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Chemistry of Phenoxocopper éomplexes

Abstract

| 1}

The compounds Cu(I)OAr where OAr = alkyl or halo sub-
gtituted phenocxide have been prepared'in“acetoniérile and
their reactions with carbon tetrahalides were examined.
Phenoxides unsubstituted in the ortho positions yieid main-
ly tetiaaryl orthocarbonates; triaryl orthoformates are
produced with ortho substituted phenoxides or when the re-
action is carried out in the presence of good hydrogen atom
donors. A mechanism is proposed consistent with the' pro-
duction of intermediate CX, radicals which further react to
produce trihalomethyl ethexs, the precursors of the product

gt

ortho esters. The effect of carbon tleahalides on the ther-

mal decomposition of bis (amine)bis(trichlorophenoxo)copper-
(II) complexes is discussed in the light of present knowledg
The péeviéusiy proposed branching hypothesis concerning the
polymers obtained from (trihalophenoxo)copper(II) complexes
is reevaluated. To this end lH and 13C speétra of a series
of polymers obtained from mixed oxidation state copper com-
plexes of 2,4,6-trichlorophenol were measured. The carbon-
13 spectra are consistent with a polymer structure composed
of 1,2 ana 1,4-coupléd unitg. The linewidth of the proton
spectra shows a marked dependence on molqular weight and
thé relative propo;tiOn of 1,2 to 1,4-coupled units. The
importance of the 1,2-coupled units in determining the over-

e.

all flexibility of the polymer chain was indicated by prepar-

ing copolymers containing varying propo&tions of 1,2 to 1,4~
coupled units and examining their nmr spectra.’

£

2wt Pt domew F heWen




-

2Lt .
Gy

Taes o

e

fred® T

Iy

HRS ORI T Wy sy

.
:
y
!
g,
:

" bilité de la chaine macromol&culaire.

Ph.D. \ Chimie
Patrick van Gheluwe .

Chimie des Complexes Phenbxo du Cuivre

REsumé

Les composés Cu(I)OAr (oll OAr sont Jdes phénolates alkyle-
ou halogéno-substitués) furent préparés| dans 1'ac&tonitrile et
leurs réactions avec les tétrahalogénures de carbone furent
&€tudiées. Les phé&nolates non substitués position ortho
conduisent 3 des tétraphényle orthocarbonat$s. Des triphényle
orthoformates ré&sultent Jorsque les phénol
en ortho ou lorsque la réaction est &x&cutée en présence de
substances ayant des atomes d'hydrogéne labiles. Un mécanisme
est proposé s'agcordant avec la production interm&diaire de
radicaux CX3 capables de former des &thers trihalogénom&thylés.
Ceuxeci sont les précurseurs des ortho esters. L'effet des
t&trahalogénures de cdrbone sur la décomp051t10n thermique des
complexes bis(amine)bis(trichloroph&noxo)cuivre(II) est discuté
d la lumilre des connaissances acquises. L'hypotﬁésé prévalant
auparavant concernant le brarichement des polymére’s obtenus 3
%:rtir\des complexes Jtrihalogénophénofo)cuizre(II) est aussi

H et 3

de polyméres obtenus 3 partir de complexes (trichloro-2,4,6-

rg¢évaluée. A cette fin, les spectres C d'une série

phé&noxo)cuivre & 1'&tat d'oxidation multiple furent mesurés.
Les spectres carbone-l3 sont en accord avec une structure du
polym8rie comprenant des unités couplés en 1,2 et en 1,4. 1la

'résolution des spectres de protons est fonction de la masse

moléculéire ainsi que du rapport des jpités couplés en 1,2 et

en 1,4. La pré8paration de copolym&res contenant différents

rapports d'unités coupl&s en 1,2 et en 1,4 indiqua 1l'importance .

des unit&s couplés en 1,2 dans la détermination de la flexi-

.
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) CHAPTER 1

1, GENERAL INTRODUCTION

Oxidation of phenolic compounds as an area of organic
chemistry has spread over the last few decades into a field
of great technological applications and is highly relevant to
the understanding of biochemical processes. Such diverse
fields can be related to the extremely versatile oxidation-
reduction system associated with phenols.

A number of plauéible oxidative coupling mechanisms can
be postulated depending on the particular conditions. Thus
reactions can involve free radical intermediates or proceed
via non-radical pathways.l The coupling of two free phenoxy

radicals has become the more commonly accepted mechanism al-

though this has not always been adequately justified (1).

o /7 @‘}D___O ‘

Another type of reaction which can be termed a homolytic

(1)

aromatic substitution is depicted in (2).
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OH OH

+ o —> H =2 S+ W (2)

The oxidation of phenoxy radicals to phenoxy cations followed

‘ by coupling with a phenolic moiety is representative of an

Y
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ionic mechanism (3). s

o o
O~

Non-radical pathways also rely on the intermediacy of phenoxy

—

iy
‘
3
w
Iy
%
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cations which can be produced by two electron*oxidations of

e KR o

the phenol preceding an ionic reaction as in (3). Where the

occurrence of a phenoxy cation is unreasonable on the basis ‘ I
of energetic requirements for the formation and stabilization °

of the intermediate, a concerted coupling and electron trans-

fer mechanism can be devised (4).

‘ ; 2+
u0—© + @—on+u3+ ——>Ho-©\©—o——u+u+
' | (4)
H + ¥ ‘ : ‘
e SR O

Such a diversity in‘mechgnigtic posgibilities is responsible

for the wide applicatioﬁ received by phenol oxidation chemis-
try. Proper choice of the reaction conditions can often al-
low control over the course undertaken by the reactants.

Inhibition of autoxidation of lubricants and other

?




organic compositions at moderately high temperatures is
achieved through phenolic additives. The formation of stable
aryloxy radicals terminates the free radical chains responsi-
ble for the dqgradation processes.

Development of catalytic systems capable of effecting a
high'yield coupliﬁg of various phenol monomers to poly(1,4-
phenylene oxides) allowed the marketing of a whole new range of

polymers:'2

Modification of these systems can induce exclu-
sive formation of 4,4’ -diphenoquinones. Hydrégenation to the
corresponding biphenols completes the new synthetic route to
these important bifunctional monomers for polyester and poly-
urethane synthesis.

The widespread occurrence of hydroxy-aromatic compounds
thro%ghout nature hints of the outstanding capability of a
handful of enzymes having phenol-oxidase-like activity. These
enzymes catalyze the elaboration of lignins, lignans, tannins
and melanihs, all products of oxidative polymerizatiqn.3 Me-
tabolism of aromatic¢ compounds is accomplished by ﬁydroxyla—
tion to mono or dihydric phenois, followed by oxidation to
quinoneé and ring opening in later stages. 1In this way, many
important metabolic requlatb%s such as cateéholamines, seraf
tonin and tyrosine are synthesized and degx;aded.4 The vita-
mins X as well as coenzyme Q seem to participate as electro

carriers in terminal elettron transport. Here again the hy-

droquinone-quinone equilibriﬁm allows them to be elégantly

‘included in the mitochondrial'respiratory chains (5).5
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In the field of phytochemistry intramolecular coupling of an

appropriate phenolic intermediate can be used to generate at

least ten percent of the 2000 known alkaloids.6

Phenol oxidation is #asily accomplished by a multitude

of reagents. For a particular substrate, product distribution
is eminently dependent on the conditions and particularly the
oxidant.7 It is not the intent of the writer to review metal
ion promoted oxidation of phenols since this has been done
extensively in many recen.t‘"reviews.8 Rather the reader's at-
tention is drawn to the outstanding ability of copper, and to
a lesser extent iron, torcatalyze oxidation of phenolic sub-
strates. This particular focus finds its justification in a
number of facts. Redox catalysis, be it of polyme{ization or

iftelomerization, is everywhere dominated by the presence of

| copper.9 Trace ampunts of copper present as impurities can

profoundly affect the product ratio or the course of a re-

10 Furthermore, the ubiquitous occurrence of copper

|

and iron at the acdtive sites in enzymes and oxygen carriers

11 Nature, thrdﬁgh evolution, has-

action.

cannot be overstressed.
chosen these metals to be included from the very beginning in
the most simple physiological‘processes through to the intri-

cate systems of plant and animal metabolism.1? Finally it is
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thé object of the work presented here to obtaip a better un-

derstanding of the participation of copper in phenol oxida-

tion.
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2. PHENOXY RADICALS

A, Development of the Field

The term phenoxy radiecal was coined by Pummerer fourteen
years after Gomberg's controversial proposal of the triphenyl

3 Soon afterwards, Hunter studying the de-

-methyl radical.l
composition of silver salts of trihalophencls, observed the
appearance of transient blue colors. His interpretation of
the process leading to the formation of polymer did not in-
clude the participation of radicals however.14 In many in-
stances at the turn of the century phenol chemistry seemed
to afford compounds with peculiar properties, i.e., molecular
weight, non-adherence to Beer's law and unusual reactivity
remained difficult to explain. These anomalies were resolved
by invoking the participation of phenoxy radicals in equili-

15 In the years to follow, phenol

bria with dimeric prfductsﬂ
oxidation chemistry developed ihto a field of its own. The
many monographs and reviews published in recent years serve

‘to reflect the intense activity of numerous workers.16 Al-

khough investigations concerning one electron oxidations and
reductions involving metal ions still comprises a very exten-
sive subject in a recent monograph, the production of aryloxy

radicals and their reactions however no longer warranted
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inclusion in a separate chapter.

B. Reactivity of Phenoxy Radicals

The phenoxy radical itself is much more stable than its
alkoxy counterpart. Delocalization of the unpaired electron
to the o- and p-positions of the aromatic ring accounts for

the increased stability.

?9¢9@9Q
@"4—) ©+<——> ©;<-> @ e

Coupling of these mesomeric radicals produces dimers
which are formed through €-0, C-C but not 0-0 coupling. For-
mation of peroxides does not occur on account of their insta-
bility. C-0 and C-C coupling oc¢ccurs exclusively through the
o~ ind p—positions although the unpaired electron density is
non-zero at the C-1 and C-3 and C~5 positions. When the o-
and p-positions are substituted by bulky groups there will be
steric hinderance to dimerization. Consequently 2,4,6~tri-
subﬁtituted radicals are much more stable than the phenoxy

radical. The tri-t-butylphenoxyl radical is completely
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monomeric both in solution and in the solid state. The 2,4,
6-triphenylphenoxyl radical likewise is completely disasso-

ciated in solution though it exists as its dimer in the solid

sﬁate.17 The greater tendency of the latter radical to exist
as the dimer is)attributed to the smaller steric requirements 4
of the phenyl group thus allowing C-O coupling to occur in i
the p-position. ’

Much of what is presently known of the chemistry of phe-

§
noxy radicals stems from the independent discovery by Cook

18 Re-

and Miller of the 2,4,6-tri-t-butylphenoxyl radical.
actions of the latter with a variety of simple substituted
phenols affords products in good yields and are easily amen-

19 Spectrophotometric obser-

able to quantitative evaluation.
vation of the rate of disappearance of the blue 2,4,6~tri-

butylphenoxy radidal allowed the determination of the second
order rate constants varying over a range of 1-04 demonstrat-

ing the high ‘selectivity of this radical. The kinetic scheme

consistent with the rate law is shown to be:

s T

K ‘ OH OH | o.
K : '
+ ' -+ , (6)
Sk .
R d | R
0" Ky .

k2
-—A‘ i
+ ~— 0 : R (7)
R k.2 0




Hydrogen abstraction (6) is the rate determining step since
a relatively large isotope effect was found (kH/kD > 7.5)
and the wide variation in rates was attributed to the ability
of the substituents to stabilize the radical intermediate.

. A thermochemical study of the same system allowed the
estimation of the heats of formation of phenoxy radicals from

11 The results indicate that the en-

the substituted phenols.
thalpy of the transfer reaction was dependent on the substi-
tuents and varied by about 8 kcal/mole. The equilibrium
constant and the enthalpy for the reaction sequence (6-7) was

also determined calorimetrically. Thus klkz/k-lk- at 40°

1

2
and the value for AH reaction was =-20.3

was 2.2:0.4x10% M~
+0.5 kcal/mole and both are independent of substitution for
m- and p-substituted phenols. The overall heats of reaction
of o-dichloro and o~dimethylphenols are approximately equal
but 5 kcal/mole less exothermic than the corresponding m-
and p-substituted phenols. This difference is reportedly due
to steric strain in the quinol ethers derived from di-ortho-
substituted phenols. The presence of this strain energy has
profound effects on the egquilibrium position of reaction (7)
resulting in extremq}y large values of k_2 for such quinol
ethers. This observation has important bearing on the under-
atanding of the fundamental poﬁymcrization process of phenoxy

21

radicals, namely redistribution. Xylenol and 2,6~dialkyl-

phenol polymerization rests on the feasibility of the quinol

LY

ether formation-dissociation sequence (8):

(4
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& (8)

Using different phenoxy radiéais in’presence of the 4~-phenoxy-
phenoxy radical, redistribution was found to be markedly af-
fected by the bulkiness of the ortho substituenf on the mono-
meric phenoxy radical. When electron withdrawing substituents
were present the process could be completely inoperative. For
instance, 2,6-dichloro and 4-chlorophenols were not included
in the polymer using a free radical initiated system.

Solvent effects in phenoxy radical chemistry are related

mainly to their ability to form hydrogeﬁ bonds and subseguent-

ly to transfer hydrogen to the monomeric or polymeric radicals.

When the absolute rate constants for hydrogen trahsfer of the
tri-t-butylphenoxy radical with phenols in various solvent
systems were determined, the data revealed that addition of
acetonitrile or di&xaﬂg to the CCl, refer;nce solvent led

to decreased values of kl equal to 1/40th as large as those

22

observed in pure CC14. The relative magnitudes of these

effects qualitatively parallel those which can be predicted
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from the ability of the added solvent to form hydrogen bond-
ed complexes with phenolg. Under these conditions the 2,4, 6-
tri-t-butylphenol radical must compete with the solvent in
hydrogen bonding with the unhindered phenol to form the ac-

tivated complex prior to the hydrogen atom transfer (9):

&g oo

(9)

OH ¢°
. R
G Q= GG
R L

*

In a recent paper the values of the absolute rate and
equilibrium constants for hydrogen transfer and termination

3 From these results the

of phenoxy radicals are summarized.2
O-H bond dissociation energies for a laggg number of phenols
are evaluated to be in the range 89.9 to 84.0¢2.0 kcal/mole
Following the activated complex theory, the higher transfer
rates of pheno%s with the tri-t-but&lphenoxy radical compared .
with similar rates of reaction of hydroperoxides and hydro-
carbons are in line with the view that phenols are stronger

hydrogen bonding acids tpwards oxy-radicals. The occurrence
FE e
of a pfior equilibrium hydrogen bonding step in the hydrogen

-

teandesmen. v
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transfer serves thus to explain the 6 to 10 fold lower rates
observed for hydroperoxides. Larger rate differences, i.e.,
lO4 to 105 are observed when the transfer reactions from O-H

and C-H bonds are considered. In many instances such an equi-~

' librium between reactants and a hydrogen bonded free radical

activated complex has been invoked to explain the kinetic

parameters of hydrogen transfer reactions.24

C. Reaction with Oxvgen

Y
Thus far the stability of phenoxyl radicals with respect

N

to dimerization or cross coupling reactions in an inert

atmosphere has been discussed. Significantly different orders
4

of stability arise when the reaction with oxygen is considered.

Thus, the 2,4,6-tri-t-butylphenoxy radical is decolorized in
thirty minutes whereas eight hours are required to guench the
2,6-di-t-butyl-4-phenyl phenoxy radical.25 2,4,6-triphenyl-
phenoxy radical solutions are completely stable to air.l7
These reactioné lead to peroxides and generally occur by coup-
ling through the 4-§ositiOn-with 2,4,5—trisubst%tuted radi-
eals.

Phenoxy radicals beariﬁé electron withdrawing substitu-
ents are believed to be more stable with respect to coup}ing
25 The fact that polymerizations of polyhalo-
phenols can be effected in air has served to infer this. Un-

favorable polar transition states in the reaction of henoxy
i
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radicals with oxygen have also been invoked.25 It would have
been more elegant to explain this particular behavior of the
reactivity of oxygen with phenoxy radicals by stressing the

efficiency of the competing dimerization of two phenoxy radi-

cals.
s
; D. Preparative Methods
)
g Formation of detectable amounts of phenoxy radicals can
¥ be achieved by various physical methods such as irradiation
and photolysis.27 For preparative purposes however, only

chemical methods are suitable. In this case the process will
require either homolytic cleavage of the O-H bond of the phen-

ol or loss of an electron from the corresponding anion (10):
o-‘
-H¥
IS
Nty
+H
. (10)
b N g |

sl Beat < o0 - B e R

T o)

s }‘\{ +

Perusal of the exc;llent tabulation presented by Mu55028
will allow an adequate .choics of one electron oxidants and
conditions for the oxistiom of .a particular substrate. How-
ever when high yields of dimeric or polymor%c coupled products

. are refjuired only a handful of rn\aqentl need to be considered.
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Outstanding in thi; respect by its effectiveness is hexacy-
anoferrate (III) in alkaline s?lution. Use of a two-phase
system consisting of the aqueous alkaline layer with an or-
ganic phase in which the products of oxidation are removed
prevents their future oxidation. Heterogeneous systems
consisting of a metal oxide (Mn02, Pb02, H9O, Agzo) in+a
polar or non-polar solvent, have also been applied with suc-
cess.

Various methods based on dissociation of related cyclo-

? When

hexadienones can also be of use in some cases (11).2
one or two of the R substituents are phenoxy, then the pro-

cess woulh generate two aryloxy radicals. If one or both of

0 o’
_ ° ;
Q + R, (11)
R™ TRy R

the substituents are halogéns, particularly broming, the dis-
sociation can be brought about by mercury.

Systems containing copper and an amine in presence of
oxygen deserve separate treatment because of their more wide
spread use as catalysts in the oxidative coup}%ng polymeriza-
tion of alkylpheno%s. Furthermoreymany oxidations of mono
and dihydric pheééls carried out under copper Fatalysis have
been postulated as. simple models for biological oxidation
processes. These copper based systems, in contrast to the

other reagents operating in a stoichiometric fashion, are




St

remarkable for their catalytic properties.

E. Characterization of Phenoxy Radicqis

Spectrophotometric characterization of aryloxy radicals
has been useful for obtaihing structural information. Good

summaries of this data appear in various reviews.30 The

paramagnetism of tri-t-butylphenoxyl was confirmed by a

Gouy determination of its susceptibility.31

Esr spectroscopy has given particularly useful informa-
tion regarding the detailed structures of the aryloxy radi-

ca%i’and the mechanisms of phenol oxidation involving tran-

sient intermediates. The measured g-values for such radicals

as the 2,4,6~tri-t-butylphenoxyl radical are closs to that
for the free electron (g==2.0023)32 Analysis of the hyper

fine interactions in the various 17O,‘2H and 13

C labelled
radicals indicates that all the carbons in the ring As well
as the oxygen show a spin density for the uanZlEg’electron.
The spin density is relatively higher on the oxygep and on
the para-carbon. Unpaired”electron density ig ldw but non-

“zero on the C-1, C-3 and C-5 positions of the ring. This
distribution of the spin density is in agreement with the
chemical reactivity of phenoxyl radicals in that %hey under-
go coupling reactions only at the ortho- and para-positions,

the latter predominating.

I
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F. Stable Arylaxy Radicals Used as Trapping Agents

-

The stabi;ity of these hindered radicals towards self-

reaction or transfer to sQ;vent has long been used for trap-

23,33 For'

ping transient alkyl, alkoxy or phenoxy radicals.
this reason they are included in anti-oxidant formulations.
The term autoxidation applies to those spontaneous oxi-
dations which take place with oxygen or air at moderate tem-
peratures./ The process follows a free radical induged chain

mechanism for hydrocarbons (12-14):

‘ I . .
R—H __—-9[] R + H (12)
R" + 02 ‘-"'—_9 ROZ 4y . (13)
] L] ' e
Roz 4+ R—H —> ROZH + R (14)

Inhibition of the free radical thain is achieved by reaction
of the antioxidant phenols with the alkyl or alkylperoxy
radicals to produce stable phenoxy radicﬁls which can further

trap other radical species (15,16) :34

e _ RH + Ar0 —L9 ArOR . (15)

RO ‘
ROD RoH+ar0 —23 AroRO, (16)

Reports on the interaction of simple aliphatic radicals
with stable aroxyl radicals are rather scarce. Kinetic evi-

dence tends to indicate however that tri-t-butylphenoxy
. »
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radicals are efficient scavengers of radicals derived from

35

benzoyl peroxide. Similarly effective inhibition of poly-

merization of styrene or acrylonitrile has been aécomplished.35
The addition of a stable aryloxy radical to a reaction mixtkre
undergoing a free radical process should thus afford a pﬁodﬁct

mixture reflecting the free radical composition at that time.

'
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. 3. THE RELEVANCE OF COPPER

A. Introduction-

More than any other transitién metals, copper and iron

have found their way through the evolutionéry drive into a
whole array of biological systems. The reason for their pre-
valence is no doubt related to their superior complexing pro-
perties and their ability to undergo one-electron redox re-

actions at various redox potentials depending upon the ligand

‘ environment in which they exist.
: (.J‘i Versatility in catalyzing redox reactions set copper and

iron in the forefront at the time oxygen was accumulating in

12

the atmosphere. Copper however may have been quite scarce

in the early aquatic environment as can be seen from the

37

abundance scale. The reason why

v

O> 8i » A1l > Fe > Ca > Na > K

|

\ > Mg >Mn >V > Ni > Cu > Z2n > Co

\@
\ uniquely useful copper proteins became available is most like-

ly found in thf superior chelating power ochopper with oxygen,
nitrogen and sulfur donor atoms of biological interest. This

fact i clearly evidenced in Figure I1. — —— .

Y
AN

R U

e




FIGURE I.1

Logarithms of the stability constants of
complexes between some M<* ions and vari-
ous bidentate ligands: @ ethylene dia-
mine; g@glycinate; O salicylaldehyde; @
‘salicylaldehyde-5-sulfonate; @ oxalate.

Reproduced from 38. .

<
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It can be seen that a fairly consistent pattern is fol-
lowed by chelateés of Mg(II) through to Zn(II) with the same
bidentate ligands. The stability of chelates of the first
transition series culminates with complexes of copper(II)
then falls abruptly again in the case of i}nc(II). The
existence of such a series has become apparent from large
amounts of data and can be explained by ligand field theory.

gn order to use these ions efficientiy and achieve an
exquiéite balance of physical and chemical properties, the,
first polymer-supported catalysts namely metalloproteins
were evolved.‘~These metal bearing macromolecules utilize
most efficiently copper and iron as electron and oxygen car-
riers for oxygenation, hydroxylation, and other cruciai me~
tabolic reactions, including protection against deleterious

13

oxygen by-products.

-

A number of copper proteins found in plant and animal

systems possess an apparently unique enzymic superoxide dis-

39

mutase activity. The reaction catalyzed is dismutation of

superoxide ion to molecular oxygen and hydrogen peroxide (17).

+ -
2 4 20, > M% + 9 (17’

Superoxide Dismutase

"

The reactive superoxide ion is thus conveniently disposed of.
The superoxide dismutase system is itself backed up by heme
(iron proteporphyrin) enzymes’ that decompose hydrogen per-

oxide either to oxygen and water, as with catalase, or, with
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the aid of a hydrogen donor molecule to water and a dehydro-

genated product as with peroxidases (18):

Peroxidase
*AHZ

Ha 0y

2H,0 + A

B. The Role of Metal Ions in the Autoxidation
of Organic Substrates

Metal ions have many modes of action under oxidative
conditions with organic substrates. Frequently the metal
ion accelerates one; or several of the steps in an autoxida-
tion process; it may be the actual oxidant and in a later
stage bLe reo®iddzed by oxygen.

The participation of metal ions may be required to gen-
erate a suitable catalytic species such as in the Wacker
process. The latter case is exemplified by the oxidation of

ethylene to acetaldehyde by tetrachloropalladate(xx).40

21

(18)

The process is rendered catalytic by use of copper(II) salts.

Initial coordination of the olefin to palladium is followed
by its ox%dation to acetaldehyde and concomittant liberation
of pa%ladium metal. The complete catalytic cha}n is illus-
trated in scheme I where the copper system functions solely

to regenerate the palladium(II) species and is not involved

]
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in the oxidation of the organic substrate.

Op+ 4 HCI chw 4) CEHUJD (>=<+H20
2H, 0 4¢uci CHyCHO+2H™
SCHEME 1

~

The autoxidation of organic compounds has already been
briefly mentioned (Section 2, F). The radical chain carry-
ing hydroperoxides are eminently susceptible to metal ion
catalyzed decompositions. This intervention occurs follow-
ing two different paths (19,20) according to the oxidation

state of the metal ion.4a. The effect of added metal salts

ROOH + M"T ———>  HoM)™+'OR (19)

0+ . ne
roow + M™™ 5 rod + M"F HT (20)

is thus to initiate further radical chains, thereby increas-
ing the overall rate of autoxidation. Use of larger quanti-
ties can however, in some cases inhibit peroxy radical trans-

fer (21).
ROO + M"* —— 3 Roo + Mt (21)

Tﬁere is a large number of catalytic processes in which
the substrate is coordinated to a readily reduced metal ion
capable of oxidizing it to a radical. Subsegquent reactions
of this radical then lead to the products. The success of

these reactions rests on the fact that the metal catalyst

”m’*“‘"“”‘*“.}‘gﬂmuwm&ﬁl
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can easily oxidize the substrate by complex formation and
further be reoxidized by atmospheric oxygen. The copper(II)
chelate catalyzed antoxidation of ascorbic acid is an example

of this general type (22-24).42 The rate determining step

0
H / 0\
on H2N NI 0, HN NHy
Y 2+ —_— RN
+ Gu.. ~— Sy ) (22)
S " HN NH
HoN . NH 2
OH 2 \ / OH \ /
OH
H

Cu(i)L
sLow
0 0
0 OH
«_CufiL '
0 +culiL + WS + QL (23)
FAST .
0
OH OH
H ’ OH
C4CuIL + 0, + 4H'—5 4culi)L + 2H,0 (24)

appears to be the reduction of copper (II) to copper (I) and
the form;tion of a semiquinone-like radical involving a

single electron transfer. Rapid reoxidation of the copper(I)

chelate by oxygen in the solution makes possible a rela- \\

tively fast second electron transfer step to produce dehydro- h

A
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ascorbic acid (24).42

™
The uncomplexed copper(II) ion catalyzed reaction sur-

prizingly proceeds at an increased rate; 33.8x10l M’l secnl
at pH 2.00 and 25°C ¢tompared to 0.09x10" L sec™! for the
chelate system under similar conditions.43 In this case a

more facile ionic pathway is thought to occur. The reaction
was found to be first order with respect to ascorbate anion,
copper(II) jon catalyst, oxygen concentration, and the re-
‘qg:,' B

43 The mechanism

ciprocal of the hydrogén ion concentration.
under these circumstances is believed to take the following

course (25,26).

(25)

[

(26)
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The ess?ntial difference between (22-24) and (25-26) is
that both oxidizing equivalents are delivered by two Cu2+ in ;
the former, but in the latter the copper mediates transfer !
of two electrons from susstrate to 02 in a ternary complex.

The enzyme ascorbic acid oxidase, however, seems to

function by a radical mechanism similar to that illustrated
in Equations (22-24). Oxygen is reduced to water and dehy-
droascorbic acid is obtained via two successive one~electron
transfers, with intermediate formation of a free radical,

/ 44

which has been detected by esr.

-«

Such a mechanism, proceed-
ing through an intermediate radical, would not be expected

to occur without resonance stabilization to the extent pos-—
sible in the ascorbate radical.

When the available coordination sites of the metal ion
are blocked by coordination with a chelating ligand, it is
difficult to form a complex containing both oxygen and the
substrate. Ternary complexes containing both substrate and

activating agent have been frequently invoked to explain

biological reactions occurring at the active site of metal-

45,46

loenzymes in recent years. Ternary complexes are actu-

ally thermodynamically favored by a cooperative stabiliza-

43 The first co-

tion of the complex by the mixed ligands.
ordinateq iigand will influence the type of ligand which may
be coordﬁnated<;t a further stage. This is an important
aspect of metalloenzyme chemistry since the active site has

to discriminate amongst the substrates available in the in vivo
-

o
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ehvironment. The right enzyme has to coordinate the right
substrate and ternary complexes achieve this high@catalytic
specificity. Furthermore the formation of a mixed ligand com-
plex may be required in order to promote a reaction which is
otherwise thermodynamically unfavorable. Such is the case in
the oxidation via electron transfer of numerous metabolites.
Phenols for example possess potentials at biological pH in
the range- of the oxygen potential and could thus not be oxi-
dized .in vive by normal electron transfer without the risk of
oxygen evolution. Indeed, recent investigations have demon-
strated that indoleacetic acid is not oxidized by peroxidase
6

as such.4 ., Rather the initiation of oxidative degradation

requires the presence of oxygen, indoleacetic acid and enzyme

" in a ternaty complex.

The kinetics of the gxidative polymerization of 2,6-
xylenol with copper-amine complexes are also dominated .by the
involvement of ternary complex intermediates. Price47 found
that the rate of oxygen consumption is independent of xylenol
concentration and yet depends on the structure of the phenol
for xylenol analogues. This suggests that the rate control-
ling step for oxygen consumLtion\and thus for oxidative coup~
iing, is the reaction of oxygen with a copper~phenol complex.
Another kinetic investigation showed that the reaction exhi-
bits Michaelis-Menten behavior and it was concluded that ox~
ygen not only functions teo recycle the catalyst, but promotes

the catalytic action of the copper complex by being coordi-

1

47
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)nated to the intermediate catalytic species.
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48

cC. Phenol Oxidation by Metal Ions
)

Oxidation potentials of phenols have been estimated in
various ways. These measurements are for the most part con-
cerned with irreversible systems on account of the further
fast reactions of the initially formed aryloxy radicals.49
These values are thus not true thermodynamic redox potentials.
However, it is claimed that haliwave potentials for irrever-

50

sible phenol oxidations can .be compared. Within the frame

of a same measuring system, the relative order adopted by the
oxidation potentials reflects the mofe or less fpcile oxida-
tion of the phenol (Table 1).

A large number of transition metal compounds have the
necessary redox pote££ial to effect the oxidation of phenols.
Ferricyanide and ferriin (tris[l,l10~phenanthrolineliron (III)},
two substitutionally inert complexes represent typical
one electron-oxidants., They oxidiz€ readily a number

7,51

of organic compounds including bhenols. Numerous other

high-valent metal complexes have been found to oxidize phen-

ols by one or twefelectron transfer to radicals or phenoxo-

. nium cations.? <fione of these systems is suitable for main-

taining a catalytic cycle by reoxidation of the lower valent

ion by oxygen.

