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Chemistry of Phenoxocopper Complexes 

Abstract 

Chemistry 
') 

The compounds Cu(I)OAr where OAr ~ alkyl or halo sub-
, . 

gtituted phenoxide have been prepared'in'acetonitri1e and 

their reactions with carbon tetrahalides were examined. 
1 

Phenoxides unsubstituted in the ortho positions yi&ld main-

ly tetraaryl or thocarbona tes 1 triaryl orthoformates are 
produded with ortho substituteq 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

ductiort of inte~ediate eX3 radica~s which further react to 
prod~ce tri~alomethyl ethers, the precursors of the product 

or~ho esters. The effect of carbon te\rahalides on the ther­
mal decomposition of bis (amine) bis (trichlorophenoxo)copper-

(II) complexes is discussed in the light of present knowledge. 
t • . 

the previously proposed branching hypothesis concerning the 
polymers obtained from (triha1ophenoxo)copper{II) complexes 
is reevaluatéd. To this end la and l3c spe~ltra of a series 

of polymers obtained from mixed oxidation state copper com­
plexes of 2,4,6-triéhlorophenol were measured. The çarbQn­
l~ spectra are cons~stent with a polymer structure composed 
of 1,2 and l,4-coupléd unit$. The linewidth of the proton 
spectra shows a marked dependepce on molJcular weight and , 
the relative proportion of 1,2 to l,4-coupled units. The 

\ 

importance of the 1,2-coupled units in determining the over-
all flexibili ty of the polYmer chain was indicated by :prepar:" 
ing copolymers containing varying propdrtions of 1,2 to ,1,4-
coupled uni ts and examining their nmr spectra.· 
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Patrick Van Gheluwe 

Chimie des Complexes Phen 
" j 

R~surnlii 

Les composliis Cu(I)OAr (où OAr sont es ph~nolates alkyle-

ou halog~no-substitu~s) furent prêparê l'ac~tonitrile et 

leurs r~actions avec les têtrahalogênure 

~tudi~es. Les ph~nolates non substituês 

conduisent ~ des têtraphényle orthocarbonat . 

carbone furent 

position ortho 
s. Des triphênyle 

orthoforrnates rêsultent ~orsque les phénol es sont substitu~s 

en ortho ou lorsque la Fêaction est êxêcutée en prêsence de 

substances ayant des atomes d'hydrogène labiles. Un m~canisme 

est propos~ 's'a~cordant avec la production interrn~diaire de 

radicaux eX3 capable,s de form~r des ~,thers trihalog~nom~thyl~s . 

Ceux-ci sont les pr~c~rseurs des ortho esters. ,L'effet des 
\ " 

tétrahalogênures de carbone 'sur la d~composition thermique des 

complexes bis(amine)bis(trichlorophênoxo)cuivrè(lI} est discuté , , ' 

à la lurni~re des connaissanceS acquises. L'hypothèse pr~valant 

auparay-al'lt c,oncernant le brarlchernènt des polYtnère's obtenus à 

, ~artir des complexes Jtrihalog~noph~noxo)cuivre(II) est aussi 

r~éval~ée. A cette fin, les spectres IH et 13c d'une s~rie 
de polym~res obtenus à partir de Icomplexes (tr.ichloro-2, 4,6-

phénoxo)cuivre à l'état d'oxidation multiple furent mesurés. 

Les sP1ctres carbone-13 sont en accord avèc une structure du 

polym~~e comprenant des unités couplés en 1,2 et en 1,4. La 

'résolut~on des spectres de protons est fonction de la masse 

moléculAire ai~si que du rapport des ufités couplés en 1,2 et 

en 1,4. La préparation de copolymère~ contenant diff~rents 
rapports d'uni tth couplés en 1,2 et en 1,4 ihdiqua' l,' importance: 

Cles unitês Cduplés en 1,2 dans la d~termination de la flexi­

bilit~ de la chaIne macromoléculaire. 
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CHAPTER l 

l, GENERAL INTRODUCTION 

Oxidation of phenolic cornpounds as an are a 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 biothernical processes. Such diverse 

fields can be related tu the extrernely versatile oxidation-

reduction system associated with phenols. 

A number of plausible oxidative coupling rnechanisms can 

be postulated depending on the particular conditions. Thus 

reactions can involve free radiçal intermediates or p~oceed 

via non-radical pathways.l The coupling of two free phenoxy 

radicals has become the more commonly accepted rnechanism al-

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

(1) 

Another type of reaction which can be termed a homolytic 

aramatic substitution ia depicted in (2). i 
J , 

- Q 
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OH OH 
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6 • + OH ) 0: -,e ~> 
.i (2) 

·'t, 

The oxidation of phenoxy radieals to phenoxy cations followed 

by eoupling with a phenolic moiety is representative of an 

ionie meehanism (3). 

6~é H~> ( 3) 

Non-radical pathways also rely on the intermediacy of phenoxy 

cations whi~h can be produced by two eleetron'oxidations of 

the phenol precèding an ionie reaction as in (3). Where the 

occurrence of a phenoxy cation is unreasonable on the basis 

of energetie requirements for the formation and stabilization 

of the intermediate, a concerted coupling and electron trans-

fer mechanism can be devised (4). 

(4) 

~'>HO~OH 
- , 

• 1 

Such a diversity in mechanis'tic pos.~ibi1ities ia responsible 

for the wiae applicatio~ received by phenol oxidation chemis­

try. Proper choice of the reaction condition~ can often a1-

low control over the course undertaken by the reactants. 

Inhibition of autoxidation of lubricanta and other 

- a 
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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 degradation procèsses. c. 

3 

Develppment of catalytic systems ~apable of effecting a 

high'yield coupling of various phenol monomers to poly(I,4-

phenylene oxidesl ailowed the marketing of a whole new range of 

polymers:~ Modification of these systems can induce exclu­

sive formation of 4,4' -diphenoquinones.· Hydrogenation to the 

corresponding biphenois completes the new synthetic route to 

these important bifunctional rnonomers fo~ polyester and poly-

urethane synthesis. 

The widespread occurrence of hydroxy-aromatic compounds 

thro~ghout nature hints of the outstanding capability of a 

handfui of enzymes having phenol-pxidase-like activity. These 

enzymes catalyze the elaboration of 1ignins, lignans, tannins 

and melanins, aIl prod-ucts of oxidative polymerization. 3 Me-
. 

tabolism of aromatie compounds is accompli shed by hydroxyla-

tion to mono or dihydric phenols, followed by oxidation to 

quinones and ring opening in later stage~. In this way, rnany 

important metabolic regulators such as cateèholamines, ser9-
l, 

tanin and tyrosine 'are syntbesized and deg~aded.4 The vit,-

mins X as weIl as coenzym~ Q seern to participate as èlectr0r 

carriers in terminal elebt;on transport. Here again the hy­

drOquinone-quinone equilibri~ allows them to be elegantly 

included in the mi tochondri al, respiratory chains (5).5 

-
1 
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OH 0 

-2_ ...,. H3CO H3CO* 
"< +2' (5) 

H3CO R R 

OH 

In the field of phytochemistry intrarnolecular coupling of an 

appropriate phenolic intermediate can be used bo generate at 

least ten percent of the 2000 known alkaloids. 6 

Phenol oxidation i5 èasily accornplished by a multitude 

of reagents. For a particulac substrate, product distribution 

is eminently dependent on the conditions and particularly the 

oxidant. 7 It is not the intent of the writer to review metai 

ion promoted oxidation of phenols sinee this has been dpne 
.. ,". 8 extens1vely 1n many recent reV1ews. Rather the reader's at-

tention is drawn to the outstanding ability of copper, and to 

a lesser extent iron, to catalyze oxidation of phenolic sub-

strates. This particular focus finds its justification in a 

number of facts. Redox catalysis, be i~ of polyrnerization or 

Itelomerization, ie everywhere dominated by the preseneé of 

1 copper. 9 Trace amounts of copper present as impurities can 

profoundly affect the product ratio or the course of a re­

action. IO Furthermore, the Ubiquitous o~ç~rrenée of copper 
l ' 

and iron at the adtive sites in enzymes and oxygen carriers 
1 

cannot be overstressed. ll Nature, thrdUgh evolution, has-

chosen these metals to be inclùded from the very beginning in 

the Most simple physiological~processes through to the intri­

cate systems of plant and animal metabolism. 12 Finally it is 

- -
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! -, ( the object of th~ work presénted here to obtain 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 radiœal was coined by Pummerer fourteen 

years after Gomberg's controversial proposaI of the triphenyl 

-methyl radical. l3 Soon afterwards, Hunter studying the de-

composition of silver salts of trihalophenols, 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. l4 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-

bria with d ,', d 15 
~mer~c prr ucts., In the years to follow, phenol 

oxidation chemistry developed i~to a field of its own. The 

many monographs and reviews publishe~ in,recent years serve 

-to reflect the intense activity of numerous workers. l6 Al-
d 

~ough 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 

radical. and their reactions however no longer warranted 
1 

, 

• 

6 

1 
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inclusion in a separate chapter. 8c 

B. Reactivity of,Phenoxy Radieals 

The phenoxy radical itself i9 much more stable than its 

alkoxy eounterpart. Delocalization of the unpaired eleetron 

to the 0- and p-positions of the aromatie ring aeeounts for 

the increased ~tabil~ty. 

6~6~6 
• 

$- • 

6+~6~~6~~6 .~ 

+ 

Coupling of these mesomeric radicals produees dim~rs 

which are formed throuqh C-O, C-C but not 0-0 eoupling. For-

mation of peroxides does not oecur on aeeount of their insta-

bility. C-O and C-C coupling oceurs extlusively throuqh the 

0- and p-positiona althouqh the unpaired electron density ls 

non-zero at the C-I and C-3 and c-s positions. When the 0-

and p-positiona are subatituted by bulky groups there will be 

sterie hinderance to dimerization. Consequently '2,4,6-tri­

aub~tituted radicala are much more stable than the phenoxy 

radical. The tri-t-butylphenoxyl radical ia eompleteiy 

7 
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monomeric both in solution and in the solid state. The 2,4, 

6-triphenylphenoxyl radical li~ewise is completely disasso-

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

state. l7 The greater tendency of the latter radical to exist 

as the dimer i~attributed to the smaller steric requirements 

of the phenyl group thus allowing c-o coupling to occur in 

the p-posi tion. 

Much of what is presently known of the chemistry of phe­

noxy radicals stems from the independent discovery by Cook 

and M~ller of the 2,4,6-tri-t-butylphenoxyl radical. la Re­

actions of the latter with' a variety of simple substituted 

phenols affords products in good yields and are easily amen­

able to quantitative evalu~tion.l9 Spectrophotometric obser-

vation of the rate of disappearance of the blue 2,4,6-tri-

butylphenoxy radical allowed the determination of the second 
4 . 

,order rate constants varying over a range of 10 demonstrat-
.., 

ing the high 'selectivity of this radica'l. The kinetic scheme 

co~sistent with the rate law ls shown to be: 

8 

(6) 

(7 ) 

& 

1 
, 

1 
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( Hydrogen abstraction (6) i8 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 

the substituted phenols. ll The results indicate that the en-

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 reacti~n sequence (6-7) was 

also determined calorimetrically. Thus klk2/k_lk_2 at 40° 

was 2.2±0.4xlO B M- l and the value for ~H reaction was -20.3 

±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 difterence is reportedly due 

to steric strain in the quinol ethers deriy,d trom di-ortho­

substituted phenols. The presence of this strain energy has 

profound effects on the equilibrium position of reaction (7) 

resulting in extrem~~y large values of k_ 2 for Juch quinei 

ethers. This observation has important bearing on the under­

standing of the,tundamental po~rization precess of phenoxy 

radicals, namely redistribution. 21 Xylenol and 2,6-dialkyl­

phenol polymerization rests On the fe.sibility of the quinei 

~ther formation-dissociat~n .equence (8): 

9 . 
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o· 

~ L6J+ .~-p-o-p-o-p 
" 

Using different phenoxy radicais in presence of the 4-phenoxy-

phenoxy radical, redistribution vas found to be markedly af-

fected by the bulkiness of the ortho substituent on the mono-
• 

merie phenoxy radical. When electron withdrawinq substituents 

were present the process could be completely inoperative. For 

instance, 2,6-dichloro and 4-ehlorophenols were not included 

in the polymer using a free radical initiated system. 

Solvent effects in ph~noxy radical chemistry are related 

mainly to theLr ability to form hYdroget bonds and subsequent-
• 

) 

1y to transfer hydrogen to the monomeric or polymerie radi~~ls. 

When the absolute rate constants for hydrogen transfer of the 

tri-t-butylphenoxy radical vith phenols in various BoIvent 
... 

systems were deterrnined, the data revealed that addition 'of 
.. & 

acetonitrile or dioxan~ to the CC14 reference solvent led 

to decreased values of KI equal to l/40th as large a."thoee 

observed in pure CC14• 22 The relative magnitudes of these 

effects qualitatively parallel tho •• whicn ~an be predicted 
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from the ability of the added solvent to forro hydrogen bond-

ed complexes with phenols. Under these conditions the 2,4,6-

tri-t-butylphenol radical must compete w~th the solvent in 

hydrogen bonding with the unhindered phenol to form the ac-

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

o· OH 

V ~R ~._~ ...... + " 

H ( 9) 

OH 6-

V + QR ~ 4·_·0~~ 7' 

~-
-' 

In a recent paper the values of the absolute rate- and 

equilibrium constants for hydrogen transfer and termination 

of phenoxy radicals are summarized. 23 From these results the 

O-H bond dissociation energies for a la~~: 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 phenols with the tri-t-butylphenoxy r~dical compared 
• 

with similar, rates of reaction of hydroperoxldes and hydro-

carbons are in line with the view unat phenols are stronger 

hydrogpn ~nding acids tpwards oxy-radieals. The occurrence 
(.~ ... ," 

of a ~lor equilibrium hydroqen bonding step in the hydrogen 
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,transfer serves thus to explain the 6 to 10 fold lower rates 

observed for hydroperoxides. Larger rate differences, i.e., 

104 to 10 5 are observed when the transfer reactions from O-H 

12 

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

1ibrium between reactants and a hydrogen bonded free radical 

activated complex has been invoked to explain the kinetic 

parameters of hydrogen transfer reactions.~ 

C. Reaction with Oxygen 

." 
Thus far the stability of phenoxyl radic~ls with respect 

to dimerization or cross coupling reactions in an inert 

atmosphere has been discussed. Significantly different orders 

of stability arise when the reaction with ox~gen is considered. 

Thus, the 2,4,6-tri-t-butylphenoxy radical is decolorized in 

thirty minutes whereas eight hours are required to quench the 

2,6-di-t-butyl-4-phenyl phenoxf radical. 25 2,4,6-triphenyl­

phenoxy radical solutions are completely stable to air. l7 

These reactions lead to peroxides and generally occur by coup-
, 

ling through the 4-positio~ with 2,4,'-trisubst~tuted radi-

cals. 

Phenoxy radicala bearing electron withdrawing substitu­

enta are believed to be more atable"with respect to coupling 

with oxygen. 25 The faot that polymerizations of polyhalo-
, 

phenols can be effected in air has served to infer thfS' On-

favorable polar transition states in the reaotion of ~heno~ 
\ 
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d " l'th h lb' k d 25 ra ~ca s W~ oxygen ave a so een ~nvo e • l t 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. 

D. Preparative Methods 

'it'., 

Formation of detectable amounts of phenoxy radical! 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-

01 or loss of an electron fram the corresponding anion (10): 

(10) 

Perusal of the excellent tabulation presented by Musso28 

will allow an adequate :choice of one electron oxidants and 
\ 

conditions for the oxid4tion of,a partieùlar sUbstrate. How-

ever when high yield. of dimeric or polymerie coupled products 
\ 

\ 

are r.~ired only a handful ot r.a~.nt. need ta be con.id.red. 
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Outstanding in this respect by its effectiveness is hexacy-

anoferrate(III) in alkaline solution. Use of a two-phase 

system consisting of the aque?us alkaline layer with an or­

ganic phase in which the products of oxidation are removed 

prevents their future oxidation. Heterogeneous systems 

consisting of a mataI oxide (Mn02 , Pb02 , HgO, A9 20) in'a 

polar or non-polar solvent, have also been applied with suc-

cess. 

Various methods based on dissociation of related cyclo­

hexadienones can also be of use in sorne cases (11).29 When 

one or two of the R substituents are phenoxy, then the pro­

cess woul~ gen~rate two aryloxy radicals. If one or both of 

o· 
" 

> 

14 

Q (11) 

R, 

the substituents are halog~ns, particularly bromine, 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 coupli~g polymeriza-
, . 

tion of alkylphenois. Furthermore many oxidations of monô 
, 

and dihydric pheqols carried out under copper patalysis have 

been postulated as, simple models for biological oxidation 

processes. These copper based systems, in contrast to the 

other reagents ope~ating in a stoichiometric fashion, are 

c 
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remarkable for their catalytic properties. 

E. Characterization of Phenoxy Radicyls 

spectrophotometric characterization of aryloxy radicals 

has been useful for obtaining structural ipformation. Good 

summaries of this data appear in various reviews. 30 The 

paramagnetism of tri-t-butylphenoxyl was confirmed by a 

G d t 't' f 't t'b'l't 31 ouy e erm~na ~on 0 ~ s suscep 1 ~ ~ y. 

ES~ spectroscopy has given particularly useful informa-

tion regarding the detailed structures of the aryloxy radi-
l 

ca~ and the mechanisms of phenol oxidation involving tran-

15 

, r 

sient intermediates. The measured g-values for such radicals 

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

fine interactions in the vario'us 170 , .2H and 13C labelled . 

radicals indicates that aIl the carbons in th~i~~S weIl 

as the oxygen show a spin density for the unp~ir~d electron. 

The spin density is relativsly higher on the oxygep and on 

the para-carbon. Unpaireà electron density is Idw but non­

"zero on the C-l, C-3 and C-:5 positions of" the ring. This 

distribution of the spin density i8 in agreement with the 
, 

chemical reactivity of phenoxyl radicale in that they under-

go coupling reactions only at the ortho- and pa~a-positione, 

the latter predominating. 
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F. Stable ArylQxy Radicals U~ed as Trapping Agents 

• 

The stability of the$e hindered radicals towards self-
-

reaction or transfer to s~vent has long been used for trap-

ping transient alkyl, alkoxy or phenoxy radicals. 23 ,33 For' 

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 induded chain 
" 

mechanism for hydrocarbons (12-14): 

0] • • 
R-H > R .... H (12) 

• R· + 
°2 > ROZ " ; (13) 

• ./ 

ROZ + R-H > ROZH + R· 
(14 ) 

Inhibition of the free radical chain is achieved by reaction 

of the antioxidant phenols with the alky1 or alkylperoxy 

radicals to produce stable phenoxy radicals which can further 

trap other radical species (15,16) :34 

R· , 
f!.. RH + ArO --)+ AfOR 

~ . 
ROZ 

R 2 R~H+ArO ---)~ ArOROZ ' (16) 

(15) 

Reports on the interaction of simple alLchatic radicala 

with stable aroxyl radicala are rather acarce. Kinetic evi-

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

benzoyl peroxide. 35 Similarly effective inhibition of poly­

merization of styrene or acrylonitrile has been aéco~;1~shed.35 
• 1 

The addition of a stable aryloxy radical to a reaction m1xtrre 

undergoing a free radical process should-thug afford a p~od~ct 

mixture reflecting the free radic~l composition at that t1ime • 
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3. THE RELEVANCE OF COPPER 

A. Introduction" 

More than any other tra~sitibn metals, €opper and iron 

have found their way through the evolutionary drive into a 

18 

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 urtdergo one-electron redox re-

actions at various redox potentials depending upon the ligand 

environment in which they existe 

Versatility in catalyzing redox reactions set copper and 

iron in the fore front at the time oxygen was accumulating in 

the atmosPhere.1 2 Copper however may have been quite scarce 

in the early aquatic environment as can be seen from the 

abundance 8cale. 37 The rea80n why 

o > Si > Al > Fe > Ca > Na :> K 

> Mq >. Mn > V > Ni > Cu > Zn" > Co 

,'\ 

uniquely useful copper protein. became available i8 most like-

Iy found in th~ 8uperior chelatinq ppYèr of)copper with oxyqen, 
1 

nitroqen and sulfur donor atoms of biological interest. This 

tact ilS clearly evidenced in Figure ~~----~-->~ 
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FIGURE 1.1 

". 19 

Logarithme of the stabilitv constants of 
complexes between some M2+ ions and vari­
OUS bidentate ligands: • ethylene dia­
mine; .glycinate; 0 salicylaldehyde; fi) 
"salicylaldehyde-5-sulfonatei et oxalate. 
Reproduced fr~ 38. 
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Itcan be seen that a fairly consistent pattern is fo1-

lowed by chelat~s of Mg(II) through to Zn(II) with the same 

bidentate ligands. The stability of chelates of the first 

transition series cùlminates with complexes of copper(II) 

then fa Ils abruptly again in the case of ~inC(II). The 

existence of such a series has become apparent from large 

amounts of data and can be explained by ligand field theory. 

In order to use these ions efficiently and achieve'an 
ti. 

exquisite 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 o~her crucial me-

tabolic reactions, including protection against de1eterious 

oxygen by-products. 

20 

A number of copper proteins found in plant and animal 

systems possess an apparently unique enzymic supero~ide dis­

mutase activity.39 The reaction catalyzed is dismutation of 

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

) 
S.,eroald. Di ... to •• . ' 

The reactive sup.roxide ion is thus conveniently disposed of. 

The superoxide diamutase system is itself backed up by heme 

(iron protepor9hyrin) enzymes~that decampose hydrogen per­

oxide either ta. oxyqen and vater, as vith 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): 

(lB) 

B. 

Plrolida •• 
+AH2 

The Role of Metal Ions in the Autoxidation 
of Organic Substrates 

Metal ions have many modes of actio~ under oxidative 

conditions with organic substrates. Frequently the metal 

ion accelerates one! or several of the steps in an autoxida-
; 

tion process; it m4Y be the actual oxidant and in a later 

stage ~e reogidtzed by oxygene 

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 
• 40 

ethylen~ to Acetaldehyde by tetrachloropalladate(II). 

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

Initial coordination of the olefin to palladium is followed 

by its oxtdation to Acetaldehyde and concomittant liberation 

of palladium metal. The complete catalytic chain ia illus-
\ 1 

trated in scheme I wh.re the copper system functions solely 

to reqenerate the palladiumeII) species and is not involved 

• 

.' 

1 
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in the oxidation of the organic substrate. 

4CuCI 

SCHE~1E 1 

The autoxidation of organic cempeunds has already been 
... 

briefly mentioned (Section 2, F). The radical chain carry-

ing hydroperoxides are eminently susceptible to mataI ion 

catalyzed decornpositions. This intervention occurs fellow-

ing two different paths (19,20) according to tne oxidation 

state of the meta,! ion. 4\ The effect of added metal salts 

22 

AOOH + Mn... :> (HOM)n++
e
OR (19) 

(n.!)... :> ROOH + M -------~ (20) 

ls thus te initiate further radical chains, thereby increas-

ing the overall rate of autoxidation. Use of larger quanti-

ties c~n however, in some cases inhibit peroxy radical trans-

fer (21) • 

• ROO + NB. ( 21) 

There ia a large number of eatalytic proces.es in which 

the sub.trate i. coordiuated te a readily reduced metal ion 

capable of oxidizinq i t to a radical. Subsequent reactio;ns 

of thi. radical then lead ta the products. The sucees. of 

these reactiona re.ts on the tact that. t;he metar cata1yst 
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can easily oxidize the substrate by complex formation and 

further be reoxidized by atmospheric oxygene The co~per(II) 

Chelate catalyzed autoxidation of ascorbic acid ls an example 

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

o 
o 

Cu(II)L 

.Ao" CuClI)L + Cu(l)L .... HT 
"'III!!E~~-

FAST 

(22) 

l SLOW 

o 

... CuU)L (23) 

(24) 

appeara to he the reduction 9f copper (II) to copper (1) and' 

the formation of a semiquinone-like radical involving a 

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

chelate by oxyqen in the solution makes pos.ible a rela­

tively fast second electron tran.fer step to produce.dehydro-

• 

= E 
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42' ascorbic acid (24). 
!':. 
~he uncomplexed copper(II) ion catalyzed reaction sur-

.. l d t i d t 33.8xlOl ' .. 1-1 s .... c-1 pr+z1ng y procee s a an ncrease ra e: ~ 

at pH 2.00 and 2SoC eompared to O.09xlO
l ~-l sec- 1 for the 

~helate 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} ~on catalyst, oxygen concentration, and the re-. ~ ~" . 

cip~ocal of the hydrog~n ion concen~ration.43 The mechanlsm 

under these circumstances i8 believed to take the following 

course (25,26). 

