenoxy radical at tne

4- position of a phenoxo ligand on a phenoxocopper (II) inter-

aediate, equataion IV - 12,

~ °

This poskulate resulted from the finding that tne oxidation

of 2-meti\ylphenol with Cu(Il) and pyridine resulted 1n .ow
T LTI e T

B - < . N ~
molecuiar weilght, matferials with presumablyvy a preat deal o°F

<

coupling at the unsubstituted 6- position. Un the otuer nand,
witn pulkv amines, such as'2,6—dimcthylpvrid1ne, nLgnh mole-~
cular wergnt, although not completelv linear, polymers werc
obtained. It was assumed that bulkv neutral ligands pre-

vented coupling at the' 6~ position.

The existence of an‘lnduct;on NPeriou
in the spectrophotometric ‘curve can be explained 1f the sifana-
to-metal electron transfer does not occur spontaneousiv. in
the presence of oxygen, a verv slow oxygen 1nduced reaction

L4

occurs, equation 1V ~ 13,
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| cl \ c1 CIN
Cu“—:'\ro 1l —=— culo c1 + «0o—<()c1
| o1 / 2 c1 c1
.V - ia ~ E IV - 4
B |

At the same time, any phenoxy radical produced in'‘this re-
action must couple rapidly with a phenoxy ligand-to give

quinol etner, IV - 6, equations IV - 14 and 15.

c1 ci
€l -t Cl C1 Q-{Egzj>—-3;
SRR £c1 ¢l —_ o cutlo cl

(VY

cl c1 c1
1V = 15
» Cc1 -
_ Cl o c1
Vo~ iy ————a cul + O:Q<Cl .
c1 Ccl
W - 6

A

Since quinol ethers are now known to exist in equilibrium

witn their constituent radicals(63), the quinol ether can

o

|

T
A\U
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dissociate to two phenoxy radicals, equation IV - 16.
Cl
C1 0 Cl Cl
[DUE.
U= cl 2 «0 Cl
AN ~ ,

C. Cl Cl

Tné net effect of this cycle, equations IV - 14 to 1V

\4

1s an 1nduced decomposition of phenoxocopner(Il1) with a

doubling of the radical concentration with eacn cvcle.
decomposition of phenoxocopper (I1) becomes more and more

ranid as the concentration of phenoxy radicals continue to

i

fali off as the phenoxocopper{(II) is consumed. As would

4

expected for this tvpe of mechanism, the phenoxoconper (Il)

.

wecomposes more rapidly at higher temperatures.

The appearance of a "hump'" 1f tne

spectropnotometric curve suggests the formation of strongl:y

increase. Fventually, tnhe rate of decomnosition begins to

avsorbing intermediate compound. The most (o) ble expfanatlon
would be quinol ether or compound IV -~ 7 (equation IV

2 bl
g




.t Cl + 0= cl —— > Cu E\\c1

c1 c1 cl ci
V- IV - 6 W=
Cl CL\
£ 40 o—j@iﬁ}—c1
" C1 c1

furtuer reaction of this uncharacterized intermediate even-

tuallv leads to the final reaction products. Attempts to 1so0-

intermediate bv chemical techniques nave been un-

Thne existence of the uncharacterized chromopaore

1a‘te tnis

successfui.

presentlv preclmdes detailed kinetic analvsis of tne spectro-

'\ anotometric curves.

>

: Thle anomalously high absorbance

at the end of reacgtion will be accounted for later in the

o
I'd

discussion.

A

’ 1{) Eléctron Spin Resonance Spectroscony Results

T

The observation of phénoxv radi-

~ '

. cal curing the reaction is of paramount importance in con-

firming tne mechanism outlined above. Ts:?h&g, et al(42);.

3
s,

“
v
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ﬁave already reported the observation of a pﬂenoxy radical
signal at g = 2.0056 during the decomposition of trichloro-
nhenoxo—hexamethvlphosph%régide—copper(II) in the solid state
at 120°C. This sign;l occurred on the high-field tail of tuae
nhonoxoéopner(lt) complex, reached a maximum intensitv 1n
about 25 minutes, and slowlv diminiéﬁed bv 140 minutes. In

tne present work, compound IV - la, was decomposed 1in tolucne

(o]
in a auartz tube at 100 °C. . i

The decomposition of IV - 1la

< -

featured the decav of the somewﬁat symmetrical phegoxo-
copper(l11) absorption to give the asvémetrlcal signal of
precipitatea PyZCuClz, IV - 2. At this stage a sliqn€71r-
repularity was detected at the high-field tail of the
conper (II) signhl. The signal level was 1ncreased in fuis

-

region revealing a well defined élﬁglet at g = 2.007 hicn .

continued to grow in intensity over an additional five nour

period.
< A comparison of the decomposition
- ) ' o .
of nhenox?copner(II), IV - la, at 100 C taken photometricaily

Il

at 22,500 cm—l with the formation and increasg in concentration

of phenoxvy radical is shown in Figure IV - 1. Compound IV - 1la

. .
,nas clearly dgkomposed almost completely long,/before tnere -

<

1S a uetectable quantity of phenoxy ragdcal.
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- Tsuruva, &t af(&Z), reportea tne
gradual disappearance of the phenoxy radical signal. A second
decomposition of IV - la was performed in benzene at 70°%C 1c
the presence of a trace of carbon tetrachloride (tne effect
of carbon tetrahalides as 1nitiator will be discussed below).
:his permitted an examination of complete reaction over a
snorter time period, It was found, as with Tsu;uva, et al(a2)
tnat the phenoxy radical signal quickly reached a maximur in-
rensitv then slowly decayed. Indeed, after five cavs at l7wog,
tne ini1tial toluene run showed no apparent pnenoxv signal.

§
Similar results were obtained by Mahonev anu Weiner (103, for

tne oxidation of 3,5-di-tert-butvlphenol to dimer ov piotoliv-

#4
s1S. B k .

Other than actual detection of a
pnenoxy radical signal, the single most important iifervacxon
for a mechanistic investigation is that this signal was not
apparent until almost all of the phenoxocopper(1I) connlex
nad peen consumed. If one assumes a ranid attack of phenoxv
radicai on phenoxocopper (11), IV - la, ;quatiOn IV - 15, and
a slow equilibration of quinol ether, IV - 6, with phedoav -

radical, equation IV - 19, then a more precise interpretation

of tne spectra can be made.

¥

ey
~LAd
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. | _ . ci
c c1 .
1 \\ fast I Cl—4<:jg“o oy
Cu*=—0- Cl + «0 €l —— Cu + o NN
- cL c1 C.

ZV - la .LJ"‘ .
o 1

cl . -
’ C‘L—Q—o cl slow , Ccl cl
. . Cl O ~ 0. - ’
CY c1 e
L)

P

Cl

As soon as phenoxy radicals are

proaeuced bv equation IV - 19, they react rapidly with pnenoxo-
copper(11I) genaﬁating quinol ether, equation IV - 18. React:.on
iV - i» 1s thd 1nitiation step, while reaction IV - 19 is

tne radical chain branthing (autoacceleration) step.

. ¢

Under these conditions; the steadvw

state concentration of phenoxy radical 1is insufficient to Pe
detected by electron spin resonance spectroscopy until alﬂo;t
aitl of tne phenoxocopper-(II) complex is consumed, ONuinol etner,
i\ - 6, seems to be the most likely candidate for tne inter-
mediate cnromophore. Once most of the phenoxocopper(Il) 1s

pone, tne phenoxy radicals equilibrate and build up 1n con-

centration so as to be detectable by electron spin resonance
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l

spectroscopy. Coupling takes place to produce polymer anu

the phenoxv radicat signal slowly disappears by some unspe-

cified termination, equation IV - 20.
cl
Qs Qe ——>»— ?(terminatea u:.y1€r) .=
Cl

Kopylov and Pravednikov(39) nave

exarmined the tnermal decomposition of 4-bromo-2-methvinneno.o-

-, -

copper{Il1), IV - 16, 1n pyridine, by electron spin resonance '
i

. . . f T
spectroscopyv. Initially, these authors noticed a decreasc¢ 1.1~
antensity of the original phenoxocopper(II) signal. This was
not accompanied bv a corresponding formation of a phenoxv

;o

radicdal, equation IV - 21, as hoped,. ’
- 1

. ‘ M -

Ch Cii. . ’ '
3 rl A / . I {
3r 0—cu**¢l —~———>— Br 0+ + cu*cl -

iV - 16 ’

Prolongea heating resulted in a,copper(II1) spectrum of aporox-.