-

Although the redox potential of the dz/nzo system is
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TABLE 1.1
PHENOL OXIDATION POTENTIALS
Subsgtituent ~ E{mV) 7

none 10042 920P
5 4-10, 9242
: a
; 3-NO; 855
; 2-N05 8462
% Lo
= 2,6-Me 7602
‘ 2-C1,4-Br 670

2,4-Cl 660°€

4-cl 6532

3-Cl 7342

2-C1 6252
; 4-Me 5432 8407
; 3-Me 607 890,

2-Me 5562 850
; 2,4,6-Ph 3272 2118

- 2,4,6~- (pOMe Ph) - 244 124
C d e b £
2,4,6=-t-but 72 -59 690 1024

3.c. Suatoni, R.E. Snyder, R.O. Clark, Anal. Chenmn., 33, 1894
(1961) .

G.E. Penketh, J. Appl. Chem.,:- 7, 512 (1957)

| “H.N. 51mpson, C.K. Hancock, E.A. Meyers, J. Org. Chem., 30,
2678 (1965). -

Aret. 50.
er.W. Stubeﬁ! K. Dimroth, Chem. Ber., 99, 258 (1966).

' fB. Nickel, Mauser, M. Hezéi Z. Phys. Chemie Neue Folge,
54, 196 (1967)..
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,

' ( very positive (+0.82 V at pH 7.0), oxygen in many cases is
rather sluggish in effecting the reoxidation of the metal
complex and thus maintaining a catalytic cycle. This is

’ thought to be due to either the barrier in the electron re-
ceiving process of oxygen or the fairly low redox potential

F of the first reduction of oxygen (27,'28).152 \

i 0, + HY + o ——= w0, -0.32V atpH | (27)
0, + @ /> 0;  -0.45V at pHT (28)

The problem of how O2 is involved in such catalytic sy-
stems is of tremendous import to the field of biological ox-~
ygen activation but is not within the scope of the present

outline. The chemical basis of this process has been well

R R "]

(N‘ treated.’® Let it suffice to say that the reduction of ox-
ygen in model complexes is often associated with dinuclear
centers capable of effecting a simultaneous two electron re-
duction or via the intermediacy of a ternary complex. The
latter species woﬁld presumably stabilize a superoxide anion

radical resulting fro@'the otherwise unfavorahle one electron
) 54 u \

-

reduction of oxygen.
Complexes of copper are exceptional in that they under-

go repeatid oxidation reduction cycles‘in a chemically rever-

sible way. The rapid generatién of copper(II) by the facile

oxidation of copper(I) with oxygen is observed in aqueous

and organic media. The stoichiometry, kinetics and effect of

| ligands on this system have been examined.55 Hexaaquoiron(II),

' ¥
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on the other hand is only slowly oxidized56 and hexacy-
anoferrate (II) is haf&ly_oxidized at all. Many factors are

involved in the reoxidation of catalysts by oxygen, spin con-

servation during the electron transfer and stabilization of

the higher oxidation state appear to be the two dominating.53
Copper and iron containing enzymes possess the delicate
balance of properties required to exhibit oxygen promoted re-
generation of the high valent state. It has been sugges ted
that one of the factors involved is a compromise in the geo-

37 The site of copper co-

metries of both oxidation states.
ordination would thus be intermediate between tetragonal and
tetrahedral. 1In the case of iron, octakedral coordination

is preferred by both oxidation states. The question of en-

tasis, however, remains speculative even in the light of a

recent demonstration that a tetrahedral environment about

58 The tetrahed-

the copper ion facilitates the redox cycle.
ral complex [CqII(W1204O)]6' can be reduced to the corres-’
ponding copper (I) species. Aerial oxidation of the dark
red solution of the copper (I) complex can be éggleved. The
redox process results only in small changes in the stereo-
chemistry about the copper and no dissociation of the multi-
dentate ligand occurs.58 D
In the case of substrate oxidation, the question of

precoordination at the metal center ig one that is frequently
difficu%t to answer. Coordination of the substrate manifests

itself in the selectiviky of the reaction. For example, in

e
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the oxidation of phenols, the regioselectivity exhibited by‘
differing catalyst systems suggests that iﬁ some cases at
least the reaction pathway is influenced by coordination.
Oxidative couplin; of 2,6-dimethylphenol may lead alﬁost ex-
clusively to carbon-oxygen or carbon-carbon coupled produ&;s
depending on the nature of the ligands available in a coppér
catalyzed reaction.

Oxidations of xylenol promoted by reagents known to
function via non-bonded electron transfer mech#nisms, invar~-
riably afford a mixture of products. Oxidants with exchange-

7,%9

inert ligands, for example [Irc%slz- and [Fe(CN)]G3“, under-

go an initial bimolecular reaction with the phenol at a rate
that approaches diffusion control. This is cons;stenﬁ with
an extremely rapid outer-sphere mechanism and accordingly
affords £adicals that react with limited selectivity.

Early proposals for the oxidative polymerization mecha-
nism of 2,6-xylenol were of the non-bonded type, i.e., poly-"~
mer buildup was explained entirely by coupling of free radi-
cals.so'61

Price first stressed the role of bonded phenoxy radicals
in directing the mode of coupling during the oxidation of

xylenol.47 On the basis of observations made by Finkbeiner

et al.62

and Hay,63 that increases in the concentration'of '

basic ligands promoted C-0 goupling rather than C-C coupling,
- g’

he proposed that "free" radicals are produced from highly

coordinated catalysts and participate in the quinol-ether

4
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couplingﬂmechanism to produce polymer through C-O coupling.
The catalyst containing fewer coordinated basic ligands may
not so readily release a "free" aryloxy radical. By remain-
ing coordinated to copper(l) at oxygen, it will presumably
undergo C-C coupling to give a diphenoquinone.

More recent discussions of data pertaining to this poly-
merization system tend to favor a mechanism whereby "free"
phenoxy radicals generated in solution couple predominantlf

64,65

tail to tail. This is reasonable in vigw of the esr

evidence indicating high electron density in the para-position

32 Initially the copper catalyst is

64

of phenoxyl radicals.
visualized as coordinating the phenol monomer. The phenoxide

ion directly coordinated to copper then undergoes an electron

(}- transfer from oxygen to copper, to give a phenoxy radical,
which remains coordinated to copper and then presumably un- .
dergoes carbon-oxygen coupling as shown (29,30). Further
supporting evidence for this hypothesis comes from the obser-
vation that an increase in size of the ligand amine used in
the oxidation of 2,6-dimethylpheno; yields more carbon-~carbon

; coupled products as well as decreasing the rate of polymeri-
zation.so Results presented in the present study, pertaining
to the decomposition of halophenolatocopper (II) complexes

tend to agree with a scheme affording polymer through attack

at coordinated phenoxy moieties.
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cn—cu-ou +H _—_ C'—-—<I=u'-'- +H,0 (29)
2 NRy
T
? cu '—cl

@—‘6./ rlms r"a @ "
% 0++Cu—Cl ———3» ‘ _"::_Cl
HQ l | (30)
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D. Present State of the Art in Copper Promoted
Polymerization of Polyhalogenated Phenois

4

Synthesis.of high molecular weight linear poly(halo-
phenylene oxides) has been a long sought after goal. His- «
torically Hunter prepared the first poly(halophenoxide) by
decomposition of the correspondipq silver salts in the pre- |

sence of an oxidizing agent such as iodine and alkyl io-

66

dides. Subsequently these polymers wer$ shown to have a

molecular weight in the range 2000-8000 and had rather low

-~

intrinsic viscosities compared to linear polynet- of similar
67 |

molecular weight.

Patents claiming the preparation of linear poly(2,6-

£ C) :
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dichloro-1,4-phenylene oxide) by peroxide initiated coupling
of 2,6-dichloro-4-bromophenol have been issued. Poor charac-

terization of these polymers lends doubt to claims of linear-
ity.68’69

Polymers obtained from 2,4,6-trihalophenols are general-
ly not exclusively 1,4-coupled. A recent investigation of
the copper (II) promoted oxidative coupling of 2,4,6-tribromo-

70 The poly-

phenol concludes that the polymer is not linear.
mer prepared by Tsuruya has most likely a very low degree of
polymerization considering its low intrinsic viscosity and the
fact that the published nmr spectrum contains a broad peak
attributed to the terminal OH. Examination of the pKenyl re-
gion of the proton spectrum further eliminates the possibil-
ity of linearity since at least three peaks are prominent.

Oxidation of 2,4,6~-trichlorophenol wfth MnO, or AgO or
of its sodium salt in presence of iodine, affords polymers

1

of modest molecular weight in the range 800-8000. ’ Although

no characterization or discussion of the polymer structure
was undertaken by these authors, it was believed to be linear.
The ofiqinal copper based catalytic syst;ms for oxidative
coupling of phenols have 'been to date the most successful.
Polymerization has also been achieved, although with limit-
ed results, with compounds of cobalt, manganese and nickel,l
with alumina and with metal oxides.72'77

The oxidative coupling of phenols with copper (1) chlo-
ride based catalysts is very compliqated. Although the

v
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overall mechanism is still not completely understood, the es-
sential feature of the catalytic process is the copper(I) -
copper (IT) redox cycle. The copper(II) catalytic species
oxidizes the phenolic monomers and oligomers, then is subse-
quently regenerated with oxygen. Detailed mechanisms includ-

ing the role of oxygen\in the copper system have been pro-

47,67
posed. .

%sing the copper (I)-amine-oxygen system, 4-halo sub-
stituted phenols are polymerized in a non-catalytic fashion.
The polymers obtained starting, with 4-bromo-2,6-dimethylphenol
are identical with those prgpared from 2,6-dimethylphenol it=-

67

self. The amount of oxygen absorbed is equivalent to the

amount of copper present at which point the reaction stops.
The copper{l) regenerated by oxidation of the phenols fur-

ther abstracts halide from the quinol ether intermediate af-

fording a copper(Il) halo complex incapabl oxidizing

the phenol.67 Similarly polyhalophenols can be polymerized

in a stoichiometric fashion in presencéwéf an equivalent of :

a copper-pyridine complex. Presumably, it was proposed, this

occurs by the intermediacy of bis(pyridine)bis (halophenoxo)

copper (I1) complexes. Such complexes have been prepared and

thermally decomposed to polymer.67
Most polymers obtained from the decomposition of the .

copper(II) phenolate complexei under a wide range of condi-

tions were of modest molecular weight, the highest attained

|
being 11,000.67 Intrinsic viscosities were also low and
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attributed to branching of the polymers without further in-
vestigation. The belief, adopted rather blindly, that most
polymers obtained from polyhalogenated phenols are branched
has occasioned some disinterest in this type of polyether.
However providing they could be obtained as linear polymers
of high molecular weight, halogenated poly(phenylene oxides)
have the potential for outstanding mechanical, chemical,
electrical and thermal properties in addition to being ex-
tremely fire resistant.78
The mechanism of decomposition of bis(pyridine)bis(2,
4,6-trichlorophenoxo) copper (I1) was investigated in this
laboratory and it has been recognized that the stoichiometry
79

proposed (31) for the reaction is rather simplified. In-

deed the polymers, in addition to being of finite molecular

cl ¢
A «
n/2 Py,Cu-t0 ct Wa Py, CuCly + —0 cl (31)
’ & | 4 Cl n '

weight, were assumed to be branched, not uniquely 1,4-coupled.80

The chemicalﬁequation is only a first approximation of the
actual reactants and productg involved in the thermal decom-
position. This is partiéularly evident when the reaction is
carried out in solvents capable of facile autoxidation. The
occurrence of hydroperoxides in this case is conducive to a
lowering of molecular weight and the appearance of noyel Mg

oxo-hexahalotetracopger(II) complexes.79

i
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Experimental examination of the initial Qtages of the
reaction indicated the presence of an induction period.81
Sémples prepared with careful exélusion of air did not decom-
pose, suggesting that the initiation did not occur spontane-
ously by homolysis of the Cu-O bond as was earlier proposed.67
Rather it became evident that initiation was induced by oxy-
gen and other free radical initiators. The initial step thus
consists of a rapid radical attack on the copper (1I) complex

producing non-radical products,81

as shown in Eguation (32).
The initiating radical may be either oxygen or a radical ini-
tiator fragment. A number of direct and circumstantial facts

agree with such an . initiation process: cyclohexadienones are

a Cl 0
® ¢ g
c;.'%,@.c, + R'——-——-—-—} m'—o@ou :\Q( (32)
| Cl 2 & Cl R

common products of phenol chemistry in the presence of free
radicals;82 free radical initiators greatly reduce the in-
duction period;81 no phenoxy radicals are evident in the so-
lution until complete disapPearance of the copper(I1I) com-
plex as shown by elr.gl

One important piece of experimental evidence which seem-
ingly contradicts reaction (32) as the main propagation and
initiation reactidn is the failure to observé any variation

of branching with conversion. If all radicals aﬁe rapidly

trapped by copper(Il) phenoxide, as suggested, there should

-
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be very little branching in the early stages of the reaction.
Branching due to coupling of polymeric radicals as shown in

(33), should only occur in the late stages of reaction as the

0 0

(33)

concentration of radicals begins to build up due to homoly-
sis of quinol ethers and the depletion of copper(II) phen-
oxidet In fact no significané variation in branching as in-
dicated by the pmr spectra of the polymers was detected over
the whole range of molecular weights studied. ‘
The low intrinsic viscosities of polymers obtained by
dehalogenation of trihal?phepoxides have long been associated
with highly branched materials. In addition the lH nmr spec-
tra of thgse polymers present a complex pattern of broad un-
fesolved éeaksao presumably resulting from restricted seg-
mental motions in the branch uniLs. One of the goals of the
work presented here is a reevaluation of the actual polymer-
ization melhanism. As it stands presently, the scheme pre-
sents the paradox of a reactzon vfferipg possible selectiv=-

ity but leading to a product apparently devoid of regularity.

Another remarkable feature of the polymeriiation system

"using bidf ihalophenoxo)cupper(II) complexes is the effect

-

‘of ca:bon trahalide additi&es. Traces of -carbon tetrachlo-

ride or of [carbon tctrahromide greatly reduce the induction

“ -
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X

éeriod without affecting the polymer molecular weight.81
Halide from these promoters is however found associated with
the final copper product. The mode of action has been dis-
cussed in detail and the fact that the copper product picks
up halide from Cx4 clearly indicates that the interaction
occurs‘brimarily at the metal and does not interfere with
the propagation.

The autoacceleration observed in the reaction must re-
flect an accelerating production of radicals, thus precipi-
tating the disappearance of the copper (II)phenoxide starting
complex via reaction (32). In absence of carbon tetrahalides,
two reactions are conducive to an increase in the f;ee radi-
cal concentration. Firstly it is known that quinol ethers
as well as a number of other pyclohexadienone derivatives
are thermally unstable towards dissociation to radicals (34,)
82

35).

Secondly, radical regeneration can occur by halogen

(34)

(35)

o
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the copper(I1) species|present (36,37). Reactions (34, 35)

o . ' 0
c ¢l ¢ ct
+  Cu(l) ~—— +Cu(InCt

R Cl

o .
CUC'
a
—————
¢l o.?-cucm) W:&—@Cl + Cu(Ci
: cl 2 .

obviously provide an excellent radical chain branching pro-
cess, doubling the available radicals for initiation and
propagation.

In the presence of carbontetrahalides, there is com-
petition between the cyclohexadienones and the additive to
transfer halide to copper(I).81 Using CBr4 the amount of
product Py2Cu3r2 present following work up indicated a
preference of bopper(I) for the intermediate cyclohexadie-
nongs and not for the promoter. Howaver the CBr3 radicals

that are produced seem to be ve;y efficient in competing

"with copper(I) for halide abstraCtion from the 4-chlorocyclo-

hexadienones. This. conclusion stems from the fact that a
substantial amount of CICBr, is found in the product mix-
ture and that there is no effact of the additive on thgh

molecular weight of the polymer. Only traces of HCBr, and
|
no C,Br, were.detected further indicating that chlﬂrine/

|

/
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(36)

(37)
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( abstraction is the ultimate fate of most of the,CBr3 radi- ’
J cals. It is thus at this stage that the effect of added
carbon tetrahalides seems to be felt in rapidly producing
large concentrations of phenoxy radicals capable of inter-
, action with(the starting complex. It could be argued that
the trihalomethane radical itself could undergo phenoxo li-

gand transfer to produce the corresponding cyclohexadienone: *

Bk it s

Scheme II. If such were the case the trihalomethyl cyclo-

hexadienone would undergo reaction following path A or B.

Cl

: cl 0
» : cl cl
% "ot K "o cH 4 -

| Cu cletxy — > cu +

A B

0

o '
\ cl
| ¢ ¢ ol -
. cicy' 4o @ cl+ tCxy
{ ) '
|
\ e - oxy

L]
i cX
| - SCHEME II

'Proceeding aloné path A would entail a diminution'in poly-
80

mer molecular weight which is not observed. Should the

trihalomethyl cyclohexadienone follow path B and generate

two radicals this would correspond to a catalyzed produc-

tion of 2,4,6-trichloropheh07y radicals.
A considerable part of the present ii;b’i‘ﬁQFVOted to
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the interaction of copper(I) phenoxides and carbon tetraha-
lides. These studies were aimed at exploring the plausibil-
ity of the reactions represented in Scheme II in addition to

mapping ocut the pathways followed by the free radicals pro-

‘duced. In order to eliminate a number of variables intro-

duced by the presence of oxygen, and to clearly delineate
the effect of carbon tetrahalides in these free radical pro-

cesses, all systems were studied under anaerobic conditions.

E. Ligand Transfer as a Redox Process

The free radical initiation step discussed in the pré-
vious section is an example of electron transfer through an
extended bridge and results in the transfer of a phenoxo 1li-
gand to the attacking radical (38).83 Such a’redox reaction

is classified as bonded. Electron transfer can also occur

o Qo = e O e o
\gy~— © X 0P

H

by a non-bouded step and generate an onjium ion (39). Classi-

T

fying free raﬂical redox Feactions as bonded and non-bonded

ét"-@—@+ c-'—o@ +R* —= ¢/ +o@(: (39)

stam:?fzog the mechanistic conclusions concerning inorganic

redox reactions. Electron transfer involving metal complexes

v
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can take place via one of two transition states one termed
outer-sphere, the other inner-sphere.84

]
The outer-sphere mechanism proceeds via an intermediaée

preserving intact the coordination shells of the two reag- ]

ents. This essential criterion is represented by the fol-

lowing classical example (40):85

3-

- - 3 ‘
F.(CN): + Ir(:l2 —> FelcN), ¢4 IeClg l (40)

This bimolecular reaction occurs with a second order rate
constant of 1.2x10° M~! sec™} at 25° despite the substitu-
tion inertness of both reactants. Although no ligand-to-
meta; bond is broken in this process, some distortion of the
inner shells must occur. The metal-ligand distances are cer-
tain to be affected by the valency change even though no bond
is assumed to be formed between the reactants.

Inner-sphere electron transfer proceeds via a bridged
activated complex in which contact between the oxidant and -
the reductant is maintained by a(ligand.bonded to both. A
typical example of such a process is the oxidation of hexa-

@

aquochromiuﬁ(II) by chloropentaamminecobalt (III) (41):86,

CriHa0l5" + (N} Cl > ﬁmsyat:o-ct—cr(uzml]

(41)
—> crmoaty et 4 sum, o

“The rate constant for electron and ligand t}ansfer is G.Oxlo5

ML sec™l. The cobalt (III) and chromium(III) species are

b
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both slow to exchange their ligands making it possible to

isolate the chlorochromium(III) complex. Use of isotopic

36Cl enabled the demonstration that atom transfer had taken

place. Actually ligand transfer is not necessarily required
for an inner sphere process to occur, it merely allows for
a more straightforward proof of the mechanism.. In some cases

v

the bridged complex is a true intermediate andimay be detect-
ed in the medium by physical means.87 !

Radicals can participate in a similar manner in reac-
tions with complex metal ions. Kochi has designated these

as electron transfer (42) oxidations and ligand transfer (43)

oxidations.88

R+ cdt — 5 j* + ot (42)
[ + + .

R ¢+ CuCl ——> RC! + Cu (43)

1
The first of these corresponds to outer-sphere or non-bonded

oxidation and the latter to inner-sphere or bonded oxidation

\

’

Electron t;ansfer in this particular case essentially
involves the oxidation of| a radiéal to an -onium ion which
gndérqpes subsequent reactions to stable products. The ease
of oxidation will depend on the oxidation potential of both
the radical and the oxidant. The ability of the substituents
on the radical to stabilize the positive charg; will deter-
mine its oxidation potential.

Electron transfer oxidations of radicals have been
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generally effected by Cu(II), Pb(IV), Co(III), Mn(III),

Ce(IV) and T1(III) coordinated to ligands via oxygen es-

pecially aquo and carboxylato domplexes.89

The principal
products of the formation of carbonium ions from alkyl rad-

icals are alkanes and alkyl derivatives. Fdr example (44):

PhCH,CH, + Cu'(0Ac), —3>PhCH==CH, + PhCH,CH, OAc + H*

' (44)
+ Cu OAc

Both types of products have been well established as charac-,
teristic of carbonium ion intermedia%gs generated by alter-
/

¢
nate routes.

Ligand transfer and the related electron transfer
through an extended bridge are more pertinent to the work
on coppef phenoxides discussed herein. A greater part of

the work to establish the ligand transfer mechanism hdikfeen

carried out on alkyl radicals which can be oxidixed usi g

Cu(II) and Pb(IV) complexes. The ligands ttansferred are

halides C1™ and Br~ as well as pseudohalides, cyanide, thio-
90

+

cyanate and azide. Under these circumsthces the oxida-
tion of the 5-hexenyl radicQI can afford two products’k45,
46). The chief distinction between’electrq?-transfer and
,gigand-transfer is tﬂat the latter but notvthe forﬁgr is re-
latively unaffected by electrdnic effects in the radical.
‘Organic bridging groups constitute an extension of the
inner sp@ere redoi reactions relying on coordination to a

halide or pseudbhalida bridge. Thus electron transfer can

A,

e o oo
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n
Cu X
X (45)

o o

occur through suitable unsaturated ligands providing they
possess a second donor group to allow coordination of the
reductant. As an example the reduction of carboxylatopen-

taamm}necobalt(III) complexesvby chromium(I1) can be cited

(47) .0t

v ‘ ' \
[co(una)s-o-ﬁ-n] 2y et — ooy 4 [cr(nzo)gwﬁ—ﬂ] o
i ‘

|
'The group R is yaried to include a range of saturated and

unsaturated systems and substituents capable of coordinat-
ing Cr2+. The results for acetato, butyrato and acid suc-
cinatodsll suggest a similar mechanism in which the chromous
ion, coordinates to the carbonyl group near the cobalt. The
rate of methyl succinate is also similar. The guccinate

ion accelerates the rate somewhat. Striking rate increases

et

are observed for oxalate, ;ﬁmarate and maleate. .Thev are

attributed to eaAsy coordination of the chromium(II) to the

)

freae carboxylate groups of these agids. The unaituraﬁed

|
nature of the ligands can then allow easy electron transfer to
. A}
I td
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the cobalt such as in the fumarato intermediate (1).

-

- crlM,0, 74+
[(""3)5“ o/}c-cn.-‘_-w-c(o_- e 5]

o/ OH
(1
The entire process whereby the electron flows through the
) 92

-

conjugated system is called resonance transfer.
' A special case of electron transfer through an extend-
ed bridge is represented by the remote attack of a radical
on a coordinated ligand as depicted in (48): The postulat-

ed initiation and propagation steps for the decomposition

"

of LZCu(OAr)2 complexes both bear a formal resemblance to

the reaction illustrated in (48).81 Very few examples of
systems effecting oxidation of a fadical through a conjugat-
ed ligand have been discovered although a number of coordi-
nated radical interﬁediates have been propoaed.93 For ex-
ample the reduction of isonicotinamide pentaammine cobalt(III)

by chromium(II) proceeds as follows (49):

["‘"b’n 3:’ Gf“--—é [HO“{;MI *? (49)

+ ctts BNH,

- >
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The site of attachment of the chromium(III) in the product.
establishes that the reductant attacks a remote position on
the ligand. The available evidence indicates that this re-
actioq’proceeds by a radical -ion intermediate. The electron
transfer is initially to a low-lying unoccupied ¥ orbital

of the bridging ligand rather tpan to the cobalt-center.

The fact that radicals such as (2) and (3) are rgadily formed

H Y =
Moo in Wi )= cn—on(_ Jow
Hd/ '

(2) (3)

by reduction of the respective pyridinium ions has been cit-

>

ed as évidence for the preliminary generation of a radical

center on the ligand. These in turn reduce external cobalt(III)

centersfg4

There are numerous instances in which added species have
been found to accelerate electron transfer between two éen-
ters. A series of pyridine carboxylic acid derivative have
been shown to undergo re&&ction by Eu(II) in a reversible

95

manner to a pyridine derived radical. The latter react

with cobalt (III). by an inner-sphere process to regenerate
the catalyst in its oxidixed form. Recently an induced elec-
tron transfer by remote attack of a hydroxyl radical at co-

96

ordinated pyridine has been reported. The intermediate,

observable lpectrophotametriéally, is pPstulated to contain

a radical ligand coordinated to cobalt{III) through the

iy

\
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addition of the OH radical to the aromatic system.

("HS)SCJL":O> + O —> (Nl-l3lsc°ll'"@on (50)

The transient absorption decayed via first order kinetics to
yield a stable product showing a rising absorption.

The work on reactioris of copper (I) phenoxides with car-
bon tetrahalides described in the next chapter of thisg thesis
was undertaken with the hope of obtaining more convincing
evidence for the postulated radical abst;action of phenoxy
ligands to yield cyclohexadienone derivatives such ag depict-

ed in (48).
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. CHAPTER 11

1. SYNTHESIS AND GENERAL PROPERTIES OF )
COPPER (1) PHENOXIDES :

e B e 1 L .
By 3 T

A. Introduction

FIp Yo

In a study of the effect of typical radical transfer

agents on the thermal decomposition of bis (pyridine)bis-

ol gt e

(trichlorophenoxo) copper (II) complexes it was found that CX4
additives reduced the induction period to a marked extent.sl i ‘
Evidence seemed to point to the intervention Qf trichloro- 4
methyl radicals when CCLI.4 was used. This was ‘thoroughly dis=-
cussed in the previous chapter. It was clear from experi-

mental evidence that somé of the CC13 radicals participated 1

in free radical chain propagation (1).

-

’ Y

; . Q ? ¥
t Cl Cl ° Ci ¢l .

) ' 'Cl - \

: " \\

Whether the trihalomethyl radicals participate in actual ini-

tiation still remains uncertain. The postulated rapid attack

of CC;I.3 radicals at coordinated phenoxide (2) with ligand

transfer to form a -trichlor&methyl cyclohexadienone 1 seemed

reasonable followed by the dil‘soci'ativ'e equilibrium (3). The
. latter lt;'p provides a ‘t':,h“ain branching mechanism and would

| | :
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Cl - b

L 4
Cu'!-O Ci + (:CI3 —ep cu' + (2)
Ci c ccCi

oo
c cl c Cl .
_— . -+ o, (3)

(0

explain the drastic reduction of the induction period-

The cyclohexadienone (1) belongs to a class of known com~
pounds isolable when alkyl substituents are.present in the
ring in addition tc the 4-trichloromethyl group.97 Zincke
and Suhl showed that the reaction of p-cresol with CCl 4 and

AlCl,; gave 4-methyl-4-trichloromethyl~2,5-cyclohexadiene-1-

4
one (2) in good yield.97 The generality of the reaction has
0
+ ch —_>
¢ 3 _
(2).

38 and it was found that only CCl 4 °F CBr, could

be used. The yields generally were low except when heavily
- \\

alkylated phanolf Hﬁ: used. Halogenated phenols gave only

pocr results and polyhaloganated phenols, such as 2,6-3,5-

D e and ) Ay .
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dibromodichloro-p-cresol or tetrabromo-p-cresol, afforded

the corresponding garbonate. In the ﬁresent study the re-
action of 2,4,6-trichlorophenol with cCl, and AlCl3 similarly
led to the isolation of the corresponding bis(2,4,6-trichlo-
rophenyl) carbonate in good yiéld.

Other syntheses of 4-trichloromethyl cyclohexadienones
rely on photochemical methods. Photolysis of 3,5~di-t-butyl-
benzene-1,4-diazooxide (3) in tarbon tetrachloride gave the cy-
clohexadiéﬁone (4), the product of carbon-chlorine insertion,

in 91% yield (5).%7.

e»o ) o
CcCl
____JL_,;D : ‘
. hy ‘ (5)
) Ci
“2 . . ) CCI3
(4)

(3 J

The 4-trichloromethyl cyclohexadienone (4) would seem to be
quite stable since it had the proper elemental composition
in addition to showing spectral properties in accord with

99

the proposed structure. Similar photochemical reactions

carried out on phenols in the presence of chlorof&rm or car-

. bon tetrachloride allowed the isolatipn.of modest -amounts of

Erichloranathyl cyclohexndienones.lﬂo All of these stable

' cyclohexadienone spacies are usually alkylated on the ring;

when halogens are substituted on the ring the stability of .
the latter compounds may be markedly reduced. Therefore

™~
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s
i - o

(_ cyclohexadienone (1) may be expected to be a transient spe-

cies and thus able to participate in the equilibrium illus-

- —

trated in equation (3), if it is formed.

101 demonstrated that copper and iron

Assher and Vofsi
halides in the presence of CC14 attain a pseudo equilibrium
involving CCl3 radicals (6). The latter reaction forms the

basis of the widely used catalyzed addition of Ctl'l4 to ole-

- T T T s o s

fins (7,8).

.

—_— ¢
| CucCt + CCI‘ Cu Clz + (:t:la (6)
} . Y
ccn3 + cuz—-cuz-—-—> mac-cﬂz—cnz (7)
0 ClyC—CHz—CH, + CuCly=——3>ClyC—CHsCHgCl + CuCl (8)

@,

If the analogue .of reaction (6) could be carried out using
copper (1) phenoxides i:: wouid provide an appropriate start-
ing point for examinipng the fate of the cc13 radicals pro~
duced during the thermal decomposition of copper(II) phen-
oxides in the presence of carbon tetrachloride. One of tl?e
main goals of the preiént study was to investigate the pos-
sibility that cuprous phenoxides may react in a manner ana-
logous to (6) and to study the products of reactioi\‘ of CCl3
radic%ls with phchoxocopﬁef(ll) specias. 1In addition to

providing a simple route to the synthuiﬁ of cyclohexadie-
- nones such rnact:l.?nl could alsc provide ‘insight into the N

mechanism of some Of the steps in the dcconpoh?g:ion of

mper it e W e ot b moe m emiem e e e
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&
phenoxocopper (1I) complexes in the presence of CC14.

Since the pseudo equilibrium (6) is known to be estab-
lishedlol J’_.t seemed reasonable to attempt to synthesize the
interrgediate trichloromethyl ¢yclohexadienone (1) according
to reactions (9,10).

a
C -
] s 10 ¢
Cu-0 cl +CCI‘ ——— Cu } + ccl3 (9)
\gy €
c \ : .
\ : o .
../o . . cl
Cu + (’:CI3 —— CUClL + (10)
\CI Ci- cci

3

The realization of equations (9) and (10) would provide sup-

| .
port for the plausibility of equation’ (2) and, depending on
the fate of (1), demonstrate the mode of action of carbon

tetrahalide additives.