H, 
0.. .. 

' .. • 2+ 

24 

< :Cu--O=O {25 } 
." 

rf:" 

t " 
H 
~ , 

, 1-+ - • "'c •• _-0-0 . ,," 
Cf 

-1 

. , 
0 

o., 
C.I:+ + H+ '. 2-+ 

l:u···-O-OH "2°2 < .,.' (26) 
*' '(f 
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The essential difference between (22-24) and (25-26) is 

2+ that both oxidizing equivalents are delivered by two Cu in 

the former, but in the latter the copper Mediates transfer 

of two electrons from substrate 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, 

f 44 
which has been detected by esr. Such a mechanism, proceed-

ing through an inter.mediate radical, would not be expected 

to occur without resonance stabilization to the extent pos-

sible in the ascorbate radical. 

When the avalLla:ble 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 e*plain 

biological reactions occurring at the active site of metal­

loenzymes in recent years. 4S ,46 Ternary complexes are actu-

Ally thermodynamically favored by a cooperative stabiliza­

tien of the complex by the mixed ligands. 45 The first co­

ordinated ligand will influence the type of ligand which may 

be coordi~ated "at a further stage. This is an impOrtant 

aspect of metalloenzyme chemistry since the active site bas 

to diacriminate amonqst the substrates available in the -i.n vivo 
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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 rnay be required in order to promote a reaction which is 

otherwise thermodynamically unfavorable. Such is the case in 

the ox!dation via electron transfer of nurnerous metabolites. 

Phenols for example possess potentials at biological pH in 

the range-of the oxygen potential and could thus not be oxi-

dized -in V-LVO by normal electron transfer without the risk of 

oxygen evolution. Indeed, recent investigations have demon-

strated that indoleacetic acid is not oxidized by peroxidase 

h 46 th h···· f . d' d dt' as suc. • Ra er t e ~n~t~atlon 0 ox~ atlve egra a lon 

requires the presence of oxygen, indoleacetic acid and enzyme 

in a ternary complex. 

The kinetics of the Q~idative polymerization of 2,6-

xylenol with copper-amine complexes are aiso dominated.by the 

involvement of ternary complex interrnediates. price47 found 

that the rate of oxygen consumption is independent of xyleno! 

concentration and yet depends on the structure of the phenol 

for xylenol analoquea. This suqgests that the rate control­

linq step for oxyqen consum~tion ,and thus for oxidative coup-
, 47 

ling, ls the reaction of oxyqen with a copper-phenol,complex. 

Another kinetic investigation showed that the reaction exhi­

bita Mlchaelis-Menten behavior and it vas concl~ded that ox­

ygen not only functions to recycle the ca talyst, but promoti!s 

the catalytie action of th~ copper complex by beinq coordi-

1 
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) nated to the intermediate catalytic species. 48 

c. 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 o? account of the further 

fast reactions of the initially formed aryloxy radicals. 49 

These values are thus not true thermodynamic redox potentials. 

However, i t ia, claimed that halfwave potentials for irrever­

sible phenol oxidations can,be compared. 50 Within the frame 

of a sarne measuring system, the relative order adopted by the 

oxidation potentials reflects the more or less f~cile oxida-

tion of the phenol (Table 1) . 

A large"number of transition metal compounds have the 

necessary redox potential to effect t~e oxidation of phenols. 

Ferricyanide and ferriin (tris [l, lO-phenanthrolinel iron (III)), 

two substitutionally inert complexes represent typical 

one electro~oxidants. They oxidizè' readilya number 

of organic compounds including phenols. 7 ,SI Numerous other 

hiqh-valent metal complexes have been found to oxidize phen­

ols by one or tWQCelectron transfer to radical. or phenoxo-
1 

nium. cation~. 8' ,<~n. ~f these syst;ems la suitable for main-

taining a cata'lytic cycle by reoxidation of the lower valent 

ion by oxYgen. 
If 
1 

Althouqh the reddx potential of the °2/82° system la 

Q 
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TABLE 1,1 

PHENOL OXIDATION POTENTIALS 

I~ 

Substituent " E (rnV) 

none 1004a 920b 

924a 4-N02 3-NO 855a 

2-N02 846a 
2 

2,6-Me 760b 

2-Cl,4-Sr 670c 

2,4-Cl 660c 

4-C1 653a 

3-C1 734a 

2-C1 625a 

4-Me 543a 840b 

3-Me 607a 890b 

2-Me 556a 850b 

2,4,6-Ph 327d 2l1e 

2,4,6 .... (pOMe Ph) 244d 124e 

690b 1024 f 2,4,6-t-but 72d _5ge 

aJ •C• Suatoni, R.E. Snyder, R.C. Clark, Anal. Chem., 33, 1894 
(1961) • 1 

'b 
G.E. Penketh, J. App1. Chem.,· 1,512 (1957). 

c 1 

II.N. Simpson, C.1(. Hancock, E.A. Meyers, J. Orge Chem., 30, 
2678 (1965). 

d Ref. 50. 
e ' 

F.W. Stube~ K. Dimroth, 
f B• Nickel, II'. Mauser, M. 
li, 196 C1967}., 

Chem. Ber., !!, 258 (1966). 

Hez:!, Z. Phyao. Chemie Neue Folge, 
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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 metâl 

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 

of the first reduction of oxygen (27,28) ., 52 
1 

::::.. 

29 

°2 ... H+ t • "'" 
HO· 

2 -0.32 V ot pH 1 (27) 

::. • 
°2 + • 0- -.0.4!5 V at pH 7 (28) '< 2 

The problem of how 02 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 weIL 

treated. 53 Let it suffice te say that the reduction of ox· 

ygen in model complexes is often associated with dinuclear 

centers capable of effecting a simultaneous two electron re-

ductien or via the intermediacy of a ternary complexe The 

latter species would presumably stabilize a superoxide anion 

r~dical resulting fro~·the otherwise unfavor~le one electron 

reduction Qf oxygen. 54 

Complexes of copper are exceptional in that they under­

go repeatJd oxidation red~ction cycles'in a ~hemically rever-
" 

sible way. 
\ 

The rapid generation of copper(II) by the facile 

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

and organic media.' The stoichiometry, kinetic8 and effect of 

liq'anda on thi. system have been examined. 5 S Hexaaquoiron (II) , 

Q 
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on the other hand is only slowly oxidized 56 anc~ hexacy­

anoferrate(II) is hardly.oxidized at aIl. Many factors are 

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

servation during the electron transfer and stabilization of 
~" .. 
th h ' h 'd t' t t t b th t d ' . 53 e ~g er ox~ a ~on s a e appear 0 e e wo om~nat~ng. 

Copp~r 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 suggested 

that one of the factors involved is a compromise in the geo-
1 

metries of both oxidation states. 57 The site of copper co-

ordination would thus be intermediate between tetragonal and 

tetrahedral. In the case of iron, octaWedral coordination 

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

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

recent demonstration that a tetrahedral environment about 

the copper ion facilitates the redox cycle. 58 The tetrahed-

II 6-raI complex [Cu (WI20 40 )] can be reduced to the corres-

ponding copper(I) species. Aerial oxidation of the dark -red solution of the copper (1) complex can be achieved. The 

redox process results only in small changes in the sterèo-

chemistry about the copper and no dissociation of the multi-

• dentate liganQ occurs. 58 

, In the case of substrate oxidation. the question of 

precoordination at the metal center is one that Is frequently 

difficult te answer. Coordination of the substrate manifests 

itselt in the selectivity of the reaction. For example, in 
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the oxidation of phenols, the regioselectivity exhibited by 

differing catalyst systems suggests that in sorne cases at 

least the reaction pathway is influenced by coordination. 

Oxidative coupling of 2,6-dimethylphenol may lead aLmost ex­

clusively to carbon-oxygen or carbon-carbon coupled produdts 
1 

depending on the nature of the ligands available in a coppèr 

catalyzed reaction. 

Oxidations of xylenol pramoted by reagents known to 

31 

function via non-bonded electron transfer mech~nisms, inv~­

riably afford a mixture of products. Oxidants with exchange-

[ 2- 3- 7 ~9 inert ligands, for example IrC~6] and [Fe(CN)]6 " ~nder-

go an initial bimolecular reaction with the phenol at a rate 

that approaches diffusion control. This is consistent with 

an extremely rapid outer-sphere mechanism and accoiCdingly 

affords radicals that react with limited selectivity. 

Early proposaIs for the oxidative polymerization mecha-

niam of 2,6-xylenol were of the non-bonded type, i.e., poly­

mer buildup was explained entirely by coupli~q of free radi­

cals.60,6~ 

Priee first stressed the role" of bonded phenoxy radicala 

in directing the mode of coupling durinq the oxidation of 

xylenol. 47 On the b •• is of observations made by Finkbeiner 

et al. 62 and Hay,63 that increases in the concentration'of
l 

basic ligands promoted C'-o couplinq rathf.lr than C~ coupling, , 
11 

he proposed that "free" radical. are produced trom highly 

coordinated catalysts and participate in the quinol-ether 
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coupling mechanism to produce polymer through c-o coupling. 

The catalyst containing fewer coordinated basic ligands May 

no~ so readily release a "free" aryloxy radical. By remain-

ing coordinated to copper(I) at oxygen, it will presumably 

undergo c-c coupling to give a diphenoquinone. 

32 

More recent discussions of data pertaining to this poly-

merization system tend to favor a mechanism whereby "free" 
. 

phenoxy radicals generated in solution couple predominantly 

'1 '1 64,65 Th" bl" f h ta1 to ta1 • 1S 15 rea50na e 1n v1ew 0 t e esr 

evidence indicating high electron density in the para-position 

of phenoxyl radicals. 32 Initially the copper catalyst is 

visual.ized as coordinating the phenol monomer. 64 The phenoxide 

ion directly coordinated to copper then undergoes an electron 

transfer fram 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 cames from the obser­

vation that an increase in size of the ligand amine used in 

the oxidation of 2,6-dimethylphenol yields more carbon-carbon 

coupled products as weil as decreasinq the rate of polymeri­

zation. 60 ~esult. presënted in the present study, pertaining 

to the decomposition of halophenolatocopper(II) complexes 

tend tQ Agree with a sc~ affording polymer through attack 

at coordinated phenoxy moleties.' 

u Q 
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Cl-Cu-OH +Ho-Q :;.. 1. 0{)) CI-CIt- t~o 

1 1 \ 
,NRa \ 

NR. 
,-

i~ Ii-CI 
Q>--ë». N~ 

~r3 _ rRa iO= 1 H· o··ilt
-

ci >' -cu!...cl 
, 1 

HA3 N.Ra 

+ Cil' CUH"a'! 

Present Statd of the Art in co~~r Promoted D. 
Polymerizatlon ol PoI~hal05enat'- pnenols 

Synthesis of hiqh molecular weight linear poly(halo-. 
phenylene oxidea) has been a long aought after goal. Hi8-" 

torically Hunter prepared thé firat pOly(halophenoxide) by 

decompoaition of the correapondinq ailvar salta in the pre­

.ence of an oxidizinq agent .·uch as iodin. and alkyl io­

dide •• " Sub.equently the.e polymers ver' -shawn to have a 

molecular weight in the range 2000-8000 and had rather lov 
, 

33 

(29 ) 

( 30) 

intrinaic visco.iti •• eompared to linear pol~r. of aimilar 
, 67 

mol~cular weiqht. 1 

Patenta clatain; the preparation of line.r poly(2,6-
\ 
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dichloro-I,4-phenylene oxide) by peroxide initiated coupling 

of 2,6-dichloro-4-bromophenol have been issued. Poor charac-

teri~ation of these polymers lends doubt to claims of linear­

't 68,69 
~ y. 

Polymers obtained from 2,4,6-trihalophenols are general-

ly not exclusively 1,4-coupled. A recent investigation of 

the copper(II) pro~oted oxidative coupling of 2,4,6-tribromo­

phenol concludes that the polymer ls not linear. 70 The poly-

mer prepared by Tsuruya has most likely a very low degree of 

polymerization considering its low intrinsic viscosity and the 

fact that the publishe~ nmr spectrum contains a broad peak 

attributed ta the terminal OH. Examination of the phenyl re-

gion of the proton spectrum further eliminates the possibil­

ity of l~nearity since at 1east three peaks are prominent. 

Oxidation of 2,4,6-trichiorophenol w!th Mn02 or AgO or 

of its sodium salt in presence of iodin~, affords polymers 

of modest molecular weight in the range 800-S000. 71 Although 

no characterization or discussion of the polymer structure 

was undertaken by these authors, lt was believed ta be 11near. 

The original copper basad catalytic systems for oxidative 

coupling of phenols have'been to date the most Bucceaaful. 

Polymerization has a180 been achieved, although with limit­

ed r.sults, wlth campounds of cobalt, manganes. and nickel, 

with alumina and with •• tal oxidea. 72, 17 ., 
• 

Th. oxidative coupling of phenol. with copper(I) chlo-

ride base4 catalysts i. very complicated. Althouqh the 
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overall mechanism is still not completely understood, the es-

sential feature of the catalytic process is the copper(I)-

copper(II) redox cycle. The copper(II) catalytic species 

oxidizes the phenolic monomers and oligomers, then is subse-

quently regenerated with oxygene Detailed mechanisms includ-

ing the role of oxygen in the eopper system have been pro­
\ 

d 47,67 pose . 

USing the copper(I)-amine-oxygen system, 4-halo sub­

sti~uted phenols are polymerized in a non-catalytic fashion. 
, \ 

The polymers obtained startih~with 4-bromo-2,6-dimethylphenol 

are identical with those prepared from 2,6-dimethylphenol it-
J 
\' 

self. 67 The amount of oxygen absorbed is Equivalent to the 

amount of copper present at which point the reaction stops. 

The copper(I) regenerated by oxi~tion of the phenols fur­

ther abstracts halide from the quinol ether intermediate af­

fording a copper(II) halo complex incapab~ oxidizing 

the phenol. 57 Similarly polyhalophenols ~n he polymerized 
; __ a 

in a stoichiometric fashion in presence of a-n Equivalent of 

a copper-pyridine complexe Presumably, it was proposed, this 

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

copper(I,) complexes. Such complexes have been prepared and 

therma11y depomposed to polymer. 67 

Most polymers obtained from the decomposition of the '. , 

copper(II) phenolate complexes under a vide range of condi­

tions vere of madest mo1ecu1ar weight, the highest attained 

being\ 11,000.67 Intrinsic visco8ities vere a180 low and 
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attributed ta branching of the polymers without further in-

vestigation. The belief, adopted rather blindly, that most 

polyrners obtained from polyhalogenated phenols are branched 

has occasioned sorne 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

trernely fire resistant. 78 

The rnechanism of decomposition of bis(pyridine)bis(2, 

4,6-trichlorophenoxo}copper(II} was investigated in this 

36 

laboratory and it has been recognized that the stoichiometry 

propased (31) for the reaction is ràther sirnplified. 79 1n­

deed the polymer~, in addition to being of finite rnolecular 

Cl (31) 

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

Thé chemical equatian is only a first approximation of the, 

actual reactants and products involved in the thermal decom-
, , 

position. Thi~ is particularly evident when the reaction is 

carried out in solvents capable of facile autoxidatian. The 

occurrence of hydroperoxides in this case is conducive ta a 

lowering of molecular weight and the appearance of novel ~4-

axo-hexahalotettacopper(II) complexes. 79 
\ 
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Experimental examination of the initial stages of the 

reaction indicated the presence of ad induction period. 81 

Samples prepared with careful exclusion of air did not decom­

pose, suggesting that the initiation did not occur spontane­

ously by homolysis of the cu-o band as was earlier proposed. 67 

Rather it became evident that i~itiation was induced by QXy-

gen and other free radical initiators. The initial step thus 

consists of a rapid radical attack on the copper(II) cprnplex 

producing non-radical products,8l as shown in Equation (32). 

The initiating radical may be either oxygen or a radical ini­

tiator fragment. A numbér of direct and circumstantial facts 

agree with such an ,initiation process: cyclohexadienones are 

(32) 

common produc4s of phenol chemistry in the presence of free 

radicals: 82 free radical initiators greatly reduce the in­

duction period,81 no phenoxy radica~s are evident in the 80-

lut ion until complete disappearance of the copper{II) com-
8-1 plex as shawn by e.r. 

One important piece of experimental evidence which ~eem­

ingly contradicts rea'ctton (32) as the main propagation and 

initiation reaction i. the failure to observe any variation 

of branchinq with conversion. If aIl radicals aFe rapidly 

trapped bf copper(II) phenoxide, as sU9gested, there should 

t 
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1 , 
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be very little branching in the early stages of the reaction. 

Branching due to coupling of polymerie radicals as shown in 

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

C 
2 

c 
:> 

concentration of radicale begins to build up due to homoly-

sis of quinbl ethers and the depletion of copper(II) phen-'. 

(33) 

oxide. In fact no sig~ificant variation in branching as in-

dieated by the pmr spectra of ~e polymers was detected over 

the whole range of molecular weights studied. 

The low intrinsie viseosities of polymers obtained by 

dehalogenation of trihalophenoxides have long been associated 

with high~y branched materials. In addition the lH nrnr spec­

tra of these polymers present a eQmplex pattern of broad un­

~esolved ~eak880 presumably resulting from restricted seg­

mentaI mO~ions in the br~nch uni~s. One of the goals of the 

work prese~ted here is a reevaluation of the actual p,olymer-
1 

lzation hani.m. As it stands presently 1 the scheme pre-

reaction .e,fferillg possibile selectiv­

product apparently devoid of regularity. 

" Anoth r remarkable feature of the polymerization system 
r; .. .. 

sents the 

- . . . 
uling bi.~ ihalaphenoxo)copper(II} complexes is the effect 

'Of' carbon. trahal~4e a4diti~e.. Traces ai. ~car-bon tetrachlo-

,~i4e or of carbon1tetrabramide greatly reduce the induction 
:-1' 
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period without affecting the polymer molecular weight. 81 

Halide fram 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 primarily at the metal and dOes not inte~fere with 

the propagation. 

The autoacceleration obse~ed in the reaction must re-

flect an acoelerating 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 free radi-

cal concentration. Firstly it ia known that quinol ethers 

as well as a numbf!r of other cyclohexadienone derivatives 

are the~ally unstable towards dissociation to radicals (34, 

35).82 Secondly, radical regeneration can occur by halogen 

o 
~",~CI 

:XCI 

o· 

.<~_>_C~CI + 

CI 

-<----,.~~ 
ICI 

• R 

, 
trusfer frOl~F the cyclohexadienone or the qu o~: ether to 

(34) 

(3S) 

c 
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the copper(II) specieslpresent (36,37). Reactions (34,35) 

o· 

+ CIIU) 
"C~D CI 

.... <~-- V +CII(U)Cf 

R 

~CI 
CI 0 

CI 

~<--> l-PtCl + C.InICI 

\' CI 2 

CI + C.CI) 

obviously provide an excellent radical chain branc~ing pro­

cess, doubling the available radicals for initiation and 

propagation. 

~n the presence;>f carbontetrahalides, there la com­

petition between the cyclohexadiènones and th~ additive to 

transfer halide to cOpper(I).Bl Using CBr4 the amount'of 

product PY2CuBr2 present fOllowing work up indicated a 

preference of copper(I) for the intermediate cyclohexadie­

non~s and not for the promoter. Haw8ver the CBr) radicals 

that are produced seem to he v~FY efficient in compe~ing 
1 

40 

(36) 

(37) 

'vith eopper(I) for hali~e ab. traction from the 4-chlorocyclo-

hexadi.nones. This, conclusion stems fram the fact that a 

substantiaL amount of CICBr 3 is round in the product mix-
l ' 

ture Jnd çh1t thare ia no affect of the additive on'tht 

mol.cu~~. weiqllt of tha polymer. Only traces of HCBr 3 and 
1 

no C2Br6 were.detected furthar indicating that Chl,riné l 

1 

li a 

j 

1 

1 
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( abstraction is the ultimate fate of most of the.CBr3 radi­

cals. It is thus at this stage that ~he effect of added 

carbon tetrahalides seems to be felt in rapid1y producing 

large concentratioQs of phenoxy radicals capable of inter-
., 

action with ~he starting complex. It could be argued that 

the trihalomethane radical itself could undergo phenoxo li-

gand transfer tb produce the corresponding cyclohexadienone: 

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

hexadienone would undergo reaction following path A or B. 

SCHEME II 

tproceeding along path A would entail a diminution'in poly­

mèr molecular weight which i8 not observed. 80 Should the 

trihalamethyl cyclohexadienone follow path Band generate 

two radicals this would correspond to a catalyzed produc­

tion of 2,4,6-trichloroPhenOiY ràdicals. 

A considerable'part of the present w~~~oted to 

/y 

. , . ~, 

- c 

41 
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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 out 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, aIl systems were studied under anaerobic conditions. 

E. Ligand Transfer as a Redox Process 

The free radical initiation step discussed in the pre-

vioua section is an example of electron transfer through an 

extended bridge and results in the transfer of a phenoxo li­

gand to the attacking radical (38) .83 Such a redox reaction 

is classified ~s bonded. Electron transfer can also occur 

(38) 

by a non-bonded .tep and generate an onium ion (39). Classi­

fYl~/.~~-;à~ical re~;,eaction. as bonded and non-bonded 

l 

st ... Ifram the mechani.tic conclu.i~n. concerninq inorganic 
" 

redox reaotion.. Electron t~.n.fer involving metai complexes 

:u Q 

Il 
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can take place via One of two transition states one termed 

outer-sphere, th~ other inner-sphere. 84 

43 

The outer-sph~re mechanism proceeds via an int~rmediaJe 
preserving intact the èoordination shells of the two reag-

ents. This essential criterion is represented by the fol­

lowing classical example (40):85 

( 40) 

This bimolecular reaction occurs with a second arder rate 

constant of 1.2xlOS M- I sec-1 at 25 0 despite the substitu­

tion inertness of both reactants. Although no ligand-to­

metal bond is broken in this process, sorne distortion of the 

inner ahells must occur. The metal-ligand distances are cer­

tain ta I?e 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 

act!vated complex in which contact between the oxidant and 

the reductant i8 maintained by a 1 ligand bonded to bath. A 

typical example of such a process is the oxidation of hexa-
" 86 

aquochromiumeII) by ch19ropentaamminecobalt(III) (41): 

Cr(HzO~'" + (N~)5CI c~2+ >- &NH5laCo-ct-Cr(H20)~ 
(41) 

--.-.o!>-" C~(HzO) .. ca2+ + col+- -+ ~NH5 

~~e rate constant for electron and ligand t~ansfer i8 6.0xlOS 

M-1 •• c·l • The cobal~(III) and chromium(III) .pecies are 

Q 
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both slow to exchange their ligands making it possible to 

isolate the chlorochramiurn(III) complexe Use of isotopie 

36Cl enabled the demonstration that atom transfer had taken 

44 

place. Actually ligand transfer is not nècessarily required 

for an inner sphere process to occur, it merely allaws for 

a more strai9htforward proof of the mechanism., In some cases 
: 

the bridged complex is a true intermediate and;may be detect-
\ 

ed in the medium by physical means. 87 l , 

Radicals can participate in a similar manner ln reac-

tions with complex metal ions. Kochi has designated these 

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

'd t' 88 ox~ a ~ons. 

R· t Cu2+ > R+ + Cui ( 42) 

• CUCI+ > R + RCI + Cui (43 ) 
T 

The firet of these corresponds to outer-sphere or non-bonded 
\ 

oxidation and the latter to inner-sphere or bonded oxidation 

Electron transfer in this p~rticular case essentially 

involves the oxidation ofl a radibal to an -onium ion which 

undergoes subsequent reactiona to stable producta. 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 8tabilize the positive charge will de ter­

mine its oxidation potential. 