-

imately tne same intensity as the initial one. The shape of
t

tuis absorption showed possible indication of the overrap of
r)

two sfgnals; the narrow singlet of the phenoxv radical super-

v

'"Ymposed on the broad absorption of copper (II). Vith this {a-,
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formation, they postulated the mechanism shown 1n cquations

-

IV - 22 to 25.

CH,
/ nj

CH,
‘ Iy 2 I
. 3r—©—u-—-Cu ¢l ——— Br 0 + Cu™C1 RV

C}i5 .
tV
:/-< C‘l_“* ' ¥~ BI“@O C 5 .
AT O \/<:§_ - -
~ =0 -
Br .
IV - 17
Cii )
R i n} 5 II
Ca"Ci + 1V - 17 ———»— Br 0= O°* + Cu” "Cl{A3r) L=
2.7 LV - 33 ,

Since no definite phenoxy radical
was ohs.grved, especially in the initial stages, it was assumed
taat reaction IV - 23 must br proceeding verv rapidlv. The
rate of disappearance of the phenoxocopper (II) signal in-
dicated that reaction IV - 22 was ;xlso rapid. Since anv re- -

-

actions 4dfter IV - 24 can be regarded as repetit%us of IV - 23

~ \\
. a /
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o

N

and IV - 24, 1t was concluded that reaction IViz 24 was

the rate controlling step.

r -

The 1nterpretation of the electron

sp1n resonance spectra for the decomposition of trichloro-

st.enoxocoprer (IT), IV - la, is 1n agreement with mechanistic

- -1
t.na1ngs for tne spectrophotometric results at 22,500 cm |

{1

G1.-Cussed 1in equations IV - 13 te 16. It 1s evident 1n bhot.

QEvasu cases that the equilibrium between quinol etner and a

\

pa:r of pnenoxv radicals, equation IV - 19, nas a profound

L% .uence on reaction rate. The nalogen atom crapsfcr sten,

envation [\ =~ 24, proposed by Kopvlov and Pravednikov(39),
wav, or mav not, be as important 1n determining the rate. T

mechanisn of reaction i1nterpreted from electron spin reson-

ance spectroscopv and spectrophotometric analvsis 15 summar-

izec in equations IV - 26 to 31.

<y
o

AN
s
(@]
P.-)

o cl Cl
r. 2] b
cF Cull ol — PyPCu*T—o—E(:)-m + -C@Cl LU o-
\ cl cl

Q cl
CL V-4
oL d =/ 4da .
g Cl
i
“ —
R O R /e N .
ci silow ClCl =0
: cl

IV - 6




cl =0 c1 c1 o—~<O)—cL
0 cl 0 ClL
’ C17 fact / o .
cutt CL py_cull €l v
LI cl > ' NG T
|
. 0 Cl \ 0 Cl
Cl clL
. IV - 1Y
cL .
fast ¢l 01@0 c1
LV o= ] —_— ] — = L=
\Y 15 RySCu 0 Cl + cL v—0
Ci cl” T~
’ iv -y V- .
! I ]
c1 Cl\/
. 4.4 - - P4 ”
< =C1 c1 /“w ci”
11 Cl 17 ¢l Cl
¥ .Cu ————— .y.Cu .-
fast SN
cl c1
1V - 1-
c1
faot N cl © Cl
i/ = .7 ——— Py,CuCl + 0= cl LY -
c1 cl
v -9 iV - §

The relativelv slow/dissociation of

¢

- quinol etner, equation IV -27, has been observed bv Manonev(63).
ihe fact that radicals build up only AFTER IV - 13 has disapn-

peared proves that radical dimerization 1is also slow compared
1

to IV - 28 and that virtually all quinol ether arises from

L2t



- 181 -

induced decomposition of phenoxocopper (Il).

1ii) Existence of ua—oxocopper(II) Complexes

The dihalocopper(I1l) precipitate,

iV - 2, resulting from the decomposition of trichloro-

nhenoxocopper(11), in benzene, was found to pe admixeu_vitn

approximately 37 total yield of golden, needle-snavnead crvs-

tais. Tnhese analvzed as Pv,CuACl('O, IV - 19, bv xA-Rav anal-
=3 h) —r et
vsis, 1nfrared spectroscopy, and molecular weig.ut uata. ..c

J

cxxstemce of these crvstals was 1nitiallv beileved to wve duc

\

to impurities either in tne starting material, IV - la, or as
acventitious water. As a result, they were at first 1i1ynored.
Hiowever, 1interest was revived when it was discovered, 1i1n tune

investizcation of solvent on the number-average molecular welgat

of polvmer, that 1n cumene as solvent, all of the copper-con-

taining reaction product was IV - 19 and not IV - 2. Furtner-
more, when the decomposition of IV - la was carried out 1in

henzene as solvent, but in the presence of an excess of
nydroperoxide, the product copper complex was mostlv IV - 19,
“ne¢ decomposition of phenoxocopper(II) using toluene as soi-
vent resulted 1n a reaction product mixture contajrning aAppProx-
imately 157 IV - 19, This gold coloured ub—oxocopper(ll) com-
plex absorbs slignhtly at 22,500 c:m"1 due to the tail enu or

an ultraviolet band, offering partial explanation for tne
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"straw' colour of the final solution and the finite absorp-
tion at the end of the spectrophotometric decomposition studv,
“i11s finite absorption is also ‘due somewhat to the tail of an
ultraviolet absorption from polymer. . -
Ak,
The trends observed for the depen-

dence of vield of-ub~oxocopper(II) on solvent stronglv 1ndi-

cate that IV - 19 was a product associated with solvent
autoxidation. Autoxidation, shown in equations IV - 32 anu

34(113), is preferred in cumene as opposed to toluene(lis3-117),

andg 1s likelv non-existent in benzene.,The resulting avdro-

peroxide, IV - 20, can then decompose to pive an hvdroxvl
radical, IV - 22, as 1n equation IV - 35.
a + L* ———— Re + [0 -
{. + C —— A{O;. - ¥ -
0. + g1 —>— ROOn + R* o=
auln, == - —»= RO* + *0H L=
) -
-
vLere i = @-Chz— for toluene
CH

i 5
<:j}—?——~ for cumene

[
N
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h
In the case of reactions in benzenc,

tne small amount of PYACUAClb.O produced possibly resul{s

from direct reaction of a copper(l) species with molecular

~

[y

oxvgen, perhans along the line suggested bv Finkbexnerx et d
L

(31), shown fin equations IV - 36 and 37. A distinet ‘odour of

pvridine 1n tne solution after decomposition helps support

tnis pronposal.