B. Previous Reports of Copper (I) Alkoxides
and Phenoxides

Intermediate copper (I) alkoxides and phenoxides have

previously been thought to be involved in a variety of cop-

102-104

. per catalyzed reactions. These reactions are vari-

ants of the Ullmann synthesis of biaryls (11) .\‘
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2ArX ' ~—3> Ar-—Ar (11)
Cu catalyst

The name reaction also applies to the copper catalyzed con-
densation of aryl halides with phenoxide salts or aromatic

amines to produce diaryl ethers or amines (12).

ArX + MOar' > Ar—O0Ar' + MX (12),

Cu cotalyst

Copper, copper(l) oxide and copper(II) oxide ‘catalyze reac-
tion (12) as has been shown in a gemeral evaluation of the
moat:hc:d.]'04 Recently it has been shown that the actual active
species is a copper (I) phenoxide.]‘o5 i ’
Phenoxide and alkoxide derivatives of copper (I) have

106,107

been prepared on various occasions but owing to their

instability they were poorly characterized. Cuprous methoxide
prepared by rea;:ting methanol with methyl copper(I) decomposed
at room i:emperature to formaldehyde, methanol and elemental
cczappex‘.lo6 The presepcé of a hydrogen atoms was suggested
to be the cause of the instability. Cuprous t-butoxide on
the other handg, prepar;d to lff.cct copper metallations could
be sublimed at 170° under reduced pmssm:e.]'07

A series of copper(I) phenoxides were prepared in a study
of the reactivity of aryloxy copper(l) complexes with organic
lnlidu.los Under t\he conditior}: emplo'yedf concienutibn with

bromo-benzene generally afforded modest amounts of the )
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. corresponding aryl ethers.

Whitesides obtained copper(l) alkoxides and phenoxides

by heterogeneous reaction between dry, oxygen-free alcohols

and halide-free methyl copper (I) at oc 108
E1,0

CuCH,(s) + ROH —F—> ROCu 4+ CH (13)"
o 4 -

Most complexes with few exceptions were soluble in'hydrocar—
bon solvents and could be precipiated from ether at -78° as
light yellow solids. Characterization of the compounds rest-—
ed solely on determination of the ratio of alkoxy to copper
following hydrolysis. ‘Reactions between alkyl halides and

copper (1) alkoxi@gs gave moderate yields of dialkyl ethers

The reaction with aryl halides afforded alkyl aryl ethers or

diaryl ethers in good vields.

Cuprous alkoxides have been suggested as holding groups

in mixed cuprate complexes R1R2 CulLi (Rl = OR, R, = alkyl).lo9

)

The substituted alkoxy group increases the stability of the

.organo cuprate and allows selective transfer of the alkyl

substituent leading to an improved yield at a lesser cost of .
Fhe alkyl transfer reagent.

"The thermal deéomgosition ofzbis(Pwridine)bis(trichloro—
phenoxo) copper {1I) is believed to pfoceed via the intermedi~

81

acy of trichlArophenoxocopper(I) complexes. Although the

not“direcgly obsgrved, the latter species represent a neces-

sary postulate in an otherwise




impossible redox reaction. A better understanding of the
production and the ultimate fate of these transient copper (I)
phenoxide specieg could be obtained through the preparation
and stpdy of the reactivity of a number of cgpper(I) phen-

oxides under controlled conditions.

C. Effect of Ligands and Solvents on the Stability
of Copper (I) Phenoxides

Ligands have a profound effect on the stability of cop-
-per (I) complexes.110 Soft ligands such as phosphines, ar-
sines and sulfides stabilize copper (I) ré}ative to copper (1I)
The copper (I) complexes are generally colorless and are sta-

ble to air, moisture and heat.lll

Most phosphine complexes
in the phenoxide series can be derived from P3CuC1*where thé
chloride ion is displaced by phenoxide with loss of one phos-
‘phine ligand. Thus sodium phenoxide and the corresponding

thiophenoxide yield P,CuMC H_ (M = 0,5). Sodium methpxide

" and ethoxide on the other hand yield copper metal and free

+*

phoééhine indicating that the cuprous alkoxidgs are more dif-
ficult to stabili}e. Reactivity of these phosphine copper (I)
phenoxide complexés is drastically reduced by the soft lig-

ands having an optimum combination of ¢ donor and = ;Eceptor
properties. Thus in oxidative)reactions the phosphine rather

\%han the copper is frequently oxidized.

-

Nitrile solvents are particularly attractive for carry-

iwg out reactions of copper(I) comp{?xes.llz Whilst the

N ,

* p=triphenyl phosphine
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cyanide solvent stabilizes the copper(I) state, it does not,
like the phosphine, reduce the reactivity to a large extent.
Acetonitrile for instance has been used to stabilize the low-
er oxidation state of copper in aqueous media with regard to

disproportionation113

4

and the complex [(CH3CN)4Cu]cl can be

isolated.ll Acetonitrile can in some cases induce the spon-

taneous reduction of copper (II) compounds to their copper (I)

103

analogue, This has been found in the present study to

be true also for certain copper(II) phenoxide complexes. The
dddition of chelating ligands, favoring the copper (II) state,
to copper (I) phenoxide solutions in acetonitrile does not

lead to disproportionation to copper(Ii) phenoxide and ele- o
mental copper. This is an additional indication of the marked

10

preference of the soft d” copper(I) center for polarizable

environments.

.D.  Reactions with Carbon Tetrahalides:,

Synthesls of Aryl Ortho Lsters

Reactions”of copper(I)!phenbxides with X, derivatives
appear to have never been examined to date. The reactions

reported herein thus represent a novel route to aryl ortho

esters.1l® A&kyl halides Aowever have been found to readt

i

with copper (I} phenoxides and alkoxides to afford the cor-

responding aryl or alkyl ethers.m8

Aliphatic ortho esters have been widely studied; 116

.
J
o

.
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Peir aryl counterparts however, remain curiosities. Tetra-

phenyl orthocarbonate first prepared in 1864117 appears to
be the only reported example of this class of compounds.
Spiro orthocarbonates derived from catechols or glycols have

been prepared,lls’118

but none of the methods involved made
use of simple substitution on carbon tetrahalides.

Polyorthocarbonates were reported to be obtained in high
yield by condensation of dichlorodiphenoxymethane with a se-
ries of dihydroxy compounds in thg&presence of an amine.58
The intrinsic viscosities of these polymers were quite high
in most cases, indicative of high molecular weights. Their
infrared spectra exhibited a strong broad band at i080 cm-I,
which was attributed to the orthocarbonate structure.

Ferric chloride has been shown to catalyze chlorine ;ub-
stitution on CCl4 by trghydroperfluoro alcohols (RfCHzoﬂ) to
produce the corresponding orthocarbonates: (RfCHZO)AC under

120 Fluoroalcohol added to a water-

anhydrous conditions.
ferric chloride-carbon-tetrachloride miiture produced the
alﬁohol carbonate: (RéCHZO)ZCO but no ort?oférmate: (RfCHé-
0)3CH. These results are paralleled by observati9ns made in
the present work (Chapter II:A) concerning the reaction of
2,4,6-trichlorophenol with CCl, in prélenca of a different

Lewis acid, AlC13.
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2. RESULTS

a. Introduction

i. Preparation of Copper(I) Phenoiides

Synthesis of the phenoxides was generally accompiished
by metathetical reaction between the sodium phenoxides and

CuCl in acetonitrile solution at room temperature (14). In

NeOQAr(s) + CuCl ——————> CuOAr + Na Ci(s) '(14)

CHCN/ N,

every case tﬁe'reactigﬁ led to a nearly colorless or straw-
colored solution and sodium chlgride was quantitatively re-
covered indicating that the above stoichiometry . was observed.
The sodium phenoxides were all prepared via reaction of so- .
dium ethoxide with the appropriate phenol in absolute etha-
nol. Subsequent removal of the so vent by distillqtlon fol-
lowed by drying under high vacuum with applied heat afford-

ed the white salts free of residual phenol.

1
- o

., ii. Oxidative Stabiliey

'
v . ) ;
’

The cuproqg phenOxides like their sodium analogues are
all easily oxidized by air and susceptible to hydrolysis. ,
The - extent to. uhiph thoy are affected is of course dependent
on“ﬁhe phenoxy moiety, the less basic halogenated phenoxides

& e ORI AP g e D"
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(. presenting greater resistance to hydrolysis or oxidation.

L T .

Pentachlorophenoxy and trichlorophenoxy complexes were no-
ticeably more stable towards oxygen than alkylphenoxy com-

plexes.

iii. Thermal Stability )

Mo A TR N et

Under inert atmosphere, solutions of copper (I} trichlo-
rophenoxide prepared as outlined above, can be refluxed for
extended periods in acetonitrile without any sign of decom-
position. Copper(I) alkylphénoxide complexes appear to be

lo8

of comparable stability. Whitesides reported copper (I)

3 2,6-dimethylphenoxide to be stable befow 200°. It is safe

(:} to assume that under the condxtions employed herein, such
& decompositlons do not present an important completing pro-
cess.

iv. Phosphine Copper(I) Complexes C/,f/ 4

o

‘) [
K ]

g Due to difficulties in handling of the copper (I) phen-

\ oxides in acetonitrile solution, p&oﬂpbiue derivatives of

the copper(I) complex were briefly examined. There was rea-

110 that the phosphine coppef?I) phenoxides

son to believe
Jwéuld be easier to handle due to their greater resistance
to hydrolysis and oxidation. Unfortunately their reactivity

was much reduced.

[ '
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Coordination of triphenylphosphine to copper(I) trichlo-
rophenoxide rendered it considerably less reactive towards
CCl4 at room tempefature. Bis (triphenylphosphine) trichloro-
phenoxocapper (I) (5) was obtained by chloride exchange on
P3Cuc1 (P: triphenylphosphine) with sodium trichlorophen-

oxide following the method of Reichle,ll0

or by direct reac-
tion of triphenylphosphine, CuCl and sodium trichlorophenoxide
in refluxing acetonitrile. The stoichiometry of the compound

was established to be similar to those obtained by Reichlello

by its pmr spectrum ((CDCl;s § 7.40 (S,2H), 7.78 (m, 30H))

1). This compound

(IR, KBr disc: 1470, 1325, 1250, 860 cm
présents the advantage of being relatively stable to air and
moisture. The complex (5) slowly decomposed on standing in
chloroform solution. Refluxing in benzene containing CBr4
andllo ejuivalents of sodium trichlorophenoxide afforded
polymer in 71% yield of theoretical.

- Although the chemistry of these triphenyl pho&phine
comple*es generally resembled their uncoordinated con-

geners,\they were not studied any further ‘due to their low

k]

reactivﬂty.

\
.

“B.  Reactions of COsggrgxz Phenoxides with Carbon
Tetrahallides: Synthesis of Phenyl Ortho Esters
- | !

t
{ /

Reactions wers carried out by addition of an excess of
degassed CC14 to a freshly prepared solution of the copper (I)
phenoxide in acetonitrile. Stirring at room temperature was

\ /
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continued until fading of the dark color had occurred. Fil-

tration of the acetonitrile to remove the NaCl produced dur-
ing the preparation of the copper(I) phenoxide followed by

evaporation of the solvent under reduced pressure afforded

‘an off-white solid mass. Extraction of the latter with Ccl4

A

left behind CuCl, recoverable quantitatively. Evaporation
of the Ccl4 extract and treatment of the product with etha-
nol afforded crystalline ortho esters. A list of products
prepared in this manner is given in Table II.l, (page 64) with
a summary of their cha;acteristic properties,

The fact that CuCl was isolated quantitatively from the
reaction mixture suggested that the process could be made
catalytic. This was verified by using a ten-fold excess of
the sodiuﬁ phenoxide to CuCl in presence of the required
amount of CC14. Quantitative yields of ortho ksters were
s8till isolated albeit aé\the expense of a slow&r reaction.

Physical methods allowed the 1dent1f1catldn of the iso-
lated ortho esters. lH nmr spectra (Table II.l, page 64),
were all in agreement with the proposed structure;. Infrared
spectra of the compounds aispersed in KBr present essentially
the same features as those of the starting phenols. The dis-
tinguishing characteristics are the complete absence of an
O-H stretch in ths 3600-3200 cm™ * region and the éppearance
-1

of a new broad intense band at ca. 1050 cm ! in the case of

orthoformates and at ca. 1100 c.':m"l for orthocarbonatgi. These“

charactc#istic bands are presumably associated with@ the -C0,

. ol

\




TABLE II.1
PROPERTIES OF ISOLATED ORTHO ESTERS

m/e (abundance)

O pmr mp
¢ : 291(4) 228(1) 214(62)  7.75 (m) 95 (1it. 96-98e)115
170(28) 154 (1) 77(100)
) 333(100) 256(2) 242(3) 7?%2 (m 16H) 84-85

~198(6) 182(16) 91(70) 2.55 (s 12H)

. - 333(100) 256(1)  242(2) 7.20 (s 16H) 101
40 CH, 198(4)  182(5) 91(23) 2.35 (s 12H)

- , 333(1) 242(3) 227(76) 7.10 (s 12H) 104
CHy| - 198(4) 107(100) 91(73) 6.50 (s 1H)
‘ 2.40 (s 9H)

¥9

[e—
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.
m/e {(abundance) ;mr mp ’
; ' 393(28) 282(2) 238(3) 7.98 (4 8H) 129-130
c cy 222(3) 111(100) 7.80 (d 8H)
- : " 393(100) 282(4) 266 (4) 7.75 (m) 177 =
o 247(3)  222(2)  111(44)
<
439(9)  404(100) 196(36) 7.60 (s 6H) 165-167
179(27) 7.20 (s 1H) ~
y A )
 228(100) 120(34) 92(68) 115
o . 64(60) 7.20 (s) 109 (lit. 109°)
* o o °
° el 0 555(1)  s39(1)  291(1)
H 263(1)  247(2) 78 (100) 7.30 (s) 224-226
. - 7 [+,
a o '3 : ry
- .A v
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(;’ - and Co4 structures in these compounds. Mass spectra of or-

[P SV SO

tho esters are characterized by the complete absence of a
parent peak. The base peak however is frequently due to the
trisubstituted ion [C(OAr),]*. This is the case with the
cresyl derivatives. Some orthoformates and orthocarbonates
give ma;s spectra where the base peak is thaﬁ corresponding

.

N . to the phenol mojiety [OAr]*t.

The behavior of copper (I) phepoxide compounds prepared

P

‘and reacted in sifufell into two categories dependent on the

ease of oxidation of the phehol, i.e. alkylphenoxides &Ad
polyhaiophenoxides. In the case of pﬁ;nols having a low oxi-
dation potential the reaction was very rapid affording a

short-lived transient blue species rapidly going to dark

(:) . brown. At this stage the dark color faded more or less ra-

;idly, depending on the ease of oxidation of the phenol, to ¢
a nearly c¢olorless solution. Orthocarbon;ées could be iso-'

lated from these solutions in high yields when phenoxides |

havikg unhindered ortho positionsawere used. Substitution

) . in the ortho posifion may prevent the reaction from attain-

: S / _ dng the tetraaryl orthocarbonate ;tage. In these cases. tri-

. ’ lub:titution of carbon tetrahalides was often found to ‘occur

< t‘ : ' ana the nain product\pUl then a1triarylortho£ormate (AxO) 3CH
‘(lelo II.1) . ror inntlnce 2,4,6~trichlorophenol undaq ap-

g ptopriato qonditiona ‘consistently gave the orthoformate. No

evidance for the pro.cncc of traces o£ the corrclponding or=-

thecn:hniith was found
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i

The isolation of triarylorthoformate esters is not only

. &

related to steric hindrance around the carbon being substi-

tuted, but can also be traced to the presence of protic com-

3 e e, L

pounds during the reaction. When the reaction of 4-methyl-

phenoxocopper (I) with CCl4 was firsit carried out, reagent

IS LT

grade acetonitrile (containing 0.3% water) was used without

purification. The product of such reactions consistently

LT ¥ )

contained substantial amounts' of 4-methylphenylorthoformate
in addition to the corresponding orthocarbonate. |
Further studies indicated that Ehe deliberate introduc-
tion of protic substances to the readpant mixture also led {
to increased amounts of the orthoformqte products. It be-
came evident that these additives either produced reductants
as is the case when water is present, or acgtg as reductants

themselves.

Copper(I)'phenoxides of polyhalogenated phenols such aé\
2,4,6-trichlorophenol or pentachlorophenol underwent the same
initial séquences of éolor éhanges when reacted with ‘carbon
tetrahalides as did the low oxidat*on potential phenoxides. ;
However the dark'redﬁbrown solutions obtained did not fade

~ in  the usual manner. Seemingly the reaction stops at this
point and is not pushed any further by addition of excess
cc14. This sélutipn‘is moderately stable in air and, péb-
viding the proper conditions are present, is capable of pro-
ducing either ortho ester compounds or polymer. These re- \

L3

)ctinns are d1l0ﬁ;l.d in more detail in Section 5 of this

.
.
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chapter and in Chapter III.

Copper (I) ethoxide prepared in acetonitrile Yas quite
stable in solution. Hdwever, reaction with Ccl4 wds highly
exothermic. This may have been detrimental to the survival
of the complex since the organic fraction obtained following
workup was a complex mixture of carbonylland ortho ester con-
taining ﬁroducts. This is to be expected in view of the ther-
mal sensitivity of copper(I) alkoxides carrying hydrogen
atoms.108 Two pathways are followed during the thermal de-~
composition of copper (I) alkoxides, The dominant pathway
séems to be the generation of alkoxy radicals by Cu-0 bond

fission, the other being hydride elimination to form an in- .

termediate copper(I) hydride and the corresponding aldehyde.

c. Reactions of Copper(I) 2,4,6-tfi-t-butylphenoxide and
Related Systems

An outstanding property of the tri-t-butylphenoxide

\1igand is'itsuability through one electron oxidation to form
stablé radical. Providing oxygen and good hydrogen donors
are excluded, this radical is indefinitely stable in solution

and in the solid state. Dimerization is precluded by the

presence of bulky t-butyl substituents in the ortho and para
positions. However in the presence of anoﬁhe£ radical rapid
coupling can occur betweeh the two species. This feature lends
itself to the execution of a Aﬁmber of interesting reactions.
Iggecd, the free radical distribution at the intermediaLe stages

A

LTt
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\
of a reaction will be reflected in the product distribution
;esulting from the coupling of the radicals present with the
tri-t-butylphenoxyl radical, if it can be produced in situ.

Ortho esters are not expected from the reaction of copper(I)
tri-t-butylphenoxide with CC14. The néﬁmre of the'phenol would
not allow the formation of such sterica11y~crowded'compounds.
However the reaction was investigated since it would most,
likely lead to the formation of the stalrle tri-t-butylphenokyl
radical and possibly trap a transient CCl3 radical.

) Copper (I) tri-t-butylphenoxide in acetonitrile und;r nitrogen
reacted rapidly with an excess of CCl4 to provide mainly 2,4,6-
tri-t-butyl-4-triehloromethyl-2,5-cyclohexadien-1l-one (6), as

the ma}or product and 4,4'-di(2,4,G—tri-t-butylphenol)peroxidg
(7), as.a minor product. Evaporation of the acetonitrile and
excess CCl, allowed quantitative recovery of CuCl after ex-
traction of the mass. Evaporationvof the extract afforded the

-

crude product. The’4-trichloromethylcyc1orexadienone (6) was

~

gseparated from the minor component by recrystallization from
> aqueous ethanol. The chlorine isotopic ratio in the mass
spectrum of compound (6) is in agreement with the presence of"

the trichloromethyl group .in a number of fragmgnts.’ Furthermore
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the infrared spectrum was indicative of the presence of the
chlorinated 4-substituent by virtue of the appearance of a
triple band system centered at 800 cm"l not present in tri-t-

butylphénol. A strong double band at 1645 and 1665 :::m"1 was

consistent with the presence of a cyclohexadienonehcarbonyl.99
Compound (6) g&ye a satisfactory analysis.

No hexachlsroethane could be found amongst the reaction
products. Chloroform was however idgstified by V.P.C. in the
solvent evaporated from the reaction mixture. This observation
correlates with the observed presence of a small amount of
peroxide (7). Loss of CCl3 radicalswthrough hydrogen abstrac-.
tion frgh solvent would leave an excess bq tri—glbutylphenoxyl
radicals which updn workup would react witﬂ oxygen to form
peroxide. ‘

' “The cuprous chloride catalyzed reaction of sodium tri-t-
butylphenoxide with CCl, also leads to the formation of the 4-
trichloromethylcyclohexadienbne (6). After five hours under
similgr conditions to éhe stoichiometri reactién, 65% of
compound (6) was present. Heating the m%xture to reflux did not
lead to increased conversion nor did it cause deterioration of
the mixture. . A -

| Further evidence for the production of trichloromethyl

radicals during the reactions of copper (I} phenoxides with ccl4

. was qainid by performing the reaction in presence of tye 2,4,6-
< ,

tri-t-buiylphcnbxyl radical itself. Cuprous trichlorophenoxide

was pfnpaicd in the usual manner in acetonitrile under inert

—
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" atmosphere. To this was added a benzene solution of the L
phenoxyl radical followed by an excess of CC14. The product
}

isolated from this reaction contained the 4-trichloromethyl

cyclohexadienone (51% based on phenoxyl radical). The remainder

! | - of the product mixture contained the peroxidek(l). some quinol

ether (8) and tri-t-butylphenol. :No 2,4,6-trichlorophen§l

1

0 cl . ¥

Cl
(8) 3

a

orthoformate was detected in the mixture.

A number of other reactions were investigated in réla- o
tion to the previous reaction. éhe aim was to use“the tri-
t=-butylphenoxyl radical as a meansg of sﬁudying ligané trans-
fer by a nqmggr of éoppef(II) complexes. Cupric chloride isJ

a typical ligand transfer agent, transferring chloride to

7

free radicals in solution.121 When the reaction of cupric
chloride and the tri-t-butylphenoxyl radical was carried out;™

the expected 4-chloro-2,4,6~tri-t-butyl=2,5-cyclohexadien-l-

one (9) was isolated in 70% yield. The properties of the yellow

3

crystalline material compared with those of the known com-

pound prepared by reaction of chlorine with the radical.122
The reversibility of reaction (15) was verified by add-}

ing solid cuprous chloride Eo an acﬁtonitrile solution of

the 4-tri-butyl ciclohexadicnone. The originally yvellow
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+ CuCl (15)

o
| (9)
ot
% .
z

solution immediately assumed a dark-green color. An infrared
spectrum of the organic material recovered from this solution
e showed the presenge of tri-t-butylphenol peroxide (1), re-
| \ sulting from the reaction of the product tri—t-butylphenéxyl
radical with air. . ‘ .
The possibility of ligand transfer with thev}ed-brown
(;} complex résulting from the copper(I) trichloropheqxoxide/’CCI4
system was also examined. It was mentioned in Section B that
the reaction of copper (I) polyhalophenoxides produced a red—
’ brown solution containing little ortho ester compound. The
. complex present at this stagg closely resembles copper (II)
trichlproPhenoxide in golor and in its IR spectrum. The prod-
uct of the reaction of copper(I) trichlorophenoxide yith‘ccl4
is expected to be a chloride containing -copper (I)=copper (II)
_ trichlorophenoxide. This will be further discusgsed in Sec-
tion E. It is €hus po-nible for the isolated red-b;own com-j

plex to transfer eithor chloride or phenoxide. Reaction of
thls complcx~with the tri-t-butylphenoxyl radical followed
by an asrobic workuT of the reaction mixture afforded a

-\\ - o
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quantitative yield of the peroxide (7) and complete recovery
of the starting complﬁx{ Similarly no ligand transfer was
observed using bis(pyfidine)bis(trichlorophenoxo)copper(II),
copper (II) acetate, copper (II) methoxide, copper(II) (chloro)-

methoxide or copper(II) thiocyanate.
3
T

D. Reactions of Copggi(x) Polyhalo-
phenoxides with R

AN

-

As stated above, 2,4,6-trichlorophenoxide and pentachlo-
_rophenoxide complexes of copper(I) in acetonitrile react in-
stantaneously with CCl4 giving an intense red—Prown solut@on.
At room temperature the reaction stopg at this point. He;t-
ing the mixture induces a rapid decomposit}on to polymer
which precipitates out of solution. The polymers isolated
from‘these systems are digcussed in the next chapter. Simi-
larly if the solvéit is stripped from the reaction mixture
°and the resultant red-brown.solid is heated, polymers can be
extracted from the residues.

A workup of these red-brown solutions by evaporation
under high vacuum and trapping of the volatiles at liquid
nitrogen temperature allowed the detection of chloroform in
-the condensate by V.P.C. Extraction of the residue with ei-
ther hexanes, etﬁer or CCI4 affo%ded a small amoung of 2,4,

6-trichlorophenyl orthoformate or pentachlorophenyl ortho-

formate. These compounds were characterized on the basis

of their IR (strong bands at 1050 cm-l), 14 mmr and mass
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spectra. The isolated yields of these ortho esters were about

|

TR
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10% based on starting phenoxide.

[SN

E. Nature of the Complexes Obtained from Copper (I)
Polyhalgpﬁenoxiﬁescaij‘Systems

i. Presence of Coordinated Halide

i
3

R i

} .

TQe reaction of polyhalophenoxo complexe§ of copper (I)

with carbon tetrahalides was believed to proceed by halide

r

abstraction. A labile halide analysis on the resulting com-

i

. ¥

plex ought thus to allow the stoichiometry of the, reaction
to be established. Two methods were applied to this end, a |

gravimetric analysis and the Fajans precipitation titra- \ 1
123a,b '

G tiOn 3 2 .

" Gravimetrically determined chloride represented 8.9% of 7

STV

the weight of complex. The titration results indicated 8.98% ]

v g e, e -

chloride content. The trichlorophenol recovered after hydro- |
lysis and extraction represented 59.6% of the weight of com-

plex.
7
Thé presence of a Cu-X bond in this complex was further

demonstrated by its facile exchange with sodium.phénoxides

; - and cqn?dmittant quantigat;xf precipitation of NaX. These
experiménts however &id”notiallow the estimation of the amount
of X present since tﬂ; newly{formed complexes were ungtable
and decomposed in solution. xPolymers were obtained when ha-
logenated sodium phenoxides were reacg:iﬂwith the_mixed oxi-

. . dation state complex. In évery case in the presence of CCl 4’
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an amount of Nﬁcl equivalent to the amount of sodium phenox-
ide introduced was found after the reaction. Under s{milar
conditions in presence of CCl, the addit139 of alkylphenox-
ides to the mixed oxidation state complex led to the forma-
tion of ortho esters of the halophenol and to various coup-

ling éroducts depending on the nature of the added phenoxide.

ii. Presence of Mixed Oxidation States

Reactions of copper (I) or copper (1I) phenoxides are often
characterized by the transitory appearance of intensely colored
solutions. It is evident in ‘the initial 'stages of these re--
actions, where redox processes are implied, th;t both oxida- ‘
tion states,gfe present. fhis is thought to be the case when
reactions of polyhalophenoxides with carﬁon tetrachloride lead
to their éharacterisﬁic dark-red brown color. An analysis of
the copper (I)/copper (I1) ratio in these intensely colored com-

plexes was thus of some interest. 1

3

124

-

Followin? a”procédure similar to that adopted by Kochi
the copper (I) in the system was analyzed as CuCl after hydro-
lysis under nitrogen atmosphere of a weighed amount of Eom—
plex with 5N HMY in acntonitrilg/water solution. Results of
these analyses are summarized in Table II.2.

The difficulty in these gnalyses rests esseﬁtially with
the remo;al of contaminants from the relatively unstable com-

plexes. Upon standing in the solid state, polymers are

IR R

L RO 7wy, 3
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| TABLE 11.2
(uﬂ RESULTS OF ANALYSES OF TWO COMPLEXES OBTAINED
‘ FROM CUPROU? ‘POLYHALOPHENOXIDES '
Cu(I)TCP/CCL 4 Cu(I)Ppcp/ccl 4 -
Approximate
stoichiometry [CuTCP][CuCl”[CuClTCP] [CuPCP] {CuCl] [CuClPCP]
Molecular 654.5 792.0
weight '
| » Cu(I) calc. o 19.40 | 16.04
' , found 19.78 ‘11.18
Cu(total) calc. 29.11 . . 24.05
, found ' 26.68 23.83
Phenoxide calc. . 60.04 * . 66.99
i fomd T 59.6 B \ 68‘5
( ‘ ' :
Q : ‘ cl” calc. ) 10.85 8.96
found 8.98
c  cale. 22.00 o+ 18.18
found 17337 . 17.46
H calc. 0.61 0.00
. found 1.01 : 0.55
¢l  calc. n 43.39 : -53.79
found. 43.85 | .+ 53.50
b »
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generated as well as phenols resulting from hydrolysis. Fur-
thermore, the stoichiometry of the complex is impaired by the
presence of extra.cuprous chloride introduced through the for-
mation of orthoformates. This can be circumvented to some ex-
tent by performing the reactions under the best conditions

of moisture exclusion thus preventing hydrolysis of the so-
dium phenoxide to the phenol which is the precursor of the
ortho ester contaminants.

iii. Interaction Complexes of Defined
Stoichiometry j

The complexes isolated from the reactions discusséd in
this section are generally ©btained as amorphous powders.
In)the‘hope of obtainin? a crystalline complex isolable from
;cetopitrile, various ratios of copper(I) to copper (II) tri-

chlorophenoxides were mixed in solution. \

Addition of one and two equivalents of COpper{II)itri-
i

chlorophenoxide to an acetonitrile‘solution of Eopper(rb tri-~
chlorophenoxide afforded stable solutions from which co;ld be
obtaineé amérphous powders h?ving a similar appearance to the
products‘obtained fron.thc éc;‘ reactions. The relative sta-
bility of these soluti&ns was indicative of complex formation
between the two copper phenoxides since additioq of copper (II1)
trichlorophenoxide to acetonitrile containing no copper(I)

species results in immediate decomposition and concomitant

p;acipitattun of polymer. Refluxing under nitrogen atmosphere

RS

-
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%f these solutions containing the mixed oxigation complexes
yields polymer only following a lengthly induction beriod.
In qusence of Ccl4 however, polymerization was iﬁduced much
more rapidly.

Similarly mixture; of copper (I1I) trichlorophenoxide and
CuCl are stable up to ; mole r;tio of 3:1. Excess copper (IIY
phenoxide spontaneously ind&ces the precipitation of polymer
from the acetonitrile solutions.