Electron transter oxidationa of radical. have bean 
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generally effected by Cu(II), Pb(IV), Co(!II), Mn(III), 

Ce(lV) and TI(IlI) coordinated to ligands via oxygen es-

. . 89 pec1ally aquo and carboxylato complexes. The principal 

products of the formation of carbonium ions from al~yl rad­

icals are alkanes and alkyl derivatives. F~r example (44): 

45 

+Cu'OM 
(44 ) 

Both types of products have been weIl established as charac~~ 

teristic of carbonium ion intermediat$s generated by alter­
/ / , 

nate routes. 

Ligand transfer ~nd the related electron transfer 

through an extended bridge are more 'pertinent to the work 

on copper phenoxides discussed herein. A greater part of 

the work to establish the ligand transfer mechanism ha, been 

carried out on alkyl radicals which can be oxidixed USi~g 

Cu(lI) and Pb(lV) complexes. The ligands ttansferred are 

halides Cl- and Br- as weIl as pseudohalides, cyanide, thio: 

cyanate and azide. 90 Under these circumsJances the oxida-
'1 

tion of the 5-hexenyl radical can afford two products 1(45, 

46) • The chief distinction between electron-transfer and 
'.' I,Y • -ligand-transfer ia that the latter but not the former ia re-

latively unaffected by electrdnic effects i~ the radical. 

°Organic bridqinq groups conatitute an extension of the 

inner .phere redox reactions relying on coordination to a 
, . 
halide or pseudohalida bridge. Thus electron tranafer can 

c 

, 

j 
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occur through suitable unsaturated ligands providing tney 

possess a seco~d donor gro~ to allow coordination, of the 

reductant. As an exampl~ the reduction of carboxylatopen­

taamminecobalt(III) complexes by chromium(II) cari be cited 

(47) .91 

46 

(45) 

(46) 

(47) 

,The group R ia varied to include a range of saturated and 
" 

unsaturated systems and subatituents capable of coordinat­

ing cr2+. The relults for acetato, butyrato and acid suc­

cinato~all suqqe.t a ~imilar mechanism in which the chromoui 

ion,coordinate. to the carbonyl group near the cobalt. The 

rate of methyl Buccinate il also stmilar. The Buccinate 

ion accelerate. the rate somewhat. Strikinq rate increasea 

are ob •• rved for oxalate, ,uma~ate and maleate. ,They are 

attributed to e.sy coordination of th. chromium(II) to the 

free earboxylate groupa of these alida. The una.turated 

nature of' -the ligand. c.n then allow ••• y elecuoD tru.fer to 

- Q 
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~~- ~----~----------------~*.-~q 

the cobalt such as in the fumarato intermediate (!). 

[(~5CO-<1-. . /O-Cr(~O)ej4'" 
'c-CH:::CH-C 

l 'OH 
(1) 

.. 

The entire pfl"ocess whereby the electron flows ,through the 

conjugated system is called ~esonance transfer. 92 

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 L2Cu(OAr)2 complexes both bear a formaI re.emblance to 

47 

(48 ) 

the reaction illustrated in (48) .81 very few examples of 

systems ~ffecting oxidation of a radical through a conjugat-' 

ed ligand have been di.covered although a number of coordi­

nated radical intermediates have been proposed. 93 For ex­

~le the reduction ~t iaonicotinamide pentaammine cobalt(III) 

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

~ ~[H~r '.1.. i 
(49) 

+c.I++ S .... 

• \ 
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The site of attachment of the chromium(III) in the product. 

establi'shes that the reductant attacks a remote position on 

the ligand. The available evidence indicates that this rè-

action proceeds by a radical -ion intermediate. The electron 

transfer is initially to a low-lying unoccupied ~ orbital 

of the bridging ligand rather than to the cobalt-cente~. 

The fact that radicals such as (~) and (1) are readily forrned 

HzI\~. -H 
/ -

HO 

(!) 

by reduction of the respective pyridinium ions has been cit-

ed as ~vidence for the preliminary generation of a radical 

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

center.}4 

There are numerous instances in which added specie~ have 
1 

been found to accalerate electron transfer between two cen-

teES. A ser,ies of pyridine carboxylic acid derivative have 

been shown to undergo re~~ction by Eu(II) in a reversible 

manner to a pyridine derived radieal. 9S The latter react 

with cobalt (III) , by a~ inner-sphere procasa to reganerate 

the catalyat in its oxidixed forme Recently an induced elec­

tron tranafer by rare:e attack of a hydroxyl radical at eo­

ordinated pyridiJla ha. bean reporte,d. 96 The intermediate, 

observable sp.ctrOPhotaœetr~callY, i. p~.tulated to eontain 

a radical ligapd coordinatad to cobalt{III) throuqh the 

\ 
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addition of the OH radical to the aromatic system. 

• ... OH (50) 

The transient absorption decayed via first order kinetics to 

yield a stable p~oduct showing a 'rising absorption. 

The work on reactions of copper(I) phenoxides with car-

bon tetrah41ides described in the next chapter of this thesis 

was undertaken with the hope of obtaining more convincing 

evidence for the postulated radical abstraction of phenoxy , 

ligands to yield cyclohexadienone derivatives such aS depict­

ed in (4''s). 
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CHAPTER II 

1. SYNTHESIS AND GENERAL PROPERTIE~ OF 
COPPERCI) PHENOXIDES 

Introduction 

50 

In a study of the effect of typical radical transfer 

agents on the thermal decomposition of bis (pyridine) bis­

(triehlorophenoxo)copper(II) complexes it was found that CX4 

additives reduced the induction period to a marked extent. 81 

Evidence seemed to point to the intervention Qf trichloro­

methyl radicals when CC14 was used. This was thoroughly dis­

cu,sed in the previous ehapter. It was clear from experi­

mental evidence that some of the CCl 3 radieals participated 

in free radical chain propagation (1). 

Cl 
;. 

o· 

(1 ) 

Whether the trihalomethyl radical. particil;>ate in actual ini­

tiation still r_ina uncertain. The poetulated rapid attaek 

of CCl3 radicala at coordinated phenoxide (2)· with ligand 

·transfer te tortil a ~ .. trichlOr~ethYl cyclohexadienone .! seemed 

reuonable fellowed by the di •• ociative eciuilibrium (3). The 

latter .tep provi4e1 a ehain branchinq meehanism and WDuld 

, 1 
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(2) 

• 0 

~CI C~CI 
CI 1 CCIII 

::iIIo. • + CCI
S (3 ) < 

tu 

exp la in the drastic teduction of the induction period. 

The cyclohexadienone (1) belongs to a class of known com~ 

pounds isolable when alkyi substituents are,ptesent in the 

ring in addition to the 4-trichloromethyl group.97 Zincke 

and SubI showed that the reaction of p-cresol with CC1 4 and 

Alel3 gave 4-methyl-4-trichloromethyl-2,5-cyclohexadiene-l­

one (~) in good yield. 97 The ~eneraiity of t~e reaction has 

OH 

+ CC~4 
(4) 

l ' . 
. ~~n. explored98 an4 1t va. found that only CCI. or CBr" could 

be \lIed. The f yields generally vere low excep't vhen heavily 
. ~ \ 

alkylat.d ph~nol~ .,.~ uaed. Baloqenated phenol. gave only, 

poor re.ulta a.nd poly~alOCJ_ted phenol., .uch as l,6-3,5-

1 0 
1; 

\ 1 

1 \ 
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~ 

; 
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dibromod!chloro-p-cresol or tetrabramo-p-cresOl, afforded 

the corresponding ~rbonate. In the present study the re­

action of 2,4,6-trichlorophenol with CC1 4 and Alel
3 

similarly 

lad to the ~solation of the corresponding bis (2,4,6-trichlo­

~ophenyl)carbonate in good yield. 

Other synthese. of 4-trichloromethyl cyclohexadienones 

rely on pho~ochemic41 methods. Photolysis of 3,S-di-t-butyl­

benzene,-lr4-diazooxide (~) in earbon tetrachloride gave the cy-
'" 

clohexadi~none Ci), the product of carbon-chlorine insertion, 

in 91\ yield (5).99, 

~. 4-trichloromethyl cyclohexadienone (!) would .eem to be 

quite stable 'sinee it had the proper elemental composition 

" in addition to ahowinq spectral properties in accord, with 

(5) 

the propO.~d atructure. 99 Stmil~r photochemical·reactiona 

carried out on pbe~oL8 in the pre •• nce of chlorofdrm' or car­

boA t.trachloride allowed the isolat19n.of mode.t·amo~ta of 
, 100 

trichlorc.ethyl cyclohexadienone.. All of the.e .table 

" cyclohexadienone .~ie. are u.ually alkylated on the ring; 

.. ft halQgena ar~ aubatituted on the r!nq the at«bility of 

the latter CC*pOunds -r he Jàarkedly reduced'. Thar. fore 

\ 
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cyclohexadienone (1) may be expected ~o be a transient spe­

eies and thus able to participate in the equilibrium illus­

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

Assher and Vofsi 101 demonstrated tha1t copper and tron 

halides in the presence of CCl4 attain a pseudo equilibrium 

involving CCl3 radicals (6). The latter reaction forms the 

basis of the widely used catalyzed addition of CC14 to 01e­

fins (7,8). 

• cue. + CC~ ~ Cu C'Z + ee'3 '< 

• • CCI
3 + CHZ-=CHZ > C'3C-CHrCH2 

• 
CI3C-CHrC~ + CuCI2 :» C~C-CHC"tHca + c..CI 

If the analogue -of reaction (6) could be carried out usinq 
1 

copper(!) phénoxides it would provide an appropriate star~-

ing point for examinipq the fate, of the CC13 radicals pro'" 

duced durinq the thermal decompoaition of copper (II) phen­

oxi4es in the presence of carbOn tetrachloride. One of the 

main qoals of the pre •• nt study vas to investigate the poa­

IiJUlity that cuproulphenoxide' may 'teact in a manner ana­

loqoua to (6) and ta a tudy- the 'products of reaction of CCl
3 

radie,l. vith Ph.noxocoppe~(II) speciel. In addition to 
" providing a simple route tb the synth.lia of cyclohexadie-

- .-
\ 
\ 
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(6) 

(7) 

(8 ) 

non.. luch reaetion. cou1d also provide inaight into the 
1 

mechani.. of so.. of the step. in the decœapo"~ ~on of 

\ \ 
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phenoxocopper (II) complexes in the presence of CC1 4 • 

Since the pseudo equilibrium (6) ia kn~ to be estab­

lilhed101 it seemed reasonable to attempt to synthesize the 

intermediate trichloromethyl Cyclohex~dienone (!) accordinq 

to reaotions (9,10). 

54 

(9) 

CI."» b ~ ,~ 
~CI 

+ C~CCi3 
(10 ) 

CI 

~e' realization of equations (9) and (10) would provide sup-
1 

port fo~ the plaWfibility of equation' (2) and, dependinq on 

the fate of (!), demonatrate the 'mode of action of carbon 

tetrahalide additives. 

B. previoua Reierts of COPp!r(I) Alkoxidea 
and thenoxi s 

" 

IntermecUate copper (1) alkoxidas and phenoxid.a have 

previou.ly been tbouqht ta he involved in a variety of ccp­

. pel' catalyze4 react:ion •• 102-104 The.e r.actions are V~i-
&Dt.ot the Ollmaftn synthesi. of biaryls (11)~ \ 

\ 
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2ArX ----...... ~>~ Ar-Ar 

Cu catll;.t 

The name reaction also app1ies to the eopper eata1yzed con­

dens~tion_of aryl halides with phenoxide salts or aromatic 

amines ta produee diary1 ethers or amines (12). 

1 _____ ~>~ Ar-OAr + MX 1 

ArX + MOAr 

Cu catal,at 

55 

(11) 

(12) , 

Copper, eopper(I) oxide and eop~er(II) oxi~e ,eata1yze reac­

tian (12) as has been shawn in a general evaluation of the 

method. 104 Recently it has been shown that the actua1 active 

speeies is a coppe~(I) phenoxide. 105 

Phenoxide and alkoxide derivatives of copper(I) have 

been prepared on various oceasions106 ,107 but owing to their 

instability they were poorly charaeterized. Cuprous methoxide 

prepare~ by reaeting Methanol with methyl copper(I) decompoBed 

at room temperature to formaldehyde, methanol and elemental 
106 . 

coPpar. The presence of œ hydrogen atoms was sU9gested 
J 

te ,p. the cause of the instabi1i ty •. Cuprous t-butoxide on 

the other band, tlrepued to affect copper metailationa could 

be sub1imed at 170· under re4uced pressure. 107 

A •• ri._ of copper(I) phenoxide. vere prepared in a atudy 
, 

of the reactivity of aryloxy copper(I) complexe. vith organie 

ba114e •• 105 Under ~e conditiorr- emp1oY'ed: condenution with 

brOlllO-henhne gener.lly .tforde4 1IOdest UlOUDt_ ot the 

... " _______ -- J ~_ ._- _. - e ~ __ -< __ "_~_ - \ 
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corresponding aryl ethers. 

Whitesides obtained copper(I) alkoxides and phenoxides 

by heterogeneous reaction between dry, oxygen-free alcohols 

atkd halide-free methyl coppe,r (1) at 0" .108 

> ROCu + CH4 (13)' 

Most complexes with few exceptio~s were soluble in hydrocar­

bon solvents and could be precipiated from et~er at -780 as 

light yellow solids. Characterization of the compounds rest­

ed solely on determination of the ratio of,alkoxy to copper 

following hydrolysis. "Reactions between al-kyl halides and 

copper (1) alkoxi~~s gave moderate yields of dialkyl ethers/. 

The reaction wi th aryl halides afforded alkyl aryl ethers or 

diaryl ethers in good yields. 

CuproUB alkoxides have been suggested as holding groups 

in mixed cuprate complexes RlR2 CuLi (RI = OR, R2 .. alkyl) .109 
\ 

The substituteq alkoxy group increases the stability of the 

,organo cuprate and allows selective transfer of the alkyl 

substituent leading ta an improved yield at a 1esser cast of , 

~e alkyl transfer reagent. 
\ 

\ 
'The thertnal decomposition ofl bis (pyridine) bis (trichloro-

phenoxo) copper (II) ia believed to proceed via the intermedi" 
1 11 81 

acy of trichlorophenoxocopper(l) complexes. Although the 

no~ direc~ly obstrved, the la~ter species represent a necGs-
1 

.ary pOstulate' ln an otherwis& 
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impossible redox reaction. A better understanàing of the 

production and the ultimate fate of these transient copper(I) 

phenoxide specie~ could be obtained through the preparation 
<:'.) 

and study of the reactivity ot a number of copper (1) phen-

oxides under controlled conditions. 

C. Effect of Li ands and Solvents on the Stabilit 
of Copper (1 Pjhenox1des 

Ligands have a profound effect pn the stability of cop-
110 ·per(I) complexes. Soft ligands such as phosphines, ar-

sines and sulfides stabilize copper \(1) re~ative to copper (II) 

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 he derived from P3CuCl where the 

chloride ion is disp1aced by phenoxide with 10ss of one Ph~ 

'phine ligand. Thus sodium phenoxide and the corresponding 

thiophenoxide yield P2CuMC6HS (M = O,S). Sodium methpxide 

and etho,xide on the other hand yie1d copper meta1 and free 

phosphine indicating that the cuprous alkoxid~s are ,more dif-
, 

ficult to stabilize. Reactivity of these phosphine copper(l) , 

phenoxide complexes i8 drastical1y reduced by the soft 119-
--

ands having an optimum combination of 0 donor and w acceptor 

properties. ThU8 in o~idativelreactions the phosphine rather 

'~an the copper' ia f~equently oxidized. 

Nitrile solvents are particular1y ~ttrac"tive for carry­

inp out reactions of copper (1) cOlftPllxee.112 Whilst th, 

- -! • P-tripbenyl pbosPhine 

c 
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cyanide solvent stabi1izes the copper(I) state, it does not, 

1ike the phosphine, reduce the reactivity to a large extent. 

Acetonitri1e for instance has been used to stabi1ize the low-

er oxidation state of,copper in aqueous media with regard to 

disproportionati~n113 and the comp1ex [(CH3CN) .. cu] Cl can be 

is01ated. 114 Acetonitri1e can in sorne cases induce the spon-

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

ana1ogue. 103 This has been feund in the present study to 

be true a1so for certa~n copper(II) phenoxide complexes. The 

addition of che1ating ligands, favoring the copper(II) state, 

te copper(I) phenoxide solutions in acetonibri1e does not 

1ead to disproportionation to copper(II) phenoxide and e1e- • 

mental copper. This is an additiona1 indication of the marked 

preference of the soft d10copper(I) center for po1arizab1e 
, 

environments. 

D. Reactions with Carbon Tetraha1ides:" 
Synthesls of Ary! Ortho Esters 

Reactions of copper(I) Iphenoxides w!th CX4 derivatives 
-

appear to have never been examined to date. The reaction. 

reported herein thu. represent a novel route to aryl ortho 

•• ters. llS ~~kyl halides Jowever have been found to rea~t 
vith copper(I~ phenoxides and alkoxidel to afford the cor­

r •• pondinq a~1 or alkyl ethers. lOB 

Aliphatic o~tho esterl have been widely studied;116 
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_eir aryl .counterparts hoveyer 1 remaih curiosities. Tetra­

pheny1 orthocarbonate first prepared in 1864117 appears to 

be the on1y reported example of this class of compounds. 

Spiro ortho carbonates derived from catechols or glycols have 

been prepared,ll5,118 but none of the methods involved made 

use of simple substitution on carbon tetraha1ides. 

Polyorthocarbonates were reported to be obtained in hiqh 

yield by condensation of dichlorodiphenoxymethane with a se­

ries of dihydroxy compounds in the presence of an amine. S8 
Ir 

The intrinsic viscosities of ~hese polymers vere quite high 

in most cases, indicative of high molecular weights. Their 

infrared spectra exh~bited a stronq broad band at 1080 cm- l 

which was attributed to the orthocarbonate structure. 

Ferric chloride has been shown to catalyze chlorine sub­

stitution on CC1 4 by tr~hYdroperfluoro a1cohols (RfCH20H) to 

produce the corresponding orthocarbonates: (RfCH20)4C under 

anhydrous con~itions.l20 Fluoroalcohol added to a water­

ferric chloride-carbon-tetrach1oride mixture produced the 

aliohol carbonate: (RiCH20)ZCO but no ort~oformate: (RtCHi­

O)3CH. These results are paralleled by observations made in 

the present work (Chapter II.A) concerninq the reaction of 

2,4,6-trichloropheno1 witb CC1 4 in prelence of a different 

\ Lewis acid, AICl3 • 1 
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2. RESULTS 

A. Introductïon 

i. Preparation of Copper(I) Phenoxides 

Synthesis of the phenoxides w.s generally ~complished 

by metathetical reaction between the sodium phenoxides and 

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

60 

Na OAr ( , ) + Cu CI Cu OAr + Na clC,) (14) 

every case the -reacti~n led to a nearly colorless or straw­

colored solution and sodium chl~ride was quantitatively re­

covered indicating that the ab~e stoichiometry.was observed. 

The sodium phenoxides were alr prepared via reaction of so­

dium ethoxide with the appropr1ate phenol in absolu~e etha­

nol. Subsequent removal of the SO;'~ent hy distill.tion fol­

lowed by drying under high vacuum ~~. applied haat afford-
, 

e~ the wbite .alts free of re.i,dual phenC?l. 

1 

ii. OXidati ve Stabil:t'-tt 

/ 

The cupr0l.\8 phenoxide. lUee their sodium analogues are 

all, ••• ilr oxidized by.a~r and susceptible to hydroly.is. 
1 ~ ,1 ~ 

Th." .xten~· tQ .~hiph they are affeeted il of cour •• dependent 

on~. phenoxy moi et y, the 1 ••• basie halogenated phenoxid •• 
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presenting greater resistance to hydrolysis or oxidation. 

Pentachlorophenoxy and trichlorophenoxy complexes were no-

ticeab,ly mOire stable towards oxygen than alkylphenoxy com-

plexes. 

iii. Thermal Stability 

Under inert atmosphere, solutions of copper(I) ~richlo­

rophenoxide prepared as outlined' above, can be refluxed for 

extended periods in acetonitrile without any sign of decom-
. 

position. Copper(I) alkylphenoxide complexes appear to be 

of comparable stability. Whiteside~108 reported copper(I) 

2,6-dimethylphenoxide to be stable beiow 2000
• It i8 safe 

to assume that under the conditions employed herein, such 

decompositions do n~t present an important completing pro-

cess. 

iVe Phosphine Copp!r(I) Complexes ) / 
/ 

'J 

Due to difficulties in handling of the oopper(I) phen­

oxidea in aoetonitrile 80lution, Pko.phine derivatives ,of 

the copper (1) o~pl.x were brie! ly 4!!:l!_ined. Thare wa. rea­

son to believellO that the phoaphine ~opper(I) phenoxid •• . 
, 

would he aasier to handl. due to their greater r •• istance 
0# 

te hydrolysi. and ~xida~ion. Onfortunately their reaotivity 

waa much reduced. 

& • 
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Coordination of triphenylphosphine to coppèr(I) trichlo-

rophenoxide rendered it considerably lesa reactive towards 

CC1 4 at room tempe:ature. Bis {triphenylphosphine)trichloro­

phenoxocopper(I) Ci) was obtained by chloride exchange on 

P3CuCl (p: triphenylphosphine) with sodium trichlorophen­

oxide following the method of Reichle,110 or by direct reac­

tion of triphenylphosphine, Cue! and sodium trichlorophe~oxide 

in refluxing acetonitrile. The stoichiometry of the compound 

was established to bé similar to those obtained by Reichle110 

by its pmr spectrum «CDC13~ 0 7_~40 (S,2H), 1.7~ (m, 30H» 

(IR, KBr dise: 1410, 1325, 1250, 860 cm-1). This compound 

presents the advantage of being relatively stable to air and 

moisture. The comp1ex (i> s10wly decomposed on standing in 

chloroform solution. Refluxing in benzene containing CBr4 

and ,10 e~uivalents of sodium trichlorophenoxide afforded 

polymer in 71% yield of theoretical. 

Although the chemistry of the se triphenyl phoAphine 

compl~es generally resembled their uncoordinated ~on­

qeners,\ they were not studied Any further (due to their low 
\ , 

raact.iv~tY. 

Ca;r:bon-
Elters 

React.ions wera carried out_~ by addition of an excess of 

deg ••• ed CC14 to a freshly prepared solution oi the copper(I) 

phenoù4e in acetonitr'ile. Stirrinq at roOl1l temperature was 

/ 

1 
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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 reduc~d pressure afforded 

l an off-white soUd massa Extr~ction of the latter with CC1 4 
f'/'~ left behind CuCl, reaoverable quantitatively. Evaporation 

of the CC14 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 characteristic properties. 

The fact that CuCl was isolated quantitatively from the 

reactibn mixture suggested that the process could be made 

catalytic. This was verified by using a ten-fold excess of 

the sodium phenoxide to CuCl in presence of the required 

amount of CCI4 . Quantitative yields of ortho rsters were 

still isolated albeit at\the expense of a slow.r reaction. 
\ \ 

Physical methods allowed the id~ntificatio~ of the iso-

lated ortho esters. IH nmr sp~ctra (Table II.l, page 64)7 

were aIl in agreement with the proposed structures. Infrared 
• 

spectra of the compounds dispersed 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 th~ 3600-3200 cm -1 region and the a'Ppearance 

of a new broad Intenae band a~ ca. 1050 cm-l in the case of 
) 

orthoformates and at. ca. 1100 cm -1 for orthocarbonate". These 
'. 

charact.~istlc b~d. are pre.umab1y a.8oc~atêd,wit\ the -COl 

• 1 
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TABLE ILl 

PRO'ERTIES OF ISOLATED ORTHO ESTERS 

/' t /' "'. ("bundance} pmr mp 

l c~î ' 291 (4) ,228 (1) 21.& (62)-- 7.75 (m) 9'5 (lit. 96-980) Ils 
170 (21) 154 (1) 77 (100) , -

':. 1 
~ , ç . ,~ ",. r 333 (lÔO) 256(2) 242(3) 7!S0 (m 16H) 84-85 

.1 C Ooo-(! JI 4 "1(6) 182(1.6) 91(70) 2.55 (s 12H) 

1 ~ l 333(100) 256(1) 242(2) 7.20 (s 16H) 101 
'1 C\O~~L UI(4J 182(5) 91(23) 2.35 (s 12H) • 

t J' , . 
,. t-l -~~. ~ 333(1) 242(3) 227(76) 7.10 (s 12H) 104 

l ~CHa "' 1'98(4) 107(100) 91-(73) 6.50 (5 IH) 
1 . 3 2.40 (s 9H) 

-l " '" 1 ~ 
l , 
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1 
m/e (abundance) pmr ~ 

1 

1 
~ .. _._--~-

• 

t +<>, 39l(28) 282,(-2) 238 (3) 7.98 Cd 8H) 129-130 o r 
222 (3) III (100) 7.80 Cd 8H) L 

~~=Jr'" 
"' 1 

"- 0 

1 

~obl 
393(100) 282(4) 266(4) 7.75 (m) 177 '---= j 

1 247(3) 222(2) 111(44) 
1 

l 
~ 
• 

. +P1 1 439(9) 404(100) 196(36) 7.60 (s 6H) 16}-167 ! 179(27) 7.20 (s IH) "- j 
1 

1 
.. ... 