2 Iy,Cu*Cl + 1/ 0, ——— .y.,CuCl,Cul + ° =y .
Vo=
~y.CuCl «CuC + < I’y?CuClj —— nyCqul(-O + Ly -
V=2 IV - 1
f

1

/

/

The most likelv first step in the
decomposition of phenoxocopper(Il) is a homolvtic dissociation
.
as shown 1n equation IV - 38. Apparently this reaction does
not occur spontaneouslv, but may be induced bv such snccxes'
as oxvgen, radical initiators and carbon tetrahalides (cf. nre-
ceeding section). If copper(I) intermediates are produced 1in

tne decomposition, they will be subject to competitive oxi-

caation either by phenol-derived oxidants, as shown in equation

TV - 59, or by added initiator species.
e \ Clx cl-
CA#L"'T‘ u“'@‘Cli —— e — CuI—O ‘@Cl + ‘O@Cl -V
\ c1 / c1 c1
2
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-

Cl
0 Cl ¢l ot
Ccl ) s
cu” + o= Cl _— CullCl + <0 U C) R
- . cl cl
Cl ¢l
Oxidations, as in equation IV -~ 39,

s

will eventuallv produce IV - 2, but introduction of an oxide,

7/
or nvdroxide, ligand during oxidation by oxvgen, or hvdro-
>
[

peroxide resulting from the autoxidation of solvent, will

'

4 ’

produce IV - 16,

°

- The formation of comnougd IV - 1y

4s an additional reaction product in the decomposition of

1V - la contradicts the exact stoichiometry of equation
IV - 1, supgesting an alternate overall reaction scheme g‘i
|’Y“, {l(
snown in equation IV - 40. " ﬁj
. I’ cl
1/ 0. + n Py,Cu+o0 Cl| ———>—(n-=4) Py, CuCl. +
\Cl P
V-
Cl cl Ccl
ryL*CuL.Cl6°O + Cl 0 =0 + L 1y
Cl Cl

(°n=-1)



The much greater reluctance of
IV - 1c¢ to v#%ld a ya—oxocopper(ll) complex {is presumably due
to the lower reéctivity of bromocopper (I) species towards ox-
idation, and a greater selectivity "with respect to the anppro-
priate analogue of reaction 1V g 39. Bromophenoxocopper (I1)
cornlexes decompose much more readlly‘than their chloro-ana-

iorues and this presumably“reflects a greater faci1litv for

rcaction IV - 38, ,
[\

Both 1V - lg and %V - lh are da1f-
ficuilt ?o gecompose }n solution, and 1in the nffesence of ox-
vegen, Or h;droperoxides, vield 1intractable products. It seens
verv likeiv that the neutral ligapnds become involved 1n an
autoxidative sequence in these cases to give polvymerizea L<%—
niexes as products. The decomposition of IV - 1lg in the pre-
sence of CCla, although probably still a radical cnazin Didr i
cess, daoes not involve oxvgen and side reactions of tne lipand
arc iess serious. Lthylamine complexes of copper(11) are

often oxiuvatively unstable (94). )

The ﬁz—oxocopper(ll) complexes
containing triphenylphosphine oxide, dimethvliformamide and
cimethvisulpnoxide were also successfully prepared. All of
tae K, -oxo compounds obtained in this work, with tne excep-

tion of tne one containing ethylamine as neutral liganu, have

e S

it
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o
-

been reported previously(76,78,82,94)..-Fheir structures have

N e
-’

been established either crystallographicafiy, or by infrared.
1

{2 -
spectroscopy in the region of 588 - 516 cm .

* 5

7 ' . . L)

i )
It appears that the decomposition

of nalophenoxocopper(lIl) complexes may provide a fairlv pen-

-«eral rewte to the nreparation of #A‘OXOCOPPCY(I]) derivatives.

<
-

N
the two exceptional circumstances seem to bBbé:
a) when the neutral ligand is sensitive to attack bv

free radicals, -and

o

[

n) when the neutral ligand is weakly attached.
b [}

Y

iv) Effect of Free Kadical Initiators -

The addition of peroxide, hvdro-
peroxide or azo free radical initiators to a solu{ion of

pﬁenoxocoppet([l) greatly enhances the deconnosition rate,

-

Fieure III - 27. The effectiveness of nonhvdroperoxide 1in-
> 1«
itiators follows their ease of ~decompositionm and no in:itiator

fragment3 apnear 1in product copper complexes witn such ini-

tiators. This, favours the hypothesis that these initiatidrs

13
S

rty

unction by rapid attack in coordinated phenoxide, as 1in

équation IV * 41, rather than bv attack at conper.

e
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) Cl 0 .
. I I Cl ” Y
. cu -0 Cl + Re ——— Cu- + \ : iV o= .
- |
cl )
LV - la cl R '

[N

Subseaquent loss of these i1nitiator fragments would regen-

erate initiator radicals and produce phenoxy radicals. wnite

- Iy

3

has detected 1nitiator fragments on the terminal rings of

olipomers prepared from the oxidation of 2,6-dimetavlonenol

,-

witn pbenzovl peroxide as oxidants(23). Lo 1initiator frag-

o~

ments were detected in the polvmers prepared for this t.iesis.

a

The nature of the copner reacctcion

- )

f
v N

sroducts, raple III - 12, suepsgest that hvdroperoxaides function

’

pv attack at copper. The extremely rgpid decomnosition rate

.

of tricnyorophenoxocopper{(II) 1n the presence of hvdroperoxiaes,

as,¢gﬂ;.cst by the verv rapid fall i1n absorbance 1in f1igure
.

I11 - 27, are out of line with their ease of homolytic ais- .

3
.

J| soclation relative to the other initiators examined(132). it

.

b L
ieast two plausible explanations for the 1initial rapid re-

action of hvdroperoxides present themselves. On the one nanu, ) .

"

a'sinple acid-base solvolysis of phenoxide by hvdroperoxide;

<

equation IV - 42, may lead to rapid reduction in tne concen- N

3 N «
y

trat10870f the copper (I11) phenoxide chromophore. i

s o - ° ,
° o

. &

B




uUn the other

hand,

A

Cl cl

01 + ROOH :;::if 01—46222—0——Cu TOOR + i
‘ C.

a rapid electron transfer reaction may

-

cause oxidatron of copper (I1) according to eaquation IV =~ 43,

/ cl
Cu” 0
Lo

—Cl|+ RUOH ————4>-h0——Cu :

o

In e1ther case, the copper com-

nlexes nroduced are unlikely to have a significant lifetire

4.\ ‘
: —j§:3>—51; LN
. ]

and would 1n fact decay to a common prpduct, giving tnae over- "
Vo

all stoichiometry of equation IV -'44. ¥

.
+ ROOu———)-—Cu o+ Cl—@On+ Cl@\_'
. . C e

1
o1
Cu j—O
i

{ c1

Cl

el
{

e

-

Since the ﬁa—oxo-u—hexahaloéetra~

copper (1I) nucleus has the stoichiometry 3CuC12'CuO, the re-

action of 1V

aquations IV

A

la with hydroperoxides, as exemplified by

42 to 44,

cannot be occurring to the exclusion

v
e
"
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of the reaction in equation IV - 45. It is clear that a great ¢
deal of additional infdrmation is required before a defini-
« tive understanding of these reactions is achieved.
cL : ‘ '
.oa o c1 i1 cl ¢l
. X .
Cu™ + cl =0 —>—Cu" "Cl + +C C Ci _
cl ; : cl cl IV - L5

. Cl

Sinee both toluene and cumene can
pbe autoxidized to nydroperoxides, much of the chemistry dis-

cussed above can be applied to these solvents. Both solvents
!
gave more rapid decomposition of phenoxocopper(II) thanm ben-

s
- °

zene as solvent, as shown in Figure III - 18. Benzene 1s not
expected to autoxidize, Both toluene and cumene resulted in

a greater vield of pa—oxo complex, IV - 19, Cumene naa tne

most dramatic effect, and cumene would be more readily autox-

»

+
1dized than toluene.

5

I

The reduction of 1induction period .
L}

with successive increasing concentratidns of be w]l peroxide
. Id [
as free radical initiator additive supports the findings,

“reported earlier in the discussion, for a radical chain mecn-—

anism. The high levels of initiator required reflect the

siowness of the chain propagation processes, compared, for
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N

instance, to vinvyl polymerization.