Addition of common ligands to these copper (I) /copper (II)
trichlorophenoxide solutions either led to decoloration in
cases where copper (I) directed donors were introduced, or to
crystallization of known cbpper(II) phenoxide complexes when
chelating ligands were used. @

The possibilities of reduction or disproportionat@n are
not to be eliminated when ligands are introduced into these
copper (1) /copper (II) p}ienoxides. \ The oxidation state of a
complex is highly dependent on its enviromentI?S and a re-~ ‘
dox equilibrium can be directed either way by use of an ap-.
propriate ligand. Such consido'rat:ions are to be eliminated

- at least in the case where ;etrmathylethylenediamine was
add‘cd. ' No metallic copper was found with the product and

‘ the Mt of mncutrcﬂz isoclated corresponded roughly to
the amount of copper {II) tri:éhlorw;ide initially pre-
sent. )

The effect of dilution on these mixed oxidation state
complexss is also worthy of comment. Be}onf: a certain

- ——
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L

dilution these interaction complexes, as well as the broducts

obtained from the copper(I)‘polyhAIOphenoxide/CCI4 reactions,

L3

show signs of extensive dissociation. Beer's law is not ob-

served and the characteristic intense red-brown color pro-
|

gressdively fades upon dilution going to a definite brown

color)

'

The isolution at this point is no longer clear and
slowly deposits polymer. The aforementioned observations
point to weak copper(I)—cbpper(II) interactions pfevailing
in the solid state and in concentrated solutions, but ii.%&-
lute solution the copper(I) and copper (II) species express

their individual chemistries.

iv. Effect of Reductant Additions

It will be recalled that during themsynthesis of ortho=~

' carbonates the presence of water in the reaction mediuq re-
- P

sulted in the appearance of orthoformates. -1t was suggesteq

that this was caused by the adventitious produﬁtion of'free

phenols. The'latter, by‘yirtue of thair facile hydrogen atom '

donating abjlity, could act as reducing agents-during Ehc re~
action. In order to test this possibility a ;unbar ofncon—.:
fi;nn;ory teactions were/performed.

The Q-nethylphenyi;orfhoca;honate‘producing rgsétion
was cxmlipod in tn,‘presenca;of’one equiva%eﬂt pé added p—l‘,
cresol. Thus CCl, was lddgd to a mixture p} the eoppnt(;)

phenoxide and the phencl. The vorkup afforded a’crystallihc“\
i - N . .

< L3
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product containing the excess phenol as well as ortﬁocaxbon-
ate and orthoformate in a 2:1 ratio. 1In contrast the prod-
uct of a reaction carried out using moist (0.3% water) sol-
vent contained the ortho esters in a roughly 10:1 ratio where-
as under riggrously anhydrous conditi@né only orthogarbonate
was detected, ‘

Tﬁe reaction of copper(I) 2,4,6-tricllorophenolate with
CCl4 carried out under similar conditions in presence of one
equivalent of added trichlorophenol also produced an increased
amount of trichlorophenyl orthoformate. 1In this case the
yield of ortﬁo ester was 44% based on starting phenoxide.
This represents a substantial increase from the roughly 10%
usually isolated under normal conditions.

2,6~dimethylphenol whigp is a much b?tter reducing agent
than trichlorophenol, achievés complete bleaching of the red-
brown copper (I) trichlorophenoxide/CCl4 reaction product with-
in one hour. A small amount of 2,2 ,6,6 -tew®amethyldipheno~
quinone was recovered from the acetonitrile solvent. The or-
ganic fraction contained coupled products of xylenol as well
as trich;orophanyl orthoformate isolable in 44% yield after
removal of phenols by sublimation.

Addition of ascorbic acid to the product resulting from
the copper (1) trichlorophenoxide/ccl4 reaction led to com-
plete bleaching of the dark-colored solution within one hour.

A substantial amount of the reducing agent was recovered in-

hicating thai only a fraction of the total copper was in;the

NI
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(, higher oxidation staté. Crystalline trichlorophenyl ortho-

' formate was isolated in 403 yield after the removal of the

‘parent phenol by sublimation.
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3. EXPERIMENTAL

A. General \

Solvents were reagent grade and used as such unless spe-
cified. Dry hydrocarbon solvents were obtained by distilla-
tion under inert atmosphere from sodium benzophenone dianion
immediately prior to use. Dry acetonitrile was stored over
molecular sieves following reflux,and distillation from cal-
cium hydride. Methanol and ethanol were dried by distilla-
tion from sodium under nitrogen before use. Inorganic com-
pounds were reagent grade and used as such unless otherwise
noted. Pure cuprous chloride was prepared following a pub-

lished procedurelz6

and was kept in an evacuated flask.
Melting points were determined on a Gallénkamp block in
open capillary tubes and were corrected. Proton magnetic re-
sonance spectra were recorded on a Varian T-60 instrument us-
iﬁg internal tetramethylsilane (TMS) unless otherwise stated.
Chemical shifts a¥e given in the § scale in parts per million

{ppm). Infrared spectra were obtained on a Perkin Elmer 257

spectrdphotometer. Mass spectra were obtained on an AEI-MS-

.902 mass spectrometer at 70 eV using a direct insertion probe.

»

kS

-

B. Preparation of Sodium Phenoxides,
a Typical Example

Absolute ethancl was distilled from sodium., To 150 ml

13
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of this dry solvent in a distillation setup was added 2.300
g of sodium. When the metal had dissolved, ﬁhenol (9.45 g,
slight excess) was dissolyed in the sodium ethoxide solution.
The solvent was distilled off until appearance of solid mate-

rial. The residual solvent was pulled off n a vacuum line

- followed by heating to 90° for 16 hours at 10-3 torr to re-

move excess phenol. The white cake of sodium phenoxide was
then ground to a fine powder in a glove bag and sealed in a
number of small tubes. This procedure was used for the pre-

paration of all sodium phenoxides used in this work.

C. Preparation of Copper (I) Phenoxides and Reaction
' witﬁ CCIl,: Isolation of Phenyl Ortho Esters

i. Copper(I) Phenoxide
’

A dry 200 ml two neck flask was filled with 100 ml ace-~

tonitrile which was degassed by bubbling nitrogen through the

solvent. Sodium phenoxide (10.82 g; 93.3 m moles) was added and

!

the'suspension was stirred under inert atmosplrere prior to thé
addition of CyCl (9.23 g; 93.3 m moles). Stirring was con-
tinued under rigorous exclusion of air until the.precipitate
was finely divided indicating tomplete consumption of sodium
phenoxide.’ CCl, (9 ml; 4 fold-excess) was then injected in-
to the suspension resulting in instant darkening of the mix-
ture which was then left stirring overnight. The clear off-
white solur&\:‘lon was then filtered to remove sodium chlotide‘

(5.4 g; thoo%etical 5.4 g) and evaporated to yield a white
-

«
L
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solid. Extraction of the aéetonitrile soluble fraction with
CCl4 left behind CuCl (9.2 g; theor. 9.2 gq). The extract
contained essentially pure tetraphenyl orthocarbonate (by
nmr). It was recrystallized from absolufe ethanol to yield

4 g of pure product (45%), mp:95° ,(1lit. 96—98°r,115

ii." Copper(l) 4-methylphenoxide .

CuCl (2.28 g) and sodium p-crescNate (3.00 g) were mixed

in 100 ml acetonitrile following the same
Section i). CC14 (10 ml) éas injected and dagkening result;
ed. Over a period gf a few minutes the solution progressive-
ly lightened énd after 12 hours had gone colorless. Workup
of the reaction mixture as outlined previously allo;;d the
quantitative isolation of sodium chloride (1.33 g) and cup-
rous chloride (2.18 g). The crude organic product (2.87 g;
quantitative) was quite pure 4-methylphenyl orthocarbonate

(by nmr). Recrystallization from ethanol gave a product of

mp: 101° .

iii. Copper(l) 3-methylphenoxide

Essentially the same procedure was used with coyper(z)
3-methylphenoxide to yield 3-methylphenyl orthocarbonate
(mp: 85-86° from absolute ethanol).
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( Lo iv. Copper(l) 2-methylphenoxide

IRET

’

R —e v O s .

SOdi*é o-cresolate (10.8 g) and cuprous chloride (9.9
Z . g) were stirred together in 100 ml acetonitrile. Injection

of 10 ml GCl4 resulted in immediate reaction giving the us-

)

ual dark suspehsion. After stirring overnight the color had

s st i §

b faded somewhat and workup was effected as usual. Filtration

of the reaction mixture yielded pclymer in addition to NaCl. N

ETION

Cuprous chloride was recovered quantitatively. The organic
fraction contained a brown solid admixed with a sticky mate-

rial. Although attempts to work up this mixture were not

P

|

successful, the infrared spectrum of the material did indi-
cate the presence of ortho esters by the broad band appear-

o ind in the 1050-1100 cm * region.

’ " . °

v. Copper(l) 4-methoxyphenoxide

-3 .

An aceto;itrile suspension of sodium 4-methoxyphenolate
(9.25 g; 71.2 m moles) and CuCl (6.3 g; 63.6 m moles) was reacted
with an excess of carbon tetrachloride. The dark-colored
solution did not fade overnight but was worked up to give
quantitative recovery of CuCl and 7.3 g of an oil containing

largely the phenol and phencl derived coepled products.
f
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vi. Copper (I) 4-chlorophenoxide
= #

Sodium 4-chlorophenoxide (7.5 g) and cuprous chloride
(4.95 g) were stirred together in acetonitrile (100 ml) un-
der inert atmgsphera. Carbon tetrachloride (5 ml) was add-~
ed and the usual color transitions were observed overnight.
Workup and recrystallization from absolute ethanol afforded

h]

the 4-chlorophen§l orthocarbonate'{n 42% yield, mp:124-125 .

“ 1
\ '
~

vii. Copper(I) 2-chlorophenoxide i

Sodium o-chlorophénoxiae (1.00 g) and cuprous chloride .
(0.64 g) were reacted together in acetonitrile (30 ml). Ad-
dition of CCl4 (5 ml) resulted in a dark suspension going to
a pale brown supernatant after 36 hours stirring. The crude‘
product obtained (0.44 g) following evaporation and extrac-
tion with CCl4 contained a substantial amount of phenol in
addition to the orthoformate. . The isolated crystalline white
solid (0.12 g) represented a yield of 14%, mp:177°.

- B |
‘viii. Dicopper(I) Catecholate

/ C
J -

' i

Discodium Eatecholate was prepared via the sodium eth-
oxide method and obtained as a tan-colored amorphous solid
indicating that little oxidation had taken place during its

preparation.” The sodium salt (7.71 g; 50 m moles) was suspended

J

+
. .
.
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: !
in 80 ml acetonitrile under nitrogen and cuprous chloride was

introduced (9.90 g; 100 m moles) giving a straw-colored solution

i

‘tion with a white precipitate. Carbon tetrachloride (20 ml)

was then injected resulﬁing in a dark green-black suspension
. . ! . 2 .

with evolution of heat. The mixture was stirred overnight

and then thrown into sufficient water to allow extraction

with methylene chloride. The viscous o0il obtained from the

. dried (Na2504) extract was deposited on a Florisil column and

eluted with‘CH2C12 affording essentially pure diphenylspiro
orthocarbonate in roughly 50% yield. Recrystallization from

absolute ‘ethanol affords white needles mp:109°, (1lit. 109°).115

ix. Copper(l) 2,6~-dimethylphenoxide
¥y

Cuprous chloride (9.9 g) and sodium xyleﬁolate (14.4 g)
were stirred in 100 ml acetonitrile into which 10 ml CCl4
. {
were injected. The reaction occurred very rapidly, the ini-

tial brown color fading within a few minutes. Workup of the

‘products yielded tetramethyldiphenoquinone (40%), dimethyl-

phenol _(40%) and an unidentified oil (20%).

-

K. %ggsggj;) 4-methylphenoxide, Reaction

n Wet Acetonltrile

o B ~

The procedure followed was exactly that outlined in

paragraph ii, of this section except that reagent grade ace-

tonitrile containing 0.2-0.3% water wﬁs‘psed as solvent.

i

%
s
5
;
%
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¢ ' ‘1
Conventional workup afforded a crude organic product corfain-
. ] . . .
ing some phencl. The ratio of orthocarbonate to drthoformate
! ~

in this mixture was 10:1, as determined by nmr after removal

of the residual phenol by sublimation. : :

D. Reactions Involving Tri-t-bu Lphenol: Tri*t:\
butylphenoxide and Tri-t-butylphenoxyl BN

i. Copper(I) Tri-t-butylphenoxide

1.291 g (4.55 m moles) of sodium tri-t-butylphenoxide

was suspendgd in 30 ml:-acetonitrile under hitrogen atmospliere.

Cuprous chloride (0.450 g; 4.55 m moles), was introduced and
the mixture was stirred until a uniform precipitate was ob-
tained. Carbon tetrachlorldek(Svml) was 1njected causing the
mixture to go from yellow(fo green to blue at which point no”

further changes were observed Evaporation of the mixture !

afforded a greenlgh masg wh;ch was extracted to yield a brown

oil. Cuprous chlorzde was quantitatively recovered after the\,

extraction. Recrystalllzaglon of the crude material affords’

the 4—trichloromethylcycl hexadienone (5) 1.38 g, s?% as a |

pale yellow crystalline powder, mp:71-72°, (lit.- 68-71°). 130

Analysis: calc. for: ) :.
C193290C13 (379, 4) C:FO.lO; H:?.QA; C1:28.04, _-'1';
found C;59.16; H.B.OSw Cl:26.93, )

pmr (CCl,) 6 1.90 (s 27H); 7.35 (s 2H)

~1,. cycélohexadienone carbonyl.

[

ir (XBr) 1660, 1640 ct 79

.
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The compound, 4,4 -di(2,4,6~-tri-t-butylphenol) peroxide 7
was isolated as a minor product from the mother liquor as

pale yellow needles, mp:£45-146°,(1it. 147—148").122

pmr (CC14) 6 1.45 (s, 9H), 1.90 (s, 18H), 7.05 (s, 2H)
ir (KBr) 1670, 1650, 1365, 980 cm-l

A gatalytic reaction was carried out using sodium tri-
t-but§lphenoxide (0.700 g; 2.46/m moles) and CuCl (0.025 q;
0.25 m mole) in.40 ml acetonitrile with excess CCl,. After
5 hours stirring at room temperature 65% conversion to the

4-trichloromethylcyclohexadienone was estimated by pmr.

ii. Copper (I) 2,4,6—trichloro§henoxide£CC1! Reaction
carried out 1in Presence o e 2,4,6-t2I-t-butyli-

phenoxyl Radical

A copper (I) trichlorophenoxide solution was first pre-

pared by reacting cuprous chloride (0.5 g; 5 m moles) with

- sodium trichlorophenoxide (1.1 g; 5 m moles) in acetonitrile

{15 ml). The reaction flask was fitted with a Schlenk fil-
ter containing a 1 cm layer of éelite. The phenoxyl radical

|
was prepared according to a literature procedurelz2 by stir-

ring tri-t-butylphenol (2.00 .g; 7.6 m moles) in benzene (100

'ml) with‘manganese dioxide (6 g) in a 250 ml two-necked flask

with a syphon to the Schlgnk*filter. After one hour stirring
the benzene solution containing the blue radical was directly .

transferred under pressure of nitrogen td the Schlénk filter

/ &

5 o
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and/filtered into the copper(I) trichlorophenoxide solution.

RS ok

Carbon tetrachloride (3 ml) was injected producing a red-
brown solution which was kept stirring under inert atmosphere
for one hour. Evaporation of the volatiles gave a very dark
solid which was extracted with pentane. Evaporation of the

latter extrac% afforded an oil which crystallized on standing

N

[ and contained mainly 4-trichloromethylcyclohexadienone (6),

1.5 g (51% based on tri-t-butyl phenol). Compound (6) wals

ol b

identified by comparison of its ir and nmr spectra with those'

o R A g

of the known compound. The remainder of the product consist-

ed of the tri-t-butylphenoxylperoxide (7) and a small amount

! .
of quinol ether (8) mp:117-118°, (1lit. 127-129").82 i

hoa)

g ir (film) 1670, 1650, 1440, 1370, 1250, 945, 800 em™ 1
pnr (CCl,) 6 1.65 (s,18H), 1.75 (s,9H), 7.50 (s,2H),
7.63 (s,2H).

iii. Ligand Transfer to the 2,4,6-tri-t-
butylphenoxyl Radical °

(a) - With Cupric Chloride

The blue radical was prepared by stirring in benzene
(100 ml), 2.62 g (10 m moles) of the phenol and 12 g MnO,. ,
This suspension was filtered under nitrogen atmosphere di-
rectly into an acetonitrile soHutiOn of anhydrous cupric

chloride (2.0 g; 14l8 m moles). Initially the blue color of .

the radiqal was discharged on contact with the green cup-

ric chloride solution and upon completion of the filtration a
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dark solution was ol;tained.' Filtering this reaction mixture
afforded a small amount of cuprous chloride. Evaporation of
the filtrate left a black sticky solid which was extracted
with hexanes yieldi'ng a brown oil, 2.2 g.' This mixture con-
tained 70% of 4-chloro-2,5,-cyclohexadien-l-one (9) mp:89-90°,

(lit. 94-96°).122

ir (film) 1665, 1645, 1370, 920 cm ™t

pmr (CC14) § 1.60 (s,94), 1.79 (S,IBH),?.IO (s,2H)
2'0§ of 4-hydroxy-2,5-cyclohexadien~-l-one was also found in\
this product mixture and was shown to be a by-product of the
phenol oxidation reaction over MnO,. The reason for its ap-
pearance was not investigated. A blank reaction which was
run under the same conditions except for omission of CuCl2
afforded a product’ mixture after letting the blue solution
react with air, containing approximately 80% peroxide and

208 of the 4~hydroxyquinone. mp: 125-127°, (litr 133-034°,
127,122 “ )

/
i

ir (film) 3510, 1662, 1645, 1635, 1365, 970 cmhl

pmr (CCl4) § 1.55 (s,%H), 1.80 (s,18H), 2,05 (s,1H),
7.00 (s,2H).

(b) With Bis (pyridine)bis (trichlorophenoxo)copper (1I)

- .

|
The radical was prepared as in (a) and filtered directly

into a solution of the copper complex (1.574 g, 2.56 m moles)

T

o




-

.

b "

o e e o

v
4 e e v MNAANR R rrea B WY e pees s

in 10 ml benzene. Overnight the solution had not changed
color. A short reflux did not induce any reaction. Aerobic
workup by evaporation of the benzene and extraction ;ith hex-
ane left unchanged copper complex (1.420 g). The ir spectrum
of the recovered compound was identical to that of an authen-

128 The hexane

tic sample of the bis(pyridine) complex.
fraction afforded a dark crystalline solid identified as

impure peroxide (7).

(¢) With the Reaction Product of the Copper (I)
Trichlorophenoxide/CCl, Reaction

o

The dark red-brown complex was prepared by reacting CuCl
(0.450 g; 5 m moles) and sodium trichlorophenoxide (1.100 g;
5 m moles) in 40 ml acetonitrile with carbon tetrachloride
(10 m1). The mixture was filtered to remove NaCl and eva-
porated to remove excess ccl, yielding 1.63 g of the dark
compiex. This was redissolved in 40 ml acetonitrile and add-
ed to a benzene solﬁtion (100 ml) containing 10 m moles of,
the blue phenoxyl radical. After two hours no signif%cant
color changes occurred and the mixture was worked up a; in

the previous reaction. The copper complex was quantitative-~

ly recovered and the hexans soluble material consisted solely

of the peroxide (7).
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E. Copper (I) Polyhalophenoxides

i. Copper(I) 2,4,6-trichlorophenoxide

- wh
Sodium trichlorophenoxide (1.100 g; 5 m moles) was sus=-

pended in acetonitrile (30 ml) under nitrpgen. Cuprous chlo-,
ride (0.450 g; 5 m moles) wefe then added and the mixture
was stirred till the remaining preéipitate was dniformly dis-
persed. Siight}oxidation produced a faint yvellow color in
the solution. Carbon tetrachloride (5 ml; 10-fold excess)
was then injected resulting in the appearance of a transient
blue color which immediately faded to leave a dark red-brown
solution. After stirring for one hour the, acetonitrile solu-
tion was filtered affording 0.3 g of NaCl. Evaporation of
the filtrate afforded a dark red-brown amérphous solid. Ex-
traction of the latter with ether or carbon tetrachloride
afforded variable amounts (approximately 10%) of trichloro-
phenyl orthoformate. The extracted solid had an infrared
spectrum essentially the same as that of the bis(2,4,6-tri-

chlorophenoxo) copper (II) ccnmplt':x.lz8

- }ii' Copper (I) Pentachlorqgﬁenoxide

A luspens&on of sodium pentachlorophenoxide {1.44 g;

5 m moles) in 30 ml acetonitrile was reacted with cuprous

.chloride (0.455 ¢g; 5 m moles) till the precipitate was uni-

formly dispersed. Carbon tetrachloride (S ml) was injected,
% ) c

»
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resulting. in a slow reaction without the appearance of the
usual transient blue color. After 24 hours stirring the so-
lution had attained a dark red-brown color and was filtered
to remove NaCl (0.41 g). This precipitate was found to con-
tain 0.12 g of material extractible with toluene and repre-
. cipitated with methanol, mp 224-226°. The infrared spectrum
of this compound contained essentially four bands:* 1400,
1365, 1040, 720 cm l. The identity of the white microcry-
stalline solid was confirmed by mass spectrometry to be the
pentachlorophenyl orthoformate, Table II.l, page 64. Eva-
poration of the acetonitrile filtrate gave a dark purple

solid having an infrared spectrum consistent with a copper

pentachlorophenoxide complex.

iii. Analysis of Products from the Carbon
Tetrachloride Reaction

\

(a) Gravimetric Analysis for Chloride

123a

[

A fresh samplé of the copper (1) trichlorophenoxide/cC1l 4
reaction ?roduct was prepared as outlined in E.i}/aud dried
under vac;zm. An accuratTF.y weighted amount (0.4<0.6 g) of
the complex vas then hydrolyzed with 50 ml dilute nitric
acid and extracted with ether 'to remove the phengl. ;'rhe
‘ai;mousaphue was then scrupulously recovered in a beaker
and silver n‘iérz;te loiution was added till n\oafurther preci-
‘pitation occurred. The silver chloride precipitate was di-

goitod by bringing the uolui:ion to boil. "Aftnr cooling the
<

9} s
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AgCl precipitate was transferred to a constant weight porous
glass filter, washed with distilled water and dried at 110°.
The results of a duplicate analysis éveraged to 8.9% chloride

content. .

4
(b) Fajans Precipitation Titration for Chloride123b

A silver nitrate solution was prepared by dissolving ap-
proximately 17.0 g of the salt in distilled water and com-
pleting to 1 litre. Standard sodium chloride solution {25 ml;
0.0965 N), was pipetted into a 500 ml Erlenmeyer flask and
made up to approximately 100 ml by adding distille'd water.
Dilute dextrin solution (25 ml; 1%; 10% ethanol/water), was
added with ten drops of sodium dichlorofluoresceinate (0.1%)
impa}ting a yellow color with green flubYescence to the mix-
ture. A triplicate titration with the AgNO3 solution to a
pink end point allowed its exact titer to be determined )
(0.098 N). — i

ySamples of approximately 0.7 g of the red-brown copper (I)
trichlorqphendxide/CCl 4 reaction product were accurately
weighed into three 125 ml Erlenmeyer flasks, dissolved in a
miqimm of acetonitrile and hydrolyzed with dilute nitric
acid. The hydrolysates were extracted with ether and the
agueous pha;es quantitatively transferred to three 500 ml .
conical flasks. The three solutions were completed to ap-
proximately 100 ml with distilled water. Ethanolic dextrin

RY T
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and ten drops of sodium dichlorofluoresceinate were added and
the pH was then adjusted to 4~5 with solid sodium carbonate.
Titration was performed with the standard AgNO3 solution to

a pink end point. The average of the three determinations

gave a chloride content of B8.98%.

(c) Evaluation of the Copper Content in the

" Mixed Oxidation State Comp_lexes124

Approximately 0.2 g of the complex was accurately
weighed in a 100 ml three-neck flask fitted with a calomel
reference electrode and a platinum electrode. Ti‘ae middle
neck was closed with a rubber septum receiving a nitrogen
inlet and oytlet and the burette. The system was flushed
with nitrogen and a small amount of acetonitrile was added
to dissolve the complex followed by 30 ml of 5N HCl. The
stirred hydrolyzéd mixture was then titrated with 0.072 N
ceric sulfate in 1IN H,80, (standardized ag 'nét ferrous am-
monium sulfa}:e} . The change in potential C:s measured using
an Orion f!esearch pH meter model 701 in the mV mode. When
the end point whs reached the burette was changed and the
solution was then titrated fdr total copper using 0.197 N
stannous chloride in SN HC1 (standardized against ceric sul-
fate). End poilnts were determined by interpolation on “the
volune/myv data recorded from the millivoltmeter. Results

exprelse;i“‘ts R copper{I) and & total copper are found in
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Table II.2, page 75.

(d) Analysis of Phenoxide Content

Evaluation of thePhenoxide content of the copper(I)/
CCl4 trichlorophenoxide and copper (1) pentachlorophenoxide/
Ccl4 reaction products was done during the chloride analysis
(Section E.iii.a). The dark red-brown complexes were hydro-
lyzed followed by extractYion with ether as was previously
outlined. Each extract was individually dried with anhydrous
sodium sulfate and guantitatively transferred to a weighed
Erlenmeyer flask. The ether solvent was removed on a rotary
evaporator and the weight of phenol was obtained by differ-
ence and co:verted to percent phenoxide content of the ori-

ginal sample. These results are included in Table II.2, page

75.

\
iv. Reaction of the Copper (1) Trichlorophenoxide/
CCl, Reaction Product|with Sodium Phenoxides
i I

'] |
(a) Sodium Trichloropheno#ideu

Cuprous chloride (0.452 g) and sodium trichlorophenoxide
' (1.000 g) were stirred together in 20 ml acetonitrile. cc14
(2 ml), was injected and the reaction was left for one hour.
“The solution was filtered to remove sodium chloride (0.255
g, theor. 0.268 g). To the filtrate another addition of so-

dium trichlorophenoxide was made (1.000 g). Aftér 12 hours

3




( stirring the suspension had become colorless. Filtration af-

v

forded 1.326 g of colorless precipita}s«wh;ch was extract-

ed with toluene. Filtration of the i uene vielded 0.340 g

of sodium chloride and after precipitat%on from methanol 0.980
* g of polymer were recovered, 68% based gn total phenoxide.

The acetonitrile fraction contained .a mixture of cuprous and

cupric chlorides as well as a small amount of trichlorophenyl

orthofgrmate. .

-

(b) Sodium Tri-t-butylphenoxide P

The copper (I) trichlorophenoxide/CCl4 reaction was per-
. formed as in paragraph (a). Sodium tri-t-butylphenoxide (1.291

(:§ g, 1 eq) was then added to the red-brown mixture; the surface

fagins R Y

of the sodium salt immediately became blue. After comple-

tion of the reaction the red-brown mixture was evaporated to
a dark solid which was extracted with hexanes. ﬁvaporatidn

| ,of the solvent afforded 2.1 g of a brown oil. Infrared and

pmr spectra of this crude product showed it to contain mainly

the 4-trichloromethyl cyclohexadxenone (6) and minor quanti-

ties of trichlorophenyl orthoformate and trichlorophenocl as
well as a small amount of a 2-substituted cyclohexadienone.
Chromatography on Florisil eluting with CC14 afforded in the

first fractions 1.5 g of (6) , 87% based on the starfing tri-

t-butylphenoxide.




1
v. Mixed Oxidatien State Complexes of
Defined Stoichiometry

~

'CopSer(I) trichlorophenoxide was prepared as usual in
acetonitrile and one equivalent bis(trichlorophenoxo)copper-
(II) was added to the colorless suspension. The resulting
red-brown solution was refluxed for one-half hour without
any apparent change. Addition of 2 ml CCl4 to the reflux-
ing solution' induced immediate polymerization. Separg%ion
of the poljmer by filtration and removal of the sodium chlo-
ride (0.267 g) afforded 1.880 g pure polymer after repreci-
pitation, 87% based on phenoxide introduced. Similar re-
sults were observed when the copper(I) to copper(II)
ratios in soluéion were 1:2 and 1:3. When four equiv-
alents of copper (II) trichlorophenoxide were added to
the copper {1) trichlorophenoxide soiution in the manner
described above, spontaneous polngrizatiOn fesulted without
addition of CC14.

To a mixé;re of cuprous chloride (0.113 g) and sédium
trichlorophenoxide (0.250 g) in acetonitrile (8 ml) was add-
ed copper (II) trichlcrOphenoxide {1.04 g; 2 eg to copperi(l)).
To this stable dark solution was added dry tetramethylethy-
lene diamine (0.528 g; 4 eq. to copper(I)) anq stirring was
continued overnight. Piltration afforded crystals of tetra-
methylethylenediaminebis (trichlorophenoxo)copper (I1) which

gave an infrared spectrum identical to that of an authentic

’
-
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sample.128

#

vi. Reactions of Copper(I) Phenoxides
with Reducing Agents

(a) The Reaction of Coggef(l) 4-methylphenoxide with
One Equivalent o -methyiphenol and CCl,

a

4-methylphenol (0.497 g; 4.6 m moles) and the correspon-

ing sodium salt (0.598 g; 4.6 m moles) were suspended in 30 ml
acetonitrile under nitrogen. Cuprous chloride was added
(0.455 g; 4.6 m moles) and the colorless suspension was stirr
prior to the injection of CCl4 (3 ml). The resulting dark
brown solution slowly faded producing a colorless supernat
"with a slightly greenish precipitate. Filtration followed by
evaporation of solvent and extraction with carbon tetrachlo—\
#ide afforded 0.933 g of crude organic productt Cuprous chlo-
ride was gquantitatively recovered. Residual cresol. (0.768 g)
was sublimed out of the oil and the ratio of 4-methylpﬁenyl
orthoca nate to orthoformate in the remaining~mixture (0.165

g) was 2/1 as determined by pmr.

»

(b) Reaction of Copper(I) Trichlorophsnoxide with
CCI, and One Equivalent of Trichlorophenol

e

Sodium trichlorophenoxide (1.000 g, 4.6 m moles) and tri-
‘chlorophenol (0.905 g, 4.6 m molea) were suspended in 30 ml

acetonitrile underdnitrogen. Cuprous chloride (0.455 g, 4.6

m moles) was added and the stirripg fesumed till the pretipitate

P
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appeared finely divided. CCl4 (3 ml) was injected producing
the usual color changes. Workup of the reaction product as
in paragraph (a) afforded 0.86 g of crude product from which
residual phenol was removed by sublimation. The crude cry-
stalline trichlorophenyl orthoformate (0.40 g) thus obtained
represented 44% of theoretical mp 163°.

;

(c) Reduction of the Copper (I) Trichlorophenoxide/
CCl, Reaction Product with Xylenol

Sodium trichlorophenoxide (1.00 g), cuprous chloride

¢

L
(0.455 g) and CCl, (3 ml) were reacted in acetonitrile
A

ml). Xylenol (0.576 g; 1 eq to copper) was then added to the
red~brown solution. After one hour the color had-completely
faded. The sodium chloride was filtered off together with
some tetramethyldiphenoquinone (0.300 é); Cuprous chloride
wascauantitatively recovered following extrac;ion of the
evaporated filtrate with carbon tetrachloride. The crude
Oﬁganic fraction (1.1 g was a mixture of trichlorophenyl,or-

tﬁcformate, trichlorophenol and xylenol.' Crude orthoformate

was obtained (0.49 g; 44%) by removal of the phenols by

(d) Reduction of the Copper (I) Trichlorophenoxide/
" CCl, Reaction Product wit scorblc AcC

sublimation.