1 a 3 ( 

1 1 00<::0 2~8(lOO) 120(34) 92 (68) 
109 (lit. 1090) 115 

1 64(60) 7.20 (s) i 

1 
1 

"**îs 
j 

i 555 (1) 539(1) 291(1) i 263 (1) 247 (2) 78 (100) 7.30 (s) 224-226 1 
! ! 
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and CO .. structures in these compoWlds. Mass spectra of or­

tho esters are characterized by the complete absence of a 

65 

parent peak. The'base peak however ls frequently due to the 

trisubstituted ion [C(OAr)3]+. This is the case with the 

cresyl derivatives. Some orthaformates and orthocarbonates 

give mass .pectra where the base peak i. that corresponding 

to the phenol moiety [QArl+. 

The behavior o/. copper(I) phe~oxide compounds prepared 

and reacted i." 4UiL fell into two categories dependent on the 
J 

eas. of oxidation of the phehol, i.e. alkylphenoxi~es and 

polyhalop~enoxides. 
cl 

In the case of phenols having a low oxi-

dation potential the~r.action was very rapid affording a 

short~lived tran.ient blue .pecies rapidly goin9 to dark 
~ 

brown. At thi. stage the dark qolor faded more or less ra-
/ 

pidIy, dePending on the saae of oxidation of the phenol, to 

a nearly coloriess solution. Orthocarbonates couldcbe iso­

lated fram these solutions in high yields when phenoxides 
, ~ 

having unhindered ortho positions were used. Substitution 

in the ortho position may prevent the reaction fram attain-

l _ .:lnq the te~aaryl orthocarbonate stage. In these cases, tri­

sub.titution of carbQn tetrahalides was often ~ound to'occur 

, • . ~.the ;;'1n p~uct \:-- then. ~ ItriarY10~thoformate (ArO) 3CB 

('fable II.1).' p~r instance, 2~ 4, 6-trich lorophefto 1 undelf ap­

propr1ate ÇOIlCtitions' COIl.istenUy gave the orthoforaate. No 

... 1_'" fOI:' tbe preaeDC8 of tr.cu of the correaponding or-

tJtOr.~ .. f~ • 
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The isolation of triarylorthoformate ~sters is not only 

related to steric hindrance around the carbon being substi­

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

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

phenoxocopper (1) with èC1 4 was firslt carried out, reagent 

grade acetonitrile (containing ,0.3' water) was used without 

purification'. The product of such reactions consistently 

contained substantial amou.nts' of 4-methylphenylorthoformate 

in addition to the corresponding orthocarbonate. 

Further studies indicated that the deliberate introduc-
\ 

tion of protic substances to the read~ant mi,cture also lad 

to increased amounts of the orthoformate products. It be­

came evident that these additives either produced reductants 

as is the case when water is present" or act~ as reductants 

themselves. 

Copper(I) phenoxides of polyhalogenated phenols auch as 

2,4,6-trichloropheno~ or pentachlorophenol underwent the same 

initial sequences of color changes when reactad witll"carbon 

tetrahalides as ,did the low oxidatfon potentiaI phenoxides • 

. \ Bowever the dark red-.brown solutions obtained did not fade 

,~ in (the usual manner. Seeming~y the reaction "stoPIS at this 
• -

point and ls not pushed any further by addition of excess 
1 

~ 

CCl4. This soluti?n is moderately stable in air and, pro-

viding the proper conditions are present, is cap~le ot pro-

4ucinq elther ortho •• ter caapoundl or polymer. '!'he •• re­

actiDl1S ara diacusae4 in IIOr. dat,aU: in Sect1cm 5 of thi. 
( 
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chapter and in ehapter III. 

Copper(I) ethoxide prepared in acetonitrile was qui te 
1 

stable in solution. HOwever, reaction with CCl4 was highly 

exothermic. This may have been detrimental to the survival 

of the complex sinee the organic fraction obtained following 
1 

, 1 

workup was a complex mixture of carbonyl and ortho ester con-

taining produets. This is to be expected in view of the ther-

mal sensitivity,of 'copper(I) alkoxides carrying hydrogen 

atoms. lOS Two pathways are tollowed during the thermal de­

compositio~ of copper{I) alkoxldes~ The dominant pathway 

aeems to be' the generation of alkoxy radicals by Cu-Q bond 

fission, the'other being hydride elimination ta form an in­

termediate copper(I) hydride and thè correspondinq Aldehyde. 

C. Reactions of Copper(I) 2,4,6-tti-t-butylphenoxide and 
ielated systems 

Il 
An outstanding property of the tri-t-butylphenoxide 

\liCJand la :its' ability through o~e eleetron oxidation to fom 

t stablJ radical. providinq oxygen and qood hydroqen donoJ. 

are exeluded, thi. ~adieal is indefinitely s~able in solution 

and in the solid st~te. Dimerh:ation ls precluded by the 

pre •• nee of bulky t-butyl substituents in the ortho and ~ 

position.. Bowever in the presence of anoeher radialtl x:apid 

couplinq can occ:ur between the two speciea. This feature lends 

itself to the ex.cution of a ~~r of interestinq reactiona. 

Indee4, the free ra4ical- distribution at the intermedia~. stages 
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, 
'l 

of a reaction will be reflected in the product distribution 

resulting from the coupling of the radicals present with the 

tri-t-butylphenoxyl radical, if it ean be produeed -Ut .6Uu. 

Ortho esters are not expected from tne reaction of copper(I) 
• tri-t-butylphenoxide with CC1 4 . The natare of the phenol would 

, 
not allow the formation of such sterically crowded compounds. 

However the reaction was investigated sinee it would ~st. 

likely lead ta the formation of the st~le tri-t-butylphenoxyl 

radical and possibly trap a transient CCl 3 radical. 

Copper (I) tri,-t-butylphenoxide in acetoni trile under 'ni trogen 

reaeted rapidly with an exceBS of CC1 4 to provide mainly 2~4,6-

tri-t-butyl-4-trichloromethyl-2,S-cyclohexadien-l-one (!), as 

the major product and 4,4'-di(2,4,6-tri-t-bu~ylphenol)peroxid~ 

(1), as.a minor product. Evapor~tion qf the acetonitrile and 

exeess CC14 all~wed quantitative reeovery of Cuel after ex­

traction of the mass. ~vaporation of the extract afforded the 

cr~de product. The' 4-tciehlOrOm~thYlCyelOreXadienone (6) was 

separated from the minor component by reerystallization from 

1 aqueous"ethanol. Tha ehlorine isotopie ratio in the mass 

spectrum of compound (6) ia in agre~ment with the presence of'" 

the triehloromethyl group ,.in a number of fraqJntnt~. ,ur the rsrore 

(1) 

.1 

c 
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the infrared spectrum was indicative of the presence of the 

ch10rinated 4~substituent by virtue of the appearance of a 
-1 triple band ~ystem centered at 800 cm not present in tri-t-

butylphenol. A strong double band at 1645 and 1665 cm-1 was 
. 99 consistent with the presence of a cyclohexadienone carbonyl. 

\ 

Compound (~) 9~ve a sAtisfactory analysis. 

No hexachloroethane could be found amongst the react,ion 

products. Chloroform was however identified by V.P.C. in the 
"-

solvent evaporated from the reaction mixture. This observation 

correl'atès wi th the observed presence of a small . amount of 

peroxide (1). Loss of èCl3 radicals "through hydrogen abstrac­

tion fr~m so~vent wou~d leave an excess of tri-t~butyIPhenoXYI 
radicals which upôn workup would react with oxygen to form 

peroxide. 

~The cuprous chloride catalyzed reaction of sodium tri-t-

butylpheno~ide vith CCI. also leads to the formation of the 4-

trichloromethylcyclohexadienbne (6). ~fter five hours under 

.i.i~ condition. to ~he stOiChi:"tri, reactiôn, 65' of 

COIIlpound (6') was present. Heating the m.ïxture to reflux did not - \ 

1.ad to' increased conversion nor did it cause deterioration of 

the mixture. 

Further evidence for the production of trich1oromëthyl 

\, radical. during the reactions of copper(Ii phenoxides with CC14 
was gained by p.rfO~g the reaction in pre.~nce of t~e 2,4,6-

• ....1 r 

tri-t-butylphenoxyl radical ita.lf. Cuprous trichlorophenoxide 

vas prepared in the lItal manner in acetoni tril. under inert 

" 
" / 
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", 

\ 
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atmosphere. To this was added a benzene solution of the 

phenoxyl radical followed by an excess of CCl4. The product 

isolated from this reaction contained the 4-trichloromethyl 

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

of the product mixture contained the peroxide Hl>, some quinol 

ether (!) and tri-t-butylphenol. ·No 2,4,6-trichlorophenyl 

(!l \ , 

orthoformate was detectad in the mixture. 

A number of other reactions were investigated in rela- () 

tion to the previous reaction. The aim was to U8e~he tri-
f 

t-butylphenoxyl ,radical as a means of studying ligand trans-

fer by a number of copper(II) complexes. Cupric chloride is 
'- p • 

a typical ligand transfer agent, transferring chloride to 

, ~ free radieals in solution. 121 Wh.n, the reaction of cupric 
1 

- --

chloride and the tri-t-butylphenoxyl radical was carried ~ut;--

the expected 4-ehloro-2,4,6-tri-t-butyl-2,5-cyelohexadien-l-

one (1) vas isolated in 70\ yield. The properties of the yell~ 

crystalline material compared vith tho •• of the known com-

pound prepared by reaction of chlorine with the radical. 122 

The reveraibility of reaction (15) wa. verified by add-, 
- 1 

ing .olid cuprous chloride to an acetonitrile solution of 

the 4-tri-bu~1 cyclohexadianone. The oriqinally yellow 

.. 
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1 

~ + eu el 

UXc~ 
(15) 

(1) . 1 ... 

solution immediately,assumed a dark-qreen color. An infrared 

spectrum of the organic material recovered from this solu.tion 

showed the presence of tri-t-butylphenol peroxide (7), re-
, -

sultinq from the reaction of the· product tri-t-butylphenoxyl 

radical with air. 

The possibility of ligand transfer with the red-brown 

complex resulting fram the copper(I) trichlorophe~oxid./CC14 

system was also examined. It was mentioned in Section B that 
• the reaction of oopper(I) polyhalophenoxides produced a red-

/ brown solution containing li ttle ortho ester compound. The 

_ complex present at thi. staq~ closely resembles copper (Il) 

trichl?rophenoxide in Folor and in its IR spectrum. The prod­

uct of the reaotion of copper(I) trichlorophenoxide ~ith C~14 

is expecte4 to he a chloride containinq ~opper(r)-copper(II) 

trichlorophenox14e. Thi. will be further discussed in Sec­

tion E. It is th.. possible f.or the isola ted red-brown oam-I 
, . . 

It Q .. 

plex to tran.fer elther chloride or pbenoxide. Reaotion of 
.. ' j , 

thi. oompl .... vith the tri-t-butylphenoxyl radical followed 
l 

br an aarobic' WorkUr of the r .. c:tion mixture afforded a 

.. 
" 

1 
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quantitative yield of the peroxide (1) and complete recovery 

of the starting camPI;'. Similarly no ligand transfer wa~ 

observed using bis (pyridine) bis (trichlorophenoxo)copper(II) , 
1 copper(II) acetate, copper(II) methoxide, copper(II) (chloro)-

methoxide or copper (II) thiocyanate. 

D. 

;~ 
c,.' 

Reactions ot copgcr(I) POlyhalo­
phenoxldes vIth 14 

" 
As stated above, 2,4, 6-triçhloro'phenoxide and pentachlo­

rophenoxide complexes of copper(I) in acetonitrile react in­

stantaneously' with CC1 4 giving an intense red-prown solut~on. 
1 

At r~ ~perature the reaction stops at this point. Heat-

ing thé mixture induces a rapid decompositfon to polymer 

which precipitates out of solution. The polymers isolated 
i 

from these systems 4re discussed in the next chapter. Simi-
, 

larly if the sol~t i8 stripped fram the reactio~ mixture 

and the resultant red-brown.solid ia heated, polymers can be 

extracted fram 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 chlorotorm in 

_.the condensate by.-,V. p.C. Extraction of the residue vith ei-

~.r hexanes, ether or CCl 4 affo~ded a small amount of 2,4, 

6-trichlorophenyl orthoformate or pentachlorophenyl ortho­

formate. These compounds vere chAracterized on the basis 

of their IR (atronq bands at 1050 cm -l), 1a nmr and mass 

_ c 
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spectra. The isolated yields of these ortho esters were about 

10% based on starting phenoxide. 

E. Nature of the com,lexes Obtained fram copper(I) 
polYhalophenoxide CC!4 Systems 

i. Presence of Coordinated Halide 

1 

T~e reaction of polyhal~phenoxo complexes of copper(I) 

with carbon tetrahalides was believed to proceed by halide 

abstraction. A labile halide analysis on the resultinq com­

pl ex 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

tion. 123a ,b 

. Gr~vimetrically determined ch~oride represented 8.9% of 

the weight of compleXe The titration tesults indicated 8.98% 

chloride content. The trichlorophenol recovered after hydro­

ly~is and extraction represented 59.6% of the weight of com­

plex. 
j 

Thé presence of a èu-x bond in this complex was Ifurther 
. 

demonstrated by it. facile exchange with sodium~pbénoxides 

and c~ncOlllittant quanti1;ati\ve precipitation of NaX. These 
1 ._ t-

experimènts however di~ not\ allow the estimation of the amount 

" of X present since the newly formed complexes Were unstable , ' 

and decanpoaed in solution. 'Polymers were obtained when ha.-

logenated sodium phenoxide. were reac~ with the.mixed oxi­

dation .tate compJ.ex. In every cas. in the pre •• ;1ce of CC14 , 
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an amount of NaCl equivalent to the amount of sodium phenox­

ide introduced was fOEDd after the reaction. Under s!milar 

conditions in presence of CC1 4 the additi~ of alkylphenox­

ides ta the mixed oxidation state complex 1e4 to the forma­

tion of ortho esters of the halophenol and ta various coup-

ling products depending on the nature of the added phenoxide. 

ii. Presence of Mixed Oxidation States 

Reactions pf copper(I) or copper(II) phenoxides are often 

characterized by the transitory appearançe of intensely colored 

solutions. It i~ evident in ,the initial 'stages of these re-' 

actions, where redox procesaes are implied, that both oxida­

tion states,are present. This is though~ to be the case when , 

reactions, of POlyhal~Phenoxides With
l 
carbon tetrachloride lead 

ta their characteristic dark-red brown color. An analysis of 

.the copper(I)/copper(II) ratio in tQese intensely colQred com-

plexes was thus of some interest. 

FOl1owin~ a ~procédure simiiar ~o that adopted by KOchi Î24 

the copper(I) in the ~ystem was analyzed as euCI after hydro-

1Y8is under nitroqen atmosphere of a weiqhed amount of cam­

pI.x with SN H~1. jn aoetonitrll~/water solution. Resulta of 

the se analysel are summarized in Table II.2. 

The ditficulty in theae analyses resta esserttially with1 
) 

the remcwal of contamlnants tram the relatively un.table com-

plexes. Upon standing ip the 801id .tata, polY'Der. are 
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TABLE 11.2 1 

(: RESULTS OF ANALYSES OF TWO COMPLEXES OBTAINED 
,FROM CUPROU~ ~OLYHAL~PHENOXIDES 

, j 

1 

(9 
• h. = • 

-. ..... '; 

Approximate 
sta ichiometry 

Molecu1ar 
weight 

CueI) cale. 
found 

Cu(tota1) cale. 
"found 

Phenoxide cale. 
1 found 

Cl- cale. 
found 

C cale. 
found 

JI cale. 
found 

Cl cale. 
founct. 

. . 

:-~ , 

CU(I)TCP/CC14 

(CuTCP] [CUCl]1 [CuClTCP] 

654.5 

'i:: ~~ 
29.11 . 
26.68 

60.04 
\ 

59.6 

10.85 
8.98_ 

22.00 
17.37 

~ 

0.61 
1.01' 

\~ 

43.39 
43.85 

__ , ;~3;':~~:. .' -~::J;'.~ .. ~ j."~: ,,,-"~,, .. :i;.~~~:". "~ ok-,,. , .. '~ •. ',', " . 

CU(I)PCP/CC14 
< ( 

" 

(cuPCP] [CuCl] [CuClPCP) 

792.0 

1 16.04 
l '11.18 

24.05 
23.83 

" . 661.99 
68.5 

8 •. 96 

18.18 
'-. 17.46 

O.PO 
0.55 

. '53.79 
53.50 

\ , 

• a 

.. 
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qenerated as weIl as phenols resultinq from hydrolysis. Fur­

thermore, the stoichiometry of the complex is imp~ired by the 

presence of extra cuprous chloride introduced through the for­

mation ot orthoformates. This can be circumvented to some ex-

tent by performing t~e reactions under the best conditions 

of moisture exclusion thua preventing hydrolysis of the so­

dium phenoxide to the phenol which ia the precursor of the 

ortho ester eontaminants. 

iii. Interaction Complexes Of Oefined 
Stolchiometry 

The complexes isolated fram the reactions diseussed in 

thi. section are generally ~btained as ~orphous powders. 

In the hope of obtaininq a crystalline complex isolable from 

acetonitrile, various ratios of copper(I) to copper(II) tri-

chlorophenoxides were mixed in solu'tion. 

Addition of one and two equivalents of 

chlorophenoxide to an aceton!trile solution 

copper-( II) ",tri-
, \ 

of copper (1\) tr io-
1 
\ 

chlorophenoxide afforded .tablé solutions from which could be . 
obtained amorphous powders having a stmilar appearance to the 

produets obtained fra. the CC~4 reaetions. The relative Ita­

~ility of th ••• solution. vas indicative of ~omplex formation 

between the two copper phenoxides sinee addition of copper(II) 

trichlorophenoxide to aeetonitrile containinq no aopper(I) 

.peeie. resulta in 
\ 

and concarltant 

p~ipitatton bf pol,..r. Refluxin9 under nitroqen atmo.phere 

1 
1 _ 

-

1 
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~f these solutions containing the mixed oxidation complexes . 
yields polymer only following a lengthly induction periode 

In ~sence of CC1 4 however, pol~erization was induced much 

more rapidly. 

SLmilarly mixtures of copper(II) trichlorophenoxide and 
1 

CuCl are stable up to a mole ratio of 3:1. ExceSB copper(II' 

phenoxide spontaneoualy induces the precipitation of polymer 

fram 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 copper(II) ph~noxide complexes when 

ohelating ligands were used. é3 
The possibilities of reduction or disproportionat~n are 

not to be eliminated when ligands are introduced intb these 

copper(I)/copper(II) ppenoxides. The oxidation stàte of a 

cOmplex is highly dependent on i.ts enVironmentl~5 and a re­

do~ equilibrium can he di'rected either Waly by use of an' ap- > 

propriate ligand. Such considerations are ta he eliminated 

at least in the case where tetrametbylethylenediamine vas 

~ acSd~. ' No ~.tallic copper vas found vi th the product and 

\the aount of '.t"NEDCu ('!'CP) 2 iaalateeS corr •• ponded roughly to 

the uaount of coppu{II) tr1Oblor~d.de iDitially pre-

The elteQt of til.UtiOll 011 thes. mixed oxidation atata 

GQIIpl... ts alac vortby or cœ.ant. Beyond a certain 

. ,_ l'. 
-~. ,,~~-;~,",.-~.:,~~~~.i,,~.~ """."~ ~~~~ 

su 

t 

j 
t 
1 

1 
f 

a 

\ 
! 



'. 

() 

-

<1 

• 
78 

. 
dilution these interaction complexes, as weIl as the products 

obtained f,rom the copper(I)' polyhalophenoxide/CCl
4 

reactions, 

show sic;tns of extensive dissociadon. ~Beer' s law is not ob­

served and the characteristic intense red-brown color pro-
1 

gres$ively fades upon dilution 90ing to a definite brown 

color\ Thelsolution at this point i8 no longer clear and 

slowly' deposits polymer. The aforementioned observations 

point to weak cOPPér(I)-copper(II) interactions prevailing 

in the solid state and in concentrated solutions, but i~­

l~te solution the,copper(I) and copper(II) species express 
, 

their individual chemistries. 

iVe Effect of Reductant Additions 

" 
" 

It will be recalled that dùring the synthesis of ortho-

carbonates the presence of water in ~e ~eaction medi~ re-
JI 

sulted in the appe.~ance of orthoformites. -te vas suqges~ed 
, ( '-

., that thi, WAS cAused by the adventitious produîtion of' ~~ee, 

phenols. The'latter, by ~irtue of their facile hydroqen atom 

daa..a~ing ab! lit y " couleS Act a. reducing ~9.nt. -during ~. re­

action. In order to test thi. pos.ibility a n\Dl)er of con-, -

fiputory te.ctions wer.)pel1fOrmed. . n 

The .-.ethylphenyi' orthoc.a:rbonate produeinq r~~tion " . . 
vas ex_iud in the 'pre.ane. of one equivalent o~ acSded p.... , 

_ ; , À' • ~ , • 

cre..,!. .'1'hu. CCI. wu _d4~ 'to ,_ mixture ,o,f the eoPPJr(~) 
. ' 

ph.aa1de and the phenol.r 'the vortup afforcSecl ., cry.ul11M 
-\ ~~ ,~ ~ 1 .. , 

"~ .. , , 
" • r' ,-- ~ ::. ~ ""\ l~~ i:~ <, ___ ~_ ~ • ., ; .. '~ _~ 

___ ...... ~._' --:o.~~'--".~. ~." ~ \-
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product containing the excess phenol as well as orthocarbon-

ate and orthoformate in a 2:1 ratio. In 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 rigorously anhydrous conditi~ns only orthocarbonate 
\, 

vas detected. 

The reaction of copper(I) 2,4,6-tricHlorophenolate with 

CCl. carried out under similar conditions in presence of one 

equivalent of added trichlorophenol also produced an increased 

amount of trichlorophenyl orthoformate. In this case the 

yield of ortho ester was 44% based on starting phenoxide. 

This represents a substantial increase fram the rouqhly 10' 

usually isolated under ~ormal conditions. 

2,6-dimethylphenol Whi~~ ls a much better reducing agent 

than tr!chlorophenol, achieves complete bleaching of the red­

brOwn copper(I) trichlorophenoxide/CC14 reaction product vith­

in one hour. A small amount of 2,2' ,6,6' -t.-.amethyldipheno­

qui none wa. recovered from the acetonitr!le Bolvent. The or­

ganie fraction eontained coupled products of xylenol as weIl 

a8 tricplorophenyl orthoformate isolable in 44' yield after 

removal,pf phenol. by sublimation. 

Additioa olt ascorbie aeid to the product r •• ultinq from 

the copper(I) trichlorophenoxide/CC14 react!on led to cam-

, plete bleaching of the darlt-colored solution wi thin one hour. 

A .ub.tantia~ ~unt of the r.dUCin~ agent wa. recovered in-
, . 
dicatinq that only a fraction of the total copper was in i the 
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higher oxidation .tate. Crystalline trichlorophenyl ortho-

• formate was isolated in 40t 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 sol vents were obtained by distilla­

tion under inert atmosphere from sodium benzophenone dianion 

immediately prior to use. Dry acetonitrile was stored over 

molecular sleves 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

li.hed procedure126 and was kept in an evacuated flask. 

Melting points were determined on a Gallenkamp block in 

open capillary tubes and were corrected. Proton magnetic re-

sonance spectra were recorded on a Varian T-60 instrument us-

ing internaI tetramethylsilane (TMS) unless otherwise stated. 