™

v) Molecular Weight Data

Some polymer molecular weignt data is

sunmarized 1n Table IV - 1. fFrom tanis, as well as from Figures

-
Pt

2

[

I

a
we
at
no
1
N
YV

su

- 4 and Ti. - v, polvmer prowtn clearlyv proceeds bv a

-

rires ot adiscrete reaction steps, 1N a manner s.milar to

4t shown 1n Figure I - 1 for 2,6-dimethvlphenol.

Figures II1 - 5 and II1 - 6 snow

compdrison of decomposition rate versus polymer wmolecular

Igat. it 1s oonvious that nolvmer growtn continues loag .
ter 8L of tae nnenoxocopper(1I1) complex has been decom-

seu. S~rmilar resuits were ontainead for tne oxidative coup-

i
v

nyg of 2,n-aimetnvlpnenol(27), as snown 1a rigure IV - 21
¢ extent of reaction, 1n this .case the oxidation of phenol

’

d4utoxtidized comnper(l) salts, \L's measur?d by oxvgen con-

\

mot.on. Junls was nossiple since, from equation I - 1, it

clear that tne total amount of oxygen consumed after

~

mplete reaction 1s proportional to the initial concentra-

tion ol 2,h-cimetpviphenol. ince term ''reaction completion”

in

oX

1

potin cases 1mplies a stage winere after dramatic change 1n

Mo

veen consurmption or yvield of copper(Il) precipitate, IV -

relativelvy stable point 1s reached.



.,

L]

1 TABLE IV - 1 .

1

_Lff%ct of Various Parameters on M

n
(Reaction Temp. 7OOC)
Solvent Conc. (g/l) Reaction time (hrs.) ﬁn x 104
benzene 50 2 }# 0.8
penzenc 50 2.5 L P
benzene 50 3 3.4
benzene 50 4 &7
openzene 50 6 5.5
benzene 50 12 6.1
penzene 50 24 t 6.9
benzene 50 T 48 ‘ 7.9
penzene 40 — 48 7.0
benzene 30 48 ; 5.9
benzene 20 48 4.6
venzene 10 @ﬁ ) 2.5
‘toluene 50 %@%MNL 3.9 "
cumc%e 50 24 1.3

E
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Figure 1V 5 2
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Retati1gn Between Oxygen Uptake and Viscosity

5
{

™

of Polfvmer Produced in tne Autoxidation of

ey -

4

2,6-Dimethvlphenol with Cu(l) at FRoom. .
Temperatungﬁ L °
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- - :
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* Reprbduced frem Reference(27) ’
w
I3 f"
. . .
4



&

BN N DR R S IR

O O C
O © 20

) e e ~p— -
| U WS SN NS SUNUU NN SN SN SR

-
—~—
c

\.

/:hV

- ¢ 3+ <

o 7O
4 _4«

o
- O

|
(

i)
0N

4

e
Fd
e

| 00
~eactior JSime Grin)

J -

NG



iy

[N

- 193 -

.

botu spectrophotometric and electron
SpPin resonance spectroscopy studies have concluded that anv
phenoxv radicals will 1nitiallv 1nduce further decomposition

of pnenoxnocopper (II), equation IV - 18, Although carbon-

1
Ooxvgen counling can be occurring, this reaction 1s slow com-
narcae to IV - 18. cxtensive polvmer growth would not be appar-
ent untii most of the phenoxocopoer(ll) nas been consumed. A
comparison of results in Figures 1 - 1 and IV - 2 for 2,6-~a1-

metnvlnnenol 1ndicate similar results., In Figure IV - 2, the

two extreme readlngs for i1ntrinsic viscositv at reaction times

~J

of 30 minutes ana 175 minutes are also represented as tne

- - -~ -~ >
I'inai two reaainps in Fipure I - 1, It 1s quite clear in tais

reactlion that extensive polvmer arowth does not occur until

most o° tne onenoli nas peen oxidized by copper (I1).

N

The relationsnip between polvmer

L eMe.
Lol

moiecular weipht and phenoxocopper (I1) concentration, snown

in Figure IIT - 17 and represented in equation IV - 46, 1s

Aot unuerstood, ang necessitates further investigation,

- — r % -
T = H u(TC? SN 1V - 46
L kLPszu(LC )é]

e NS
en

nowever, The scuare root aevpendency of phenoxocopper(Il)

Yo

concentrationh in tnis relationsnip nerhaps reflects the gen-

R - \ '
eration &7 two panenoxv radicals from each molecule of IV - hi'



Ideally the plot should pass through the 1intercept. The fact

that 1t does not, can be’explained simply bv errors 1in the

o

experimental values due to leakage through the membrane. ULnder

these circumstances, the resulting values are hizher than the

/ recognized true values.

The finite values of polvmer mol-

ecular weight, rather than the values expected by the exact

-

equations IV - 1 or IV - 40, can be accounted
$ ' o

. ) ¢ - .

tor oy ecuilibration of tne carbon=-oxvgen coupling steps.

stoi1cunliometry of

Obviouslv, consiagerable research

necds to e conducted on the number-average molecular weiptt

12

of notvmers resulting from the decomposition of IV - 1a, 1in

T
order to determine tneir dependence on reactlion conditions

and relevance to tne overall mecnanism of reacction.

V1) "Iranped' Pnenoxv Radicals

Tne nresence of a faint electron
»

SPAIR Ie«esonance singlet at g = 2,057, IV - 23, for termanated

NOLIYTOr Ssufgests tie exlstence of trapped” phenoxy racicals.



et al(42), reported thﬁ existence of a weak, complex elec-

a3y

fepr

tnis offers additional support for the equilibrium character

R

of tne carvon-oxvgen coupling steps, as reported in Section
1. 1The presence of these ''trapped'" radicals would account for

the ratner broad nuclear magnetic resonance absorptions of

a

Doljkers resulting from the decomposition of IV - 1lha. Tsuruva,

tron 3nP1n resonance signal which remained unchanged for sev-

eral davs for polvmer prepnared from trichlorophenoxo-hexa-

’

metuvlionosphoramide-copber (11).

vii)"* Summarv of Mechanistic Results

Ny

A summary of the overall mecnanisnm

1S shovn 1n equations IV - 47 to 62. Eaquations IV - 47 to 56
cgscrioe tne decomposition of phenoxocopner (II), IV - la, tor
Vv - 2 and

PLeROXV raditals anu copper reaction products, IV
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b

Jecoapohation of L nenoxocopper(li)

cl cl
1 q . .
Y cu’ ‘Zi_)} 1L —= o Py,0u=0 c1+ oA 1V - 47
¢l c1”
AV - la I_V - fl

. ) Cl s

(" e Cln o%@}m S '
N -o@—cl — o:@(u V- 46
. cl ~ c1 ,

) C slow cl X
IV - /}
<
. . ‘
cl Cl-
c1 - -o«Z_@,— c1 c1 o;@—m
v~O)ci c1 0—~" c1
/ e c1
J1cn vy cull €1 ;o
\CL\ xj:., N Cl |
Ci Ci
iV - 1%
i) = 1y Py?Cu—O%;} +O Ly -
c
.
2V -4 V-6
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CIn
€l : o-@ ¢l
Cl o~@ cl Ii/Cl
@Cl * O:Q/Cl - ”’PC“\
. ‘cl cl
1V - 6 " =7
| - 1V o= 51
. Cl~ Cls
+ -o—@ b-{@‘/—m

——— i'yECu\ Y
Cl
. . 1V - 13
Cl
. Cl~ 0@— Ci
VY le ——— pry . Cu Cl + . _ 7\ LV -5
FI2 so X o . -
V-9 ci ¢l )
4
IV - €