The copper (I) trichlorophenoxide reaction was performed

S e ol o A O 4
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as above'in,(c) and ascorbic acid {0.880 g; 1 eq to copper)
was added. Within one hour the reaction mixture was bleached.
Filtration separated the sédium chloride and a large amount

of unreacted ascorbic acid (sparingly soluble in CH3CN). Re-
moval of the solvent from the filtrate‘produced a white sticky
mass which was extracted with CC14. Theccl4 fnsoluble mate-
rial (1.036 g) contained the cuprous chloride and dehygroas-
corbic acid,‘the oxidation product. The crude organic extract
(0.911 g) contained free phenol and trichJorophenyl orthofor-
mate. Removal of the phenol by sublimation and recrystalli-
zation of the residue afforded 0.364 g (40%) of pure ort?o

ester.
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1 4, DIscussioN

A. Formation of Trihalomethyl Radicals

Previous studies of reactions of CuCl with CCl, have fur-

nished strong evidence for production of CCl3 radicals.gb'ml'129
The foregoing observations concerning the reactions of cuprous
phenoxides with carbon tetrahalides also poin} to the involve-
ment of trihalomethyl radicals. The isolation of a 4-trichloj
romethyl cyciohexadienone from thehreaction product, of copper-
(I) tri-t-butylphenoxide is most cqnvincing in this regard.

A three-step process can be proposed as a likely route to the

main product (6) (16-18).

r— —
| ' ) "/0 * '
Cu— + CCly ———> Cu ~|+ CCly (16)
¢l .J
N
b
o — i
®
0
0 .
'4 | |
CQ\\ ———p  CUCI + (17)
. d _ ,, |

4

————
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The primary reaction produces the trichloromethyl radical and
an intermediate ceéper(II) (halo)phenoxo complex. The latter
is expected to be extremely susceptible to homolytic disso-
ciation in acetonitrile on account of the low oxidation po-
tential of the coordinated phenoxide (Table I.1, Chapter I),
thus rapidly producing the tri-t-butylphenoxyl radical. 1In
the last step, coupling of the two radical specigs would pro-
dhce the observed produqt. The 4-trichloromethyl cyclohexa-
dienone had been reported previously as the product of irra-
diation of tri—t-but&lphenol in carbon tetrachloride sol-
vent.%3o '
The fact that the solution‘upon completion of the reac-
tion, contains excess of the stable blue phenoxyl radical is
an indication that some of the more reactive CX, radicals have
been lost in secondary processes. Reaction (16) unfortundte-
ly produces thg more reactive species first (CC13) which most

D)

likely undergoes‘a hydrogen atom tranifer froanolvcnt to

yield chloroform at a rate approaching diffusion control.l3l

¢

The second order rate constant for termination of cc13 radi-

cals is nearly diffusion controlled (0.5 x 10° 1 mole™!

sec 1).132 powever no hexachloroethane was identified in

any of the present systems. Once reaction (17) has produced

a substantial concentration of the stable tri-t-butylphenoxyl

- radic?l, reaction (18) can efficiently compete with hydrogen
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abstraction from solvent.

Reaction of copper({I) trichlorophenoxide with carbon
tetrachloride in presence of the blue tri-t-butylphenoxyl
radical alsc leads to thé formation of the 4-trichloromethyl
cyclohexadienone (6). The yield in this case was substan-
tially reduced presumably because of a dilution effect when
the benzene solution of the radical was introduced thus fa-
voring hydrogen abstraction by the trichloromethyl radicals.

The most efficient system for trapping the transient
CCl3 radicals is no doubt that relying on the addition of
sodium tri-t-butylphenoxide to the cuprous trichlorophenoxide/

CCl, reaction product. In this case the isolated yield of

4
pure (6) attained 87%. This result is consistent with the 4

fact that the stable radical is generated before the more re-
active species is produced, Scheme (I) (TCP: trichlorophen-
oxide, TTBP and TTBP': tri-t-butylphenoxide and the corres-
ponding radical).

The system illustrated in Scheme (I) is ‘thus capable of
catalytically producing (6), the catalyst being the (chloro)-
phenoxocopper (II) complex of which for sake of brevity only
the reacting ligands are shown. Metathetical substitution
of chloride on the product by the sodium salt affords the
unstable bis(phenoxc)copper (II) complex which spontaneously
dissociates to copper(I) trichlorophenoxide and a tri-t-butyl-
phenoxyl radical. Rapid reaction of the copper (I) phenoxide
with CCl, generates a CCl, radical and the catalytic species.

-
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' TCP
i ' s p )
! Cu-0 I+ cCly —————> Cu\ + CCly —>HCCly
f ” . e
NaTTBP
NaCl
P
ci'TCP < cu"jc
/ TTBP
'f &
U cCiy
(s)
Ne Ct
NeT TBP
% .
u’T cp S
Cu
\cl |
e - - SCHEQE | \
The observed compound is then formed by coupling of the two

radical species. -
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B. The Mechanism of Ortho Ester Formation

Copper (I) phenoxides capable of producing ortho esters
presumably also rely on the formation of tri-halomethyl rad-
icals. The reaction sequence can be visualized as occurring
in a cage containing the CCl3 radical and the unstable cop-
per (II) phenoxide. The production of the C-O coupled trichlo-
romethyl ether depends on the rapid dissociation of the cop~
per (II) phenoxide before the CCl3 radical can escape the cage

éo react with the medium, Scheme (II).

R
: + coly—> |C @ *
c'-0 g N (19)

Ct--- C(:I3

R
~O e
o’ — ¢+ ct,c—o—@ (20)

N

o Cle---CCl /

3

o

(21)

.[ 0

—3 tdet + ClyC o@ —600>C ' (22)

e )
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The orthocarbonates ultimately produced indicate that

the intermediate chloromethyl ethers are recycled through

that ortho esters are the sole products of theseYZeactions

»

the reaction sequences (21,22). Furthermore thixzﬁfervation

even in the presence of excess CQ}4 leads to the conclusion
that further reaction of the chloromethylaryl ethers with

the copper (I) species must be faster than the corresponding
reaction with CC14. _If the contrary were true a mixture of
chloromethyl intermediates Cl3_nC(OAr)n would be the observed
product. ‘

Alternatively, ortho esters could result from the direct
nucleophilic substitution of the trichloromethyl ether by
phenoxide anion. Although such(a possibility would seem un-
likely since sodium phenoxides in acetonitrile were found
unable to subdtitute e{ther chloroform or carbon tetrachlo-
ride at reflux, it has been shown that dichlorodiphenoxy-
methanes are considerably more reactive towards substitution

b} sodium phenoxides.l15

. The attack of the polar pyramidal CCl3 radica1133 at the
oxygen is. in line with the expected higher electron density

2 The alternative possibility of attack by

in this position.3
the radical at the ring to yield a 4-trichloromethyl cyclo-

hexadienone has to be rejected. Buch compouqu are known,98
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" stable, isolable species and are, with the exception of
the tri-t-butylphenoxide reaction, not found with the final
product.
The question whether CCl3 attacks a coordinated phen-
oxide or a free phenoxy radical still remains largely specu-
lative. Phenoxides carrying ortho methyl substituents were

found not to yield ortho esters. 2-methylphenoxide and 2,6-

dimethylphenoxide both gave coupled products consistent with
the production of free phenoxy radicals. On the other hand,
3—me;hyl and 4-methylphenoxides both underwent clean ortho
estgy producing reactions consistent with attack at coordi-
’ «aﬁted phenox1de The 2-chlorophenoxide and 2,4,6-trichloro-
phenoxide both gave low yields of orthoformates again sug-
(:} ’ gesting attack on coordinated phenoxide since the copper (II)
complexes of these species do not spontaneously decompose to
radjcals. The steric requirements of the-methyl and chloro
groups are in both cases roughly equal. It thus seems that

if the first collision is unfavorable to chloromethyl ether

gormation, the phenoxide may dissociate from the copper cen=-
ter and undergo self-céupling reactions. This is a much fa-
vored process in the case of alkylphenoxides whereas the
higher oxidation potential halophenoxides wLuld be expected
to remain coordinated.

| t is relevant at this point to note the steric require-
ments\for ortho ester formation. By means of space fi;ling

models it is easy to demonstrate that the tri-t-butylphenoxyl

@ | )
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radical is unable to undergo C-O coupling with a CCl3 radi-
cal. The oxygen is well enclosed within the two ortho-t-

butyl groups. In the case of 2-chloroc and 2,4,6-trichloro-~

. phenol it is easy to build.the tri-phenoxymethyl radicals.

However introduction of a fourth 2-chlorophenoxy unit is
clearly feasible only for a limited number of conformations.
Introduction of a fourth tri-chlorophenoxy unit in the lat-
ter case is ¢ompletely impossible due to excessive crowding
around -the central carbon. The only p6§gzgie termihation
step for these tri-phenoxymethyl radicals is thus hydrogen
abstraction from solvent to fori'the corresponding orthofor-

mates.

C. Copper (1) Phenoxides as Nucleophiles

»

It is well known that copper(I) can promote reactiqns

103 Reactions of or-

involving nucleophilic displacements.
ganocuprates with alkyl halides are dominated by trends con-
sistent with a mecﬁanism for carbonrcarbon bond formation
which involves an SN2 displacement aé the carbon of the alkyl

134

halide. However the actual nucleophile was not specified

in the scheme proposed (23).

I4
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(1; . Copper (I) phenoxides exhibit some typical nucleophilic
behavior since chloroforﬂgand methylene chloride are markedly
less reactive than carbon tetrachlor%de or tetrabromide. The
reaction with methyl iodide is also rather slow. The lower
reactivity of gopper(I) pentachlorophenoxide towards CCl4
- would also agree with the nucleophilic nature of these cup-
rous phenoxides.

135 concerning organocuprate re-

A more recent discussion
agents from the view point of redox potentials of the nucleo-
phile and the electrophile would tend to favor a free radical
mechanism in cases where the electrophile is sufficiently oxi-
dizing. Under these circumstances, addition occurs via an
initial electron transfer to the electrophile followed by a

1 (_5 coupling step of the radical with the oxidized form of the

cuprate reagent rather than by direct nucleophilic addition.

An oxidative addition mechanism can also be considered.

10

Such reactions are quite common with 4 and da transition

X metal complexes.l36. A two electron process wpuld entai% the

37

formation of a copper(III) complex (24).l A two electron

transfer to carbon tetrachloride would also result in the
formation of a trichlexamethyl carbanion, an untenable hypo-
thesis in the light of the present experimental evidence,

although organomercury derivatives containing cc13 carbanion

138

substituents are known. These compounds are thermally

unstable and have been shown to be carbene pgscursors.l33
- .

The carbanion is known to rapidly disproportionate to chloride

N\ .
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OAr
m
Cu OAr + Cl—CCly —> Cl—-C"\ (24)

Py CCI3

ion and dichlorocarbene.139
oxides or even phenoxy radicals would rapidly generate Reimer-
Tieman-type products (25). Furthermore, the reaction of cop-

per (I) trichlorophenoxide with carbon tetrachloride carried

0
e r
"z
. gclp 0
LS
0 0’ .
%xClz CHClp (25)
- ccly
140

out in presence of cyclohexene, a good carbene trapping agent
aqd only moderately reactive towards trichloromethyl radicals,
gave the usﬁal red-brown complex. Chromatography of the vo-
latile products .of this reaction showed the presence of chlo-
roform but no dichloronorcarane.

The fact that chloroform can be observed as a proﬁuct
from these reactions definitely demonstrates that the érimary

process is the production of trichloromethyl radicals pos-

| sibly through a one-electron oxidative éddition to the cop~

per (I) phanoxihe. The generation of trihalomethyl radicals

B3

The carbene in the présence of phen~

T o e e
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chloride.

by a one-electron transfer such as illustrated in reactions

(16) and (19) would seem to be most consistent. Such reactions

of alkyl halides with transition metal compléxes indoubtedly

141 The difference in

proceed by a free radical mechanism.
reactivity between the rather unreactive X, CH; = and the much
more reactive CX4 is probably related to steric effects as a
result of increased encumbrance in tetrahalomethanes. Carbon
tetrachloride and carbon tetrabromide have chain transfer con-
stants much greater than those for chloroform or methylene

142 Furthermore, a-chlorine atoms are effective in

143

causing stabilization of chloromethane radicals. This
would favor the formation of a trichloromethyl radical over
the corresponding dichloro and monochloromethyl radicals.

9

ol + 5 | A

. s, S i
a-& <> m—C( €«—> C=C <> otc (26)
¢l ¢l | |
1 - } Cl
. ® bl E
ar0—t’ > A0 > ArO=C €—>utc (27
Cl ) Cl

Such a situation would also explain the higher reactivity of

the intermediate trichloromethyl ethers compared to carbon
o

tetrachloride.
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D. Carbon Tetrahalides as Initiators in the Thermal Decom-
position of Bis(amine)bis (phenoxo)copper (11 Complexes

1 concerning

Previous observations by Carr and Harrod8
the effgct of,CX4 additives on the thermal decomposition of
the bis(amine)bis(trichlbrophenoxo{copper(II) complexes
stress the drastic diminution o% éhe induction period. The
fact that the reaction is free radical initiated calls for
a scheme whereby carbon tetrahalides react with the pﬁenoxo—
copper (II) complex to produce free radical species capable
of entering a propagation process. Such an initiation could
possibly rely on the formation of an intermggiate charge

transfer complex which could presumably undergo either of two

pathways leading to the formation of the initial monomeric

v

phenoxy radicals (28A, B).

(28)

S s
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N e ————, i, V.




114

\

\

Both routes produce phenoxy radicals, directly as in the case
of pithway (2837), or indirectly as in pathway (28B). The Cx4
additives thus reduce the induction period by initiating the
reaction through the rapid production of trichlorophenoxy

radicals. The latter can then enter into a propagation step

cl

chul @-CI —_—p LZC\I-O@'
J 1

| Following the onset of initiation and the primary pro-

(29)

pagating steps, copper(I) phenoxides begin to accumulate. in

. the system. The results presented thus.far in this work have

clearly demonstrated the extreme reactivity of carbon tetra-
halidés with copper(I) phenoxides. It can thus be questionéd
whether the CX, additives, in addition toinitiating the re-

action, may not also behave as promoters in the propagation

(29) to produce non-radical products as previously suggested.81

-
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step. '

The experimental evidence presented Berein concerning
reactions of copper(I) phenoxides with carbon tetrahalides
has definitely eliminated the previously proposed possibil-
ity81 of phenoxy ligand transfer to trithoromethyl radicals

to produce cyclohexadienone compounds (30,31).

0
ccl ,°'©—°H3
U 4 " !
Cu-
] °'©’0H3——9 Cll\ +ém3 -—X.) Cull +

| (30)

Hyc~cel,

Ci ~
¢ .
cel, 7 “ o ci ¢l
o' ol —> ' + CCl, &> cdors -

\ Cl 3 (31)

& oo _ ClI ety

LS . . . #®

It can thus safely be assumed that a reaction such as depict-
ed on the right-hand side of equation (31) is not contribut-
ing to the depletion o% the bhenoxccopper(II) species in a
propagation reaction anhlogous to that illustrated in equa-
tion (29). |

The production of trihalomethyi radicals during the ther-
mal decomposition in the presence of CX, additives is minimal.
When thé reaction was carried out in the presence of a ten-
fold excess of carbon tetrabromidesl only ten mo;e percent
of Py2CuBr2 was adgixed with the final \Py2CuC12 product.

Such a low value for the bromine content in this copper by-
!
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( product demonstrates the higher reactivity of copper (I) phen-

oxides towards gquinol ethers relative to carbon tetrahalides

(32,33).
0 ci

' Ci C 90 ! . \
» o'+ _ 0% o + Onnnn (32)
g CH N0~ | '

“ ' 10% ‘ ,

1

cd + CX, ———-9 ca'x + st (33)

The fact that 4-chloro-4-phenoxy cyclohexadienones are

efficient in&competing with carbon tetrahalides in transfer-
ring a halide to copper(I) is supported-in two ways by the
(_I present findings. Firstly, the ortho ester forming reaction

relies on the increased reactivity towards copper(I) of chlo-

romethyl ethers relative to carbon tetrahalides, (Section 4.

B). Secondly, it has been found that the ligand transfer
reaction (34) is reversible,demonstrating the possibility of
chloride abstraction from 4-chlorocyclohexaddienones, (Section

i 2-C)- & e

r

The fact that 10% of the copper (I) produced in the sy-
stem reacts with the CX, additive to produce a CX, radical

®
|
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requires that the latter be as efficient "as copper(I) in ab-

stracting halide from the quinol ethers (35).

0

. 0
. ct Cl + C cl
cx, + —> ClCX,4 (35)
i c OM [} »

This argument stems from the observation that polymer mole-
cular weight is insensitive to the presence of CX4 additives.80
Reaction (32) regenerates the neces®sary phenoxy radicals for
the propagation to occur. Loss of copperkI) through reaction
with carbon tetrahalides would result in early chain termina-
tion and thus decreased molecular weights.

It can thus be concluded that carbon tetrahalides func-

r

tion primarily as initiators in the thermal decomposition of

P

the pﬁenoxocopper(II) complexes. Furthermore, the evidence
presented eliminates the possibility of any drastic promot-

ing effect on the propagation step.

E. Ligand Transfer to Tri-t-butyl-phenoxyl Radical

The series of reactions of the tri-t-butylphenoxyl radical :
with a number of copper(Il) containing compounds was originally
undertaken to obtain a better understanding of the initial step
in the thermal decompo;ition of the bis(pyridine)bis(Lrichloro-
phenoxo) copper (II) complex, particularly the importance of the

ligand transfer reactional. Unfortunately reactions such as

-~
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(36), where R® is the tri-t-butylphenoxyl radical, were
hampered it seems by an inherent drawback of the radical, its

high steric hindrance at the oxygen and on the ring. The

. Gl o
. C i
P,ZCu ¢l + R ———> PyZCuu. (36)
2 Cl (o]} R

ct

expected 4-chloro-4-tri-t-butylphenoxy cyclohexadienone (10)
was not observed. Had it formed and were it dissociatively
unstable (37), the 4-t-butyl-4-(2,4,6-trichlorophenoxy)cyclo-
hexadienone (11) wouldqhave been obtained. The latter compound
can be isolated following simultaneclms oxidation of tri-t-butyl-

phenol and trichlorophencl over manganese djioxide. 82

0
@ | c'

o) (W

The only ligand observed to be transferred was chloride and
for that matter only from cupric chloride. The copper (I) tri-
chloropﬁenoxide/CCl‘ reaction product left the i:aical unchanged,
demnstratinﬁ that even in that compound it cannot approach

the copper center close enough to undergya non-bonded electron

transfer (38). Oxygen containing ligands coordinated to copper

S b A o
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rather slow at room temperature.
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Q |
+Cdo cl
Ci 1]
1
o ‘
A
°"\ 4 + : (38)
¢l
Q cl
+ ¢iI™+Cdo cl

are known to promote this type of oxidation of free radicals.lzl

It could be argued that the red-brown complex is a polynuclear
species in which the chloride ligands are bridging groups thus
making them less accessible to bridge with the phenoxyl radical
prior to electron transfer.

L}

F. The Nature of the Products Obtained from Copper(I)
Polyhalophenoxide/CCL, Systems

2,4,6~-trichlorophenol and pentachlorophenol both have
higher oxi;lqtiorl potentials than alkyl phenols. This may be,
in part the reason why the correéponding copper (I) phenoxides
do not attain complete reaction with CCl 4 to yield prtho es-
ters under normal conditions. The forward r;action'in the
system studied by Vofsi and his co-workers for the addition
of CC}.‘ to olefins in the presence of CuCl was found to be

101,129 Furthermore, quasi-

-y
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. clusters have been characterized and although it is specula-
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|
equilibrium was attained at 1.5% conversion. These results

tend to indicate that the reaction of copper (I) phenoxkdes
¥ !

with carbon tetrachloride would attain an equilibrium &efore
é

total consumption of the copper (I) species. If the very slow

forward reaction 2’m Vofsi's system is the reason for in[com-

Pplete conversion, this is obviously not the 7ase with ctpper- ,

(I) Phenoxides. Here it can be postulated that complexation
of the unreacted cuprous pheﬁ’oxide with the copper (II) ﬂ:hen-—
oxide product produces a ‘mixed oxidation state polynucléar

complex which cannot undergo further reaction with. CC14.» The

stability of this complex with respect to homolytic disspcia-

tion of the copper(Il) phenoxide moiety, relative to the alkyl-

phenoxy analogues, is assured by the combined effect of $ta-
|

' bilization by the copper(I) moiety and the higher oxidétﬂon

?
potential of the coordinated halophenoxides. ‘

The intensely colored mixtures obtained from these re-

! L]

actions contain both oxidation states of copper in a rati
close to 2:1 for Cu(I):CulII). Such mixed oxidation stat

complexes are well-known and generally possess characterig-

144,145
‘ f

tic dark colors. The observations made on thé dark

products of the present reactions tend to suppbi:t the hypq-

the,n'i'ls that they are polynuclear copper comf:lexes which dis-

, 146

sociate relatively easily. Many copper (I) and copper (1I)

tive to ptapd§§ tha existence of polygweric phenoxo cc#pper
complexes in acetonitrile such a hypothesis provides a

o , = , —

*
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relatively simple and consistent explanation for the proper-

ties of these solutions.
Over the last few years a considerable body of informa-

tion has accumulated pertaining to the propensity of copper

to form mixed valence clusters.l48-151 Particularly rele-

vant to the compounds being discussed herein is the isol&tﬂ:&
of a purple complex formed by the reaction of copper(II) asd

150

D-penicillamine. The intensely colored compound was shown

to be an anionic Cu(I)/Cu{ll) cluster, [Cu(Il) 6Cu(I)8 (D—Pen)lz—

c1°, by X-ray diffraction. In this complex and other poly-

148,149 mercapt:,ides often

nuclear tixed valence complexes,
serve as bridging groups stabilizing the copper (I) moiety
whereas the amino acid residues will serve to stabilize the

150 The outstanding property of these clus-

coppe‘r(ﬁ) units.
ters is that copper (II) mercaptides can exist in the presence
of copper (I) in spite of the fact that reduction of the high-
er oxidation state would normally occur with simultangous di-
sulfide formation. The analogy can be drawn with the copper-
(1) halophenoxide/CCl4 reictfion products. The inclusion of
copper (II) phenoxide within a cluster also containing copper-
(I) phenoxide can similarly result in stabilization of the
copper(il) species relative to homolytic dissociation. It

148

is’relevant to note that chloride and phenclate151 ligands

have also been found to participate as bridging groups be-

tween copper nuclei.

The solutions containing the product from the polyhalo~-
/

T e b it
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- Copper (II) ‘species are prone to dissociate in acetonitrile.
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phenoxo copper (I)/CCl 4 reactions decompose on dilution. Ad-
dition of acetonitrile solvent to these dark-colored solutions
cauges them to discolor and cloud with the eventual precipi-
tation of polymer. He;ting the dark solutions also leads to
the formation of polymer following a short induction period.
The éffects of heat are possibly manifold, however, the two
foregoing obse‘rvations can be cited to support the existence
of a dissociative equilibrium. Assuming the probable stoi-
chiometry for the complex as established by analysis (Table

11.2), the following equ:}librium can be postulated (39).

[;uTCP][cucI][ ou €1 TCP] . -

N

[c«rc;j [caci]+ [eu c17CF] + [cuter, ] (?9)
\ ms:oc/ :
PoLYMER :
103

This hu been found to be true for unligated copper (II) tri-
chlorophenoxide (Section E.iii). This amorphous compound

when put in contact with acetonitrile, spontangously generates

'y
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polymer. By analogy the chloro(trichlorophenoxo)copper (II)
species formed in the dissociative&quilibrium (39) is be-
lieved to also be responsible for the appearance of polymer
when the intensely'colored solutions are either diluted or
heated.

An equilibrium such as illustrated in (39) is further
supported by the fact that the addition of copper(I) species
tc; these solutions tends to stahilize the mixture and in-
crease the induction period for dec;omposition at reflux.

The species obtained by the :addition of copper (II) tri-
chlorophenoxide to solutions of either cuprous chloride or
copper(I) trichlorophenoxide in acetonitrile (Section E.iii)
are likely to be similar to that depicted on the left-hand
side of equilibrium (39). It was found in these e;:perim;ants
that copper(IIl) species in acetonitrile can be stabilized "
towards disproportionation if copper(I) is present. There
is however a 3 Cu(II) /Cu(Il) t:.hreshold beyond which spontane- |
ous appearance of polymer is obsefved. The products‘ obtained
by mixing in acetonitrile solution copper (I) and copper(II)
phenoxide complexes as outlined, behave similarly to the cop-
per (I) halophenoxide/CCl : reaction products with respect to
dilution and heating. |

The amount of ‘ionic halide was determined by two ‘differl-
ent analytical procedures (Seﬁ:tion 3.E.iii, (a) and (b))\.

The occurrence of chloride in the dark complexes is to be

expected if the reaction with CCl 4 follows a one electron

e
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oxidative addition to copper (I) leading to the. formation of
d trichloromethyl raaical. The ultimate fate of :he latter
where coPper(I) polyhalophenoxidef are concerned, is pydrogen
abstraction from solvent to yieldfchloroform.

It was also demonstrated thdt coordinated halide would
undergo metathetical reactions with sodium phenoxides (Sec-
tion 3.E.iv). These reactions were not amenable to guanti-
fication in terms of the’amount of labile halide present since
the dark complex acted as a eatalyst for the polymerization
of the added sodium phenoxide. The amount of NaCl recovered
from the reaction product was in accord with the quantity of
sodium phenoxide initially introduced.

The intermediate nature of the products from the copper-
(1) polyhaloPhenoxide/CCI4 reactions, jin the sense §§§t they
have the potential to resume reaction to produce ortho es-
ters, was demOnstrated\by carrying out a number of reactions
in the presence of reducing agents. Tri-t-butylphenol, xyle-
nol and ascorbic acid all bleached the dark mixed Cu(I)/Cu(II)
trichlorophenoxide complex to regenerate cuprous chlori&e and
produée the corresponding orthoformate of the polyhalophenol.
In Schenme III,Ixylenol is used to illustraée a possible mode
of~actioh of these hydrogen donors (TCP: trichloropheholate,

XyH: ZXylenol, OF: trichlorophenyl orthoformate).
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- s
Cu'TCP-!-CCI‘——-—-) c'ciTer + 'CCIs—v-—--—> HCCl,
XyH XyH
Xy +TCPH \»ucc|3 TCP—> Cl,CeTCP "
':
TCPH XyH ;
. OF
Cull V.
Xy
SFHEME i

A modification of Scheme III ‘'would also allow an expla-
nation for the occurrence of roughly 10% orthoformate in the
product of the_ copper (I) ‘polyhalophenoxide/éCl 4 reactions.
Small amounts of free polyhalophencl could be inadvertently
ir:@troduced in the reaction medium through hydrolysis of the
sodium phenoxides during weighing. Such a situation would -
result in the presence of variable amounts of free phenols
and consequently yield aleatory quantities‘of halophenyl ortho-
formates. In Scheme IV, trichlorophenol behaves as a re-
ductant Qby transferring hydrogen atoms to the initially formed
trichloromethyl radicals. The newly ~ger:erqted phenoxy radi-
cal can then react with other trichloromethyl radicals to
form the trichloromethyl ether and eventually the coprespond-

ing trichlorophenyl orthoformate as described earlier (c;.f.,

page 106).

\




T AN A .

e

~

b 126

Cu‘rcp+cct —3>Cd'CI TCP + ccn -————————-> Heel,

TCPH
HCCI

> ClyC-TCP —o» e~> QF

- SCHEME IV

The sequence illustrated in Scheme IV is supported by
the observation that the copper (I) trichlorophenoxide/CCl4
reaction, when carried out in the presence of one equivalent
of added ﬁrichlgrophenol (Section 2.E.iv), led to a substan-
tial increase in the yield Qf‘isolated ortho ester.

The essential diffgrence between Schemes III and IV rests
with the ability of xylenol to coordinate and ultimately re-
duce the copper (II) species. In the case of the trichloro-
phenol the latter cannot be expected to be a better reducing.
agent than the phenoxide already coordinated. Rather here,

it is proposed that it acts as a transfer agent competing »g‘

with solvent to transfer a hydrogen atom to the CCl, radicals
to produce chlorofo:ﬁ and trichlorophenoxy radicals. The
Yatter would subsegquently in a radical-radical reaction with
thelcgl3 species yield the trichloromethyl ether precursors

of the orthoformates.

|
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CHAPTER III

1. INTRODUCTION

‘Al Polymers from Trihalophenols, the Branching Hypothesis

Hunterls3 first i‘i*atedlpoly(halophenylene oxide) poly-

mers as a result of fhe thermal decomposition of silver halo-
¢ 6
phenoxides. He indicated that two types of enchainment were

present’' on the basis of chemical analysis results (1).

Y, Y S
X __L_e -(q@)r.oog (1)
) Y m n )

It was also established that iodine was displaced somewhat

more readily than bromine, which in turh was more reactive

_ than chlorine and that para halogen reacted more readily than

ortho ?aloben. Furthermore Hunter believed that only halogen
in a ring carrying a free ionisable phenol group could be

displaced (2).%%*

P (2)

S e ki, o
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Serious doubt‘can be cast on the structure proposed for this
polymer in view of the present‘knowleaée concerning the oxi-
dative coupling of halophénoxides (Chapter I).155

In a first detailed study of the decomposition of 2,3,
6-trihalophenoxide complexes under a variety of conditions
to poly (halophenylene ethers), the term branched polymer was

used to describe the products.67

Even though the molecular
weight of a poly(dichlorophenylene oxide) is of the order of
10,000, its intrinsic viscosity is always approximately 6.05
dl/g. By way of comparison, poly (2,6-dimethylphenylene oxide)
of molecular weight 10,000 has an intrinsic viscosity of 0.30

dl/g. sSimilar arguments were applied by Hay156

when he found

that the oxidative polymerization of 2-chloro-6-methylphenol

gave high molecular weight polymer with a lower than expected

intrinsic viscosity. Analysis of the polymer also showed

loss of chlorine (io—lS%) during the pol}merization. Branch

points such as (l) were assumed in this instance. o
|

] ’
The branched structure of polyhalophenoxide polymers i

1

was further supporte? when their “H nmr spectra were first

4 D
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>7 thermally decomposed the hexamethyl-

published. Tsuruya1
phosphoramide copper (II) complex of 2,4,6-trichlorophenol

and isolated the product polymer. The 1

H nmr spectrum of
the trichlorophencl polymer shows overlapﬁing broad peaks.
This indicated, it was presumed, an additional substitution
mode to the expected linear mode and could possibly be at-
tributed to substituent branches in the 2,6 positiong. Sim-
ilar poorly resolvéa and complex spectra were observed for
the poiymers obtained from eother copper(II) trichlorophen-

80 On the other hand polymers having a high

oxide systems.
proportion of 1,4-coupled units gave remarkably shé}per spec-
tra. For instance the products obtained from the thermal
decomposition of 2,6-dichlorophenoxide copper (II) complexes
containing a 4-bromo or 4-iodo substituent, afforded lH nmr
spectra featuring a sharp. singlet attributed to the 2,6-
dichloro-1, 4-phenylene oxide unit. A smalier d?ublet at
lower fielé than the singlet and iés counterpart partially
obscured by the sinélet were assigned to minor branched
structures. |
The polymer obtained by the oxi&aﬁive coupling of 2,4,
6-tribromophenol in the presence of copper in acetbnitrile
produced a IH spectrum consisting of a number of sharp

158 A 1li structure would entail an nmr spectrum

peaks.
consisting of a singlet. However at least four peaks are
promingnt in addition toyg few minor features thus indicat-
ing, as the authors :trgifga;kthat ortho bromine had also

|
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been eliminated. The high resolution of these peaks as well
as the presence of a band attributed to the proton of an OH
end group tend to indicate that the product is a, polymer of
low molecular weight. The modest degree of polymerization
was further substantiated by an observed low intrinsic vis-
cosity (0.02 dl/qg).