Chemical .hifts are given in the & scale in parts per million 

(ppm). Infrared spectra were obtained on a Perk in Elmer 257 

.pectr~photometer. Ma •• speèt~. were ob~ined on an AEI-MS-

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

B. preparation of Sodium Phenoxide., 
a mIca! E"!!!p1e 

~.olute ethanol .a. distilled from .odium. To 150 ml 

_ '4i 
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of this dry solvent in a distillation setup was added 2.300 

9 of sodium. When the metal had dis~olved, ~henoi (9.45 g, 

slight excess) was dissolved in the sodium ethoxidé solution. 

The BoIvent was distilled off until appearance of solid mate­

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

followed by heating to 900 for 16 hours at 10- 3 torr to re-

move ~xcess phenol. The white cake of sodium phenoxide was 

then ground to a fine powder in a glove bag and' se'aled in a 

number of small tubes. This procedure was used for the p~è­

paration of aIl sodium phenoxides used in this work. . 

C. presaration of Copeer(I) Phenox~es and Reaction 
wlt CC1 4: Isolat~on of Phenyl Ortho Esters 

i. Copper(I) Phenoxide 

• 
A dry 200 ml two neck flask was fi,lled with 100 ml ace-. 

tonitri1e which was degassed by bubblinq nitroqen throuqh the 

solvent. Sodium phenoxide (10;82 g; 93.3 m moles) ~as added and 
1 

1 the suspension was stirred under inert atmospneFe prior to the 

addition of CqCl (9.23 g; 93.3 m moles). Stirrinq was con­

tinued under rigorous exclusion of air until the precipitate 

Was finely divided indicatinq Complete con8umption of sodium 

phenoxide.· CC14 (9 ml: 4 fold-exces8) WBS then injected ~n-

- = 

to the suspension resultinq in, instant darkeninq of the IIlix- ;'f. 

ture 'Which was then left stirrinq overnight. The cleu off'" 

white .olu~,~on va. then filtered to remove rua eh 1 or.ide' 

(5.4 9; theok.tical 5.4 9) and evaporat.d to yi.ld a _hite 
/' 
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solid. Extraction of the acetonitrile soluble ftactiQn with 

eC14 left behind euel (9.2 g: theor. 9.2 g). Thel extract 

contained essentially pure tetraphenyl orthocarbonate (by 

nmr). It was recrystallized fram absolute ethanol to yield 

4 9 of pure product (45%), mp: 950 
, (lit. 96_98°)",115 

.. 
ii.· eopper'(IJ 4-metbylphenoxide 

< 

C~~l (2.28 g) and sodium (3.00 g) were mixed 

in 100 ml acetonitrile 

Section i). eC14 (10 ml) was injected and kening result-

ed. Over a period of a few minutes the solution progress~ve­

ly lightened and after l~ hours nad gone colorless. Workup 

of the reaction mixture as outlined previously allowed the 

quantitative isolation of sodi'um chloride (1.33 g) and cup­

rous Qhloride (2.18 g). The crude organic product (2.87 g; 

quantitative) was quite pure 4-methy1phenyl orthoca~bonate 

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

mp: 1010 • 

iii. COPfer(I) 3-m.thylphenoxide 
/ 

E •• ent~&lly ~he s~e procedure vas used vith cOfPerCl) 

3-methylphenoxide to yield)-methylphenyl orthoca,bonate 
, ' 

(.pleS-8'O tram abaolute ethanol). 

" 
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iv. Copper(l) 2-methylphenoxide 

SOdi~ o-cresolate (10.8 g) and cuproua chloride (~.9 
g) ~~re stirred together in 100 ml acetonitrile. Injection 

of 10 ml aCl 4 resulted in immediate reaction giving the us­

ual dark suspension. After stirring overnight the color had 

faded somewhat and workup waa effected as usual. Filtration 

of the react~on mixture yielded polymer in addition to NaCl. 

Cuprous chloride was recovered quantitatively. The organie 

fraction eontained a brown solid admixed with a stieky mate­

rial. Although attempts to 'A'ork up thi. mixture were not 

successful, the infrared spect,um of the material did indi­

cate the presence of ortho ~sters by the broad band appear­

inJ in the 1050-1100 cm- l region. 

v. Copper(I) 4-metpoxyphenoxide 

'Ii 

An acetonitr~le suspension of sodium 4-methoxyphenolate 

(9.25 g; 11.2 m moles) and euCl (6.3 g; 63.6 m moles) was reacted 

with an excess of carpon tetrachloride. The dark-colored 

solution did not fade overniqht but wa~ worked up to q1ve 

quantitative reoovery of euel and 7.3 q of an oil con~aining 

larqely ~he phenof and phenol derived coepled products. 
1 

.. 

! , 
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. ' 
vi. COP2er(I) 4-chlorophenoxide 

" l' 

Sodium 4-chlorophe~oxipe (7.5 9) and cuprous chloridé 

(4.95 g:) were stirred together in açetonitrile (100 ml) un­

der ~nert atmospher~. Carbon tetrachloride (5 ml) was add-

ed and the usual color transitions were observed overniqht. 

Workup and recrystallization from absolute ethanol afforded 
t 

the 4-chlorophenyl orthocarbonate in 42% yield, mp:t24-l25 

vii. Copper(I) 2-chlorophenoxide 

85 

Sodium o-chlorophenoxide (1.00 g) and cuprous chloride . 

(O.64 g) were reacte~ together in acetonitrile (30 ml). Ad­

dition of CC14 (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 anq extrac-

r tion with CCl4 contained a substantial amount of phenol in 

additibn to the orthoformate •. The 1so1ated crystalline white 

solid (O.12 g) represented a yield of 14%, mp:171° . 

•• 
'viii. Dicopper(I) C!techolate 

1 

,1 

l, 

\ 

\ 
\ 

Disodium batecholate wa. prepfred via the sodium eth­

oxide method and obtained al a tan-colored amorphous solid 

indicatinq that little oxidation had taken place durinq its 

preparation.- The 80dium salt (7.71 gl SOm moles) was 8uapended 

, .. 

"' 
"1 
t 
), 

j 
.... 

,> 

~~ 

• j. 
'.i 

1 



• » 

( 

o 

,,~ .. 

2 ) 4 4 

~' 

86 

in 80 ml acetonitrile under nitrO<jen and cuprous chloride was 

~ntroduced (9.90 gi 100'm moles) giving a straw-color~d solution 

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

was then injected resulting in a dark green-black suspension 
1 

wit~ evolution of heat. 1 The mixture was stirred overnight 

and th en thrown into sufficient water ta allow extraction 

with methylene chloride. The viscous oi1 obtained from the 

,dried (Na 2S0
4

) extract was deposited on a Florisil column and 

eluted with'CH2Cl2 affording essentially pure diphenylspiro 

orthocarbonate in roughly 50% yield. Recrystallization from 

absolute"ethanol affords white needles rnp:l09°, (lit. 109°) .115 

ix. Copper(I) 2,6-dimethylphenoxlde 
.y 

Cuprous chloride (9.9 g) and sodium xylenolate (14.4 g) 

were stirred in 100 ml acetonitrile into which 10 ml CC14 . ( 

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%). 

x. COPiêr(I) 4~ethilPhenoxide, Reaction 
ln et AcetonI~r le 

1 

The procedure followed was exactly that outlined in 
, 

paragraph li, of thi. section except that reagent grade ace-

tonitrile containinq 0.2-0.3' ,water was,psed as solvent. 
\ "',. 
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Conventional workup afforded a crude organic product contain-

ing some phenol~ The 'ratio of orthocarbonate to orthoformatè . 
,... 

in th~ mixture was 10:1, as determined by nmr afterlremoval 

of the residual phenol by sublimation. 

o. 

i. Copper(I) Tri-t-butylphenoxide 

1.291 9 (4.55 m moles) of sôdium tri-t-putYIPhenox{de \ 

wall suspen~d in 30 ml, acetonitrile under ni,trogen atmoSPl1e~e; 
Cuprous ehloride (0.450 g~ 4.55 m moles), was !ntroduced and 

the mixture was stirred until a unifqrm precipitate was ob-
, , 

tained. Carbon tetrachloride (5"ml) was injeeted causing the 

mixture to go from yello~ te green to blue a~ whieh point no' 

further ehanges'were ob~erved. Evaporation of the mixtur,e' 
• l' 

afforded a gre~ni~ m~s, whteh was extracted' to yield a brewn 

oil. Cuprous chlorid~ was quanti'tatively ree'ove~ed after the", 

extraction: Reerystalliza1;,ion of the crude Ina'terial afforda' 

the, 4~U:iChlOl;~e~YlCYOlrhexadienone Ci: 1. 38 g, 8?' as a 

pale yellow erystalline powder) mp: 71-72 , (lit.:- 68:" 710
) .130 -

Analyste: cale. tori 

C19B29<fl3 (319.,4)rC:.60.10; H:7.64; C1:28.04, 

found C;59.l6; lh8.0S;1 Cl:26.93, 

pmr (CC14 ) 6 1.,90 (s 2
'
7H); ".35' (s 2H). 

ii: ,'(Dr) 1660, l640 dIl-1.,· eyél.ohexadienone carbony!. 99 
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The compound, 4,4' -di(2,4,6-tri-t-butylp~enol) peroxide 2 
was isolated as a minor product fram the mother liquor as 

pale yel~ow needles", mp: l45-146°, (lit. 147-1480) .122 

pmr (CC1 4) ô 1. 45 (s, 9H), 1. 90 (s, l8H), 7.05 (s, 2H) 

ir (KBr) 1670, 1650, 1365, 980 cm- l 

A qatalytic reaction was carried out using sodium tri-

t-butylphenoxide (0.700 g; 2.46 m moles) and CuCI (0.025 g; 
.j 

0.25 m mole) in,40 ml acetonitrile with excess CC1 4. After 

5 hours stirring at room temperature 65% conversion to the 

4-trichloromethylcyclohexadienone was estimated by pmr. 

ii. Co e (I) 2,4,6-trichloro 
carr e out ln ,Presence 0 
phenoxyl Radical 

Reaction 
i-t-butyl-

A copper(I) trichlorophenoxide solution was first pre­

pared by reacting cuprous chloride (0.5 g; 5 m moles') wi th" 

. sodium trichlor,ophenoxide (1.1 g; 5 m mOles) in acetonitrile 

'(15 ml). The reaction flask was fitted with a Schlenk fil-

88 

ter co~taining a 1 cm layer of Celi~e. The phenoxyl radical 

wes preper.ed according to a literatJre procedurel22 by stir­

lli~ng tri-t-butylphenol (2.00 \g; 7.6 ,m moles) in benzene (100 

ml) withcmanganese dioxide (6 g) in ~ 250 ml two-necked flask 

with a syphon te the Schl~nk,filter. After one hour stirring 

the benzene solution containing the blue radical wes directly , 

fransferred under pressure of nitrogen tb the Schlènk fil ter 

.. 
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\ 

and !i1tered into the copper(I) trich1orophenoxide solution. 

Carbon tetrachloride (3 ml) wa's injected producing a red-

brown solution which was kept stirring under inert atrnosphere 

for one hour. Evaporation of the volatiles gave a very dark 

solid which was extracted with pentane. Evaporation of the 

latter extracl afforded, an oi1 which crysta11ized on standing 

and contained mainly 4-trich1oromethylcyc1ohexadienone (6), 
1--

1.5 g (51% based on tri-t-buty1 phenol). Compound (~) wals 

,identified by comparison of its ir and nmr spect'ra with those \ 

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

ed of the tri-t-butylphenoxylperoxide (1) and a small amount 

of quino1 ether (~) mp: 117-118° , (lit. 127-1290) .82 

• 
~ • 

ir (film) 1670, 1650, 1440, 1370, 1250, 945, 800 cm-1 

pmr (CCI 4) 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 Ch10ridè 

The b1ue radical was prepared by stirring in benzen~ .,... 

(100 ml), 2.62 9 (10 m moles) of the phenol and 12 9 Mn02 • 

This suspension vas flltered under nitrogen atrnosphere di­

rectIy into an acetoni tri1e sollution of anhydrous cupric 
, 1. 

" 

chloride (2.0 q: 14.8 m moles). Init~lly the b1ue color of 

the radiqal vas discharged on contact with the green cup­

rie \ ehloride solution and upon e-ompletion of the filtration a 

\ 
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dark solution was Obtained.' Fi1tering this reaction mixture 

afforded a sma11 amount of cuprous ch10ride. Evaporation of 

the fi1trate 1eft a black sticky solid which was extracted 

with hexanes yie1ding a broWn oi1, 2.2 q.' This mixture con­

tained 70% of 4-ch1oro-2,5,-cyc1ohexadien-1-one (!) mp:89-90o, 

(lit, 94-960) ,122 

ir (film) 1665,1645,1370,920 cm-1 

~ 

pmr (CC1
4

) ô 1.60 (s,9H), 1.79 (s,lSH), 7.10 (s,2H) 

20\ of 4-hydroxy-2, 5-cyc1ohexadien-1-one was also t'ound in \ 

this product mixture and was shown to be a by-product of the 

phenol oxidation reaction over Mn02 ' The reason for its ap­

pearance was not inveatigated. A b1ank reaction which waa 

run under the same conditions except for omission of CUC12 

atforded a product'mixture after letting the b1ue solution 

re~ct vith air, containing approximate1y 80\ peroxide and 

20t of the 4-hydroxyquinone. 
• 1 

mp: 125-127·, (lit)( 133-(~.34° 1 

113_125°).127,122 

ir (film) 3510, 1662, 1645, 163$, 1365, 970 CJIl"l 
4 

pmr (CC1
4

) 4 1.55 (.,'9H), 1.80 (s,18H), 2~05 (.,lH), 
7.00 (8,2B). 

(b) With Bil (pyridine)bi. (trichlorophenoxo)CoPp!r(II) 

1 

1 The radioal va. prepared al in (a) and filt.red directly 

into a solution of thè copper complez C1.574 41, 2.56 .. IDOle.) 

-
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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 identieal to that of an authen­

tic sample of the bi.(pyridinè) complex. l28 The hexane 

fraction afforded a dark crystalline solid identified as 

impure peroxide (7). 
, -

(c) r (I) 

The dark red-brown complex was ,prepared by reacting CuCl 

(d.4S0 g: 5 m moles) and sodium trichlorophenoxide (1.100 9: 

5 m moles) in 40 ml acetonitrile with carbon tetrachloride 

(10 l'Ill). The mi,?Cture va. filtered to remove NaCl and eva­

porated to r~ove exce •• CC1 4 yielding 1.63 9 of the dark 

complexe This was redis.olved in 40 ml acetonitrile and add­

ed to a benzene solution (100 ml) containing 10 m moles of, 

the blue phenoxyl radical. After two hours no significant 

color change. occurred and the mixture vas worked up a. in 

Ath. previoua reaction. The copper complex va. quantitative-
.-

1y recov.red and the h.xan. soluble material consilted 801e1y 

of the peroxide (l>. 

, 
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E. Copper(I) POlrnalophenoxides 

: 1. Copper(I) 2,4,6-trichlorophenoxide 

..... 
Sodium trichlorophenoxide (1.100 gi 5 m moles) was sus-

pended in acetonitrile (30 ml) under nitrogen. Cuprous chlo~ 

ride (0.450 gi 5 m moles) were then added and the mixture 
( 

was stirrea till the remaining precipitate was rlnifbrmly dis­

persed. Siight oxidation produced a faint yellow color in 

the solution. Carbon tetrachlorid~ (S ml; lO-fold excess) 

was then injected resulting in the appearance of a transient 

blue color which lmmediately faded to leave a dar~ red-brown 

solution. After stirrinq for one hour the. acetonitrile solu-

tion was filtered affording 0.3 9 of NaCl. Evaporation of 

the filtrate afforded a dark red-brown am8rphous solide 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 

sp~ctrum essentially the s&me as that of the bi8(2,4,6-tri­

chlorophenoxo)copper(II) campi.x. 12S 

~ ~ii. COpper(I) pentachloropbenoxide 

" 
A auapens!ton of sodium pentachlo~ophenoxide (1.44 g J 

'Sm, IlOle.) in 30 ml aoetonitrile W~8 reacted wlth cuprous 

. chloride (0.455 91 5 Dl moles) till the precipitate va. uni-

Carbon tau,.chloties. (~ml) " •• injected, 

_ c 
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re~ulting,~n 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 NaC1 (0.41 g). This precipitate was found to con-

tain 0.12 9 of material extractible with toluene and repre­

cipitated with ,methanol, mp 224-226Q
• The infrared spectrum 

of this compound contained essentially four bands:' 1400, 

1365, 1040, 720 cm-l . The identityof the white microcry-

stalline solid was confirmed by MaSS spectromttry ta 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 

pen tachlorophenoxide complex. 

Hi. Analysis of Products from the Carbon 
Tetrachlor ide Reaction 

(a) Gravimetrie Analyais for Ch1oride123a 

A fresh sample of the eopper (1) .trichlorophenoxide/cc14 

reaction product was prepared'-aa outlined in E .i.j&nd dried 
cl'· 

uncler vacuUll. An accurati~Y weighted..amount (O.~O.6 q) of 

the complex was then hydrolyzed vi th 50 ml dilute ni tric 
~ . . 

acid and extl:'acted vi th ether to remove the phenol. 
\.. 

.queouBophas. vaa then ~rapuloualy recov.red in a beaker 
. (j 

and ailyer n'i~te aoluUon .aa aMe<! till no further preci-
\ 

,'pibtioh occurr~d. 1't!e al1ver chlorlde precipitate va. di­

g •• ted br' bringill9 the .olution to boll. Alter 0001in9 the 
o Q Q 0 (' \-
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Agel precipitafe was ~ansferred to a cOnstant weiqht porous 

qlass fllter, washed with distllled water and drièd at 110 0 

• 

The resul ta of a duplicate analyais ~veraqed to 8.9\ chloride 

content. 

(b) 
.. 

Fajans Precipitation Titration for Chloride123b 

A sil ver nitrate solution was prepared by dissolvinq ap­

proximately 17.0 q of the salt in distilled water and com­

pletinq 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 distilled water. 

Dilute dextrin solution (25 ml; 1%; 10% ethanol/water), was 

added vith ten drops of sodium dichlorofluoresceinate (0.1'> 

~partinq a yellow color vith qreen flu6~escence to the mix­

ture. A triplicate titration with the AgN03 solution to a 

pink end point allowed its exact titer to be determined 

(0.098 N). 

Samples of approximately 0.7 9 of the red-broWn copper (1) 
, 

trichlor~Phenoxide/cC14 reaction 'prOduct were accurately 

) weighed into three 125 ml Erlenmeyer flasles, dissolved in a 

minimum of acetonitrile and hydrolyzed with dilute nitric 

acid. '!'he hydrolysat.. vere extracted vi th ether and the 
o 

aqueous ~h& .. a quantitatlvely transferred to three 500 ml ~ 

conieal fl •• ka. The three aol)1tions vere cCIIlpleted to ap­

proxiWlte1y 100 ml vith diatilled vater. Zthanolic clextrin 

- -
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and ten drops of sodium dichlorofluoresceinate were added and 
, 

the pH was then adjusted to 4-5 wi th solid sodium carbonate. 

Titration was performed with the standard AgN0
3 

solution to 

a pink end point. The average of the three determinations 

gave a chloride content of B. 98%. 

(c) Evaluation of the Copper Content in the 

Mixed Oxidation State ComPlexes124 

Approximately 0.2 g of the complex was accurately 

weighed in a 100 ml three-neek flask fitted with a calomel 

reference electrode and a platinum electrode. The middle 

neck was closed with a rubber septum receiving a nitrogen 

inlet and o~tlet and the burette. The system was flushed 

with nitrogen and a small amount of acetonitrile was added 

ta dissolve the complex followed by 30 ml of SN Hel. The 

stirred hydrolyzed mixture was then titrated with 0.072 N 

carie sulfa~e in lN H2S04 (stan~ardized aq~nst ferrous am­

monium sulfate). The change in potential \was measured using 
• 

an Orion Research pH meter model 701 in the mV mode. When 

the end point lit. reached the burette was changed and the 

solution vas then ti trated for total copper ulinq 0.19';/ N 

stannous chlorid. in SNI Hel (standardized aqalnst cerie sul-
, ~ 

fata). End points were determined by interpolation On the 
'\" , . 

voluaejmV data recofded fram the millivoltmeter. Results 
, . 

• xpr •••• d-.. " copper,(I) and' total copper are found in 

• 
• 

~ 1 
1 
1 
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Table II.2, page 75 • 

(d) Analysis of Phenoxide Content 

Evaluation of thEr-phenoxide content of the' copper (1) / 

CCl 4 trichlorophenoxide and copper(I) pentachlorophenoxide/ 

CCl 4 reaction products was done during the chloride analysis 

(Section E.iii.a). The d~k red-brown complexes were hydro­

lyzed followed by extracji\On wi th ether as was previously 

outl~ned. Each extract was individually dried with anhydrous 

sodium sulfate and quantitatively transferred to a we.ighed 

Erlenmeyer flask. The ether solvent was removed on a rotary 

evaporator and the weight of phenol was obtained by differ­
r 

ence and converted to percent phenoxide content of the ori-

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

75. 

iVe 

-(a) 

Cuprous chloride (0.452 9) and sodium trichlorophenoxide 

(~.OOO q) were stirred toqether in 20 ml acetonitrile. CC14 
(2 ml), was injected and the reaction was left for one hour. 

~ solution vas filt.red to remove sodium chloride (0.255 

gr the9r. 0.268 q). TC the filtrate another addition of sa· 

dium trichlorophenoxide vas made (l.000 q). Aft~ 12 houri 

\. 
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stirring the suspension had become colorVess. Filtration af­

forded 1. 326 9 of coloriess preciPita1;.&-fwhich was extract- " 
( . 
\ 

ed with toluene. Filtration of the ~uene yielded 0.340 9 

of sodium chloride and after precipitatton from methanol 0.980 
; 

9 of poiymer were recovered, 68% based on total phenoxide. 

The acetonitrile fraction contained,a mixture of cuprou$ and 

cupric chlorides as weIl as a small amount of trichlorophenyl 

orthoformate. , 

(b) Sodium Tri-t-butylphenoxide 

The copper(I) trichlorophenoxi~~/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 

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. Evaporation 

of the solvent afforded 2.1 9 of a brown oil. Infra+ed and 

pmr spectra of this crude product showed it to contain mainly 

the 4-trichloromethyl cyclohexadienone (!) and minor quanti­

ties of, trichlorophenyl ortboformate and trichlorophenol as 

well a. a small amount of a 2-substituted cyclohexadienone. 
, 

Chromatography on Flori~il eluting with CC14 afforded in the 

firat fractions 1.5 9 of Cf), 87. ba.ed on the startinq tri­

t-butylphenoxide. 

-

\ 
\ 

\ 
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Mixed Oxidation State Complexes of 
oefined Stolchiometry 

'Copper(I) trichlorophenoxide was prepared as usual in 

98 

acetonitrile and one equivalent bis(trichlorophenoxo)copper-

(II) was added to the colorless suspension. The resulting 

red-brown solution was refluxed for one-half ho ur without 

any apparent change. Addition of 2 ml CC1 4 to the reflux-

ing solution,induced immediate polymerization. Separa"tion .. 
of the polY<mer 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-

splts were observed when the copper(I) to copper(II) 

ratios in solution were 1:2 and 1:3. when four equiv-

alents of coppèr(II) tr1chlorophenoxide were added ta 

the copper(I) trithlorophenoxide solution in the manner 

described aboyer' spontaneou~ polymerization resulted without 

addition of CC14 • 
f 

t> 

To a mixture of cuprous chloride (0.113 g) and sodium 

trichtorophenoxide (0.250 q) in acetonitrile (8 ml) was add­

ad copperCII) trichlorophenoxide (1.04 g; 2 eq to copper(I». 