Ccl /o~>__)— ’ =N . -
. =\ 1 —_——— -o@—o-;@} Ci + ry,fu C--

(O Jut _ C
cl Ci Cl Cl KA
iv - 6 )
IV =~ 54
13 A
~ %
? b




¢

3

-

7 . )
> ry,Cu'Cl + 12 ¢c, — Py ,CuCl,*Cu0 + 2 Ry UVem
o v (2
V-9 .
.y,CuCl,"Cud + < ry,CuCl, ————> IDyQCuQClC'O + 2 Py iV - o
- - [ &
v -2 - ‘IV - 19
$04ynCr rovin
- 1
N : .
. 1V = /
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equliiloration

1V - 27
~
\
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v
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0 @— cl V- o
C /> — m+n
IV - 2
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IV - 19. Addition of free radical initiators strongly en-
) 4
hance this stage of reaction, as reflected either in the rate

< .0f decomposition or in the copper reaction products. Lguations
¥
IV - 57 to 61 represent the chain growth steps. These steps
*

are identical to those summarized in Section I. Polvymer

growth continues long after all of IV - la has been decdmposed.
Branching, equation IV - 61, occurs bv attack of phenoxy rad-

n

1ical at the 2,6~ positions. Termination results either bv
equilibration, leaving.a terminal quinol ether, or by dioxin

formation, equation IV - 62.

o e

. k3 <“ N
o "IV —37 Carbon Tetrahalide as Initiator

N . The increase in vield of u;-oxo—
. R - M -

“copper(I1l), IV - 19, from the decomposition of IV - la%} 1in

‘"the presé%ce of hydroperoxides, could possibly result from

the ready formation of a coppner(II) ﬁydroxids‘rntermcdlate, -

- ) [

Iv - 34, equacio? iv - 63. |
e Y = J3
" o 'au . - . . ) -
CuI + ROCH ———>— CulIOH‘+ RO - " IV - 3
IV - 34 S .t ‘ )

. 3

Unfortunately, it was impos§iblé to. isolate any intermediate
0 ‘ 5

= 1’

complexes.

<
a



Carbon tetrahalide 1s known to

react with coppe}(l), resﬁlting in copper (I1) nalide and
N o

cirbon trihalide radlcal(}OSllOé{? equation IV - 64,

Generatiqn of dibromocopper(I1) during the decomposition of -

a 4

trlchlorophenoxogopﬁer(II), IV - la, 1n the presence of car-

-
- .

bon tetrabromidé, would suggest the existence of copner (I)

intermediates. It would also offer some support for reaction

IV - >0, Indeed, tne addition of a 10:1 molar ratio of car-
bon tetrabromide to IV - la, 1n benzene, resulted 1n a “:. - e

¢

* L g
seven mole- per cent pgoductxon of bromide in the copner re-

) ‘ v “ !
action product. .

e Unexpectedly, the addition of car-
. ) .

<>
»

hon tetrahalide to a solution of pnenoxbcopper (II) greatly

»

o ’
. enhanced ‘its decomposition. ‘ "
. . . . .
. T .
- - ° .
An interpretation of these results
@ i .
o] -
1s shown in equations IV - 65/to 67. - .
N ° . s - ‘
g - . o
W o
[
¢
o
r
& ‘ -
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.

. cl cBr, . cl ci
- 1'y.Cu 0 L | ———F- > Py ,Cu=0 Cl + +0- -Cci
cl ’ c1 ci :

- Cl
. \N
Cle ) 0 @)ai!
vy CuI—O Cl + Cdr, ———»— '} Cu:L Cl + oCx 3
oy I I I L ST iv
Cl br
. ‘ o= -5
. Ci CcL
CL Ci - i .
é + eCusr, —>= Cl Q(—O (O)—ce + Cor C1
e = 7
Y - Cl CcL
CcL -V
Reactions IV - 0l anud 64 occur 1n conjunction with reactions
IV - 50 to 57, Decomposition of IV - 35 pv further loss of .

o

~ 4

nhenoxo ligand eyentually results 1in dibromocopper{I1).
- :

€

- ) : The ahsence of bronmide 1im tne re-
sultins polvmer, and the idack of change of its molecular weight
Ll

due to she presence of carbon tetranalide, rTules out Cthe pos-

o
o
v

sipilicy of equation IV - b5,

™

* t‘t
<
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. ~
clL Ci CBr. . >\
c1 0+ + +CBry -%Z——» o= V- 6
NCl
cl Cl

The existence of carbon tribromide’

’

.7 -radical shoula be reflected 1in the formation.of CBrBCl, IV % 36,

-
-

1f equation 1V - 67, holds true. Analysis by gas chromatograpny-
mass ipectrometrv of the reaction products remaining 1n sol-

ution after removal of polvmer, for the decomposition of

IV - la 1n benzene 1n tne presence of a 10:1 molar ratio of
— . ; P

carvon tetraporpmide to IV - la, affirmed thefﬁ;esence of

IV - 5h. dowever, for reaction with a l:1 molar ratio of car-
»on Letrabromide to IV - la, no CBrBC{ was cetectea. Instead
dicnlorobenzene, IV - 57, was obtained. In order to permit

f
passage of benzene/metnanol througn the detector, thne signal
intensity nad to be reduced. A suffaicient quantity of time <

was required to readjust the 1ntensity to a level where any

14 1"

solute could be detected. An additional peak, c¢", in Figure

I1I - 30 was observed, but this appeared before comnlete re-

-

adqjustment nad been made. As a result, this neak was not ana-

lyzed by mass spectrometry. Lat interpretation of tne mass
& «

2

spectral data, 1in our laboragtorv, revealed 1ts 1mportance. At

o

least one additional reaction product needed to be determined .,

. . PR
in order to account for tne unexnected formation %f%uichloro-

N

-

«



D

-

benzene. Melting pnoint analysis of the white powder re- .
maining after evaporation of the solvent (benzene/metnanol),
suggested the presence of tribromometnane. This compound

would be expected to appear 1n the region of uncharacterized

peak 1in Figure III - 30. )
In excesa%izrbon tetrabromide,
__,/ "
tne redaction shown in eguation IV - 65 is stronglvyv pro-
moted. The resulting generation of phenoxy radical leads to

a raptid build up of quinol ether, eguation IV -69.

14

: c1

CEN ¢ N SR c1 ;

cir=oLOy—cr + 0 ~c1 —> cut + . /c; LV o= L3
c1 ci o1 3

Tne cacpon tripromide raaical prouuced from equation

>
\

v - ;[:' react readilv WICH‘CU].HOI etner, IV - 67, as
.

evigdnceed bv tne reaction products. Tae awvsence of reaction

IV~ 67 witn a L.l molar rati1o of carbon tetranromide radi-

cal couid pernaps be accounted for ny the correspondingly

(24 \ -
slower buiiu up of quinol etner; dé&creasing the provabilty
' 7

ol tnis compound coming 1in contact with carbon tribromide

3
radacal. Tnis latter compound would therefore react witn tne

solven:, penzene, thnrougn hydrogen extraction, equation

%
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Iv - 70, )
S .
- P - v ac
*Chr, + C a4~ —-= > (Cndr, + C.u.’ W=
S 5 675
The ability of carbon trichloride
radicals to abstract allvlic nydrogen to yield chloroform has
peen studied 1n some wetai1l{lu6,1067). Carbon tricnloride rad-
ical was found te wve onivy sligntiv reactive w.th penzeneil nj,
put carvon tribromide rag.cal was found to be more thau a
-
aundred fole- more reactive witn vinyl monomers tnan carnon .
tricaivoride raudircai (lue,.s99).
“eaction of paenvl radicai wath
cuwinoi etner, cquation (v - 71, would result 1in chloronhenzenc.
€ o
~
v
. -
~ - . Ci Clin
JiNt v cl * N ) -,
Cows vy . > C n.Cl o+ - _C' Ol TR
N Vi - i [ .
c ci Ci7, =
cL ( %

R 3

Ln.orobenzene couid then react furtner with caropon tCrihro-

4
g

mide ridicar ane Guinoi etner to pive dichlorobenzene. nnarascn,
g I

-+ .a1(l10-112), nave reported tne addition of carbon tri-

cnloriiege radical to olefinic double ponds 1n competition with

AVATOop 2n eXtraction. Ciearlyv, more research needs to be con-
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AN

ducted to determine a definite mechanism of decomposition 1n

f '

the presence of small amounts of carbon tetrabromide. A& more

careful work-up of the reaction products would perhaps reveal

botn chloronenzene and benzene addition products as well as the

compounds alreadvy characterized.