Infrared spectroﬁcopy has been of limited value in de-
termining the structure of poly(phenylene oxides). However,
in one particular case, branching in poly(l,4-phenylene oxide)
was possibly demonstrated by infrared spectroscopy.159 An

“1 yas assigned to side chain substitu-

- absorption at 970 cm
tion by phenoxy units after the examination of the infrared i

spectra of ‘'model compounds. A polymer containing 5% of 1,2-

o

coup&ed units did not present any marked difference in its

Bt S Y

vibration spectrum when compared to a completely 1,4-coupled
polymer.

Very little data is thus at hand”to permit a clear as-
signment of the actual structure of the polymers obtained
from 2, 4 6-tﬁ1halophenols. The probes available do indicate
that the enchainment mode is quite different in both the
linear polymer obtained from 4-bromo-2,6-dichlorophencl and
the branched polymer obtained from:trichlorophenol.F ) ‘

~ Branching as such remains a simple hypotheéis to eipiaid |
the peculiar spectral and solution properties of theepolymers
- \

obtained from trihalophenols. In this section a neéw look is

taken at a number of poly(halophenylene oxides) obtained from
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the copper (I) gsystems described in the previous chapter as

well as from ;:;ious other copper complex systems. Physical
measurements have been undertaken on these polymers in hope
of attaining a better understanding of their microstructure.

\

B. The Relationship Between Intrinsic Viscosity and
Molecular Weight for Poly(halophenylene oxides)

i. Introduction

The viscosity of a dilute polymer solution is associated

with the frictional resistance of the molecules in motion

160

with respect to each other in the solvent medium. The

b

size and shape of the molecules are most important in deter- ;

mining the magnitude of the effect. Other factors, such as

QP

the possibility of forming hydrogen bonds, the presence of
charges on the macromolecule, as well as\ﬁfe effect of sol-
vent on the secondary structure are also imgg;:;kt factors
affecting the viscosity of a polymer solution.

For a series of linear homologous éolymers it has been
160 that the intrinsic viscosity is directly pro- 7 -
portional to a power of the molecular weight:

. (n] = x M*

: { ' & ;
K and a are dependent on the type of polymer, the solrent
and the temperature. Th;y are empirically determined from

the intercept and, the alope of a log-log plot of intrinsic

-
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viscosity versus molecular weight.

Molecular weights are commorly determined by measuring
a colligative property of the polymer thus yielding a number-
average molecular weight, and intrinsic viscosities are ob-
tained by extrapoclation to zero concen%ration of an nsp/c
versus ¢ plot, where concentration is expressed in g/dl.

A branched molecule extends over a smaller average vol-
ume in solution than a linear molecule of the same molecular
weight. In other words, the time~average distribution of
segments about the center of gravity of a molecule depends
on chain structure. Other factors being equal, a branched
molecule has a more compact distribution than a linear mole-
cule. ,Thus a change in branchihg degree for a comparable
molecular weight would show up in the double 1bgarithmic plot
of intrinsic viscosity versus molecular weight. It is expect-
eé th;t a slower increase in [n] vs M will be observed for

a branched polymer.

ti. Mark~Houwink Plots for Linear and Non-Linear Poly-
(halophenylsne oxides)

'Thg molecular weight-viscosity data obtained by Carr and
Harrod®? can be used to construct the plot shown in Figure

IIX.1. It can be seen that data points for polymers which

_have been shown to have a linear enchainment fall on the same

line as the data pertaining to'polynarl believed to be branched.
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FIGURE 111.1. Intrinsic viscosity-molecular weight
relationship for poly(chlorophenylene
oxides) in CHpClp at 25°. Q: non- )
linear polymer, EJ linear polymer. ,
Data taken from 80.
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The slope and intercept respectively yield val&es for a: 0.67
and for K: 4.27 x 10-5. The values for these constants agree /
with those obtained from poly(2,6-dimethy}phenylene oxide) under
a variety of conditions as shown in Table III.l. Although it
may seem that the value for K is rather low for the halo poly-
mers, it is known that K is very sensitive to the molecular

161 especially if the molecular weight

weight distribution,
data %s obtained on unfractionated samples'using ﬁ; rather
than ﬁ;. The values for K would tend to diminish if less
polydisperse samples are used or if weight average molecular
weight data are used to construct the Mark-Houwink plot. This
factor may be the causé of the low K values in the present
case since G.P.C. cufrves of a few typical polymers obtained
from these systems iydicated that the polymers have f&irly
narrow molecular weight distributions.

Temperature on the other hand affects the K and a values

to a lesser extént.lsl For a » .0.70,, K becbmes ly

independent of temperature. Furthermore, measurements on‘pbly

(2,6~xylenol) in tolueﬁe, chloroform and chlorcbenzene have
shown that the unperturbed dimension of the chain-coil of‘
this polymer is relatively small and does not Y’f} appreci-
ably in the solvents uaed.l62 ‘ v
Similar plots can be obtained for othe; data gkiating

in the 1it§rature.67’156'ﬁ57 These are illustra;ed for the

chlorinated and brominated poly(phenylene oxides) in Figure
111.2. The supporting data for these plots, along with the
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: TABLE 111,1 '
| _ ,‘Xéfﬁ?if%‘fﬁ?ﬁérﬁi«’ffiiﬁiﬁﬂ’éﬁvteﬁg"oixSS’)‘ ,
SOIVQQt T (°C) K (x104) a Reference
Toluene — 25 2.85 0.68 183
Chlorobenzene 25 3.78 0.66 183
— Chloroform T 25 4.83 0.64 183
Carbon tetrachloride 25 7.55 0.585 184
Banzene ) 25 2.60 0.69 184
(a) . 3.80 0.73 63
Benzene , 29.4 4;66 0.70 185

(a) WMo soclvent or temperature was specified.
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Intrinsic viscosity-molecular weight
relationship for halogenated poly-

(phenylene ‘oxides). Supporting data
in. Table III.2. {
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TABLE 111.2
SUPPORTING DATA FOR FIGURE II1.2

. om————oc o o

Y
. b
Paga poin “°‘,©>“« et mE W meference
X Y . '

i 1 pentachloro A 0.015 1,200 67
2 Br Br c 0.02 1,900° 158

3 Br Br B 0.02 2,300 67

— 4 Br Br (3-OMe) a ) 0.04 5,500 67
5 Br Br A ' 0.04 7,500 67

6 cl c1 A 0.05 8,000 67

7 c1 c1 B 0.06 9,600 67

8 _Br c1 B 0.07 11,000 67

9 H Cl,Me D - -0.47 71,000 156

A thermal decomposition of the silver phenolate; B: thermal decomposition of

the bis(pyridine)bis (phenoxo)copper(II) complex; C: cupric nitrate catalyst in

CH3CN at room temperature; D: copper/pyridine catalyst at room temperature.

b

d

Intrinsic viscosities in CHCL

3 at 25° .,

®Molecular weight determined in this laboratory.

.

Because of the nature of the monomer this polymer is“expected to be linear.80
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origin of the polymers are listed in Table III.2.

The values for K and a of the chlorinated polymer series
(6,7,8,3) are somewhat out of line when compared with the
valu;s for the poly(2,6-dimethylphenylene oxide) listed in
Table III.l. However, within the error limits normally as-
sumed for viscosimetric data, the points fit a straight line
to an excellent degree. The coincidence of the dafa point“cor-
responding to polymer (9) with the curve is most likely for-
tuitous. The chemical com§051tlon of this polymer is differ-

ent in that one of the chlo;1nes in the monomer is replaced

" by a methyl group. For the brominated polymers the K and a
q

constants assume normal values. The low value for a is in
line with the behavior expected since in the low molecular
welght range, (mostly less than 104), a befomes 0.50 irre-
spective of the solvent.163
The remarkable feature of the plot pertaining to the
chlorinated polymers‘in Fi?ure IIT.2 is the colinearity of
the data point 8jfor a linear polymer with the data points
of polymers considered to be branched. This, and the pre-
viously cited similar behavior of data originating from an
indeéendent laboratory (Figure III.l), led to the gquestion-
ing of the branching hypothesis. The behavior observed for
these linear and so-called "branched” polymers is at vari-
arice with that expected in the intrinsic viscosity-molecular
weight relationship. In extreme cases, highly branched poly-

mers exhibit intrinsic viscosities independent of molecular
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160 On the other hand the presence Af short chain

weight.
branches has little effect on the solution viscosities of\
polymgrs. In this case the linearity of the Mark-Houwink
plots would be quite well preserved, but the nmr spectra
would not show gross differences for polymers congidered to
be branched and polymers known to be linear. At most, short
chain branches would show up as a few additional resonances
associated with the increased number of chain ends. This is
not so in the presenﬁ case since thé);o-called branched poly-
mers yield drastically d;fferent spectra comparéd to those
obtained from linear pol&mers.ao
The foregoing discussion of existing data pertaining to
poly(halophenylene oxides) led to the conclusion that the
structure of these polymers needed to be reexamined. The
accepted branching hypothesis, although largelywin agreement
with the nmr spectra and the fact that éhe so-called branched
polymers yield brittle films, cl§arly does not explain the

intrinsic v13cosity—moleculér weight relationships.
4
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2. RESULTS

A. Polymers from Copper(I) Trichlorophenoxide Systems

i. Introduction ,

) During the course of investigations concerning reactions
o of copper(I) phenoxides, it was found that polyhalophenoxo
‘ copper (I) complexes did not undergo complete reaction with
‘ # . carbon tetrachloride. Unexpectedly, the effect of heat on
the resultant dark solutions was to precipitate poiymer rather
than to push the reaction to completion to afford ortho esters.
On first examination the.product polymers seemed to exhiPit
much simpler lH nmr spectra, possibly indicating the forma-

tion of a new type .of polymer as\result of a stereoregulaﬁing

effect of the polyLuclear copper complex. This reasoning
prompted an investigation of a number of reaction parameters
in an effort to delineate the factors‘affecfinq the structure
of these polymers. [

) ‘ \ 14 4

, | ii. Thermal Decomposition of the 2,4,6-trichlorophenoxo
i ’ ‘ Copper (1) /CCl, Reaction Product

The preparation of cuprous pheno*ides and their reaction

! with carbon tetrachloride have been described in a previous

sﬁction (Chapter I1I1.2.D).
The addit%on of variable ambunts of carbon tetrachloride

\
\

I

e -
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\

(0.2-2.0 equivalents) to the cuprous trichlorophenoxide p;iér

to heating has no effect on the yield nor on the structure of
the isolated polymer, Table III.3. The slight variation (:10%)
observgd in the yields of\isolated polymers is related to the
difficulty encountered during the separation of the polymer
from the sodium chloride. The precipitate reco;ered from the
thermal decomposition containing both products was extracted
with a s&lvent for the polymer and filtered. The extreme fine-
ness of the sodium chloride resulted in frequent clogging of
the filter and variable losses of polymer during work-ups. :

qhere seemed to be a limiting minimum amount of CCl, re-
quired for the induction of pélymerization. For instance, the
addition of less than 0.10 equivale?t of added CCl4 did not
succeed in: inducing polymerization. Also, a solution of 2,4, 6-
trichlorophenoxocopper(I) in acetonitrile containing no carbon
tétrachloride could be kept at 70° for extended periods under
nitrogen without any signs of decoﬁpositionl |

\

iii. |Preparation of Mixed Oxidation State Complexes
Tcu(T) TCP]  [Cu(II)TCP,I  and their Thermal De-
compositioh

{

The title—compounds (TCP: 2,4,6-trichlorophenoxide) were

obtained as dark red/brown rphous powders by mixing cuprous

chloride and soiium trichlorophenoxide in acetonitrile fol-~

lowed by the required amount of copper(II) trichloropheanide,
filtering the sodium chloride and stripping the solvent. 'All

-

I S,
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- TABLE II1.3

M 2,4,6-TRICHLOROPHENOXOCOPPER(])
IN THE PRESENCE OF CCi 4

CCly
Egquivalents - T {°C) Time , Yield (%)
0.05 73 5 hrs a
‘ - 0.10 70— 5 hrs -
' 0.20 ) 70 instantaneous 66
i " 0.50 80 instantaneous 75
1.00 80 instantaneous 59
2.00 65 instantaneous 66

T |

P
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mixed oxidation state complexes had infrared spectra similar

to that of unligated copper (II) trichlorophenoxide.128

No
acetonitrile was ligated in any of the samples, as was easily
demonstrated by the absence of an i.r. absorption at 2260
cm"1 corresponding to the nitrile stretch of the solvent.

Samples of the complexes were weighed in a flask and

i decomposed either in refluxing acetonitrile (81°) or toluyene

\ (110°). The acetonitrile reactions were homogeneous ini-

tially but precipitated polymer during reaction. 1In toluene,
the complexes were inscluble but the polymer went into solu-
tion. The results along with some characteristics of the
polymers are summarized in Table III.4.

All the samples decomposeq‘smoothly in the refluxing
solvent. One exception was observed with the complex [Cu(f)-
zg?]lolcu(II)TCEzl\in refluxing acetonitrile which after six
ﬁoprs had not undergone any observable décomposition. Carbon
tetrachloride was thus injected in order to induce decompo;i-
tion;i Another exception was the spontaneous décomposition
of the Cu(II)'I‘CP\2 complex in acetonitrile. This matter has

ai}eady been trgfted previously (Chapter II.2.E).

\ Polymers obtained from the decomposition in acetonitrile
had lower molecular weights and accordingly lower intrinsic
viscosities. In toluene higher molecular weights/were ob~-

served. These trends correlated with the observation that

the 1H nmr spectra became progressively more complex as{mole:

cular weight increased. This will be discussed in the next

section. B ) : {

Dl 8 e s e
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_ ~ TABLE 111.4

POLYMERS OBTAINED BY THERMAL DECOMPOSITION

- OF [Cu(I)TCP] [Cu(IT)TCPl

)

Polymer

= Cu(l)/Cu(1i1) Identification Solvent Yield (%) Mn [n}?
a 10 - TCP10, - CH,CN® 89 5,900 0.041

- - 10 TCP10,, Toluene 81 - -

- 5 - TCPST Toluene 77 - -
i ‘ - 2° TCP2, CH,CN 79 - "0.041
B 1 TCP1, cHyON 83 - 0.042
o 1 TCP1,, Toluene 72 32,600 0.090

. 0.5 ']?CPO.SA CH3'CN - - 0.042

- , 0 TCPO, ca ond 94 13,300 0.049

® Intrinsic viscosities in CHCL, at 25°20.02° .

+ ' b81mple did not decompose after 6 hours at 817, CCl4 was added to induce decom-

position.

cCu(I)TCP/CClanreaction product, filtered to remove NaCl, evaporated to remove

CCl, and dec

4 posed in CH.,CN.

3
a

Spontaneous decomposition in acetonitrile at room temperature.

1248
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iv. H nmr Spectra of the Polymers Obtained from the
Copper (I) Trichlorophenoxide Systems,, Comparison
w:LtE Intrinsic Viscosity and Molecular Weight Data

The thermal decomposition in two different solvents of
the series of mixed oxidation state complexes containing vary-

ing ratios of copper(I) to copper(II) led to the isolation of
: -t
a number of polymers having molecular weights spanning an or-

der of magnitude. A fair range of intrinsic viscosities was

also observed.

1

Comparison of these polymer characteristics with the “H

nmr they afforded (Figure III.3) immediately stressed the
y
drastic effect of increasing molecular weight on the overall

linewidth of the proton spectra. The effect is s0 marked for ,

O thesé poly (chlorophenylene oxides) that it can be questioned
w&xether all the polym;rs in this series have the same micro-
structure. It is with this possibility in mind that a 13,
nmr study was undertaken, the results of which aré described
below (Section C).

4 Examination of t;xe spectra obtained from the low mole-
\ cular weight polymers also brought up the question of whether
the "doublets” observed at low field were associated with a
possible ortho enchainment as shown in (2) . Such a possi-
bility could account for the observation of two types of re-
sonances usc;ciated with two types of protons coupled meta,

~ The veueity) ther, of suwh a postulate is rather doubtful

bacause 6! the non-converging slant in the doublets and also

e
.
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data for a series of pSlymers ob- ;
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>
HI Cl /n

(2)

t

because of unequal broadening of the two single bands consti-
tuting the "doublets™. An expansion of the aromatic region
under question (Figure III.4) did not allow| a clear cut de-
cision to be made since the separation is very close to

the limits of resolution. The low field and high field "doub-
lets" had respectively a separation of 2.8 and 4.0 Hz. Other
structural possibilities in accord with the 1H nmr sSpectra
will be discussed in Section 4.

1 - J '

» v. H nmr Spectra at Elevated Temperatures

]

An increase in temperature of the sample solution con-
taining the polymer often bring:ﬁ about an enhancement in the

resolution of the nmr spedtra. Lines become- sharper because

of the combined effects oq higher segmental mobility and low-
er molution viscosity. J

- Four polymers were examined in tetrachloroe!.:hyle'ne at
temperatures as hi;gh m; 119°. In all cases né improvéd re-
solution of the p;:oton spectra was obtained. The polymers
investigated were: (origin (temp.)), linear high molecular

e G, e mb mw i menem 6 0 L e s e amrm v e o e e
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FIGURE 111.4,

1

H nmr spectrum of a 1c¥w molecular

weight polymer, expansi\\on of the

19w field doublets,

!

N\

148




ot i B e

148a




@)

L AT AR Sa 7 Y mon e

149

I
i

weight polymer from bis(pyridine)bié(4—brom£>'—2,6-dichlorophe-
noxo)copper(II'}i (105°); "branched" polyéner from bis(2,4,6-
trichlorophenoxo)cogper(II) decomposed in acetonitrile (119°);.
"branched” high molecular weight poiymer from bis (pyridine)-
bis (2,4, 6-trichlorophenoxo) copper (II) (105 }; low molecular

weight polymer from [Cu(I)TCP] [Cu(II)TCle decomposed in ace-

tonitrile (118°). J

!

vi. lH nmr Spectra in the Presence

of Paramagnetic Materials

’

The effect of paramagnetic materials on the proton spec-

" -trum of "branched" polymérs was examined in hope of obtain-

ing either better resolution or additional information as to
the navture of their microstructure. Contact interactiong _may
result in drasticélly changed chemical shifts and ultimately
broadened resonances. The effect arises through thé fluctu-
ating field produced by the unpaired/eleétron which has a mo-

ment in the order of 103 greater than the nuﬂ:lear mcaxnent.l64

The local magnetic field experienced by a proto@t/othe

presence of an unpaired electron, falls off as an inverse
cube power of distance.
/
A typical polymer yielding a broad proton spectrum was

thus exmnine/pl in the presence of increasing amounts of added

/

tris(acety]/./a]cetonato)chromium(III) . It was observed (Figure
/

I11.5) th7t as the concentration of the paramagnetic material

\

i
3
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FIE«}I}T{E [11.5, Effect of tris (acetylacetonato) -
chromium(III) on the 1H nmr spec-
trum of a high molecular welght

"branched"” polymer. Polymer con-'

’ / centration: 17% (w/v) in tetra-
’ chloroethylene; reagent concentra-
tion: a) 0; b) 5. 7x10‘3 M; c) 1.2

x10-2. My d) 1.7x10-2 M

\ -
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is increased, only the low field resonance is broadened and
ultimately coilapsed. The other features in the spectrum re-

main essentiélly unaffected. Similar broadening was observed |

with tris (acetylacetonato)iron(III).

B. High Molecular Weight Polymers from Bf;(pyri-
dine) bis(trihalophenoxo) copper (II) Systems

i. Introduction

The above speculation concerning the possible ortho-
enchainmént (1,2-coupling as opposed to 1,4-coupling) for the
low molecular weight p?lymers, prompted a sgarch for likely
means of producing a truly 1,2-coupled polymer. The success
attained in the isolgtion of poly(2,6-dichlorc-1,4Lphenylene
qxide) by use of copper (II) complexes containing the 4-bromo-
2,6-dichlorophenoxo monomer80 suggested that a similar reac-
tion should be tried using copper (II) complexes derived from
2-bromo~4, 6~dichlorophenol. The orthoﬁ;omophenol and the
corresponding copper complex are easily prepared by established
procedqres.l28

Copolymers were ‘also prepared with the intent of obtain-
ing additional structural information by comparison of their
nmr spectra with those of polymers already isolated, parti-

13C spectra of a series of

cularly by comparison with the

polymers obtained from trichlorophenol which tended to sug-
4

gest thi¥t these polymers might be constituted of 1,2 and

1,4-coupleduunits. In order to test this possibility co-

L ety oot
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éecompositions of two different -bis(pyridine)bis(phenoxo)-
copper{II) complexes were undertaken. Copol?mers were ob-

tained by virtue of the near équivalence of the oxidation

v

potential of the two different halophenoxo ligands.
\
4 0
ii. Preparation and Thermal Decomposition of Bis(pyri-
dine) bis(2-bromo~4,6-dichlorophenoxo)copper {II)

The monomer ligand was prepared by direct bromination

of 2,4-dichlorophenol and the copper (II} complex was easily

‘obtained as dark brown needleé by following established pro-

cedures.{?a The polymer obtained by thermal decomposition

¥

at elevated temperature had a similar lH nmr spectrum to a
polyﬁ;r obtained by @ecomposition of the same complex in
toluene at room temperature in the presence of carbon tetra-
chloride.

Complete analysis of both the hiqh temperature'andélow
tem;erature polymers showed\thpt a considerable amount of
bromine had been retained, thu; eliminating the possibility
that these polymers are completely 1,2-coupled. ~Rather,t£;
s£ructure, on the basié of the chemical analyses, appears to
be a mixture of 1,2 and 1,4-coupled units (3), where 1.5 >
x/y > 1l.. A more precisef!a;imation is unreasonable consider-
ing tRe difficulty in obtaining an accurate él/Br ratio by
chemical analysis in a product where the two halides are pre-

'

sent sinmultaneocusly.
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FIGURE III.6.

.r

!
H nmr spectra of the polymers ob- |
tained from bis(pyridine)bis (2~bromo-
4,6-dichlorophenoxo)copper (II): a)
and from bis(pyridine)bis(2,4,6-
trichlorophenoxo) copper (1I): b) 89.
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(3)
AN ,

The 1H nmr spectrum had the same features as those ob-
tained from polymers resulting from the decomposition of bis-
(pyridine)bis (trichlorophenoxo) copper (II) under similar con-
ditions, Figure III.6.

The intrinsic viscosity of the high temperature polymer
was somewhat low (0.044 \dl/g in toluene at 25°) and this re--
mains‘ unexplained. Both polymers affordedQ brittle films when

cast from solution.

In one case the' 4-bromo- and the 2-bromo-complexes were

dsconpoud together in refluxing- toluene. In the\ l;cond case
* the 4-brmo nd 2,4,6-trichlorophenoxo comp‘lcxu were co-
deca!tpoud 13 toluene at room tenperaturn in the presence of
added carbon tetrachloride. Both reactions lead to straw
eolored lolutions which had dnpos}ted pale green bis (pyri-l ’
dine)brc-ocl:xlo:qcopper(n) . 1'1‘!13 cé;polym’arl wers ispl@tcd“
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from the toluene solutions in a yield greater than 90% in
*hoth cases. ,

The first copolymer, obtafned from the high temperature
reaction contained approximately 18%, bromine which is con-
sistent with a compositilclm close to ((CSHZO C12)1.5 ‘e
(CGHZO ClBr))n for the units. The intrinsic viscosity of
this copolymer was quite high (0.062 dl1/g, CHC13@ 25°C) in
accord with its relatively high molecul.rar weight (58,000).
The latter values applied to the Mark-Houwink plot (Figure
11I.1) for poly(halophenylene oxides) yield‘; ‘point coinecid~ *
ing with the curve.

As a general rule, the compoaition- of a polymeric sub-
stance is not homogeneous as far as molecular weights are
concerned. However, a fractionation of the product polymer
was carried out in order to ascertain thl,at the polymér was

truly a copolymer and not a mixture of two different poly-

_mers, a linear and a non-linear oné, obtained from the two

a

com?lexes. The fractionatign experiment here relies on the

lesser solubility. of the linear poh.ymer relative to the non~

0

linear polymef.a This was perf‘omed on a dilute methylene

chloride solution of the polymer by adding me ol till the
appearance of a permanent turbidity. The :usm+ioﬁ was then

centrifuged to remove pach fraction prior to addition of more
' - i
non-solvent. . o

Each of the fractions was examined by Ly nmr spectro-

scopy and no variation in the appearance of the. i1ls1'.m:tra from
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one sample to another was observed. A typical spectrum of
one bf the fractions is shown in Figure I11.7a. Fﬁrthermore,
a lﬁ nmr spectrum of a mixture ?f the linear and non-linear
homopolymers did not yield the spectrum observed for the éo-
polymerv(Fi?ure III.8). éuchtbehavior hajéafso been observed
for a copolgmet of 2,6-dimethylphenol and - 2,6-diphenylphenol
where the Hﬂhmr spectrum Jf the copolymer had distinct fea-

tures not observed in a spectrum of a mixture o% the two homo-
165 P ”

polymers.
’ 1

The "H nmr of the copolymer has a striking resemblance

to those spectra obtained from the low molecular weight poly:
nmers although the former spectrum is slightly more broadened.
Ap additional broad peqé of low intensi&y which was not}Fp-
parent in the spectra of the low molecular weight polymers
is now apparent to the high field end of the spectrum.

The second copolymer, obtained in a similar way, but by
adding carbon tetrachloride to allow the reaction to proceed

at room temperature, gave a 1H nmr spectrum essgptidlly\simi-

" lar to that of the first copolymer (Figure III.7b). No fur-

ther characterization was carried out on this polymer but it

may be assumed that its molecular weight was fairly high con-

- sidering the poof solubility in common solvents.

~a
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FIGURE 111.7.
@

lﬁean spectra of two copolymers ob-
tained from the decomposition of bis-
(pyridine)bis (4-bromo-2,6-dichloro-
phenoxo) copper (II): a) with bis-
(pyridine)bis (2-bromo-4, 6-di¢hloro-
phenoxo) copper (II) (l:1, refluxing
toluene); b) with bis(pyridine)bis-
{2,4,6-trichlorophenoxo)copper (II)
{1:1, toluene/CCl,, room temperature)

-
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FIGURE 111.8,. 18 nur spectra of: a) non-linear
homopolymer; b) linear homopolymer;

c) mixture of a) and b):
weight), solvantzcsz/TMs.
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13C nmr Spectra of Poly(halophenyleneoxide) Polymers

i. Introduction

Because of their complexity and in some cases their

drastically broadened appearance, the proton spectra pre-

t

sented herein have been of little use in determining the -

. microstructures of the polymers prepared in this work. In-
terpretation has only beéﬁ possible in the case of "linear”
1,4-coupled polymers, where the expected spectrum is observed.
With the intent of obtaining additional 'structural ‘informa-

tion on the polymers prepared during the course of this work,

el

carbon-13 spectroscopy was resorted to.

13

The general tendency of C spectra of polymers to be

less sensitive than lH spectra to relaxation broadening, the

very subftantial sensitivity of 13¢ chemical“shifts o con- ,

166 167 |

formational changes and to steric effects and the wide

window for the cbservation of 13C chemical shifts (200 ppm
as compar¢d to 10 ppm for protons) suggested that this tech-

nigue couﬁd be particularly useful in the examination of the

primary and second;gy structures of polymers.168

13

The wide appllcatﬁon of C nmr has been largely depend—

ent on the introduction of Fourier transform technigues. This
has been neégssary to overcome a number of difficulties in-
herent in th% 13C nﬁcleﬁs. notably its low sensitivity re-
lative to the\proton (1.598%) and its low natural abundance
il.ll). Whgré\polymcrs are concerned, other drawbacks

! T
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I

associated with the low concentrations reéuired in order to
maintain a suitable viscosity of the solution have to be
dealt with.

These drawbacks are partly overcome by multiple scan-
ning with the result of an increased signal to noise ratio.
Furthermore decoupling of the protons, in addltlon to great-
ly simpllfylng the spectra, further enhances the lntensity
of the spectra by collapse of the multiplet structure and
by the Nuclear Overhauser Effect. The maximum enhancement
attainable is approximately A factor of 3 and is critically
dependent on the functionality of the carbon and is thus
highly variable for carbons within the same molecule. The
variable magnitude of the NOE destroys the simple relation-

ship between the resonance intensity and the number of 13C

nuclei. Hence carbon~13 spectra cannot be used in a quanti-

1

tative manner as easily as "H spectra.

There appears thus far to be only one report of a 13C

169

spectrum of a p ly (phenylene oxide). Poly(2,6-dimethyl~

1,4-phenylene oxide) produced the expected carbon-13 spectrum

exhibiting five ‘@sonances corresponding to the five types

of carbon present in the unit. (Table III.5.) A polymer

obtained in low yield by the high tempefature oxidative coup-

13

\lin§ of 2,6~xylencl produced a complicated ~~C spectrum most

likely resulting from the presence of end groups since the
polymer had a molecular weight of only 1,300. Branchiné was
also proposed tL account for some of thﬁ additional- peaks in

o

g
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TABLE 1115

13c CHEMICAL SHIFTS FOR PO
PHENYLENE OXIDE

B.Y

< bk i B s S A s

|
(2,6-DIMETHYL~1, 4~
IN'CDC1, T80 -

CH

3
0 ppm (ral.THS)
cn; n |
c, 154.8

’ €y 132.6
Cy 5 114.5
c, 145.5
cH, 16.5

161
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the spectrum.

ii. Comparison of 13C épectra of Low Molecular Weight
and High Molecular Weight "Non-Linear" Polymers

The low molecular weight polfmer studied was the pfodv
uct of the thermal decomposition of the copper(I)trichloro-
phenoxide/CCl4 reaction product in acetonitrile whereas the
high molecular weight polymer was the pr;duct of the thermal
decomposition of the bis(pyridine)bis (trichlorophenoxo)cop-
per (II) complex in benzene.