1'0 thia stable dark solution vas added dry ~etramethylethy'­

lene diamine (0.528 9; 4 eq. to copper(I» and stirring vas 

continued overniqht. Filtration afforded crystals of tetra­

methylethylenediaminebis (trichlorophenoxo)copper (II) vhich 

9av~ an infrared spectrum identical to that of an authentic 

_ c 
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vi. Reactions of Copper(I) Phenoxides 
wi)h Reaucing Agents 

(' 

1 

~ il 

(a) ~T~h~e~~~~~~~~~~~~~~~~~~==~w~it~h 
One 
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4-methylphenol (0.497 g; 4.6 m moles) and the correspon­

inq sodium salt (0.598 g; 4.6 m moles) were suspended in 30 ml 

acetonitrile under nitrogen. Cuprous chloride was added 

(0.455 gi 4.6 m moles) and the colorless suspension was stirr 

prior to the injection of CCl 4 (3 ml). The resulting dark 

brown solution slowly faded producing a colorless supernat 

'with a slightly greenish precipitate. Filtration followed 

evaporation of solvent and extraction with carbon tetrachlo­

ride afforded 0.933 9 of crude organic product. Cuprous chlo­

ride was quantitatively recovered. Residual cresol, (0.768 g) 

W&S sublim.d out of the oil ,and the ratio of 4-methylphenyl 

nate to orthoformate in the remaininq~mixture (0.165 

g) determined by pmr. 

(b) 

Sodium trichlorophenoxide (1.000 9, 4.6 m moles) and tri­

'chlorophenol (0.905 g, ".6 m moles) were suspended in 30 ml 1 

, 
aceton~trile under .nitrogen. Cuprou8 chloride (0.455 q, 4.6 

Il mol •• ) was a'aded and the stirrinq i'asumed till the preeipitate 
1 

" 

1 

, 
l 

t 
j 

f 

1 
l 
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appeared finely divided. CCl 4 (3 ml) ~as injected producing 

the usual color changes. Workup of the reaction product as 

in paragraph (a) afforded ~.a6 9 of crude product from which 

residual phenol was removed by sublimation. The crude cry-

stalline trichlorophenyl ortho formate (0.40 g) thus obtained 

represented 44% of theoretical mp 1630 
• 

, , 

(c) Reduction of the Copper(I) Trichlorophenoxide/ 
cc14 Reaction Product with Xylenol 

Sodium trichlorophenoxide (1.00 g), cuprous chloride 

(0.455 g) an~CC14'(3 ml) were reacted in acetonitrile 
'\ 

ml). Xy1enol (0.576 gi l eq to copper) was then to the 

red-brown solution. After one heur the color ha omplete1y 

faded. The sodium chloride was filtered off together with . 

sorne tetramethyldiphenoquinone (O.300 g). Cuprous chloride 

was~uantitativelY recovered following extrac~ion of the 

evaporated filtrate with carbon tetrachloride. The crude 

0lganic fraction (1.1 9 was a mixture of trichlorophenyl~or-
1 

thoformate, trichlorophenol and xylenol.' Crude ortho formate 

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

sublimation. 

Cd) 

The copper(I) trichlorophenoxide reaction was performed 

t 
• j 
f 
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\" 

a.s above "in, (c) and ascorbic acid (0.880 g ~ 1 eq to copper) 

~as a~ded. Within one hour the reactiqn mixture was bleached. 

Filtration separated the sddium èhloride and a large amount 

of unreacted ascorbie aeid (sparinqly soluble in CH3CN). Re­

moval of the solvent f~om the fi1trate produced a white sticky 
if. 

mass which was extracted with CC1 4• The .çC14 insoluble mate-

rial (1.036 g) contained the cuprous ehloride and dehydroas--, . 
corbie acid, the oxidation product. The crude organic extract 

(0.911 g) contained free phenol and trichlorophenyl orthofor­

mate. Removal of the phenol by sublimation and reerystalli­

zation of the residue afforded 0.364 q (40%) of pure ortho 
~ 

ester. 
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4. DISCUSSION 

A. Formation of Trihalomethyl Radicals 

Previous studies of reactions of Cuel with ~Cl4 have fur-

ni shed strong evidence for production of CCl
3 

radicals. 9b ,lOl,129 

The foregoing observations concerning the r~acticns of cuprous 

phenoxides with carbon tetrahalides aiso point to the involve-
• 

ment of trihalomethyl radicals. The isolation of a 4-trichlo-

romethyl cyciohexadienone from the~reaction product\of copper­

(I) tri-t-butylphenoxide i8 most convincing in this regard. 

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

main product (~) {16-18). 

c .. -~+cc~ 
, ~II~~ • :> + CC'3 

"CI 

(16) 

" j,< 

/-9>+ 
• 0 

>" Culel + 

* '\ 
CI 

(17) 

o· 0 

1t *~1t+ • > CCla (18) 

(1' 

1 
, '1 
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The primary reaction produces the trichloromethyl radical and 

an intermediate cebper(II) (ha1o)phenoxo domplex. The latter 

i8 expected to be extremely susceptible ta homolytic disso­

ciation in acetanitrile on accaunt of the low oxidatian po-

tential of the coardinated phenoxide (Table l.l, Chapter 1), 

thus rapidly producing the tri-t~butylphenoxyl radical. In 

the last step, coupling of the two radical speci7s would pro­

dUce the observed product. The 4-trichlaromethyl cyclohexa-

dienone had been reported previously as the product of irra-

diation of tri-t-butylphenol in carbon tetrachlaride 801-

vent. 130 

The fact that the solution upon completion of thé reac­

tion, contains excess of the stable blue phenoxYl radical is 

an indication that some of the more reactive CX3 radical. have 

been lost in secandary proces!e.. Reaction (16) unfartun.te­

ly praduces the more reactive species first (CCl)' which MOst 
, 

like1y undergoes 'a hydrogen atom transfer tram solvent to 
,'. ~ 

yield chloroform at a rate approachinq diffuaion control. 131 

The second order rate constant for termination of CCI) radi­

cals la nearly diffusion contro11ed (0.5 x 10~ 1 mole- l 

sec- l ).132 However no hexachloroethane wal identified in 

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

a substantial concentration ot the stable tri-t-buty1phenoxyl 

radicil, reaction (18)' can efficiently campete vith hydroqen 
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abstraction from solvent. 

Reaction of copper(I) trichlorophenoxide with carbon 

tetrachloride in presence of the blue tri-t-butylphenoxyl 

radical also leads to the formation of the 4-trichloromethyl 

cyclohexadienone (~). 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 

CCl 3 radicals is no doubt that relying on the addition of 

sodium tri-t-butylphenoxide to the cuprous trichlorophenoxide/ 

CC1 4 reaction product. 

pure (~) attained 87%. 

In this case the isolated yield of 

This result is consistent with the 
tJ' 

fact that the stable radical is generated before the more re-

active species ia produced, Scheme (1) (Tep: trichlorophen­

oxide, TTBP and TT!P·: tri-t-butylphenoxide and the corres-

ponding radical) • 
c 

The system illustrated in Schem~ (1) is 'thus capable of 

catalytically producing (i), the catalyst being the (chloro)­

phenoxocopper(II) complex of which tor sake of brevity only 
1 

the reacting ligand. are shawn. Metathetical substitution 

of chloride on the product by the aodium salt atforda the 

unatable bis(phenoxo)copper(ll) complex which apontaneou.ly 

dis.ociate. to copper(I) trichlorophenoxide ~d a tri-t-butyl­

p~enoxyl radical. Rapid reaction ot the copper (1) phenoxide 

vith. CCI. qènerate. a CCl) radical and the catalytic spec\e.: 

-
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~UI.O O. 1 + CC~ ---.... ,... cJ~ + tels ~HCC~ 
• CI 

~NaTT8P 
-t-:'NaCI 

, [cu . .;cp ] 
~ '~TIP 

TTlp· h 
ëC1~ ~CCla 

a (1) 

• 

-

CC~ 

.. 

e." 
".TCP 

'ct 
.1' SCHI~I 1 ,. .. 

The œ.erv.d compound i. then fOrmed by couplinq of the two 
" 

radical .peei ••• . -
.1 , . 
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B. Tne Mechanism of Ortho Ester Formation 

Copper(I) phenoxides capable of producinç ortho esters 

pre8umabl~ a1so re1y on the formation of tri-halomethyl rad-

icals. The reaction sequence can be visualized as occurring 

in a ~açe containinq the CCl 3 radical and the unstab1e cop­

per(II) phenoxide. ~he production of the C-Q coupled trichlo-

romethyl ether depends on the rapid dissociation of the cop­

perCII) phenoxide before the CC1 3 radical can escape the cage 

to react with the medium, Scheme (II). 

CUI_O~+ CCI4 
[~R] .f :;.. Cu 

'Cl .... êCI 
(19) 

3 

t~-<ôt] . -oJR ~ eCu'CI + CI3C-O (20 ) 

eu'c~ ... ëCI5 tI 

1 eun/°-Q" cJ':~ t ~c-o{Y- (21) 

". • o-Q7 CI··· .... CltC-

, r 
0 

~clo-ël)-.. ~cf<rL ... cJa· + (22 ) 

t r 

0 

ICHI_ U \ 

< 
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The orthocarbonates ultimately produced indicate that 

the intèr.mediate chloromethyl ethers are recycled through 

the reaction sequences (21,22). Furthermore t~ ob~ervation 

that o~tho est,rs are the sole products of thes~actions ,t......-r 
even in the presence of excess CC,,14 leads to the' conclusion 

that further reaction of the chloromethylaryl ethers with 

the copper(I) species must be faster th an the corresponding 

reaction with CCl 4• ,If the contrary were true a mixture of 

chloromethyl intermedia'tes C1 3 C (OAr) would be the observed -n n 

product. 

Alternatively, ortho esters could result from the direct 

nucleophilic substitution of the trichloromethyl ether by 

phenoxide anion. Although such a possibility would seern un-

likely sinee sodium phenoxides in acetonitrile were found 

unable to sub1titute e~ther chlorofor.m or carbon tetrachlo­

ride at reflux, it has been shown that dichlorodiphenoxy-

mathanes are considerably more reaetive towards substitution 

by sodium phenoxides. IIS 

\ The attack of the polar pyramidal CCl3 radical133 at the 

oxygen is. in line with the expected hiqher electron density 

in this position. 32 The alternative possibility of attack by 

the radical at the ring to yield a 4-trichloromethyl cyclo­

bex.dienone ha. tQ be rejected. Such COlllPO~d. are known,98 

. 
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stable, isolable apeciea and are, with t~e 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 ta 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~yl and 4-rnethylphenoxides both underwent cle~n ortho 
~ - . estey producing reactions consistent with attack at coordi-

/ 

, -nafed phenoxide. 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) 

aomplexes of these species do not spontaneously decompose to 

radt~als. The steric requirements of the rnethyl and chloro 

groups are in both cases roughly equal. It thus seems that 

if the first collision i8 unfavorable to chloromethyl ether 

formation, the phenoxide may dissociate from the copper cen­

ter and undergo self-coupling reactions. This ia a much fa­

vored p,rocess in the case of alkylphenoxides whereas the 

hi9htOXidati~n potential halophenoxides whUld be expected 

to r ip coordinatad. 

t i. relevant at this point to note the steric require-
1 

ment. ~or ortho ester formation. By means of .pace filling 

modela it is eA8y to demonstrate that the tri-t-butylphenoxyl 
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radical is unable to undergo c-o coupIing with a CCl3 radi­

cal. The oxygen is weIl enclosed within the two ortho-t­

but yI groups. In the case of 2-chloro and 2,4), 6-trichloro­

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

However introduction of a fourth 2-chlorophenoxy unit is 

·109 

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 ~e termihation 

step for these tri-phenoxymethyl radicals is thus hydrogen 

abstraction from solvent to form the corresponding orthofor-

mates •. 
.. 

C. Copper(I) Phenoxides as Nucleophiles 

It is weIl known that copper(I) can promot~ reacti~ns 

involving nucleophilic displacements. l03 Reactions of or-
< 

ganocuprates with alkyl halides are dominated by trends'con-

sistent with a mechanism for carbon-carbon bond formation 

whlch involves an SN2 displacement at the carbon o~ the alkyl 

halide. 134 However the actual nucleophile was not spe,cifie,d 

in the sch~ proposed (23). 

~b-, --~,. CU 1 
R / 

, 

(23) 

-
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Copper(I) phenoxides exhibit sorne typical nucleophilic 

behavior since chloroform and methylene chloride are markedly 
iS'J 

less reactive than carbon tetrachloride or tetràbromide. The 

reactiorl with methyl iodide i5 also rather slow. The lower 

reactivity of ~opper(I) pentachlorophenoxide towards CC1 4 
would a1so agree with the nucleophilic nature of these cup-

rous phenoxides. 

A t d ' ,135 J..' more recen 1SCUSS1on conCcrn1ng organocuprate re-

agents from the view point of redox potentials of the nucleo-

phi1e and the electrophile would tend to favor a free radical 

mechanism in cases where the electrophile is sufficiently oxi-

d1zing. Under these circumstances, addition Qccurs via an 

initial electron transfer to the e~ectrophile followed by a 

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. 

Such reactions are qui te common with alO and dB transition 
13\6 

metal complexes. . A two ~lectron procesf w~uld entait the 

formation of a copper(III) complex (24) .137 A two electron 

transfer to carbon tetrachloride would also result in the 

formation of a trichleramathyl ca~banion, an ~tenable hypo­

theais in the light of the present experimental evidence, 

although org&nomercury derivatives containing CC13 carbanion 

subBtituents' are known. 138 These compounds are thermally 

bl d 1... b h be b ' 138 unsta e an &~ve een s own to car ene precursors. 
\ ~ 

The carban10n 1. known to rapidly di.proportiona~e to chloride 

- c 

1 
'1 
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III 

(24) 

i 

ion and dichlorocarbene. 139 The carb~ne in the presence of phen-

oxides or even phenoxy radicals would rapidly generate Reimer­

Tieman-type products (25), Furthermore, the reaction of cop-

perCI) trichlorophenoxide with carbon tetrachloride carried , 

o 

V~12 

s 

~
O. --""'!>" CHel2 

>. . 
ëCI2 

(25) 

out in presence of cyc10hexene, a good carbene trapping agent140 

and on1y moderately reactive towards trichloromethy1 radicale, 

gave the usual red-brown camplex. Chromatography of the vo­

latile produc~s\of this reaction showed the presence of chIo· 

roform but no dich10ronorcarane. 

The fa ct that chloroform can be observed as a product 

from these reactions definitely demonstratel that the ~rimary 
process is the production of trichloromethyl radicala pos­

sibly through a one-electron oxidative addition to the cop­

per(I) phenoxi~e. The generàtion of trihalomethYl radicale 
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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 metai complèxes ùndoubtedly 

proceed by a free radical mechanism. 14I The difference in 

reactivity between the rather unreactive X.CH) and the much n -n 

more reactive CX4 is probably related to sterie effects as a 

result of inereased encumbrance in tetrahalomethanes. Carbon , 

tetraehloride and' carbon tetrabromide have chain translfer con-

stants mu ch greater than those for chloroform or methylene 

chloride. 142 Furthermore, a-chlorine atoms are effective in 

'Ca~Sing stabilization of chloromethane radicals. 143 This 

W'Ould favor the formation of a trichloromethyl radical over 

the corresponding dichloro and monochlorome~hyl radicals. 

'il 

. fi 
CI-C 4<!--....;>~ .te 

\:1 
( 26) 

(21) 

Such a .ituation W'Ould al.o explain the hiqher reactivity of 

the intermediat'e trichloromethyl ethers compared to carbon 

tetrachlor ide. 

' . 
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\ 
D. Carbon Tetrahalides as Initiators in the Thermal Decom­

position of Bis(a~ine)bis(phenoxo)copper(II) Complexes 

previous observations by C,arr ~nd Harrod81 concerning 

the eff~ct of, CX 4 additives on the thermal decomposit~on of 

the bis (amine) bis (trich!è.>rophenoxo)·copper (II) complexes 
• 

stress the drastic diminution of the induction period. The 

fact that the reaction is free radical 'initiated calls for 

a scheme whereby carbon tetrahalides react with the phenoxo-

copper(II) complex to produc~ free radical species capable 

of entering a propagation process. Such an initiation could 

possibly rely on the formation of an intermediate charge 

transfer complex which could presumably ~ndergo either of two 

pathways leading to the formation of the initial monomeric 

phenoxy radicals (28A, B). 

'L eu' 2 

(28) 

« 
1/ 

- -

l " , 
l 1 

! , 

1 

1 
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\ 
Both routes produce phenoxy radicals, directly as in the case 

of p~thway (28A), or indirectly as in pathway (28B). T,he CX
4 

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 

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

CI 
(29) 

+ 

1 1 

Following the onset of initiation and 'the primary pro-

paqating steps, copper(I) phenoxides begin to accumulate, in 

the system. The re.ulta presented thus. far in this work have 

clearly demonstrated the extreme reactivity of carbon'tetra-
.. 

halidës with copper(I) phenoxides. It can thu. ~e qu •• tion+d 

whether ~. CX4 additfvea, in addition to initiatinq the re" 

action, may not also habavelas promot.~8 in the propagation 

- c 

i 

1 

1 
1 
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step. 

The experimental evidence presented &erein concerning 

reactions of copper(I)' phenoxides with carbon tetrahalides 

has definitely eliminated the previously proposed possibil­

ity8l o~ phenoxy ligand transfer to trichlorornethyl radicals 

to produce cyclohexadienone compounds (30,31), 

(30) 

(31) 

It can thus safely be assumed that a reaction such as depict­

ed on the riqht-hand stde of equation (31') is not contribut­

~n9 to the depl~tion o~ the pheno»ocopper(II) speciés in a 
1 

propagation reaction analogous to that illustrated in equa-

tion (29). 

The production of trihalomethy1 radicals during the ther­

mal decomposition in the presence of CX4 addi~ives 18 minimal. 

When the reaction was carried out in the prèsence of a ten­

told axe ••• of carbon tetrabromide81 only ten mole percent 

of Py2CuBr2 w~s a~ixed. vith the final r-2CUC12 product. 

Sueh a low value tor the bromine content in this copper by'" 

_ c 

1 

1 l , 

l. 
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product demonstrates the higher reactivity of copper(I) phen­

oxides towards quinol ethers relative to carbon tetrahalides 

{32,33}. 

0 CI Y 
Cu' + CIQCI 90~ cJ'c, + .~o-

C 0-

(32) 

" 1 10%> Cu"X of. • 
Cu + CX .. CX

3 (33) 

The fact that 4-chloro-4-phenoxy cyclohexadienones are 
1> 

efficient in competing with carbon tetrahalides in transfer-

ring a halide to copper(I) ls supported·in two ways by the 

present findings. Firstly, the ortho ester forming reaction 

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

romethyl ethers relative to carbon tetrahalidès, (Section 4. 

Pl. Secondly, it has been found that the ligand transfer .. ' . ... 
reaction (34) is ~eversible, demonstrâting the possibility o,f 

chloride abstraction from 4-chlorocyclohexddienones, (Section 

2 .C) • " 

'rhe tact that lOt of the copper (I),produced in the sy­

st .. re.cta With the cx. additive to pro~uce a cx) radical 
, ;, 

( 3<1) 

- Q 
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requires that the latter be as efficient 'as copper(I) in ab­

straeting halide fram the quinol ethers (35) . . 

c 
CI-CX3 + ( 35) 

This argument stems from the observation that polymer mole-

1 . h .. .. h f dd" 80 cu ar we~g t ~s 1nsens~t~ve to t e presence 0 CX4 a ~tlves. 

Reaction (32) regenerates the necessary phenoxy radicals for 

the propagation to oeeur. Loss of copper(I) through reaetion 

with carbon tetrahalides would result in early chain termina-

tion and thus deereased molecular weights. 

It can thus be concluded that carbon tetrahalides func-,. 
tion primarily as initiators in the thermal decomposition of 

the pRenoxocopper(II) complexes. Furthermore, the evidence 

presented eliminates the possibility of any drastic ptomot-

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 

-

1 
with a number of copper(II) containing compounds was originally 1 
undertaken to obtain a better understanding of the initial step 

in the therm~l decomposition of the bis(pyridinè)bisCtrichloro­

PhenOXO)COpp~r(II) complex, particularly the importance of the 
l ' \ 

ligand tran.fer reactionil • Unfortunately reactions such a. 

• 
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(36), where Re; i9 the tri-t-butylphenoxyl radical, were 

haltlpered it seems by an inherent drawback of the radical, its 

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

expected 4-chloro-4-tri-t-buty1phenoxy cyclohexadienone (10) 

was not observed. Had it formed and were ' it dissociatively 

unstable (37), the 4-t-butyl-4-(2,4,6-trichlbrophenoxy)cyclo-

" hexadienone (11) would have been obtained. The latter compound 

can be iso1ated following simultaneous oxidation of tri-t-butyl­

,phenol and trichlorophenol over manganese dioxide. 82 

~CI ' (37) 

lUI -p-c' · -

a 

(10) -
The only ligand ob.erved to be transferred was ch10ride and 

for that matter only from cupric chloride. The copper(I) tri-
l,,:, 

chloropnenoxide/CC1. reaction product 1eft the radical unchanged, 

d.-onstrating that even in that compound it cannat approach 

the coppe~ center close enou9h ta under9,_ non-bonded electron 

tran.fer (38). 0leN- containinq ligand. coordinated to oopper 
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(38) 

are known to promote this type of oxidation of free radicals. 121 

It oould be argued that the red-brown camp1ex ia a po1ynuclear 

species in which the chleride ligands are bridging groups .thus 

making them less accessible to bridge with the phenoxyl radioal 

prier to electron transfer • 

F. The Nature of the Producta Obtained from Copper(l) 
Polxb.lophenoxideJeCr. System. 

2,4,6-triohlorophenol and pentaohlorophenol both have 

hiqher oxid~t1on potent}.a1s than alkyl phenols. This may b~, 

in part the reason why the correspondinq copper (I) phenoxidel 
, 

do net attain complete re.otion with CC14 to yi.ld ortho es-

tera under normal conditions. 'l'he forward reactian in the 

Iysta atudie<1 by Votai and his co-workera fOl: the addition 

of CC14 to ole fin. in the p~e.enc. of euCl wa. found ta be 

rathar alow at rOOJa t~er~tur~.lOl,129 FuttheX'1lOre, qua.i~ 
(J. 

• 

, 
1 
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eql.Jilibrium was attained at 1.5% conversion. These relsults c 

tend to indicate that the reaction of copper(I) PhenoX~des 
1 

120 

with carbon tetrachloride would attain an equilibrium ~efore 
• 

totà1 consumption of the copper{I) species. If the vety slow 

forward reactiort~~n Vofsi's system is the reason for in1com-
4. .~ 

.plete conversion, this is obviously not the Jase with ctpper~ 

(1) ~henoxides. Here it can be postulated '!;bat complex tion 

of the unreacted cuprous phe~oxide with the copper (II) ~hen-

oxide product produces a'mixed oxidation state polynucl~ar 

complex which cannot undergo further reaction with, CCI
4

., The 

stability of this èomplex with respect to homolytic dissocia-

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

phenoxy analogues, is assured by the combined effect of $ta-
1 

bilizatio~ by the copper(I) moiety and the higher oxidat~on 
? 

potential of the coordinated halophenoxides. 

The intense1y colored mixtures obtained from these r -

actions contain both oxidation states of copper in a 

close to 2:1 for Cu(I):Cu'(II). ~uch mixed oxidation 

complexes are we11-known and genera11y possess characteri -

tio dark colors. 144, ~4S The observations made on the 

products of the present reactions tend to support the 

the .• l. that t~ey are polynuclear co~per complexes which d' s-

'146 147 IOciate relatively éas11y. Many copper(I) and copper( I), 

. cluatera have' been chAracterized a,nd a1though i~ ia specu 

Uv. to propO~e th; exiatence of po1YJ:Mric phenoxo cqpper 

cœp"lex •• in aoetonitrile auch a hypothesil prov~de. 4 

, 
d 

• 

-
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relatively simple and consistent explanation for the proper-

'. ties of these soltltions. 

Over the last few years a considerable body of informa­

tion ha,s accumulated pertaining to the propensi ty of copper 

to forro mixed valence clusters.148-lSl Particularly rele­

vant to the compounds being discu8sed herein i8 the iSolati\p 

of a purple complex formed by the reaction of copper(II) ~Rd 

o-penicillamine. l50 The intensely colored compound was shown 

to be an anionic Cu(I)/Cu(II) cluster, [Cu(II-)6Cu(I)8(D-Pen)l2~ 

Cl]S-, by X-ray diffraction. In this complex and other poly­

nuclear ~ixed valence complexes,14B,149 m~rcaptides often 

serve as bridging groups stabilizing the copper(I) moiety . 
whereas the ami no acid residues will serve to stabilize the 

copp~r(~I) units. 1SO The outstanding property of these clus-

ters is that copper(II) mercaptides can exist in the presence 

of copper CI) in spite of the fac4 that reduction of the high-

er oxidation state would normally oceur with stmultan.ous di­

sulfide formation. The analoqy can be drawn with the copper­

(1) haloPhenoxide/CC14 reac.ion products. The inclusion of 
~ 

copper (II) phenoxide within a cluster also containinq copper-

(1) phenoxide can simila~ly result in stabilization of the 

copper(II) species relative to homolytic dissoci~tion. It 

i8 relevant to note that chloride148 and phenolatelSl ligands 
1 

have also been found to partiéipate as bridginq groups be-

tveen copper nùclei. 