Decomposition bf IV - la 1in the ab-

s5ence Qf carpon tetrahalide snhowed no evidence of any cnlor-

N
&

1nﬁted benzene. ¥
o N\,
~N
v -4 vffect of Trichiioronnenol Aaditive
~ﬁ
Throughout this research, severdl
vpatcnes of pnenoxocopper{(il), IV - la, were prepared. Lach

patca was sufficient to complete several runs. It was found

tnat the numper—-average moiecular weight of polymer, prepared

unaer 1dentical reaction conditions, varied from batch-to-

vatcn., nowever, tne uenendence of polymer molecular weignt on
reactian variabtTes (ie. concentration of IV ~ la, reaction

P

time, solvent, temperature, etc.), observed 1n one set of
runs f{or one patch, were also apparent for a similar set of
runs wila anotner patcn, NO otner rgaction conditions were
affectec ov caanpinz tne oatch of phenoxocopper(II). The
;ffect on molecular weight was attributed to some impurity in
phenoxocopper(II) which had not been completely removed by

’
recrystallization. The '
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)
quantity of this contaminant would vary somewhat with eacn
new pteparation of starting material. Investigation of the

«

technique of synthé§%§ suggested trichlorophenol as the

most likely candidate «for impurity. )

Aletxon of trichlorophenol to a

solution of pnenoxocopper(II)™was found to decrease the
o '

~

\

mumber-average molecular weight of\g?lymer, Figure I1II1 - 33.
From this plot, it 18 apparent that Anlv a trace quant1t§

of trichloropnenol 1s required to cause a QEamatic reigction
in molecular weight. Infrarea spectra of tne polymers ob-
tained 1n the presence of trichlorophenol addltgve tndicate
terminal nvdroxvl groumns. The concentration of tnese nydroxyi
Rrouns 1increase proportionately with increasing amounts of
tricnlarophenol‘added. In fact, nolvymer pﬂeparcd in,the ab-
sence of additive (ca., spectrum a), Figure III - 34), ghows

some 1ndication of avdroxyl absorptien, supporting the pro-

nosal of tricnloropnenol contaminant. Trichlorophenol can re-

«

aistribute with polymeri® phenoxy radicals, equation IV - 72,
\ ™~ .
c1' CL cl Cl
- ) ~ .
co + Ao ——— 0f + Cl Oe iV = 72
Ci Cl Cl .. Ci

» «

Adadition of furcther trxpnlg&quenol monomet shifts tne equil-
. -3

Py

°
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v

ibrium, favouring lower molecular weight polymers. ihis
finding offers additional support for the equilibrium nature

of the carbon-oxygen coupling steps.

The effect of tricnloroonhenol on

molecular weignt could also account for tne corresnonding

effect of solvent, Table IV - 1. For the solvents examined,
Z}

molecular weignt reduction bhecame more prominent with the

- ~

abilitvy of solVent to autoxidize to nydroperoxide. From

¢

equation IV - 44, reaction of hvdroperoxide with ophenoxo-
copper(II), IV -, :a, proauces trichlorophenol. At least »nart

of the molecular weignt reauction in this case 3}s, however,
attributable to formation of #4—oxocoppef(11) complex.

o

IV ~ 5 Polyter from Bis(4-bromo-2,6-dichloropenoxo)bis-
*

-

(nvyridine)copper (II)

- ok

-

153

BN

It was noped tnat wecomposation of

« - R«

'

4-bromo-2,6-pnenoxocopper(li), IV - 1lb, would produce exclu-

- R -

sively linear polymer, s¥»-Nartue of the greater reactivitv of
. 3 - * .

the 4->romide, relative to #=}Farine. The polvmer was founu to

contall one promide atom for an average of everv sixtn ‘ner .

Corresnondingly, tne copper reaction product mixture featurea

Just over fowf bromides for every cnioride. Tne siight dis-

-,
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crepancy between the two observations is due to the assumption

that the poévmer is entirely linear. The nuclear magnetic re-

sonance spectrum of polvmer prepared from IV - 1b 1indicates
some branching, as shown 1n Figure III - 35. The 1ntense peacx

at 7.3 ppm. is most likelvy due to the protons from the units
with 1,4- linkage. The doublet at'8 ppm. would then be due to
tae protons from 1,6- linkage in 1V - 37 for the unit con-
taining bromide. Thes two small peaks between 6.éi%nd 7.0 ppm.

could be accounted for bv branching. @

\

(

¥

N

@ c1 -

@]
bt

Cl

<

Sr
Tne polymer prepared from IV - 1o

in benzene at room temperature likely has a number-average

molecular weignt mucn greater than 160,000 and could be ob-

-y e

tained as a tough, clear film by evaporation from hot -tol-
ucne., however, sgme branching was still evident bv nuclear

magnetic resonance. No crystallinitV was lndlcated‘by A-Rav

analysis. .
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Stamatoff (74) had reported the
formation of linear polyphenylene ether from 4-bromo-2,6~-
dichlorophenol, using benzoyl peroxide as oxidant. This poly-
mer contained a 1.1 weight per ‘cent of bromide. Linearity was
confirmed by nuclear magnetic resonance, but no further)in-
formation was provided., A small degree of coupling at hem ‘

b/2,6— positions, IV - 37, would account for bromide retention
while conserving the linearitv. Repetition of the experi- _
mental procedure reported by Stamatoff(74) 1n our laboratory
'resulted in a polymer which gave a nuclear magnetic re-
sonance spectrum identical to the polymer produced by de-

composition of IV - 1h,

0
~

#x
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&

The work described in this thesis

has answered a few questions regarding the decomposition of
nhenoxocopper(II) to polvphenyvlene ether. On the other hand,
‘1t has merely scratched the surface of the total chemistryv
involved. Further ngk along the lines reported in this thes1s
could perhaps confirm many of the remaining gv%otheses re-

lating to the overall mechanism of oxidative coupling phen-

<

pis to polymer.

1. Little phvsical proof has been offered on the interme-

diate compounds involved 1in the decomposition of phen-
e

oxocopper (II1).

i) The oxidation of trichlorophenol in the
nresence of tri-tert-butvlphenoxy radical resulted in
the formation of guinol echer(ﬁﬂ): Ouinol ethers are
postulated as intermediates in the carbon-oxvgen coup-

N linp mechanisms. Isolation of a quinol ether in the!&

e b
presence of the above radical would confirm their ex-

istence as intérmediates.
11) The nature of the various copper-containing

intermediates, 1n the decomposition of phenoxocopper(I1I),

A
A

needs to be investigated further, with the hopesNOf their

possible 1sol¥tion and characterization.

- ~
53
Coad

N
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Further research needs to be carried out utilizing the
various reaction conditions and various additives re-

porged in this thesis,

Reactions along the lines reported in this thesis with
other phenoxo-metal complexks, by changingx, the metal,
phenol ofr neutral ligand would per%aps provide mechan-

istic information not obtainabf} with bis(trichloro-
Y
phénoxo)bis(pyridine)copper (II). .

The possibility of performing kinetic measurement

should be considered, perhaps ﬁhoxoﬁetrically or by el-

ectron spin resonance spectroscopy.

More research could be conducted with the hopes of

obtaining linear, crystalline poly(2,6-dihalophenylene

o

ether).

i 2N

Further -research should be carried out with the polymers
prepared from trichlorophenoxocopper(II) in hopes of

detérmining the dependence of\moleculér weight on the

-

various reaction conditions.