Immediately apparent in the carbon-13 spectra (Figure
III.9) is the much greater broadening observed in the spec-
érum of the high molecular weight polymergin spite of the
much greater number of scans (58,895 as compared to 7&331
for the low molecuiar weight polymer.) All of the féatures
are essentially sim?lar in the spectra of‘goth polymers in-
dicating that the low molecular weight polymer has the same
microstructure as the high molecular weight analogue. The
chemical shifts of these two polymers are ihcluded in Table
III.6. .

All of t?e resonances in the spectrum of the high mole-
cular weight polymer are considerably broadened, particular-
ly the resonances in the carbon bonded to chlorine region.
Reduction of resonance intensity as well broadening is a

common occurrence where quadrupolar nuclei are bound to

e bttt ote AR e




. \ 163

d

FIGURE I!11.9. Be nmr spectra of high_a) and low
‘ b) molecular weight poly(dichloro- .
[ O phenylene oxide); CDC13: ppm down-
fleld from TMS.
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- TABLE 111.6
-13 '
C CHEMICAL SHIFTS OF HIGH AND LOW MOLECUS.AR
‘ WEIGHT POLY(DICHLOROPHENYLENE OXIDES
; ' :3;;:' a TYPE OF CARBON
5 'gi:mz c-0 - c-H c-X
LI;{%‘ T -~T - - .
;:“?L ’ ’ v \ -
P  cubtcp/ccl, C 154.5 150.0 145.1 141.5  132.0 130.3 129.4 116.2 109.8 101.5
b 4 . ,
- ; Py,CuTth . 154.5 150.2 145.5 141.5 132.0 130.3 129.4 116.2 109.8 101.8
- Q Srcp 2,4,6—trichiorophenox{dg; Py: pyridine.

91

R
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L’ carbon.168 Broadening is also obsarved for the two high , *
field resonances in the low molelcular weight spectrum. How-
ever, the peak at 116.8 ppm is, for the latter polymer, re- .

markably sharp and intense.

~ iii. Comparison of 13;: Spectra of the Pol rs Obtained
' from 2,4,0-trMahloro henol and from %-%romq-z (8
i o di cHIorogEenoI with the Linear FoImer from 4-
N bromo-2, 6-dichloropheno

The 13

C spectrum of the 1,4-coupled polymer (Figure III./
10b) exhibits four bands in accord with a unit containing two

" — -+ types-of carbon bound'to oxygen, one type of carbon bound to
hydrogen and one type of carbon bound to chlorine.

(_) ’ ' The two "non-linear” polymers had moleculaf# weights of

. the order of“lo4 and exhibited considerably broadened reso-

nances in contrast to the linear polymer with a molecular
weight of the order of 105, emphasizing the jlov'z segmental

mobility in the former polymers. The number of accumulated .

scans requirred ‘to achieve reasonable resolution in the gpec-

tra of the "non-linear" polymers was as much as ten times ,

greater., )

A compilation of all the resonances observed in the.

three spectra is given in Table III.7. It can be seen that

those peaks corresponding to the linear units are also pre-

sent in the spectra of both "non-linear® polymers. The ori-

gin of the other bands present in the tpaétra of the latter

Tigp
&

polymers will be treated in the discussion.
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TABLE 111.7

3C CHEMICAL SHIFTS FOR TWoO NON-L}NEAR POLYMERS COMPARED
WITH THOSE OBSERVED FOR THE LlNE?R POLYMER (PPM
DOWNFIELD FROM TMS

1

“\

@ “
Polymer TYPE OF CARBON

Origin . Cc-0 C-H C-X

I3

2,4,6~trichlorophenol 154.5 150.2 145.5 141.5 132.0 1306.3 129.4 116.2 109.8 101.8

4-bromo-2,6-dichloro- 154.6 141.6 130.3 116.3 ¢
phenol

2-bromo-4,6~dichloro- 154.2 150.1 145.8 141.6 132.2 130.0 118.6 116/4 110.0 102.1
phenol —~ .

— . T i o e & e -
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The sharp band occurring at 118.6 ppm in spectrum (a),
(figure III.lO),.can be'attributed to the carbon chrrying
bromine'in this polymer. Carbons bound to bromine in phenols
typically give rise to bands at“about 112 ppm. The relative-
ly intense peak is to be expected since this polymer is com-
posed of roughly one bromine containing unit for every three
units. ‘

Another divergence of spectrum (a) from spectrum (b) is

She absence of the band at 129.4 ppm in the former spectrum

for a carbon carrying hydrogen. .

iv. Comparison of 13C Spectra of Copolymer,
Linear and Non-Linear Polymers

All of the spectra are presented in Figure IIT.ll. It
can be seen that the copolymer has combined all the features‘
of the linear and non-linear polymers. A nuqber'of peaks
which were originally quite broad in the spectrum of the non-
linear polymer (b) have become much sharper in the spectrum
of the copolymer (a). The higher resolution of thesg peaks
is definitely an indication of copolymer formation. The in-
clusion of 1,4-coupled units in the non-linear polymer struc-
ture fas then most likely favored increased segmental mobil-
ity and consequently improved thevoverali resolution of the

spectrum. A compilation of the chemical shifts for these

three polymers is presented in Table III.B.
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3C spectra: a) copolymer obtained

from 2-bromo-4,6-dichlorophencl and
4-bromo-2,6~dichlorophenocl (25,100
scans); b) polymer from 2-bromo-4,6~
dichlorophenol (48,892 scans); c)
linear pglymer from 4-bromo-2,6-
dichlorophencl (5,809 scans);

d) polymer from 2,4,6-trichlorophencl
(58,895 scans); e) copolymers obtained
from 2,4,6-trichlorophenocl and 4-bromo-
2,6~dichlorophenol (55,326 scans).

FIGURE I11.11,
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TABLE III.8
CARBON~13 CHEMICAL SHIFTS FOR THE COPOLYMERS AND
THE CORRESPUNDING HOMOPOLYMERS
0 ((‘ } h
Pol r e CARBON TYPE
Origin c-0 C-RB Cc-X
4
Copolymer a) 154.5 150.3 146.3 141.6 132,2 130.1 118.9 116.1 109.9 101.9 96.8
4~homo~ 154.6 141.%6 130.3 116.3
2,6-dichloro~
mﬁnOI. ’ . o~ _
2*51'(!‘6— 154.2 150.1 145.8 141.6 132.2 130.0 118.6 116.4 110.0 102.1 97.5
4,6-dichloro- -
phenol :
2,4,6-trichloro~ 154.5 150.2 145.5 141.5 132.0 130.3 129.4 116.2 109.8 101.8 . ’
phenol . ’
A : :
copolymer e) 154.3 150.5M145.4 141.5 132.2 130.3 129.4 116.1 109.8 102.0 97.0 .
' i
—
~
(=]
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3. EXPERIMENTAL . !
A. General

+ The preparation Qf solvents and reagents was outlined
En a previous section (Chapter 1I.3) and the reactioné were
carried out with the usual precautions specified therein.

The purification of polyglrs was denérally accomplished
by dissolving the material in toluene, filtering and repre-
cipitation kn a large volume of methanol containing a small
amount of concentrated HCl. All the polymers were dried un-
der high vacuum at 120° overnight. This was usually suffi-
cient to remove all traces of residual toluene,

\

|
i. Molécular Weight Dat&
: \

¢

Most of the polymers obtained in this work had molecular

'

weights less than 20,000. Number-average molecular weights
were thus obtained by vapor pfessufe osmometry using a Hew-

lett-Packard 301A instrument. The calibration was accom- |

plished by using polystyrene (ﬁ; 10,300, ﬁ;/ﬁ;:1.123 supplied

'by Pressure Chemical. Toluene used at 25" was found to be a

"

satisfactory solvent in all cases.

Since the method is based on a colllgative property of
]

these dilute solutions, the error tends to be greater in thé

higher molecular weight range. For molecular weights in the

.
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rorder of 103, the expected error i# about 1%, in the order

6¥/164 the error becomes ro;ghly 10%.

For molecular! weights above 20,000, membrane osmometry
was used. The‘detefminations were made by employing a Hew-
lett~Packard 302 High Speed Membrane Osmometer. The instru-

ment was operated at 25° using toluene as solvent.

ii., Viscésimetric Data

4

Intrinsic viscosities were conveniently obtained by us-

«

/ B
ing a Ubbelohde dilution viscometer having run through times

of 436.8 sec. and 250.0 sec. at 25° for toluene and chloro-
form respectively. The initial more concentratedesolution
{roughly 5% w/v) was filtered through a medium pore glass

frit and transferred to the scrupulously clean viscometer.

Similarly, filtered solvent was used for the dilutions. All

_ measurements yere carried out at 25.000.02°

iii. 1H nmr Spectra

i I
Proton spectra of the polymers were obtained on a Varian
T-60 instrument at 35° and 60 MHz. The solvent most commonly

used was carbon disulfide unless otheiwise indicated. All

?

spectra are reported in parts per million .(ppm) downfield
from internal TTS Solution v1scoslty presented a problem

for polymers of high molecular-weight, whereas lag molecular
1

) i
j: N

L3 i-i:
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+

weight poiymers-allowed,the preparation of concentrated solu-
tions. The atfainable c;ncentration, within the limits of a
redsonable solution viscosity, was rather low for polymers
having ;ither d high moleéﬁlar weight and/or a high .propor-
tion of 1inear enchainment. Low molecular weight polymers
typically weré ruhngp concentrations up té 20% without the
adverse viscosity effécts,

The effect of teﬁpeiaturé~yariation'on the proton spec-
tra was examined by employing a Varian A-60, instrument wit
a Varian-4060 probe heater attachment. Polymer samples were
dissolved!in eigher CDCi3 or tetrachloroethylene, the léltter.\w
being preferreq because of its high boiling point (121; as
compared to 61° for the former). High viscosiéy was not of
-concern here and solutions were made as concentrated as could \‘3

be obtained without being turbid. These viscous solutions

were éhen,sealed in thick wal nmr tubes (5 mmOD; 3 mmID)

ployed. Probe temperatures were obtained with an ethylene

glycol .sample tube and by measuring the peak separation.

+13

T .
o | | N

The carbon-13 spectra were recorded on a Bruker WH90

iv. C Spectra ) : N

22.63 MHz pulsed Fourier trgnsform instrument equipped with
a Nicolet BNC-12 computer having 4K real data points. The

sample temperature %as 30°. The spectra were obtained on
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roughly 10% solutions of the polymer in deuterated chloro-
form which s also the frequency lock for the insgrument.
All chemical shifts are reported in ppm downfield from ‘in-
ternal TMS. The spectra are proton decoupled using broad

band irradiation (5W).

v. Infrared Spectra

All polymer spectra were obtained in the range 4,000-
625 (:m—l using a Perkin Elmer 257 instrument. Samples were
Xdi;persed in compressed KBr disks. High molecular weight
linear polymers couldalso be run as film$ cast from solu-

tion.

. t

B. Polymers from Copper(I) Trichlorophenoxide Systems

i. Thermal Decomgﬁsition of Cogger(l) Trichloro~
phenoxide in e Presence of Vari e Amounts

of Added Carbon Tetrachloride

'

Solutions of Copper(I) trichlorophenoxide (0.23 M) were
prepared in acetonitrile (50'ml) under nitrogen by reacting
cuprous chloride (1.13 g; 11.4 m moles) and sodium trichloro-
phenoxide (2.50 g; 11.4 m moles). The required amount™s¥ car-
bon tetrachloride for one equivalent was 1.1 ml} f;actions
or multiples thgreof were thus injected as indicated in Table
III1.3. Following injection of CCl4 the solutions were heated

resulting in immediate bleaching of the darkly colored

] »
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solutions with concomitant precipitation of polymer. The
crude polymer was filtered, extracted with toluene and the
finely divided NaCl was removgd by filtration. This latter
procedure somewhat decreased the yields of polymer due to
frequent clogging of the filter Sy.the finely divided salt.
The polymer containing filtrate was then added to a large
wvolume of methanol. The precipitated polymers were dried

for several hours under reduced pressure (1l torr, 120°C)
prior to weighfngl

ii. Preparation of MixedKOxidétion State Complexes
[czu &T"Tc‘pT“'E‘(TT"‘u T)TCP, ] "and their “Thermal De-
kY

compOosktlo

4
The complexes were prepared by mixing in dry acetonit-

~rile (30 ml)‘the indicated quantitiﬁg of reagents (Table III.

'9) and stirring till the precipitate was uniformly dispersed.

Filtration of the sodium chloride followeq,by removal of the
solvent Qnd drying under vacuum z;fordeﬁ-the complexes as
dark r;d—brown amorphous powders.

A quantity of the complex was then weighed into a flask
and refluxed under nitrogen in either acetonitrile or toluene
(30 ml) until complete decomposition had occurred as judged
by the loss of color. 1In the case of acetonitrile the prod-
uct polymer was directly filtered out of the solution, re-
dissolved in tolyene (10 ml) and reprecipitdéed in methanol.

For the toluene neactibns, the solution was filtered to

T
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TABLE I11.9
PREPARATION "OF [Cu(I) (TCP)] [Cu(II)TCP,] ~ [N ACETONITRILE
= ‘ [N
CuCl(g) NaTCP (g) Cu(II)TCP, (g) Cu(I)/Cu(I1I)
- {molar)
0.451 Ty 1.000 J 2,079 1 ,
. 0.451 , 1.000 0.208 10
. .
0.451 ‘ 1.000 0.416 5
E%’ .
N 0.451 .1.000 1.040 2
0.225 ... 0.500 | 2.079 - 0.5
| A
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remove the insoluble copper products and the filtrate was

" concentrated to approximately 10 ml before being added drop-

wise to methanol. All polymers were dried by heating under

.high vacuum prior to weighing. Yields reported in Table III.

4, are based on the theoretical dichlorophenoxide (CGHZOCI }

content of each complex.
v

1

iii. H nmr Spectra at Elevated Temperatures

The samples for the variable temperature study were pre-~
pared as follows. A fairly concentratéd but not too viscous
solution of the polymer was prepared in tetrachlorcethylene
(1ml). This solution was filtered over(Celitexinto a small
flask and concentrated. The viscous solution was then sealed

into a th1ck-walied nmr tube, placed in an oil bath and test-

‘ed up to the boiling point of tha solvent. No phase separa-

tion was observed for any of the samples in the temperature
range investigated.

.

iv. lm nmr SSectra in the Presence -
of Paramagnetic Materials

A portion of the polymer obtained from Cu(I)TCP CUGI;)-

N

TCP, by decomposition in refluxing toluene was welghed (0.084

2
g) and dissolved in tetrachloroethylene {0.5 ml) contained in

an nmr tube. The tube containing the solution vwas then weighed

T e Tt w0
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4

prior to runhing its nmr spectrum. Small amounts of tris-
(acetylacetonato)chromium{III) were introduc¢ed into tﬁe tube

which was then weighed. Between e;Eh addition of paramagnet~-

ic material the conditions on the nmr instrument remained un-'

changed.

c. High Molecular Weight Polymers from Bis (pyri-
dine) bis (trihalophenoxoJcopper(IT) Systems

i. Preparation of 2-bromo-4,6-dichlorophenol

4

An aqueous solution (150 ml) of potassium bromide (24.0

g; 0.2 mole) and bromine (16.0 g; 0.1 mole) was added drop-
wise with vigorous stirring to 2,4-dichlorophenol (32.6 g;
0.2 mole) in a minimdim of alcohol. As the béomine reagent
was added the product began to precipitate out. Stirring
was continued for an hour and the slurry was cogled in ice
prior to filtering. The solid product was taken up in hex-
anes and washed witk aqueous sodium bicarbonate followed by
water. The hexane layer was dried over anhydrous sodium
sulfate and coﬁcentrated. The product crystallized out upon
cooling as white needles: (89%), m§:65—56°, (lit. 64;(171));
pmr (CDC13), 5.85{(s,1H), 7.20(d,1H), 7.35(4,1RH).

2

ii. Preparation and Thermal Decomposition of Big%g_i_-
dine) bis (2-bromo-4,6-dichlorophenoxo)copper (I

-

The complex was prepared by following.the literaturel28

’
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procedure for the isolation of similar compounds. An aque-
ous solution (100 ml) of sodium hydroxide (2.33 g; 58 m moles)
and 2-bromo-4,6-~dichlorophenol (14.1 g; 58 m moles) was added
dropwise to a vigorously stirred agqueous solution (300 ml)

of cupric sulfatelpentahydrate (7.30 g; 29 m moles) and pyri=-
dine (4.60 g; 4.7 ml; 58 m moles). The complex precipitated
out as a pale brown powder. ~The slurry was filtered, washed
Qith water and dried on the filter overnight. The friable
lumps were taken up in toluene (100 ml) containing pyridine
(3 ml1), filtered through Celite and\gpncentrated (60 ml).
He;anes were added (300 ml) and cooling afforded brown need-
les (14.0 g; 70%).

The complex (3.00 g) was weighed/{nto a flask and tol-
uene was added (29 ml) . The dark solution was kept at 70°
overnight. Upon completion gf the reaction a pale yellow
solution was obtained along with a green precipitate (1.33

g). The toluene filtrate afforded white polymer (1.43 g;

_ Quantitative) following rqgfecipitatiOn in methanol; ([nl:

05044 dl/g toluene, 25°.
A similar decomposition effected at room temﬁrrature in
toluene (20 ml) on the same ccmplﬁl (3.00 g) in the presence

of CCl, (2 ml) afforded 1.26 g of polymer (90%) and 1.37 ¢

4
of copper by-product. ]

Since coupling had not occurred exclusi%ely in&the\ortho
position the copper by-product accordingly contained boé?

chlorine and bromine: C:36.52, N:8.41, H:3.07, Br:18.80,

SRR e Sl ¢ T £ - R
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POLYMER ANALYSES

- H . 0 Ccl Br
Toluene 70° 38.70 0.89 8.77 24.60 26.37
Toluene 23° 39.43 1.16 10.08 27.70 21.86
Calc. for:

(CgH20C12)~ 39.29 1.09 8.73 21,82 -~ .29.06
(CgH0C1Br) -

(CgH20C1 ) 40.29 1.13 8.95 31.76 17.87
(CGHZOCIBI'}

L
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et

C1:13.18. THe nmr spectra of the polymers are presented in

the results section. ’

iii. Decomposition of Bis(pyridine)bis (2-bromo-4,6- i

dichlorophenoxo] co r(II) with Bis(pyridine)-
EisZZ-Bromo-i,3-310E§oropﬁenoxoicopper(II)

The title complexes were weighed in a flask (1.5 g of

each) and toluene was added (20 ml). The dark solution was

or M it % bl oAl t 1

refluxed overnight yielding a straw colored solution and a

i

green precipitate (1.42 g). The copolymer was recovered by

N e K

reprecip{tation in methanol (1.54 g, gquantitative).
Fractionation was carried out by dissolving 0.912 g of

the copolymer in methylene chloride (50 ml). Methanol (12

ml) was added t? the stirred solution till a persistent tur-

bidity was obtained. The suspension was then equally divid-

ok A Th I e A R e DR S e (F o i n aer

ed amongst a number of tubes and centrifuged. The supernat-
ant 'solutions were then recombined in the fractionation ves-

sel while the polymer was recovered from the tubes by redis-

!
:
<
:
f
:
;
H

solving in CH,CI,. Evaporation of the latter solvent afford-

ed a first fraction (0.417 g). Four other samples were simi- N

larly obtained. A lH nmr spectrum of each of these five sam-
ples was taken and found to be exactly superimposable on the
nmr spectrum of the initial copolymer.

o
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Pound

Calc. for

(Csllzoclz) ',1 .5

(C6H0C1Br

LCOPOLYMER ANALYSIS
\
C H o Cl1 Br
41.16 1.-19 9.61 30.08 18.24
40.29 1.13 8.95 31.76 17.87
%
-~ » - A s e ..-'«..mm T ettt g
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iv. Decomposition of Bis(pyridine)bis(2,4,6-trichloro-
phenoxo)copper (11) and Bis (pyridine)bis (A-bromo=~2,
6-~dichlorophenoxo)copper (11)

-

The trichlorophenoxo complex (1.20 g, 2 m moles) and the
4~bromo complex'(l.3é g, 2 m moles) Qef; dissoLved in toluene
(20 ml), carboh tetrachloride was added (2 ml) and the solu-
tion was stirred at foom'témperature for 42 hours. The su-
pernatant liquid h;d become straw-colored and the pale-green
bromochlorobis (pyridine)copper (I1) complex was filtered out
(1.27 q). The copolymer was isolated by adding the toluene
filtrate'to methanol (600 ml) containing concentrated HC1
(1 ml). The dried copolymer (1.18 g, 94%) had an H nmr
spectrum similar to that of the preceding copolymer (Figure

II1I.7).
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COPOLYMER ANALYSIS
I
c H 0 Cc1 Br
- o Pound 46.72 1.39 10.46 41.77 trace
Calc. for
(CgH,OCL,) 44.72 1.24 9.94 _44.10 -
L] / T
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4, DpiscussioN

<

A, 13C Spectra of High and Low Molecular Weight Polymers

Structural Elucidation

The lH nmr spectra of polymers obtained from 2,4,6-
trichlorophehol with two different COppéi complex systems
showed a gradual degradation of resolution with increaéing
molecular weight. It could be argued that, notwithstanding
the molecular weight effect, the different conditions em-
ployed in obtaining these polymers had led to differen£ modes
of enchainment and thus'to variation in the lH nmr spectra.

A comparison of the 13

C nmr spectra of both high and low mole- K
cular weight polymers clearly demonstrates that both are com- /
posed of similar units (Figure III.9). Both sp?ctra contain

the same number of peaks in the three regions associated with

the three types of carbon bound to oxygen, hydrogen and chlo-
rine. The relative' intensities, however, in both spectra

are not equivalent. Such an obseration may in part be re-

lated to relaxation phenomena dependent on segmental mobility

or overall tumbling.

I
|
i

A tentative assignment of the carbon-13 spéctrum obtained
from a low molecular weight "non-linear" polymer (Figure III.
9b) to a structure containing 1,2 and 1, 4—coup1ed units can
be made. Thls‘\b achieved by comparison with the chemical

shift data for a number of chlorinated phenols {Table III.10)

i,
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TABLE I11.10

(1 13¢ cHemicaL MMFTS FOR CHLORINATED PHENOLS
‘ (PPM DOWNFIELD FROM TMS; SOURCE: JEOL 13¢
- FT NMR SPECTRA VOL. 4)

OH
Cl :
151.2 129.0 128.3 121.3 119.9 116.3
&
[:?Sl. 155.3 134.9 130.7 121.6 116.0 113.9
a .

153.2 129.6 126.1 116.8

OH
;I
|
Lo cl | ' |
‘ 149.5 128.2 128.0 125.1 120.0 116.7

| X . < :
g 151.8  129.5 133.8  121.6  118.3 116.6
cl
. OH
‘ ci : ,
147.8 128.2 121.1 . 121.1
o
. 154.1  132.9 130.9  124.4  117.5 115.3
I : L
[

< |

G qu 155.4 135.5 121.1 114.1

e
g B
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and by assumiﬂé reasonable additivity of chlorine substitu-

172

ent effects as well as by using the well established ef-

fect of an eéhereal oxygen substituent on ortﬁo and para
shieldingé.ln’n4

It can be seen (Figure III.12) tﬂ;t all the prominent
features of the spectrum can be assigned to a particular
carbon of the ortho and para coupled polymer. Four of the
peaks could unequivocally bd assigned since they are present
in the spectrum of the linear polymer. The six other reso~
nances agree fairly well with the trends observed in the
chlorinated phenols. A more rigorous assignment would of
course require the preparation of model comp?unds particu-
lariy the“eight possible triads. i

As molecular weight increases, the carbon-13 spectrum
of these polymers displays brdédened peaks although the ef=-
fect is not as marked ?s for the proton spectra. A few ad-
ditional broad peaks aiso Hegin to risg above the noise.
The occ:.lrrence of the lattér can pogsibly be related to
locked=-in structuresd beca;se of' the increasing difficulty
experienced by the high molecular weight chai7 in reorient-
- ing all its segments. Anisotropic shielding of certain seg-
ments thus results im the appearance of new resonances. This
will be discussed further below (Section 3.C).”

It cannot be ascertai;ed at the moment if the broadening

observed in the proton and carbon-13 spectra as molecular
i -

| weight is increased, is not in part related to a variation S
' |
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FIGURE 111,12. Assignment of the 13C nmr spectrum .

obtained from a non-linear polymer
from 2,4,6~trichlorophenol.

188
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in the relative proportion of 1,2 to 1,4-coupled units. The
carbon-13 spectra élearly indicate that no new units are pre-

sent in the high molecular weight polymer by comparison with

-

a spectrum of a similar low molecular weight polymer. Unfor-
tunately, due to the non-quantitative nature of the peak areas :
because of dipolar broadening and the variable magnitude of

the 'NOE, the ratio of ortho to para coupled units cannot be

ORI Sl - L ot N
t

compared in both spectra of Fiqure II11.9.

-

The carbon-13 spectrum of the polymer obtained from 2-
bromo-4,6-dichlorophenol (Figure III.10a) shows that this
polymer has essentially the same microstructure as the prod-
ucts discussed above. A new peak, however, is apparent at
118.6 ppm‘and is beyond doubt attributable to a carbon bound

£
‘: to broniine. The occurrence of this peak is to be expected

D S NN o
é

1

since the analytical results reveal that the polymer contains
26% bromine. The peak observed at 129.4 ppm in the polymers
obtained from trichlorophgnol is absent in the spectrum of
the 2-bromophenol polymer and also in the s;;ctrum of the
copolymer obtained with the 4-bromophenol (Figure III.1l).

It is possible that this may be the result of a change in
chemical shift of this carbon in units where bromine is pre- '
sent. The resonance-of this carbon may well be overlapping

with the 132.2 ppm peak which is considerably more intense .

in spectrum (a) as compared to the same resonance in spec-

tr‘m (b) . ‘ - *

1 -

The carbog§13 spectrum of the vwopolymer obtained from
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2-bromo-4,6-dichlorophencl and 4-bromo-2,6-dichlorophenol
(Figure III.lla)) clearly emphasizes the importance of 1,4-
coupled units for improving segmental mobility. All of the
peaks in this spectrum are considerably sMarper than those

i of the corresponding "non-linear" homopolymer (Figure III.
10a) at the expense of a lesser number of scans.

Thus the 13

¢ data would tend to favor a random enchain-
ment of 1,2 and 1,4-coupled unitghigy these polymers. They
will thus subgeqyently be referred to "1,2-1,4%coupled”

polymers.

- B( Proton Spectr

S -
In spite of the relative simplicity of the proton spec-

tra fo; the low molecular weight polymers (Figure III.3), .
their assignment to the 1,2-1,4-cqupled struct is not pos-
sible. Particularly frustrating is the abseﬁéiﬁZf the typi-
cal doublet of AOublets expected for two AB protons coupled
meta in the 1,2-unit. Collapse of the AA'BB' pattern has al-
so been observed in the proton spectra of para substituted
aryl orthocarbonates (Chapter II). Both these occurrences

may be related to the ﬁroximity of the aromatic rings in
\bot§ the polymer and the ortho ester. If the two protons in
the ortho-~coupled unit assums the iamé\chemicnl shift and
constitute a singiet, four peaks c?rrecponding to the four

4
possible triads containing a central 1,2-coupled unit should

o

.
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" be observed. In addition four peaks corresponding to the

inclusion of a 1,4-coupled unit in four triads should also
be observed.

Obviously there is considerable overlap in the proton
spectra of these low molecular weight polymers. ﬁ?y{y four
sharp peaks and two broad ones to high field with possibly
a third broad peak appearing as a shoulder-to the low field
of the central resonance are observed. An expansion of the
low fieid part of the spectrum in Figure III.4 reveals that
the four sharp peaks may actually be the result of a great-

er number of superimposed peaks. The non-symmetry of the en-

velope as well as the unequal separation (2.8 and 4.0 Hz) in

the two doublets would tend to support the multiple resonance

hypothesis. A rigorous curve resolving analysis could reveal
the exact con;titution of this spectrum. However a freehand
breakdown (Figure III.13), on the expanded spectrum clearly
shows that at least eight resonances can be resolved in the
low field region. This of course is not sufficient to ac-
count for the expected number of lines for all the possible
triads, Four triads containing a central 1,4-coupled unit
yielding four singlets,l:nd Four triads containing a central

1,2~coupled unit yielding doublets of doublets separated by

‘roughly 0.2 ppm and with a meta coupling constant of 1-2 Hz

could in principle lead to sixteen resonances for a total of
twenty béssible peaks. Clearly the number of possible reso-

nances is far too great to be resolved over such a small

AN
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FIGURE II1.13. Resolution of the low field “H nmr
resonances of the expanded spectrum
(Figure III.4) for_a low molecular

we ight polymer.
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chemical shift range. As they stand, these deceptively sim-
ple proton spectra remain beyond interpretation.

.Segmental mobility is rather restricted in the 1;2—1,4-
coupled polymer. When the degree of polymerization attains 35,
broadening of the proton spectra becomes apparent; at DP: |
80, the spectra become a mass of overlapping peaks. The in-
clusion of a greater number of 1,4-coupled units seems to
favor overall flexibility of the chain. The copolymer re-
sulting from the two bromophenols has a DP éf 360 and its
proton spectrum (Figure III.7a) assumes the same features as
those of a low molecular weight polymer. The carbon-13 spec-
trum (Figure III.1l) further demonstrates that it contained
no new structural unit's that were not already present in the
1,2-1,4~coupled polymers. In addition this copolymer fitted
the intrinsic viscosity-molecular weight relationship estab-
lished for poly(hélophenylene oxides) (Figure III.1l).

The rigidity in the polymer chain is then most likely
associated with the 1,2-coupled units which prevent the chain
segments. from undergoing rapid reorientation with a conse-
qgifent elimination of dipolar broadening. As the number of
1,4-coupled units increases in the copolymer, the proportion-
ally shorter 1,2-coupled blocks become more mobile, being in-
cluded within the flexible 1,4-coupled segments. The rigid
1,2-coupled blocks then bdgin to exhibit nmr spectra of the
same kind as those observed for low molecular weight "non-

lihear" polymers. The effect of the 1,4-coupled units can
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thus be likened to a hinge, breaking up the rigid 1,2-1,4-

)
coupled polymers into shorter blocks which can then move more

freely as units.

c. Broadening Phenomena in the Proton Spectra
of 1,2-1,4-coupled Polymers

\\The la nmr spectra of the 1,2-1,4-coupled polymers sug-
gest that there may be considerable constraint on free rota-
tion at the aryl ether bonds. Hindrance may explain the ap-
pearance of greatly spread resonances or even lead to the
appearance of peaks in excess of the number expected, parti-
cularly in the case of proton spectra. In order that a sgingle
sharp resonance line be observed from chemically egquivalent
nuclei along the polymer chain, each must sustain a similar
magnetic field. This can only be achieved if there is com-~
plete freedom of rotation through rapid segmental motion of |
the polymer chain. However, in the majority of cases where
polymer molecular weight was above 13,000, notwititanding
p#oper solvent qondit}ons and increased temperatures, the

linewidth was still much greater than that observed in the

- s e o n

spectra of low molecular weight 1,2-1,4-coupled polyﬁers.