The solutions containinq the product fr01l1 the polyhalo-
1 

1 
1 
i 

, 
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phenoxo copper(I)/CCl4 r~actions deco,pose on dilution. Ad­

dition of acetonitrile solvent to these dark-colored solutions 

causes them to discolor and cloud wi th the eventual precipi-

tation of polymer. Heating the dark solutions also leads to 

the formation of poly.mer following a short induction period. 
~ 

The effects of heat are possibly manifo~d, however, the two 
• 

foregoing observations can be cited to~support the existence 

of a dissociative equilibrium. Assuming the probable stoi­

chiometry for the complex as established by analysis (Table 

II.2), the following equ~librium can bepostulated (~9). 

[euTCP][ CuC~ [ Ou CI TCP] .... 

.~ 1~ 
[C.TC~ l CIl C~+ [c. C' TCP] + [Cu 1'CPt ] 

(39 ) .. 
, ' 

DISIOC. 
" 

PO LYM Eit 

Copper(Il) -.peei •• are prone to dis.ociate in acetonitrile. 103 
. 

~i. bu ~n found to he true for unliqated copper(II) tri-

chlorophenox!d8 (Section !.i!!). This amorphoUl COmpo~d 

men put in contact vith acetonitrUe, spontaneoualy Claneratel 
" 

l 
l 
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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 intens~ly'colored solutions are either dilute9 or 

heated. 

An equilibrium such as illustrated in (39) is further 

supported by the fact that the addition of copper(I) species 

to these solutions tends to stabilize-the mixture and in-

crease the induc~ion period for decomposition at reflux. 

The species obtained by the addition of copper(II) tri-

chlorophe~oxide to solutions of ei ther cuprous chloride or 

copper(I) trichlorophenoxide in acetonitriLe (Section E.iii) 

are likely to be similar to that d~picted on the left-hand 

side of equilibrium (39). It was found in these e?,periments 

that copper(II) species in acetonitrile can he stabilized­

towards disproportionation if copper(I) i8 present. There 

is however a 3 Cu(II)/Cu(I) threshold beyond which ~pontane-

i' ous appearance of polymer is observed. 'l'he products obtained 

by ~ixing in acetonitrile solution copper(I) and copper(II) 

phenoxide complexes as ou.tlined, behave similarly to the cop­

per (I) halophenoxide/CC14 reaction products wi th respect to 

dilution and hea ting • 

The amount of tionic halide was determined by two differ,­

ent analytical procedures (Seftion 3.E.iii, (a) and (b». 

The occurrence of chloride in the dark complexes is to be 

expected if the reaction with CCl4 follows a one electron 

- -
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oxidative addition to copper(I) leading to the. formation of 
~, 

a trichloromethyl radical. The ultirnate fate of the latter 

where copper(I) polyhalophenoxide~ are concerned, is hydrogen 
1 
! 

abstraction from solvent to yield! chloroform. 

It was also demonstrated that coordinated halide would 

undergo metathetical reactions with sodium phenoxides (Sec-

tion 3.E.ivl. These reactions were not arnenable to quanti­

fication in terms of the amount of labile halide present since 

the dark complex acted as a ~alyst 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/CC14 reactions, ~n the sense ~~at they 

have the potential to resurne reaction to produce ortho es­

ters, was demonstratèd by carrying out ~ number of reactions 

in the presence of reducing agents. Tri-t-butylphenol, xyl~­

nol and ascorbic acid aIl bleached the dark mixed Cu(I)/Cu(II) 

trichlorophenoxide complex to regenerate cuprous chloride and 
" ' 

produoe the corresponding orthoform~te of ~e polyhalophenol. 

In Scheme III, xylenol ia used to illustrate a possible mode 
1 

of action of the •• hydroqen donors (Tep: trichlorophenolate, 

~H: Xylenol, OF: trichlorophenylorthoformate). 

l 
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cJ'CI Xy' + TCPH 

XyH 

• Xy 

S~HENE III 

A modification of Scheme III'WQuld also allow an expla­

nation for the occurrence of roughl~ 10% orthoformate in the 

product of the copper (I) ,polyhalophenoxide/èc14 reactions. 

Small amounts of free polyhalophenol could be inadvertently 

i~troduced in the reaction medium through hydrolysis of the 
\ 

sodium phenoxides during weighing. Such a situation would 

result ~n 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
G 

ductant by transferrinq hydroqen atoms tè the initially fo~ed 
II 

trichloromethyl radicals. The newly 'gener~ted phenoxy radi-

cal çan then react vith other trichloromethyl radical. to 

fom the trich1orom4!thy1 ether and eventually the c~nd­

lng trichlorophenyl orthoformate .S deacribed earlier (c.f., 

page 106) • 

- . 
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CuITCP'" CCt4 ---". Cu"CI TCP + êCI, 

.. 

seMENE IV 

S 
-----:~Il> HCCI! 

The sequence i11ustrated in Scheme IV is supported by 

the observation that the copper(I) trichlorophenoxide/CCl4 

reaction, when çarried out in the presence of one equivalent 

of added trichlorophenol (Section 2.E.iv), led to a substan-

tial increase in the yield 9f isolated ortho ester. 

126 

The essential difference between Schemes III and IV resta 

with the ability of xylenol to coordinate and ult~ately\ re­

duce the copper(II) species. In the case of the trichloro­

phenol the latter cannot be eXpected to he a better reducing, 

aqent than the phenoxide already coordinat"ed. Rather here, 

it il proposed that it acts as a transfer agent competing -~' 

with solvent to transfer a hYdrOgen a~om to the CCl
3 

radica~~>J 
to produce chloroform and trichlorophenoxy radicals. The 

" 

~atter would sublequently in a radical-radical reaction with 

t~e: ~13 spaoiea yield the trichloromethyl ether precursors 

of the orthoformateil. 
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CHAPTER III 

1. INTRODUCTION 

,A. Polymers from Trihalophenols, the Branching Hypothesis 

Hunterl53 first ~ated polyChalophenylene oxide) poly­

mers as a resu1t of the thermal decomposition of silver halo-
r ~ 

phenoxides. He indicated that two types of enchainment were 

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

( 1) 

It was a1so established that iodine was displaced somewhat 
\ 

more readily than bromine, which in turh was more reactive 

than chlorine and that para ha10gen reacted more readily than 

ortho halogen. Furthermore Hunter believed that only halogen 
\ 

in a ring carrying a free ionisable phenol group could be 

displaced (2) .154 

! *ar. ~. 
nAt- 0 0 ,CI 

B, . 
(2) 

1 . 

1 
1 
1 , , 
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Serious doubt can be cast on the structure proposed for this 

polymer in view.of the present,knowledqe concerninq the oxi-

1 dative coupling of halophenoxides (Chapter 1).155 

In a first detai1ed study of the decomposition of 2,4, 

6-trihalophenoxide complexes under a variety of conditions 

to poly (ha1opheny1ene ethers) " the term branched polymer was 

used to describe the products. 67 Evèn though the mo1ecular 

weight ~f a po1y(dich1oropheny1ene oxide) is of the order of 

10,000, its intrinsic viscosity i8 always approximate1y 0.05 

dl/go By way of comparison, po1y(2,6-dimethy1pheny1ene oxide) 

of molecu1ar weight 10,000 has an intrinsic viscosity of 0.30 
, 156 

dl/g. Similar arguments were app1ied by Hay when he found 

that the o,xidative po1ymerization of 2-chlo'r9-6-methylphenol 

gave high mo1ecu1ar weight po1ymer with a lower than expected 

intrinsic viscosity. Analysis ,of the polymer also showed 

loss of chlorine (10-15%) during the polymerization. Branch 

points ,such as (!) were assumed in this instance. 

The branched structure of polyhalophenoxide polymers 

vas further supported when their lB nmr apectra were first 
\ 
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~ 
published. Tsuruya157 thermally decomposed the hexamethyl-

phosphoramide copper(II) complex of 2,4,6-trich1orophenol 

and isolated the product polymer. The lH nmr spectrum of 

the trichlorophenol polymer shows overlapping broad peaks., 

This indicated, it was pres~ed, an additional substitution 

mode to the expected linear mode and could possibly be at-

tributed to substituent branches in the 2,6 posit~ns. Sim-

ilar poorly resolved and complex spectra were observed for 

the polymers obtained from other CO?per(II} t~ichlorophen-

80 oxide systems. On the other hand polymers having a high 
~ 

proportion of 1,4-couplea units gave remarkably sharper 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 la nmr 

spectra featu~ing a sharp. singlet attributed to ~e 2,6-

dichloro-l,4-phenylene oxide unit. A smaller doublet at 

lower field than the singlet and its counterpart partia11y 

obscured by the singlet were assigned to miner branched 

structures. , 

The polymer obtained by the OXidatJve coupling of 2,4, 

6-tr ibromopheno l in the presence of copper in acetbnitrile 

produced a lx ~pectrum conli.ting of • number of sharp 

alt 158 A li structura would entail an mur spectrum pe s • 

con.iating of a singlet. However At least four peaka are 

prominent in addition te ~ fev miner features thus indicat­

'" ,:~" \ inq, .s the author •• tre~ea, that ortho bromine had als~ 
" 
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been eliminated. The high r~solution of these peaka as weIl 

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 po1ymerization 

waa further substantiated by an observed 10w intrinsic vis-

cos~ty (0.02 dl/g). 

Infrared spectroscopy has been of limited value in de-

termining the structure of poly{pheny1ene oxides). Howeve~ 

in one particular case, branching in poly(1,4-pnenylene oxide) 

was possibly demonstrated by infrared spectroscopy.159 An 

, absorption at 970 cm- 1 was assigned to side chain substitu-

tion by phenoxy units after the examination of the infrared 

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

eouP~~d units did not present any marked,difference in its , 

vibration spectrum when compared to a comp1etely 1,4-coupled 

polymer. 

,Very little data is thus at hand[[to permit a clear as­

signment of the a,ctual structure of the polymers obtained 

from 2,4,6-t\ihaloPhenoIS. The probes available d~ indicate 

that the enchainment mode ia quite different in both the 

linear polymer obtained fram 4-bromo-2,6-dichlorophenol and 

the branched polymer obtained from 'trichlorophenol. 
, II! \ 

Branching as such remains a simple hypothe~is ~~ elèplain' 
'. 

the peculiar spectral and s~lution properties of the polymera 

obtained fran trihalophenols. In t:his section a new look i. 
1 

taken at a number of poly (halophenylene oxidea) 'obtained from 

\ 

• 

j, 
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the copper(I) ~stems described in the previous chapter as 
~...IJ 

weIl as fram various other copper camplex systems. Physical 

measurements have been undertaken on these polymers in hope 

of attaining a better understanding of their microstructure. 

B. 

i. Introèuctiqn 

The viscosit~ of a dilute polymer solution is associated 

with the frictional resistance of the molecules in motion 

with respect to each other in the solvent medium. 160 The 

size and shape of the' Molecules are most important in deter­

mining the magnitude of the effect. Other façtorsJsuch as 

the possibility of forming hydrogen bonds, the presence of 

charges on the Macromolecule, as weIl as~e effect of sol­

vent on the secondary struèture are also im~t factors 

affecting the viscosity of a polymer solution. 

For a series of linear homologous polymers it has been 

'recoghizedl60 that the intrinsic viscosity is directly pro­

portional ta a power of the mOI.cular weight: 

[ , ' 
K and a are depen4ent on, the type of po1ymer, the SOlrent 

Gd the temperature. They are empirically determined from 

the intercept and 1 the slope of a 109-10<] plot of intrirulic 

- , 

- c 

." 
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viscosity versus molecular weight. 

Molecular weights are commorily determined by measuring 

a colligative property of the polymer thus yielding a number-

average molecular weight, and intrinsic viscosities are ob-
, 

tained by extrapolation to zero concentration of an "spIc 

versus c plot, where concentration is expressed in 9/dl. 

A branched molecule extends over a smaller average vol-

ume in solution than a linear molecule of the sarne molecular 

weight. In other wards, the time-average distribution of 

segments about the center of gravit y of a Molecule depends 

on chain structure. Other factors being equal, a branched 

mole cule has a more compact distribution than a linear mole-

cule. Thus a change in branching degree for a comparable 

molecular weight would show up in the double lbgarithmic plot 

of intrinsic viscosity versus molecular weight. It is expèct­

ed that a slower increase in [ n ] vs M will he observed for 
~ n 

a branched polymer. 

li. Mark-Houvink Plots 'for tineAr and Non-Linear poly­
(hAlophenylene oxidis) 

Th. molecular weight-viscosit,y data obta~ned by Carr and 

sarrod'O can be uaed to conatruct the plot .howri ln Figure 

111.1. It can be •• en that data pointa for polymers which 

. have been shawn to have a lin.ar .nchainment fail on the same 

line •• the data pert.ioing te pol}'lll8ra l:>elieved te be branched. 
·1 
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FIGURE 111.1. 
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Intrinsic viscos~ty-molecular weight 
relationship for poly(chlorophepylene 
oxides) in CH2C1z... at 2Sco

• 0: non­
linear polymer, 0: linear polymer. 
Data taken fram 80. 

.. 

- '~"-.. -- - 1 • 

133 ,. 
f 



, . 

, . 

,t 

1 
-1 

i 
l, 
1 

<1.) 

0
1 

o 

-1.0 

log ,,] 

-1.5 

• 
1 

< 
\ 

\ 

----... " 

133A 

- , 
i 
1 
i 

i 
1 , 
1 

'1 • 

4.5 Il ~ 5'.0 
'100 fi"" rt 

'[ , . 
1" 't 

" 

. , 
,'" ", '. 

~ " ;'1 
~-=:. '1 .. 11 ...... ··~: .. 



-

o 

_ ~_ _ ___ ~ ___ - .......... --_______ 0C0f"""!"",, ----

134 

1 
The slope and intercept respectively yield values for a: 0.67 / 

-5 1 
and for K: 4.27 x 10 . The values for these constants Agree 

with those obtained from poly (2, 6-dimethY,lphenylene oxide) under 

a variety of conditions as shown in Table 111.1. 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 

weight distribution,161 especially if the molecular weight 

data is obtained on unfractionated samples using ~ rather , n 

than Mw' T~ values for K would tend to diminish if less 

polydisperse samples are used or if w~ight average molecular 

weight data are used to construct the Mark-Houwink plot. This 

factor may be the c~aOf the low K values in the present 

case since G.P.C. c ves of a few typical polymers obtained 

from these systems 1 cated that the polymers have fairly 

~arrow molecular weight di,stributions. 

Temperature on the other hand affects the K and a values 

to a lesser ext~nt.161 For a > ·0.7~, K, beCbmeS~l~ 
independent of ternperature. Furthermore} measurements on ,poly 

(2,6-xylenol) in toluehe, chloroform ànd chlorob~nzene have 

shawn that the unperturbed dimens~on of the chain-coil of 1 

thi. polymer ia relatively amall and doea not v~ appreci-

ably in the solvents u.ed. 162 
v 

similar plots can he obtained for other data ftiatinq 

in the 1it~rature. 61 ,156,1
1

57 'rhe.e are illu.trated for the 

chlor!nated and broainated poly(phenylene oxidea) in ,iqure 

111.2. The supporting data for th ••• plota, alonq vith tl\e 

1 

! 
1 

1 
1 
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Solvent 

'.l'Oluene 

Chloroben •• ne 

-Chlorof~ 

carbon tetracbloride 

Ban •• ne 

Ca) 

&enz.ne ... 

------ ------.,. 
c 

TABLE IILl 
~ 

-V1$CQ~I~ETRIC COEFfICIENTS K AND a FQ6 - POlV(Z~b-DIMETHYL-llq-PHENYLENE OXIDE) 

T (e C) 

25 

25 

25 

25-

25 

29.4 

K (x10 4 ) 

2~85 

3.78 

4.83 

7.55 

2.60 

3.80 

4.66 

a 

0.68 . 
0.66 

0.64 

0.585 

0.69 

0.73 

0.70 

Ca) Ho .olvent or temperature vas specified. , 

.~ 

Reference 

183 

183 

1ft 3 

184 

184 

63 

185 

c 
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FIGURE II 1 .2,'- 1ntrinsic viscosi ty-mo1ecu1ar weight 
relationship for halogenated poly­
(pbeny1ene 'oxides). Supportinq data 
~n_Tablè I11.2. 
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TABLE Il 1.2 
SUPPORTING DATA FOR FIGURE 111.2 

Y 
-1IO:\Q)-1~ Data Point Polymerization dl b 

M Reference Hwaber Technique (a) (n) (-)--
y 9 n 

X y 

1 pentacllioro A 0.015 1,200 67 

2 Br Br C 0.02 1,900c 158 

3 Br Br B 0.02 2,300 67 

4 Br Br (l-OMe) A 0.04 5,500 67 

5 Br Br A 0.04 ,7,500 67 

6 Cl Cl A 0.05 B,OOO 67 

7 Cl Cl B 0.06 9,600 67 

ed ,Dr Cl B 0.07 11,000 67 

9 .. H Cl,Me D- - 0.47 71,000 156 

&A: thermal decomposition of the silver phenolatei B: thermal decomposition of 
the bis(pyridine)bis(phenoxo)copper(II) complexl C: cupric nitrate catalyst in 
CH3CN at r60m temperature; D: copper/pyridine catalyst at room temperature. 

blntrinsic viscosities in CHCL 3 at 25-. 

cMolecular weight determined in this laboratory. 

dBecause of the nature of the monomer this polymer is~expected to be 1inear. 80 
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polymers are listed in Table 111.2. 

The values for K and a of the chlorinated pOlymèr series 

(!' l, !'!) are somewha t out of line when compared wi th the ' 

values for the poly(2,6-dimethylphenylene oxide) listed in 

Table II!.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 data point cor- !I 
responding to pol ymer (~) w~th the curve is MOst likely for-

tuitous. The chemical com~osi~ion of this polymer is differ-
\ 

'ent in that one of the cnlofines in the monomer is replaced 

by a methyl group. For the brominated polymers the K"and a 
" constants assume normal values. Thé low value fo~ a is in 

line with the behavior expeeted sinee in the low moleeular 

weight range, (mostly less than 104), a becomes 0.50 irre-
" 

speetive of the solvent. 163 

The remarkable feature of the plot pertaining t6 the 

chlorinated polymers in Fi1ure 1I1.2 is the colinearity of 

the data point S'for 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 

independent laboratory (Figure 111.1), led to the question­

ing of the branching hYpothesis. The behavior observed for 

these linear and so-ealled "branched" polymers ia at vari­

ance with that expected in the intrinsie viseosity-molecular 

weight relationship. In extrema cases, highly branehed poly­

mers exhibit intrinsic viscositles independent of moleeular 

1 

1 

l 
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weight. 160 On the other hand the presence Je short chain 
l , 

branches has little effebt on the solution viscosities of 

polymers. In this case the,linea+ity of the Mark-Houwink 

plots would b~ quite weIl preserved, bu\ the nmr spectra 

~ld nat show grOSS1dif;erences for polymers c?nsidered to 

he branched and polymets known to be linear. At MOSt, short 

chain branches would show up as acfe~additional resonances 

associated with the increased number of chain ends. This is 
1 \ 

not so in the present case since the\ so-called branched poly-, 

mers yield drastically different spectra compared to those 
1 

obtained from linear pol~ers.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 reex~ined. The 

accepted branching hypothesis, although largely in agreement 

with the nmr spectra and the fact that the so-called branCred 

polymers yield brittle films, clearly does not explain the 

intrinsic viscosity-molecular weiqht relationships. 

\ 

1 

l 
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2. RESULTS 

A. POlymers from Copper(I) Trichlorophenoxide Systems 

i. Introduction 

140 

During the course of investigations concerning reactions 

of copper(I) ph~noxides, it was found that polyhalop~enoxo 

copper(I) complexes did not undergo complete reaction ~ith 

carbon tetrachloride. UnexpecteBly, the effect of heat on 

the resultant dark solutions was to precipitate polymer rather 

than to push the reaction to completion to afford ort~o esters. 

On first examination the.prodoct polymers seemed to exhi~it 

much simpler lH nmr spectra j- possibly indicating the forma­

tion of a new typel,of polymer as result of a stereoregulating 
, \ 

effect of the poly uclear copper complex. This reasoping 

,pr~mpted an investigation of a number of reaction parameters 

in an effort to delineate the factors 'affecting the structure 
\ 

of these polymers. 

ii. 6-trichloro henoxo 

The preparation of cuprous pheno*ides and their reaction 
, 

with carbon tetrachloride have been d~scriDed in a previous 

section (Chapter II.2.0). 
\ 

The addit~on of varia~le ambunts of carbon tetrachloride 

,~,t.,._L .w,l __ ~a_3M *' 12 , 

1 
J 
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(0.2-2:0 equiva1ents) to the cuprous trichlorophenoxide pri6r 

to heating has no effect on the yield nor on ~he structure of 
1 • 

the isolated polymer, Table III.3. The s1ight variation (±10%) 

observed in the yields of. isolated pçlymers is related to the 
\ 

difficulty encountered during the separati~n of the polymer 

fram the sodium chloride. The precipitate recovered from the 

thermal decomposi~ion containing both products W&S extracted 

with a sblvent for the polymer and filtered. The extreme fine-

ness of the sodiumlchloride resulted in frequent clogging of 

the filter and variable losses of polymer during work-ups. 

~here seemed to be a limiting minimum amount of CC1
4 

re­

quireâ for the induction of polymerization. For instance, the 

addition of less than 0.10 equivalent of added CC1
4 

did not 
\ 

succeed in'inducinq. polymerization. Also, a solution of 2,4;6-

trich],.orophenoxocopper (.1) in acetonitrile containing no carbon 

tetrach10ride could be kept at 70° for extended periods under 

nitrpqen without any signs of decomposition: 
, 

\ 

ii!. lexes 
Oe-

The title-compounds (TeP: 2,4,6~trichlorophenoxide) were 

obtained as dark red/brown ~rPhous powders by mixinq cuprous 

~loride and .olium trichloro~enOXi~ in acetonitrile fol. 

lowed 'by the required amount of copper(II) trichloroPhen6xide, 

filterinq the sodium chloride and stripping the solvent. 'AlI 

i 

1 
i 
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- TABLE Il I. 3 

POLYMER YIE~8S2ERPH 2~4~6-TRICHLOROPH~NOXOCOPPER(I) 
• ( • jM) IN THE PRESENCE OF CCI4 

CCI. 
I!q~valents-- T, (O C) Time ., Yield (t) 

9.05 73 5 hrs a 

0.10 7 a-- 5 hrs 

0 

0.20 70 instantaneous 66 
1 

0.50 80 instantaneous 75 

1.00 80 instantaneous 59 

2.00 65 instantaneous 66 

-----
10 

aSolution vas brought to 90· without any change. -

~ 
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mixed oxidation state complexes had infrared spectra similar 

to that of un1igated copper(II) trich1orophenoXide. l28 No 

acetonitrile was li9ated in any of the samples, as was easi1y 

demonstrated by the absence of an i.r. absorption at 226p 

cm- l corresponding to the nitrile stretch of the solvent. 

Samp1es of the complexes ~ere weighed in a f1ask and 

\ decomposed either in r~fluxing acetonitrile (81°) or tol~erte 

\ (110°). The acetonitrile reactions were homogeneous ini~ 

Itially but precipitated p01ymer during reaction. In toluene, 

the complexes were insoluble but the polymer went into solu­

tion. The resu1ts a10ng with some chàracteristics of the 

polym~rs are summarized in Table I11.4. 

. AlI the samples decompose9' smooth1y in the refluxing 

solvent. One exception was observed with the complex [Cu(1)-
, . 