[3

[ 4
>

Further studies on the use of;pﬁénoxocopper(LI) in the

o -
- - - KN

4 =1 - [
v .
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detarled systematic

nositiron of

+

etaer.

.

phenoxocopper (11,

Tne pnenoxocopper{ll) complex most
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This Tesearcn constitutes the firs

o

investaigation of the. mecnanism of decom-

a

in solution, to polvpnenvlene
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Oxygen or hydroperoxides were

-
found to generate ua—oxoc0ppcr(11) complexes as side react:
3

products. Suitapnle au1ustment‘of reaction conditions leu to
L4

o«
formation of tuese complexes as tne sole copper-containing

. . .
reaction »"rouuct. aneactlions under similar concitions with

. AN
*paenoxocopper{il), ucdlizing several other neutral ligands,

ey

AR !

provided a uniqbe mecthod for the ssvnthesis of W, -ox0-

-

B

copper(II) complexcs.
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/
v Table VI] -1 .
: kvyéfrared spectra of phenoxn-metal complexes N
Complex Absorption frequency (cm—l)
sodium trichlor&% ‘
phenolate 1525 1450 1310 1240 1220 1180 855 780 740
copper(11) trichalloro—- !
. phenolate 1530 14135 1265 1130 845 810 750
) | 790
Py4Co(TCP), ) 1610 1560 1480 1450 1440 1390 1315 1250 1220 1185 10;221045 960 890 810 760 700
1530 1215 1160 1020 880 790 735
& i 860
PyzNi(TCP)z 1605 1560 1480 1460 1445 1390 1315 1250 1230 1180 1075 1045 960 880 810 760 705
] 1525 1215 1155 1065 1020 * . 870 795 750 695
. b . ' 860 740
PyZCu(TCP)2 b 1605 1565 1489 1455 1445 1390 1310 1250 1215 1185 1075 1045 965 895 810 705
. . " 1530 1160 1020 885 795 770
1000 870 "760
; B55., 735
PyZCu(ClzBrP)z “1605 1560 1485 1455 1445 1380 1305 1250 1215 1185 1075 50 950 865 795 760 705
, . ' ol 520 1420 1160 10 745 695
i . - . - 735
’ - / 725
. 715
PY2CU(THP)0 1605 1555 1485 1455-1445 1380 1310 1250 1220 1180 1075 1050 955 890 770 730 705
‘ 1520 11410 1305 1160 1020 880 720 695
. ¢ 865 '
Py2Cu/(TIP)2 - 1605 1535 1450 1425 ‘11410,13@0 1305 1245 1215 1170 1070 1045 965 880 765 735 705
" - 14490 . ‘ T 1155 ) 1020 870 695
X " . 860
(NH3)2Cu(TCP)2 1626 1530 1450 1420 1390 1300 1250 .1190 865 810 750 700
1605 ‘ 1295 1235 1135 795 735

1125
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>

Complex

a ’ZHS'HZJZCU (TCP)Z

t

(DMF)XCu(Tgr’)2

(DMbn)xCu(TCP)z

(TMRD)(:u(TCP)2

(MR N " Br
(I%PD)(u(ng P)2

b

1600

1640

9

el o

Absarption frequency {cm” ])

1565 1495 1490 13‘8') 1300 1245 1720
15130 Lael0) 1380 1.290
1570 1500 1490 1390 1310 150
1550 1370 1285 .
1535 - , ,
1560 1440 1385 1305 1270
1540 1240
1560 1525 1460 1420 1385 1310 1250 173)
) 1295
1285
1560 1525 1460 1425 1385 1315 1250
1300
1285 ,
a) ref. (34)
b) agrees with ref. (34) .
j
-t 5
3
ﬂ
(”‘} 2z
' /
. T~

{

1185 1070 1050

1145 1040

1185 1065

1135 ° -

1190

1130 1020
985

1180 1070 1045

1120 1020

1100 1005

1185 LO80 1045

1125 1025

1105 © 1005

F 4

950
9135

950

995

895
34895
880
£ha
860
855

865

875
860

8310
800

315
B80S

815

800
805
790

810
795

e

750
730

760
735

705

760

170,
750
735

770 715
745

Ak
>

w3

0z2




lable VII-2

¢ 1 .
Ivfrared Spectra of Varfous Polyph¥uvlene LEthers’

,

%
“

Polywer ‘ . Absorption frequency (cm
A L“
| cr - ‘
A3
<O 5 ' 1605 1560 1495 1450 1410 A250 1210 1145
€1 !
? e . - on
* ~ \
cl ] (J
Lt /-
11130

N\ o 1600 1530 1480 1445 1405 1240 1200
. (%? " & 1185

| Cl
s o 4 n ~ N
ef Bt P
YO . P )
et - . ]5‘3_)) 1560 1470 1430 1370 172315 1190
- ._/ () )
o . \\— < \
b B v
ot ! I . g—-

LA

N\

ngg 1590 1455 1410 1360 1722% 1180

o0 AN
* 3 I I

v

* polvmeT prepared.from qu(n(("“l ,Brpd

4

1115

1110

!

)

1120

1115

1085 1035 1010° 960 920 865 825

850 810

1070 1030 1005 945 910 860 825

1070
1055

1050

1005

845 810

925 865 770
880 750

900 870 790
860

PN PR

770

720

s e ey



Complex

(Cs}le")QCn(‘

19

2

. N “ s
“’5”5\)4(‘“4(

N

. N " a
((SHSU)/(UHY,

((JSHE).\)(‘(‘U

W(CGHS)qu]?(U(cq

[(C()u[))3

(e Mo, ,

[((H3)3N-CHU]A (u

*Data ci{ted

a .
- TAprees with Kef (97),
bAgxce'; with Ref. (82).

CAgr(;oa with Ref. (93) for P

P(l]/

2

It

+

Cu

4

for spectya

dAgrees with

a

6

al%rb

u

§

(

Re f .

<0

/

|

<0

4

3

.

(&S

6

4

+*

(2

(f

.OA'
)

6

(79)

4

4 lable VIE 3

A+

Infiraped data for various dihalo- and uA—Oxcrcopper (I1) complexes

16074
1509

1605 1570 14ve 1440 1362 1242 1219 1158

15

YR

4

Absovirption frequency (cm—l)

14¢9 1449 1366 ,1242 1220 1154 1080

1065

547 1148
1o o7 L4eh 1449 1366 1240 122001161 1082
1h06 4 1154 1075
1606 1570 14846 1454 1368 1239 1219 1154 1072
1508 K 21159
1590 1485 1446 134 1277 1190 1159 1090
1575 1ya7 1313 1185 114071084
X 1170 1119 1070
1590 148% 1033 1340 1262 1194511209070
137 131 J180 1100
1972 Y408 145071360 1198 1068
§ 394
16139 1402 10730 1366 1250 1115%
in KBr pellets.
Data ctted for nnﬁoT mull on KBr plates.
=0 gtretdh at 11472 cm
for P=0 stretch. ©

1044

10700 A050

1049

1049

1029

1035

1045

1059

1020 951
1011

1020
1010

960

1021
1015
1021
1015

ang‘;}m

984
973

1001
975

350

955

935

1009

8i¢e

890

875

890

869
864
854

860

892

805

762

172

690

705

768 700

762°

762

172

770
764

760
754

768
760
753

692

702
698

728
700

730
700

710

665

650

650

576"