13C spectra in contrast seem to be little affected by di-

i , ~
polar interactions not averaged to zero by the motions of

the chain. This has also been observed for other polymers.175
Severe restriction in! segmental mobility of the 1,2- N

1l,4-coupled polymer coils is most certainly related to a high \

* \
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proportion of 1,2-coupled units in the chain. The linear
1,4-coupled units on the other hand cah be visualized as

long bonds capable of undergoing rela@ively facile rotation.

#
-0 0 dé;:>€o 0
¢l 01-2@ ! cht{rkfw
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The inclusion of a greater number of these units in a 1,2- &
1,4-coupled polymer enchainment results in improved mobility
for the 1,2-coupled units. It can be seen by inspection of
models that thevlatter cannot undergo crankshaft-like reori-
entation withoﬁt displacing a larger part of the molecule.
‘The effects on nmr spectr# of hindered rotation”in aryl

176 and in thyroxine analoguel77 has been investigat-

ethers
ed. When preferred conformations are imposed by substitution
of the ortho positions in one ring, forcing one ortho proton
of the other ring over the electron cloud of the adjacent
ring, the resonance ofothe latter is observed to be shifted

178 on the secondary mag-

upfield. Furthermbre, calculations
netic  field due to the ring current in benzene suggest that

aromatic groups in polymers will significantly perturb the

chemical shifts of the neighboring protons. Thus a combina-

tion of ring current effects and restricted segmental mobility

M Pl
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will ultimately result in considerable overlap of the peaks
through chemical shift dispersion.
The extreme rigidity of the coiled structure of these

polymer ther emphasized by the inability of increased

temperatures to\bring about greater resolution in their pro-
ton spectra. A jvariable temperature study was done on a se-
ries of polymers exhibiting broadened proton spectra, with®
the result that no effect was observed on the overall reso-
lution of the spectra for temperatures as high as 120°. Un-
der these conditions viscosity was certainly reduced thus
favoring Brdwnian tumbling. It has then to be concluded that
internal relaxation mechanisms were not affected and are thus
the cause of line broadening.

Th% fact that rigidity in these polymers is associated
with linewidth also 1ea§§ to the conc{ggibn that the locked
in structure must be disordered. This stems from the fact
that it has been observed that a smaller number of conforma-
tions in a highly rigid structure can still result in narrow
nmr bands.179 ,%he sharp bands observed in the nmr spectrum
of an optically active poly(isocyanaté), shown to adop£ a
ﬁigid helical structure, cannot arise from higher ségmental
mobility. Rather, the fewer ailowed conformational states
was thought to be a better explanation. 1In contrast, a homo-~
logous racemic polymer, also adopting the helical form, dis-
179

played a considerably broadened nmr spectrum.

The foregoing ar?uments concerning the possibility'of
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an immobilized coil structure for the 1,2-1,4-coupled poly-

LR SRTNGA  ETII——  tim o,

mers lead to further speculation as to the nature of this
r'seccmdary structure. The peak on the low field side of the

proton speétra of the high molecular weight }J, 2-1,4-coupled

S Nor e T

polymers is invariably sharper and alsc more intense. This

e ey W L

could presumably be related to the fact that the protons cor-

responding to this resonance are actually on the outside of

-

PPN
- RELABAN A

the polymer coil. 1If this is the case then through proper
1

-

relaxation mechanisms they are expegted to resonate at a more
defined frequency, thus resulting in better resolution. The ;
protons giving rise to the other much less intense and also ]
broader resonance envelopes are presumably buried within the
po}ymer coil. This reasoning is somewhat substantiated by \
'E , the fact that the low field, sharper resonance is greatly

affected by the introduction of increasing amounts of tris-

(acetylacetonaéo)chromium(III). The low field peak progres-
sively broadens while the other features in the spectrum re-

main unchanged. The sharp peak is also very readily satu-

» @&
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If adventitious paramagnbtic species were the cause of

e
e

_the broad 1H nmr spectra observed in the present study it
could be arqued that part of the reason for poor resolgtion
is due to the presence of free radical chain ends in the
polymer. This was ruled out by running esr spectra on a
number of the hi;h molecular weight polymers. Although un-

e Y,

paired spins were present, their concentration was barely

. <
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- within the limits of detection. In addition, it would be
difficult to conceive that a high molecular weight linear
polymer containing some living chain ends could afford a
well resolved spectrum whereas'a similar polymer having a
differént st&ucture wEuld give a broadened spectrum as a

result of untprminated chain ends.

The effect on the nmr spectra of increasing molecular

weight of these polymers (assuming no concurrent changes in

Prav

microstructure) are possibly many-fold. For instance a mix-

ture of two poly(dimethyl siloxane) polymers having molecu-

3 6 )

i lar weights in the orders of 10~ and 10  in benzene gave two

distinguishable peaks separated by 2 Hz in a spectrum taken
180 ‘

AR e

at 220 MHz. The possibility of chemical shift dispersion . |

(ﬁ’ through polydispersitf of the sample is rather remote in the

-k

e A ¥ e

present system considering the modest molecular weights. An-

other effect related to molecular weight pertains Fo confor-

| .
mational changes of the chain as a function of chain length.
This is reflected in a molecular weight threshold for the

ordering of po;y(qthylene) and poly (ethylene glycol).lel’182

If this were the case for poly(dichlorophenylene oxides), the

change in the secondary structure would occur in the range
6,000~13,000 where marked broadening is observed in the pro-
ton spectra.

?

The arguments presented in this Chapter thus tend to!

support the idea that the formerly so-called "branched" pbly-

mers are actually copolymers of 1,2-1,4-coupled units. -
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)

Evidence provided by proton and 13

C nmr spectra supports the
fact that inclusion of a high proportion of the ortho-coupled
units in these pol s has an unfavorable effect on their
segmental mobility. ! Conversely, when copolymers containing
an increased number of para—cquﬁled units are prepared, their
properties indicate an improveﬁe t in the mobility of the .
chain. Higher temperatures had no observable effect on the
resolution of the proton spectra indicating that macroscopic
viscosity has only a limited influence on the relaxation pro-
perties. Rather, it _is believed that it is the local visco-
gity in the immediate neighborhood of\each segment which is

responsible for the broadness of the spectra.
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CHAPTER IV

1. CRNCLUSIONS

"A. Reevaluation of the Mechanism of the Thermal

Decomposition of Phenoxocopper Complexes

* N

In a first detailed study of the thermal decomposition of

81 observed

trihalophenoxocopper (I1I) complexes, Carr and Harrod
that the lH nmr spectra of the product polymers were invariant

with the degree of polymerization. Branching in the polymer

" chain was thought to be the caﬁse of the broadened proton

spectra. This hypothesis however is difficult to reconcile
with a propagation mechanism involving displacement at coordi-

riated phenoxide by polymeric phenoxy radicals (1)

. ) ; a t‘ \
a
| o ‘—””,——‘,' ] .
cb_<€:§t: " “ . (1)
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The coupling step illustrated in equation (1) clearly does
not lead to branching.
The findings outlined in tRe present work indicate that

the anomalous 1

H nmr spectra are not related to a high degree
of branching but rather result from the pre%ence of 1,2-coupled
units in the polymer chain. This conclusion removes the above

mentioned anomaly and can be completely accommodated by the

previously proposed mechanism.
The conclusion that the polymers contain both 1,2 and j
l,4-coupled units raises a number of questions related to the {

regioselectivity of coupling. Nod&,pf the presently existing

s

data allows an estimation to be made of the relative amounts

. N (of 1,2 and 1,4-coupled units in any of the polymers. Further-

2

DL e D

more, circumstantial evidence tends to support the idea that

the ligand tifansfer depicted in equation (1) is not subject to
selectivity imposed by the nature of the copper (II) phenoxide
complex. In particular the use of bulky amine ligands on the
bis(amine)gis(trichlorophenoxo)copper(II) complex did not result

' in any measurable variation in the eature of the product polymer

as expected for a mechanism where the regioselectivity is in-

fluenced by coordination to the metal center. An example of ap-
parent influence of amine ligands on the outcome of an oxidative

|
|

coupling reaction is provided by the Hay copper/amine catalyst '
67

o

for the polymerization of xylenol. ]In this case it was shown

that the ratio of C-0 to C-C coupling was markedly affected by

(f\ ‘ the steric demands of the amine coordinatéd to the copper.

n
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é ( If coordination of the phenoxide to the copper center does
: not introduce selectivity, the question then remains whether se-
5

lectivity can result from the stereochemical demands of the at-
tacking phenoxy radicals. A monomeric phenoxy radical would be
expected to be quite reactive and thus rather unselective in a
coupling step affording either an ortho or para-coupled dimer.
The head of a polymeric radical can have either of two

substitution modes (Scheme I) each of which will have different

; ( @ (2
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steric requirements and thus produce a fiew polymer radical

with a particular substitution mode. Examination of models
[ ]

shows that couplingoié likely to lead to only a limited number

of more or less favored sequences.

A living chain ending in a l,4-cofipled unit (Scheme I(1))
is expected to be less selective in that the oxygen carrying the R
unpaired electron is less sterically crowded. Again, an exam-~
ination of models shows that the latter can easily approach
all of the coupling positions at the coordinated phenoxide.

Ortho and para coupling are then more or less equally favored

to yield (3) and (4). A different situation prevails when the
radical end of the chain is a 1,2-coupled unit (Scheme I({2)}.
Here the terminal oxygen is much more obstructed by the adjacents
phenoxy substituent than by a chlorine and is expected to prefer
coupling to the para position of the coordinated phenoxide to
yield (5) rather than (Q)g; This steric preference makes a
sequence of two units coupled through the 1,2-positions very
unlikely.

Furthermore, if there is a bias towards o—coupliﬂg in the
absence of large steric hindrance the aforementioned effects
would lead to an alternating) copolymer of 1,2 and 1,4-—couple§
unitﬁ. Although'there is no direct &vidence to support a
regular aiternating structure, it is tempting to believe that
the removal of only about‘half of‘the bramiqe dur%pg the poly-

merization of 2-bromo-4,6-dichlorophenol is a consequerice of

such sterically enforced alternation. A resolution of this .
| .
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question could perhaps be achieved by a 13C nmr analysis g
|

s

designed to distinguish between the units (7) and (8). By 3’
&

virtue of the expected: greater reactivity of the brominated i
b

& {

m . (8)

position in the monomer and the foregoing arguments an alter- v

nating copolymer would contain brominated units (7) but not (8) .

R Y
—

A further problem which was inadequately explained by the
mechanism of Carr and Hau:rcxi81 is the approximate doubling of
the polymer moiecular weight subsequent to the removal of most
of the copper from the reaction by precipitation as Py2CuC12.

How this increase in molecular weight occurs and whether the

reactions accompanying it can lead to asperities, such as
branch units, in the polymer is §urrently poorly understood, °
Furthermore, one has to resist the temptation of a too

liberal comparison of the coupling schemes of the widely

investigated xylenol oxidative coupling reaction with those
proposed for the coupling of trihalophenols. There exist
fundamental differences between both sy'stems which should not

be overloeked. ’Firstly the ?ormer reaction is a catalytic
procou where the oxidizing capability of the system is ,.

k)reurved by the nature of the copper catalyst in the ‘presence

of oxygen whorcas the latter rpaction discussed in this work
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is a stoichiometric system containing a finite oxidizing
capability. Secondly the nature of the alkyl phencl will
allow the intermediate 4-hydro-4-phenoxy-2,5-cyclohexadienones
to undergo tautomerization to a phénolic chain end and ;hus
potentially to regenerate a live polymer; the analogoué
4-chloro—-4-phenoxy-2, 5-cyclohexadienones are incapable ofsgsuch
a rearrangement.

Certain features of both these polyme?ization reactions
have been interpreted in terms of the so called "redistribution

21

reaction”. In the case of xylenol polymerization, redistri-

bution was proposed to explain the molecular weight surge

155 Harrod and

observed in the later stages of the reaction.
Carr briefly cited redistribution as a possible explanation
for the slow, near doubling of molecular weight in the tri-
chlorophenoxide polymerization, following complete precipi-
tation of the copper halide complex. —
Redistribution?! occurs through the coupling of two po-
1ymeric‘phenoxy radicals to form a quinéne ketal {9) which
can revert by dissgciation to the original radicals or
break down to one polymeric radical containing one more unit

and another containing one less monomer unit (2). Formall§

this does not produce an increase in molecular weight
| I .
since the number of molecules doeﬁ£§9£<khaﬂbe. The
ig

net result if (2) proceeds to the ht is that long chains

have become longer while short chains have begpme shorter

T

leavigg unchaﬂged the number average molecular weight.
i \ '

|

,
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. at the.terminal positions. The initial position may be
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i cl c c

cl . &
< ; i (2)
Cl

However the molecular weight distribution has changed.

A more plausible way of increasing the molecular weight
relies on the formation of a new bond between two poiymeric
phenoxy radicals. The following discussion will show how
this can be effectively accomplished in a coupling scheme
in agreement with existing data. ’ \

According to the previously proposed méchaninm for

81

initiation and propagation®™, the polymer chain ends are of
N

four possible different kinds, two at the initial and two

; .
either a non phenoxyl group R- originating from the initiator,

< Or a tricﬁlcropheﬁoxyl unit arising from initiation of a chain .

‘by a monomeric phenoxyl radical. The terminal positions may

be either a trichlorocyclohexadienone or a phenoxyl radical
(3-5) . L ‘ , \ ‘

AN
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cu"-O-Q- + R —— o+ 3
R
a
2 Cu=0 0 —» 20 + ; (4)
a

| ,
—_— > G+ cu"ct+'o~©-o©-c| (s

] ' !
L + ‘

The amount of residual Cu(I) in the system can easily be

shown to be the sum of the concentrations of terminal cyclo- \

hexadienjl groups and the initial trichlorophenixyl groups

in the polymer chains if one  ignores the occurence of side

\\
reactions. | ‘ \\\\

L

Following the depletion of all the copper (II) trichloro-

phenoxide, an increase in phenoxy radical concentration is

|
detected in the system by esr.al This presumably results
\ )
- from chloride extrusion from the{cyclohexadienyl terminal ends

by the copper(I) accumulated, equation (5). At this time the

80

~ polymer molecular weight®  has reached a value of ca. 4le4

and &oupling of these chains could in effect achieve the

observed near doubling of the molecular weight (6).,
A

-
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2 -— o — cl +a'a  (6)

. ﬁ
N

(19

3

As long as there is copper(I) available, these coupling
reactions do not represent-termination steps and the .product
lradical polymer chains (10) could undergo further bon& forming

steps. The fadical decay in the system follows a slow ex-

ponential with time81 possibly reflecting the increased dif-

1

ficulty of the live ends in finding a suitable coupling

_ position. Cyclization could also be envisaged in a termina-
tion step affording a dioxin bridge as has previously been
proppsed.188 ‘ . , o

If the polymer chain (10)' were to couple another live

chain this would reéult in the introduction of a branch point‘
in the resulting polymer. Although branching could occur in

\ these la;er stages of the polymerization, this does not detract
from the esse‘%ial aégument of Chapter III tggt brancging i
not a major factor détermining the properties of these polymers.

80

.JThe,number average molecular weight®  at the time "all" the

| \

copper in the system has precipitated is roughly ax104, If we

¥ then Qouple two polymer chains as depicted in equat&on (6) the
\ resulting polymer will have a DP of 500. One branc&\point in

a Fhain containing 500 units is hardly enough to alter its

1
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fundamental properties.

B. Halogenated Poly(phenylene oxides), Future Prospects

It has been recognized64

that the very high thermal
capabilities of poly(2,6-dimethyl~1l,4-phenylene oxide)\could
not be utilized for extended periods because of autoxidation
reactions involving the methyl groups. The preparation of
linear polymer containing 2,6-~dichloro substituents could thus
represent a definite improvement in this line. The diflporo
\analogue however would possibly present even greater thermal
and fire retardancy properties. Unfortunatgly, at the moment
no convenient syntthis_is available for the preparation of
adequate amounts of‘2,6—difluorophenol. :

High molecular weighf linear poly(2,6~dichloro-l,4-pheny-

lene oxide) can be obtainéd by the present coupling system.

_This material combines outstanding properties such as thermal -

stability conferﬁd by the aromatic character of the polymer
| _ .
and fire retardarncy associa;ed with the haldgen substituents.

- ﬂIt was shown in the present study that the presence of

. 1,2~coupled units in the 1,4~coupled chain led to inferior

1

|
. mechanical properties which were previously attributed to

branching. The poor phys;pal properties of these polymers can
be associated with the stiffness of the polymer backbone as
was di§culsed in the previous chapter. Where the propoftipn

Y
of the 1,2-coupled units attains one third of the total
¥
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segments in the chains, the polymer no longer yields flexible
films. The lack of segmental mobility occasioned by the

presence of a high proFortion of ortho-coupled units further-

i
!

more adversely affects the resolution of the proton spectra
and to a lesser extent the carbon-13 spectra.

Exclusively 1,2-coupled polymers, let alone of high ' i
molecular weight, can not be 3btaihed by plaéing a better
halogen leaving group in the 2-position of the coordinated
phenoxide. This observation tends to stress the importance of

reactivity at the ring particularly the regioselectivity’as

discussed in the previous section. Because of the restrictiong
imposed by the copper chemistry effecting the caﬁpling of the ;
halogenated phenols, the only possible substituents which may
be envisaged as better nucleofuges are pseudohalides. Whether
improved results can be obtained with these remains doubtful
for the moment since the efficacy of the leaving group relies
on the low Ar-X bond strength. In this regard little improve-
ment is likely\beyond that attained with the 4-iodo substituent.
In the realm of polymer syntheses from halogenated phenols

the possible occurence of a dangerous side reaction needs to

) \ be stresged. Coupling of halogenated phenols presents the pos-

189

sibility of generating dibenzo dioxins a class of compounds

notoriously toxic to living organisms. Toxicity is strikingly

dependent on the number and position of the chloro substituents.
Although no ill eqaects of the poly(dichlorophenylene oxides)

have so far been observed, the possible presence of trace

1
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amounts of these compounds should be kept in mind.
Dibenzo dioxins (ll) may arise from reaction (7), a variant
of which has also been mentioned as a possible radical termi-

nation for the coupling of trihalophenols.188 The very low
0’ g ¢
Cl 1
— Cu
2 (s} v A
> _ o’ c
c
¥ -
, ﬁ
0 [+ 0 Cl
c

radical concentration during the initial stages of the thermal
81

e (7)

—
-

decomposition of copper(II) phenoxides suggests a very rapid

teaction of phenoxyl radicals at coordinated phenoxide. This

would tend to suppress both'the radical ?imerization and cy-
| ,

clization steps until the copper(II) phenoxide reaches a very

low level. ‘
\ ! - .
Fhe possibility that these polyﬁers may generate dioxins
on thermal degradation will also likely prevent their wide-

}

spread gractical use.
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C. Polynuclear Copper Complexes

One of the remarkable features of copper ions is their
ability to cluster and form mixed ®oxidation state complexes
thus achieving islands of stability on the redox scale. The
chemistry of halophenoxocopper (I) complexes described in this

work seems to be influenced by the occurrence of polynuclear

B A T T

species. For instance, copper(I1I) trichlorophenoxide normally
decomposes in acetonitrile, generating phenoxy radicals which
couple to form polymer but in the presence of copper (I) it can
be stabilized. This behavior indicates that in solution the
copper species are in the form of pclynuclear complexes bridged
by either chloride or phenoxide ligands.

Copper clusters are widespread in biological systems. The

e

haemocyanins responsible for oxygen transport in the blood of
mollusks are known to contain a number of polynuclear copper
centers which are the active sites for oxygenlbinding. Many
biological systems in which copper occurs have more than one
metal atom in them and these are coupled in oxidation-reduction
reactions. Under these conditions clustering will allow the v
generation of mixed oxidation states in controlled release and
trapping of redox equivalents. In biological systems the en-
vironment about the me£;1 clusters often comprizes a number

of polarizable ligands which are capable of inducing at the

metal centers low lying ctarge transfer states favoring rapid

electron exchange. Mixed ligand coordination furtpermore
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\potential of copper(II).19
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induces cooperative stabilization of the substrate adducts
and will tune the redox potential to a precise value al-
lowing highly selective redox reactions to be performed.

There are reasons to suspect that clustering may also
lead to a greater selectivity because it obviates the need
to generate free radicals. Although the occurrence in
biological systems ofrspecies carrying unpaired electrons has
been recognized, their formation is energetically demanding
and their high reactivity often is conducive to deleterious
side reactions. Multicenter électrap transfer to a substrate
(oxidative gddition) followed by intramolecular ligand
transfer which is equivalent to a reductive elimination, will
introduce enhanced selectiviéy without the need to implicate
free radical chemistry. By combining two principles that
have figufed lérgely in the present work, namély: ligan§
transfer to phenoxide within a polfnuclear copper complex
an interesting modél for dioxygen activation and selective
hydréxylation may be evolved. Séhematically this is re-
presented in equations (8-10).

The difficu}ty in transferring oxygen céntaiﬁing liéands

89

is well recognised. The possibility of transferring HO®

|
will be maximized by coordination of the copper to highly

-

polarizable ligands which are expected to raise the redox

0 It is interesting to note that

a number of copper proteins éeem to fit such a situation,

I
\

eI .5, 5 e

ok

asl; Pt
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especially the "blue" prote%ns, where the ligands seem to be
mercaptide and iJnid«;zc}.e . 148,149 ‘

The de;ign and d!ﬁonstration of a practical model baseﬁ
on the above speculaﬁiou is an interesting bhallenge for the

future. -
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(8)

(9)

(10)
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s CHAPTER V

CONTRIBUTIONS TO ORIGiNAL KNOWLEDGE

A number of copper(I) phenoxides were prepared and their
reactiéns with carbon tetrahalides were studied. The gene-
rality of the reaction was demonstrated and it represents a
novel route for the isoclation of aryl orthe esters.

A mechanism for this reaction was proposed involving
trihalomethyl radicals. The occurrence of the latter was
verified bf appropriate trapping experiments. The knowledge
concerning the fate of these trihalomethyl radicals was ap-
plied in a geevaluation of th effectrof Cx4 additives on
the thermal decomposition of E&sil ne)bis (trihalophenoxo) -
copper (I1) complexes.

Carbon-13 spectroscopy was for the first time applied
to the examination of pqly (halophenylene oxides) and allowed
the determination of their microstructure as a copolymer of
1,2 and 1,4-coupled units.

The effect of increafing molecular weight of poly(hdlo-
phenylene oxides) on the appeafance of their proton,speqtra
was examined and found to lead to gradual deterioration of
the resolution. The peak broadness 1h the protop'spect}a
was also shown to be related to the relative proportion of
1,2 to 1,4-coupled units, the 1,2-coupled units being re-

sponsible for the reduction in the segmental mobility of the

RS N e
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chain.

Copolymers incorporating a higher proportion of 1,4-
coupled units were prepared. These copolymers were found

to yield better resolution in the proton and carbon-13 spec-

tra.
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CHAPTER VI )

SUGGESTIONS FOR FURTHER WORK

The reactions of copper(I1) phenoxides with CC14 could
be examined under various conditions. For instance the cage
hypothesis could be put to the test by adding CCl4 to boiling
acetonitrile solution of the copper(I) phenoxide. The high-
er temperature would be expected to cause the breakdown of

% the cage with the consequent appearance of phenoxy radical
coupling products at the expense of ortho esters. The ef-
fect of varying the solvent sﬁould be inspected, particular-

{ ’ ly the copper(I) trichlorophenoxide/CCl, reaction should be

4
carried out in pyridine.

A series of copper (I) phenoxides should be screened in

%
! a reaction with chlorotrifluoromethane in hope of preparing

trifluoromethylaryl ethers.
An examination of the controlled oxidation of dicopper-
(I)' catecholate might shed further light on the controver-

‘ i «
siallsz

matter concerning oxygen incorporation during the
cleavage of 1,2-dihydroxyphenols to yield cis-muconic acid
derivatives. ‘

\The chemistry of ortho esters ghould be examined, par-
ticularly the possibility. of obtaining aéhigh selectivity in
sgbltitution reactions at the ring. This could lead to the

preparation, following hydrolysis, of phenols otherwise

*
-

-
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unobtainable by conventional methods.

The 4-trichloraomethyl-2,4,6-tri-t-butylcyclohexa-2,5-

dien-l-one (II.6) was found to possess anti-inflammatory and’

anti-microbial properties in a biological screening. A num-
ber of other compounds in this class should thus be prepared
and tested in hope of finding more potent congeners. In or-
der to achieve this goal, proper phenolic synthons will have
to be chosen by consideration of the stability of the cor-
responding phenoxy radicals as well as their capability to
couple the trichloromethyl radical at the ring rather tHan
at the oxygen. In the light of the present findings, only
phenols carrylng bulky substltuents in the4%§tho positions
would be appropriate. ’

GPC could be used in a conventional way to study the
polymerization kinetics now that branching is no longer a
factor.

In order to verify the microstructure of the 1,2-1,4-
copolymer, additional experiments would need to be under-
taken. Carbon-13 spectroscopy is possibly the most powerful
téol at hand in this regard..!Firstly, a §igorous assignment
of all the peaks in the :pectfhm should be attempted by the
examination of undecoupled and partially proton decoupled

‘ mdel oligomeric com-

spectra. Secondlys the preparation of

pounds, although a rather time consuming aenterprise, might

1

'posnibly shed further light on the 3¢ and 8 nomr spectra.

Lastly, a study of the thermal degradation of the polymers

i
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"either directly in the mAss spectrometerli06 or by gas chro-

matography of éhe pyrolyipte5187 could allow an evaluation
of the randomness of the copolymer.

In the realm of new polymer syntheses, another attempt
‘could be made at obtaining a completely 1,2-coupled polymer.
This can possibly be achieved by the preparation and oxida-
tive coupling of 2,6-dichloro-4-fluorophenol. The 4-fluoro
" substituent is expected to be an unfavorable leaving group

reiative to the two ortho chlorines because of its high bon&
dissociation energy. The monomer can easily be prepared by
thermal decompo;ition of the diazonium tetrafluorcborate of

the corresponding 4-amino-2,6-dichlorophenol.

The orthocarbonate-forming reaction could be used as the

@

basis for the preparation of a whole new line of polymers.

For instance, using bisphenols agkxcarbon tetrachloride, cross-

linked poly(orthocarbonates) could possibly be isolated.

<
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- \ I} COPPER. PHENOXIDE COMPLEXES _
- A b
- / VA
‘ a \ \ -1 /
~COMPOUND _ WAVENUMBER'\(CM_ )~ -
cu(TcP), - 1570 1550 1445 1390 1320 12;gf\=f==§ijjifas 855
Py,Cu(TCP), 1605 1565 1530 1450 1390 1310 1250 1210 1070 865
‘ ) - 850
.
Py, Cu(2-BrDCP) , 1610 . 1525 1450 1385 1310 1245 ~1215- 1070 860
\ 855
Py,Cu(4-IDCP) , 1610 1555 1450 1380 1310 1250 1220 1080 870
Cu(TcP) /ccl, 1560 1540 1435 1380 1265 1215 1115 850
reaction product 1
3
Cu(TCP)e Cu(TCP) 1565 1545 1440 — 1390 1270 1245~ 1130 855

o

TCP: 2,4,6-trichlorophenoxide; 2-BrDCP: 2-bromo-4,6-dichlorophenoxide;

—

4-IDCP: 4-iodo-2,6-dichlorophenoxide;




B. POLY(HALOPHENYLENE OXIDES)

ORIGIN | :

PYZCu(d-BrDCPlZ

T ./

;

Pyééu(l-IDCP)z
—Py2Cu(2-BzDCP)2

~ copolymer
TCP/4-BriCP

copolymer
2BrpCP/4~-BxDCP

Cu(I)TCP/CCl4

1600
1600

1600

16%5‘

*.1605

—

1605

1600

1575
1560

1575
1560

1570
1550

1575
1560

1575
1560

1575
1560

1585

1440

1440

1440

1430

1450

1445

1445

1240

1240

" 1240

1245

1245

1240

1240

NAVENUMBER.(CM_I)

1200
1200
1290
1216
1200
1205

1200

1000

1000

1010

1005

1005 °

1005

1005

945

950

955

945

950

950

950

910

910

915

910

910

915

915

860
860
.§65
860

—855

865

860

820

820

830

820

820

820

780

790
765

zze
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__ORIGIN - ' WAVENUMBER. (cM™1)
Cu(II) (TCP),/CH,CN 1600 1575 ' 1450 1245 1205 1005 950 915 860  §20
3 1560
J—
F -
" - ‘l‘ﬁP/CutNO },/CH.CN 1600 1565 1435 1235 1195 920 860 765
T 372773 850 745

o

o,

1 X 44




2D - O o
C. ARYf ORTHO ESTERS /
COMPOUND ™ WAVENLMBER T )
L ]
phenyl OC - 1600 1495 1300 1195 1180 1095 1010 910
. - 1595 .
3-methylphenyl OC 1610 1490 1460 1245 1140 - 1090 1000 920
1585
4-methylphenyl OC 1615 1515 1385 1290 1205 1110 1025 820
1590 1180 .
4-methylphenyl OF 1615 1510 1390 1290 1215 1080 1020 820
1590 1180
2-chlorophenyl OF 1485 1450 1290 1220 1105 1060 760
) 1280 1040
4-chlorophenyl oc 1485 1215 1120 1080 1015 830
1205 .
2,4,6-trichloro- . 1575 1450 1240 1050 860 825
phenyl OF 1560 1390 . 8l0
1380
_—

vee




4

waveNumeer (cm~D)

1T 44

coMPOUND*

pentachloro- 1395 1360 1240 1040 795 720

phenyl OF ’

- i‘; © R 4 = >~
“diphenylspiro OC 1485 _ 1230 1185 1105 1000 760 -
. 740
*oc: orthocarbonate; OF: orthoformate; ~ )
Ve - ! -
— [4 . w
- .
e
@ —— m— el SR -




D. 2,4,6-TRI-T-BUTYL-2,5-CYCLOHEXADIEN-1-ONE DERIVATIVES
\ \ ~

4-SUBSTITUENT

WAVENUMBER (CM~

1y

2,4,6-trichlorophenoxy

trichloromethyl
chloro
hydroxy

disubstituted peroxy

1670
1650

1665

1645

1665
1645

3515
1665
1645

1635 .

1670
1650

1550

1485
1470

1490.

1470

1485
1470

. 1485
1465

1460
1440

1395
1385
1370

1405
1395

1370
1370
1360

1365
1340

1395
1365 .

1340

—1250

1285
1250

1250
1225
1205

1270
1250

1000 945

. 1l1s0 940--
920
1160 1000
970
1165 975

800

825
805
785

885
850

820

885
820

885
825
815

745

760
750

770
750

750

T L

9cz
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