535

e
[N
MY

535

582

580




: 1AL} VIL 4 |
- tar-infrared Jaia for various ditialo  and p4—0x0~cnppor(ll)
< -1
Complex - Absorption frequency (er )
——n = - - —~ B, - - - . . e o e - v .'_ e e et e e o — e
. . . R 2 )
((,_r,}lsl*«)z(\lfn‘3 291 268 235 202 178 -
- wy g - "
(LSHS“)A( u[‘(,) 6.() gﬁ]/ gQ:
a +
HoN b ,7 I
(CS[B %ZCU 12 26 255 205 194 128 '
SCHON .0
(C M N e Br 220, 200 166 , 135 ~
S N~ ~ NN S
‘ 0 Cull .
,f((ﬁﬂs)j}' , Cu ‘s 330 300 289 267 189 168 \
H PO} 1S ) 9 Y .
[(Cylig) 4POY,Cu,CL .0 293 257, 2% 195 - 170
b 4 ~ Sm L AN Ty
(C,t yd‘z)z CuCk, 313 263 250 186
(C]H_SNH?)A(UZ‘(\!(‘.O . -~ \27\0 303
] N GHOT AN . 240 194
[ (C 13)} (H Ja(n[‘(* 6 24 194
HLY LS v ’ .24 .
L(chy 5807, Cu, Ci 0 \2;0 _ }806
*Data cited for nujel mull on polvethvlene plates. ..
For all u4~0xu compleres, bracket under absorptiou indicated broad band. ~
+Shmﬂdur v .7
a .
APYees with Ref. (90
° 2

b
Reproduced from Ret. (94) A
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FIGLRL VII - 1 ‘

A

v

Infrared Spectra of Various Phenoxocopper(II) Complexes.
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. FIGURE

IIT -

1

Yield of Copper (Rl) Reaction Products at Various Réaction,

¢

Times for a Series of,Decogpositions of Py

Benzene at 84.5°C Ugder Vac

o

uum.

<.

Zz

Cu (TCP) in
¥ 2

. ( Run I Run II Run III Run IV
véslei #1*% regctdion time 3 hrs. 30 hrs. 48 hts. 48 hrs.
© wt. complex 0.71 0.75 ° 0.83 0.66
vessel #2 reaction time 3 hr. 3% hrs. 2£<h§}. 3 hrs.
| wt. complex 0.91 0.85 0.87 0.87
vessel #3 Treaction time' % hr, 1" hr. 14 hrs. 1% hrs.
wt. complex 0.95° . 0.93 0.92 0.85
‘ -
‘ FIGURE IIT - 2. .
")

Yield of Copper(l1) Reaction Products with Time in the Decom~

position of PyZCu(TCP)2 in Benzene at 84.5°C Under Vacuum.

Reaction time

3 hr.
1 hr.
2% hrs.
22 hrs.

3 hrs.

g% 3% hrs.

wt.

complex

0.01%

0.01*

0.86

- (-no

0.41
0.87

0.76

* greyish powder

<x



- "FIGURES III - 3 and III - &

> ]

Data on Reaction Products vs Time in the Decomposiuionaof

PyZCu(TCP)2 in Toluene at 84.5°C.

-

N feaction Time Yield of Cu(II)’ .
; (hrs.) , Complex ggms.)* Mn
0.25 : ’ none --
0.50 0.41
0.75 ‘ - 0.7,
1. 0.62 7600
1.5 0.69 8500
2.0 o“ 0.76 12000
2.5 ¢ 0.80
3. 0.79 ,
R oY . 0,82
4. ©0.79
4
4.5 . 0.84 12000
5. 0.87
' . 18. . 0.87 ' 15000

\ N "
* theoretical yield of PyZCuCI2 = 0.95 gms.
. .

!

¢ of

R



FIGURES III - 5 and III - 6 . .

P\
. ) ‘ \
B ' 4 |
Data on ﬁeaction Products vs Time in the Decomposition j
of Py2Cu(TCP)2 in Bgnzeng at 71°C. ) .
5
Reaction:Time Wt Cu(El) Complexes%* -
’ (hrs.) N (gm) . ﬁn
1. none -—
. 2. ' 0.29 8000 . °
2.5 1.74 26,700
—~ 3. ( 2.20 ‘ 34,0007
4. . 2.17 47,500
6. - 2.26 SQ,SOOD
12, . § 2.26 61,000, - -~
. 24, _ 2.21 v 69,500 ‘
_ 48. 2.31 79,000
ST _’\l .
‘ < J ' * o

* ‘theoretical 100% yield Py2CuC12 z 2.35 gm.

T molecular weights obtained by VPO.
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FIGURE III - 8

Absorbance at 22,500 cm_l vs Concentration g{leZCu(TCP)2

in Benzene.

N Conc x 103 ’ Absorbance

0.035 ' 0.03
0.069 0.08 ‘
0.138 | ' 0.15

. 0.276 @ ] S 0.31 ,
0.405 ’ 0.46
0.540 0.63 .
0.552 0.64
0.614 . 0.71
oagag 0.79
0.768 . 0.89
‘0.810 I 0.93
0.864 ' ‘ 1.00
0.960 1.11
1.08 1.25 *\P
1.20 '1.40 .
1.35 1.57 .
1.50 1.74
1.60 1.86




. N FIGURE 1I1 - 14

1

2,46,6~Trichlorophenoxy Radical Sienal at Virious Reaction

Times in the Decomposition of Py QS(LCP)O in Lenzenc¢ At

2
<y
71°C in the Presence of CCLQ. )
1 .
7 Reaction Tire Peak Height
’ (min.) farbitrary units)
t
25 > ‘ "0.15 -
¥ 30 ‘ .0 32
35 0.45 .ot
|
; . 3g 0 79
‘ . N
| 40 £.85
| 45 0.02 ,
60 0.75
65 0.70 .
° 80 0.60 .
3
M 95 » Q.65
/ . .
110 : : 0.49 ’
' 125 g 7 0.42 .
2 “u
‘ , 180 -~ 0.31 .
3 S
v s
- - ”
- - * e '\‘{
- 2
¢ ° i
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FIGURES 1III -~ 16 and III - 17

-

Polymer Molecular Weight at Various Concentrations of
¥

Cu(TCP)2 in Benzene at 71°C./

Py2
Conc. |, Conc.% _
(/1) (moles/1)? M
10 0.128 25,000
20 0.181 45,500
Y30 0.221 58,500
. 40 0.255 70,000
50 0.285 \\ 79,000 ° .

FIGURE III - 28

Effect of Induction Period at Various Concentrations of

i

Benzoyl: Peroxide

b ]

Initiator/PyZCu(TCP)2 " Induction Period
(molar ratio) (min.)
. ) . 64
v ' e 0.05 . 52
0.08 22.4
0.1 16.2
0.1 » 15
0.2 ' 9.2 .
0.3 | 5.4
- | . 0.5 - 3.8
1.0 2.0

9
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&
FIGURES III - 30 to III - 32

@

Mass Spectra of Various Compounds

dichlorobenzene CBr3Cl CBrl0
M/e R.I. M/e R.I. H/e R.I1.
146 100 207 100 251 100
148 64 209 67 253 . 98.5
111 39.8 205 42.7. 249 34
113 12.5 79 22.8 255 31.8
150 10.4 ¢ 81 > 22.1 172 25.6
4 128 18.8 79 ' 3.0
7 129 14.5 93 22.4
126 14.2 173 14.9
91 13.0 81 22.7
93 13.0 91 " 22.6
) 211 13.0 170 13.4
127 11.2 174 13.2
" 130 4.2 171 7.8
172 4.2 80 2.7
o1 3.5 175 7.3
170 2.1 81 © 2.6
. 174 2.1 .92 2.3
4 78 3.2 94 2.3
80 3.2, 332 trace
82 3.2 B
251 2.7
253 2.4
- i .
287 trace
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"’ ’ . ' £

“ FIGURE 111 =~ 33

Effect of the Addition of Trichlorophenol&on Polymer
“Molecular Weight.

g

Weight Trichlorophenol

(gm) n ( )
. 0. 44,000
* . 0.25 - 18,100 o
- ) " 0.50 11,350
) - 0.75 7,650
, 1.00 7,600
:§ )
) ~ .
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