TC~110(Cu(1I)TC~2] ln refluxing acetonitrile which after si~ 
-~ \ 

ho~rs had not under~one any observable decomposition. Carbon 

tetrachloride was thus injected in order to induee decomposi­

tion~ l Anoth~ exception was'the spontaneous décomposition 

of the Cu(II)TCP2 eamplex in aeetonitrile. This matter has 
\, . 

ai~eady been treated Ipreviously (Chapter II.2~E). 
" 

POlYmers obtained fram the decomposition in acetonitrile 

nad l~er molecular weights and aeeordingly lower inttinsic 

vi.co.i~ie.. In toluene hiqher molecular weighta were ob-
, , / 

~ 

a.rved. Tb.ae trends correlated with the observation that 

the lB nmr ,pectra became proqre •• ively more complex a.,mole~ 

eular weiqht inereased. "l'his will he dtseuà.ed in the next 

section. 
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TABLE 111.4 
POLYMERS OBTAINED BY THERMAL DECOMPOSITION 
- ,OF [CU(I)TCPlm(Cu(II)TCP)n 

Polyaer 
Identification Solvent Yield (1) 

TCP10
A 

- CH)CJ> 89 

'l'CPIOT ~luene 81 

TCPS'!' Toluene 77 

TCP2A CH)CN 79 

TCPI
A 

CH 3CN 83 

'l'CPIT To1uene 72 

TCPO.5
A CHjCR 

TCPOA CH 3CNd 94 

alntrinaie viacosities in CHC1 3 at 25°*0.02°. 
../ 

Mn 

5,900 

32,600 

13,300 

[I1J a 

0.041 

- 0.041 

0.042, 

0.090 
0.042 

0.049 

bs.-Ple did not decoapoae after'6 hours at 81°, CC14 was added to induee decom-
po.a1tion. . 

cCU(X)TCP/CC14 reaction product, filtered to remove NaCl, evaporated to remove 
CCI .. and decOlllposed in CH)CN., , 

dspontaneous decompo~tion in acetonitrile at room temperature. 

-' 
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1 

iv. la nmr Spectra of the pol~ers Obtained from the 
coPSer (1) Trichlorophenoxl.de Systems,. comearison 
vit Intripsic vlscosity and Molecular Wel.ght Data 

• 

The thermal decomposition in tvo 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 
~ 

a number of polymers having molecular weights s~nning an or-

der of magnitude. A fair range of intrinsic vi.scosi ties was 

dso observed. 

eomparison of thesi! polymer characteristics with the la 

nmr the y afforded (Figure III. 3) immediately stressed the 

drastic effect of increasing molecular weight on the overail 

linewidth of the proton spectra. The effect is s~, marked for , 

these poly(chiorophenyiene oxides) that it can be questioned 

~ether aIL the POlym~S' in this series have the same micro­

structure. It is 'vith this possibility in mind that a l3e 

nmr study vas undertaken, the result. of thich ar~ descri~d 
below (Section C) • 

..1 
Examination of the spectra obtained tram the lov mole­

cular weight polymer. 01.180 bl,"ought up the question of vhether 

the "doublets" ob •• rvad at low field vere associated with à 

po.sible ortho enchainment a. shawn in (~.>. Such a possi-' 

bility could account for the ob.ervation of two types of Ire­

Bonance •••• ociated vith two type. of protons coupled meta. 

The ver.city) however, of auch a poatulate is rather doubtful 
. 

beausse of the non-cOnftrgin9 slant in the doubleta and alBo 

-

fT, 
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(~) 

because of unequal broadening of the two single bands ,consti-

tuting the "doublets". An expans ion of the aroma tic reg ion 

under question (Figure 111.4) did not allowia clear cut de­

cision to be made sinee the separation is very close to 

the ~imits of resolution. The low field and.high field "doub­

lets" had respectively a separation of 2. 8 a~d 4.0 Hz. Other 

structural possibilities in accord with the lH nmr spectra 

will be discussed in Section 4. 

1 ) 

, v. ~ nmr Spectfa ai Blevated Temperature. 

1 

An increas. in tempe of the _upIe solution con-

1 

taining the polymer often bringl about an enhanoement in the 

reaolution of the nmr spe Linas became'sharper because 

of the combined effects 0 hiqher segmental mobility 'ane;! low-
-. 

ér 18olution viaooaitv~ 

( Four pllymera vere eKamined in tetrachloroethylene at 

temperatures .s hiqh as l .9-. In aIl caMs no improved re-

801ut.ioD of the tra was obtaine4. *l'he polYllers 
o 

avestigatee! vere: (orig n (temp.» 1 linear hiqh IROlecu1ar 
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FIGURE Il 1.4. lB nmr 8pectrum of Il l~ molec~lar 
weightpolymer, exp.nailon of the 
low field doubl.et •. • 
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weight polymer from bis(pyridine)bis(4-bromo~2,6-dichlorophe­

noxo)copper(II~ (105°); ~branched" polymer fram bis(2,4,6-
. Q 

trichlaraphenoxo) copper (II) decomposèd in acetonitri1e (119° );, 

"branched" high molecu1ar weight polymer fram bis (pyridine)­

bis (2,4, 6-trich1orophenoxo) copper (II) (105°); low mo1ecu1ar 

weight po1ymer fram [Cu(I)T~Pl [CU(II)TCP 2] decomposed in ace­

tonitri1e (1180
). 

vi. 
1 l 

H nmr Spectra in the Presence 
ol Paramaqnetic Materi~ls 

The effect of paramagnetic materials on the prpton spec-. 
-trum of "branched" palymers was examined in hope of obtain-

ihg either better resolution or additional information as to 

the nature of their microstructure. Contact interactions may 

resu1t in drastica1ly changed chemical shifts and ultimate1y 

broadened resonances. The effect arises thraugh the f1uctu­

ating field produced by the unpaired,electron which has a mo­

ment in the order of 10 3 greater than the nu~lear moment. 164 

il \. ri" .... a+o .... , +-'l'lae local magnetic field experienced by a prota~he 

presenge of an unpaired electron, falls off as an inverse 

cube power of distance. 
! 

A typical po1ymér yielding a broad proton spectrum was 

thus examine~ in the presence of increasing amounts of added 
/ 

tris (acetYr~cetonato) chranium(III). It vas ob8erved (Figure 

III.S) th_1t a8 the concentration of the paramagnetic material 
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Effect of tris(acetylac.tonato)­
ehromi um (III) on the lB nmr apec­
trum of a high molecular weiqht 
-branched" polymer. polymer con- ' 
centration: 17\ (w/v) in tetra­
chloroethylene; reaqent concentra­
tio'n: a) 0; b) 5.7xlO-3 MJ c) 1.2 
X10-1 ,M, d) 1.7xlO-2 M. 
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is increased, only the low field resonance is broadened and 

ultimately collapsed. The other features in the spectrum re-
" 

main ~ssentially upaffected. Similar broadening was observed 1 
\ 

with tris (acetylacetonato)iron(III) • 

B. High Molecular Weight Polymers trom Bi1(pyri­
dlne) bis (trihalophenoxo) copper (II) Systems 

i. Introduction 

The above speculation concerning the possible ortho­

enchainmént (1,2-coupling as opposed to l,4-coup1ing) for the 

10w molecular weight polymers, prompted a search for likely 
\ 

means of producing a tru1y 1,2-coup1ed polymer" The success 
, \ 

attained in the isolation of poly(2,6-dichloro-l,4-phenylene 

~xide) by use of copper(II) complexes containing the 4-bromo-

2,6-dich1orophenoxo monomer80 suggested that a similar reac-

tion should be tried using cOPPer(II) complexes derived from \ 
" 

2-bromo-4,6-dichlorophenol. The orthobromophenol and the 

correspondinq copper complex are ea8i1y prepared by established 

procedures. 128 

Copolymers were \t1.0 prepared with the intent of obtain­

ing additional structural information by compari.on of their 

nmr spectra with those of polymers already isolated, parti­

cuiarly by camparison with the 13c spectra of a series of 

polymers obtained from trichlorophenol which tended to suq-
\ 

qeat thit these polymers miqht be 'constituted of 1,2 and 
1 

1,4-coupled unit •• In order to test thi. p08sibility co-

Il 

1. 

1 

l, 

i 

r 



\ ! 
t , () 

o 

(' 

Jecompositions of two different"bis(pyridine)bis(phenoxo)­

copper(II) complexes were undertaken. Copolymers were o~­

tained by virtue of the near equiva~ence of the oxidation 

potential of the two different halophenoxo ligands. 
\ 

} 
I} 
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il. Preparation and Thérmal Decom~sition of BiS(Pfri­
dine)bis(~-bromô-4,6-dichloro~enoxo)coPper(II 

The monomer ligand was prepared by direct bromination 

of 2,4-dichlorophenol and the copper(II} complex was ea8ily 

obtai'ned as dark brown ne"edleJ by following established pro-
.. 128 
ced\lres. II Thè polymer obtained by thermal decomposition 

at -elevated temperature had a simi{ar lH nmr spectrum to a 
"l 

polymer obtained by decomposition of the sarne complex in 

toluene at room ternperature in the presence of carbon tetra-

chloride. 

Complete analysis of both the high temperature and low 
1 

\ 
temperature polymers showedlth~t a considerable amount of 

" bromine had been retained( thus eliminating the possibility 

that these polyrners are completely l,2-coupled. -Rathe~ the 

structure, on the basls of the chemical analyses, appears to 

be, a mixture of 1',2 and 1,4-coupled units (~), wh.re 1.5 > 

x/y 

inq 

> 1., A more precisefls,timation ia unreasonable consider-
l' 

~e difficulty in obtaininq an accurate Cl/Br ratio by 

chemical analysis in a,product where the two halidea are pre­

sent simultaneously. 

, 
, 1 
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t 1 1 FIGURE 1 r ,6. H nmr spectra of the po1ymers ob- 1 

"f 

tained-from bis (pyridine) bis (2-bromo-
4,6-dich1orophenoxo)copper(I!): a) 

_/' and fraD. bis (pyridine) bis (2,4,6-
trich1orophenoxq)copper(II): h) BQ • 
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, 
The lH nmr spectrum had the sarna features as tho.e ob­

tained fram polymers resultinq from thé decompasition of bis­

(pyridine) bis (trichlorophenoxol oopper (II) under simtlar con­

di tians, F,igure III. 6 . 

The intrinsic ViscoBity of the high temperature polymer 

was somewhat low (0.044 ~l/q in toluene at 25°) and this re­

mains unexpla;i.ned. Both \rOlymerS afforded brittle films when 

cast from solution. 

iii. 

In one da.. the' 4-b~- and the 2-bromo-complexea vere 

decompo .. 4 together iD refl.wcinqo tOluene. In the secon~ case 

• the 4-bromo ~nd 2,", 61..trichlor~Phenoxo coaap!lexe. vere co­

decœ.po •• d in \ tÇ)luene at roaa teaperature in the pre.ence of 

add~ car~n t~ti;aChlorid.. Both re.otion, 1 •• d to .trav 
, , 

colored 801utiona vhich bad depos! ted pale ~r .. n bis (pyri-
. , 

d!n.)brœochlorocopper(II). IThe copolymer ... ria i.pl~ted. 

1 .. 

- Q 

J , 
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fram the toluene solutions in a yield greater than 90' in 

'Qoth cases. 
/ 

The first copolymer1obtafned from the high temperature 

reaction contained approximate1y 18' bromine which ia con­

sistent with a compositi~n close to ((C 6H20 C12 ) 1. 5 

(C6H20 CLBr»n for the units. The intrinsic viscosity of 

this copolymer was quite high (0.062 dl/g, CHC1 3,2S0C) in 

accord with its relatively high molecular weight (58,000). 
, 

The latter valv-es applied to the Mark-Houw'ink plot (Figure 
'" . 
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'III.l) for poly (halophenylene oxides) yield a point coincid- "-

ing with th. curve. 

As a general rule, the composition of a polymerie sub-

stance ia not homogeneous as far as molecular weights are . . 
concerned. However, a fractionation of the product polymer 

was carried out in order to ascer~ain th~t the polymer was 
1 

truly a copolymer and not a mixture of two different poly-
. . , 

_ mers, a linear and a non-linear one, obtained ·.from the two 

co-r,lexes. The fractionatip.n experiment. here relies ~n the 

leas.r' aolubility.of the liA.ar polymer rel~t~'V to the, non­

lin.ar polymer. 80 This Wal performed on a dilu • methyle~e 

ehloride solution of the polymer by addinq me 01 till.the 

.p~arance of a penunent turbidi ty • The ~u.pe+~on vaa then 

centrifuqèd to remove ,aeh fract.ion pri~r ~o a4~1tion of more 

non-solvant. i 
- ! 

Bach of the fraction. va. exaained by lu ~ lpec:troolo 

1 

.copy and DO va~1ation in the appearance of the •• pectra from 
1 

_ c 
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one sample tq another was observed. A typical spectrum of 

one of the fractions ia shawn in Figure III.7a. Furthermore, 

a 1a nmr spectrum of a mixture of the linear and non-linear 

homopolymers did not yield the spectrum obse~ed for the co-
l 1 

polymer ,(Fi1ure III. 8) • Such, behavior has/~also been observed 
l ' J 

for a copol~r of 2,6-dimethylphenol and'2,6-diphenylphenol 
1 " 

where the lu 'nmr spectrum ~f the copolymer had distinct fea-

tures not obaerved in a spectrum of a mixture of the two homo-

polymera. 165 
4 

The IH nmr'of the eopolymer has a strikinq resemblance 

to those spectra obtained'from the low mOlecular weight POly: 

mer. al~ough the former spectrum ia slightly more broadened. 

An additional broad pe~ of ~ow intensity which was notl~p­

parent in the s~tra of the lev molecular weight polymers 

is now apparent ta the high f,leld end of the spectrum. 

~e second copolymer, obtàined in a similar way, but bf 

addinq caébo~ tetrachlor~de to allow the reaotion to proceed 

at room temperature, qave a ~ nmr spectrum essentia'lly, simi-
" . 

lar ta that of the first èopolymer (Figure III. 7b). No fur­

ther characterization vas carried out on thi. polymer but it 
1 , ' 

.. y b • .. aumea that iia molecular weight vas fairly hiqh con-

aiderinq the poor soluqilitY,in common solvents • 

.. 

i 



Cl 

o 
.' 

. , 

, . 
:;. :' 1 

l ,.,.. ~ _ • ~ 1 

/ 
________ ~_~ _________ --'"-- _J-I ______ -

, 
\ 

, 

FIGURE I1L7. 

. -:',.' 

.r 157 

. 1 

1· 
lH.~ .pectra of tvo, copo1ymers ob­
tained fram the decomposition of bis­
(PYridine)bi8(4-bromo-2~~7dich1oro­
phenoxo)copper(II):· a) "ith bi.­
(pyridine) bis (2-bromo-4,6-diéhloro­
phenoxo)copper(II) (1:1, refluxinq 
to1uene); h) with bil(pyridine)bis- j' 
(2,4,6-trichlorophenoxo)copper(II) 
tl:l, to1uene/CC14 , room temperature). 
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FIGURE 111.8. ~>1H nmr ~pectra of: ~} non-1inear 
homopo1ymer1 b) lineAr homopolymer; 
c} mixture of al and b}: (1:1 by 
weiqht) " solvent:CS2/1'MS. 
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c. 13e nrnr Spectra of Poly(halophenyleneoxidel pOlymers 

i. Introduction 

Because of their complexity and in sorne cases their 
1 

159 

drastically broadened appearance, the proton spectra pre-

sented herein have been of littlè use in determining the . 

,microstructures of the polymers prepared in this work. In-

terpretation has on1y been possible in the case of "linear" 

l,4-coupled polymers, where the expected spectrum is observed. 

With th,e intent of obtaining additien2Ù"'structurëii 'lnforma-

tion on the polymers prepared during the course of this work, 
Cl 

carben-13 spectroscopy was resorted to. 

The general tendency of 13e spectra of polymers te be 

less sensitive than IH spectra to relaxation broadening, the 

very sub(tantial sensitivity of 13c chemical"··s'hifts to con- 1 

166' 167 ' l, 

formational changes and te steric effects and the wide 

windew for the observation of 13c chemical shifts (200 pprn 

as' cempar$d te 10 pprn for protons) suggested that this tech­

nique cou Id be particularly useful in 'the examination of the 
\ 

primary and secondafY structures of p01ymers. 168 

l 13 
The wide applicat~n of C nmr has been largely depend-

. 
ent on the .iJ,ntroduction of Fourier' transform techniques. This 

has been ne~ssary te overcame a number of difficulties in-
\ . 

herent in thé I3e nucleus, notably its low sensitivity re-
l ' 

lative to the\ proton (1. Sn) and its lev natural abundance 
\ 

(1. U). Where\ polymera are concerned, other drawbacks . . \ 
\ 

\ 
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associat~d with the low concentrations required 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 addition to great-
, , 

ly simplifying 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 sarne moleeule. The 

variable magnitude of the NOE destroys the simple relation­

ship between the reSonance intensity and the number of 13c 

nuelei. Hence carbon-13 spectra cannot he used in a quanti­

tative manner as easi1y. as IH spectra. 

160 

There appears thus far ta be only one report of a 13C 

spectrurn of a P~Y(PhenYlene oxide) .169 Poly(2,6-dimethyl-

1,4-phenylene ox de) produced the expec~ed carbon'-13 speetrum 

exhibiting fi~ ~sonances corresponding to the five types 

of carbon present in the unit. (Table III.S.) A polyrner 

obtained in low yield by the high ternperature oxidative coup-
1 

- ',linq of 2,6-xylenol pr,oduced a complicated 13c spectrum most 

likely re.~lting fram the pr~sence of end groups since the 

polymer had a molecular wight of only 1,300. Branching was 

a1ao propo •• d Jo aeeount for seme of the additional'Peaks in 
• 
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TABLE II 1.5 
, 1 

Ile CHEMICAL SHIFTS FOR PO~Y(2,6-DIM~I~L-114-\ 
, PHENYlENE OXIDE) IN CDCl3 

ppm (rel.TMS) 

Cl 154.8 

o C2 ,6 132.6 

C3 ,s 114.5 

C4 145.5 

CH 3 16.5 

i 11 

'1 

- -
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the spect~LmU 

iL 
13 . 

Comparison of C ,Spectra of Low Molecular Weight 
and High Molecular Weight "Non-Linear if Polymers 

• 

The low molecular weight polymer studied was the prody 

uct of the thermal decomposition of the copper(I}trichloro-

phenoxide/CCl 4 reaction product in acetonitrile whereas the 

high molecular weight polyrner was the product of the thermal 

decomposition of the bis (pyridine) bis (trichlorophenoxo)cop-

per(II) complex in benzene. 

Immediately apparent in 'the carbon-l3 spectra (Figure 

111.9) ls the much greater broadening observed in the spec­

trum of the high molecular'weight polymeriin spite of the 

much greater number of scans (58,895 as compared to 71,331 

for the low molecular weight polymer.) AlI of the features 

are essentially sim~lar in the spectra ofboth polymers in­

dicating that the 16w rnolecular weight polymer has the sarne 

microstructure as the high rnolecular weight analogue. The 
, 

chemioal shifts of these two polymers are included in Table 

111.6. 

AlI of the resonances in the spectrum of the high mole-
li 

cular w~ight polymer are considerably broadanad, particular-

ly the resonance. in the carbon bonded to chlorine regipn. 

Reduction of resonance intensi ty as weIl ~ breadening i5 a 

common occurrence where quadrupolar nucle1 are bound to 

1 1 

1 
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FIGURE II I. 9 1 
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li' 

13Cnmr spectra of high_a) and low 
bl molecular weight poly(dichloro­
ph.nylen. oxide); CDCl 3 : ppm down­
field fram TMS. 
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TABLE 1] 1.6 

" 

·13 
C CHEHICAL SHIFTS OF HIGH AND LOW MOLfCU~R 

WEIGHT POLY(OICHLOROPHENYLENE OXIDESJ 

~ro~1~r---~~~a~------------------------~nP===E-O~F--CA-RB--O-N----------~------~ 
~~ gin c-o C-H c-x 

- - ~ - - _ •.. _---~_ .... _----
~--' ',--, --

\ 

CuJ.ro/CC1. 154.5 150.0 145.1 141.5 132.0 130w3 129.4 116.2 109.8 101.5 

Py2cu'l'CP2 154.5 150.2 145.5 141.5 132.0 130.3 129.4 116.2 109.8 101.8 

" 

'~l 2,4, 6-trich1orophenoxide, Py: pyridine'-. " 

" , 

r -

~ 
CI\ ... 

Ill.if;tk l,iF el . ~)\ 'l ~\I' ,r, ~ ,N, ... l~, , " l 
--------...... ----................ ~~----------...... --.. --.... --~~-*--~ .~--,--------~ .... 

. ~" 
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field resonances in the low molecular weight spectrum. How-
1 

ever, the peak at 116.8 ppm is, for the 1latter polymer, re-

markably sharp and intensé. 

ii1. 

\ 
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The l3e spect~um of the 1,4-coupled polymer (FigQre, III. 

lOb) exhibits four bands in accord with a unit containing two 

t}ipes-'of carbon'botinct''to' oxygen, one type of carbon bound to 

hydrogen and one type of carbon bound to chlorine. 

The two "non-linear" polymers had moleculat weights of 

the order of"104 and exhibited considerably broadened reso-

nances in contrast to the linear polymèr witn a omolecular 

weight of the order of 105, emphasizing the 'lOW segmental 

mObility in the former polymers. The number of accumulated-- - ""-~ 

scans required te achieve reasonable resol ution in the spec­

tra of the "non-linear" polymers was as auah as ten times , 

greater. 

" A compilation of aIl the relonances ob •• rved in the 

three spectra i. given in Table III. 7. It cu he seen that 

those peak. correspondinq to the linear unit. are also pre­

sent in the .pectra of both anon .. lineara polymera. The ori-
, 

gin of the other band. pre •• nt in the lpeotra of the latter 

,01,..1'. wtu Dt tr .. tH iD the cU.cua.lon. 
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111.10. -13 apeçtra ,of polyau81 a) trOll C 
2-br~4,6-dichlorophenol(48,992 ' 
.cana); b) linear poly(2,'~d1ch1oro-
.1,4~ph.nyl.n. ,ox1de) (5 j 809 'C~I), 

~ 
c) frOll 2,4,6-trich1oropheno1(58,895 
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TABLE II 1.7 
1 

13e CHEMICAL SHIFTS FOR TWO NON-L~EAR POLYHER~ COMPARED 
WITH THOSE OBSERVED-fOR THE LINE~R POlYMER (PPM 

DOWNFIELD FROM THS) 
. \ 

_ ..... _~ -_.- - -~- -- - --- --- - -- fi? -- ~~-, 

Pol~r TYPE OF CARBON 
Oriqin C-Q C-H 

o 

c-x 

~,4,6-trichlorophenoX 154.5 150.2 145.5 141.5 132.0 13a.~ 129.4 116.2 109.8 101.8 .• 

4-bromo-2,6-dich1oro­
phenol 

2-bromo-4,6-dichloro­
phenol 

• 

154.6 141.6 130.3 1.16.3 

114~2 150.1 145.8 141.6 132.2 130.0 118.6 116!4 110.0 102.1 
~ 

.. 

_7UII g JE fEs.,r Rm • .,,11' 1.n.1 n , .,' il' •• ",u" ... _ .... _"''''''._ .... , ...... ,,' *,,,.,,,~' _, __ ,h., •• " ~ 

"\' 

.... 
0'1 

" 

1 

1 
î 
i 
t 

, 
, 1 

- 1 

" 



• 

( 

.. 

( . 

" 

168 

.. 

The sharp band occùrring at 118.6 ppm in spectrum (a), 

(Figure 111.10), can be attributed to the carbon càrrying 

bromine·in this polymer. Carbons bound to bromine in phenols 

typica11y give rise to bands atrabout 112 pprn. The relative-

ly intense peak is to b~ 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) i5 

~e absence of the band at 129.4 ppm in the former spectrum 

for a carbon carrying hydrogen. 

iVe Cornparison of 13C Spectra of Copo1ymer, 
Linear and Non-Linear Pol~ers 

All of the spectra are presented in Figure 111.11. It 

ean be seen that the copolymer has combined all the features 

of the linear and non-1inear polymers. A n~r'of peaks 

which were origina11y qui te broad in the spectrum of the non-

1inear polymer (h) have become much sharper in the spectrum 

of the copolymer (a). The higher resolution of these peaks 

i8 definitely an indication of copolymer formation. The in­

clusion of l,4-coupled units in the non-linear polymer struc­

ture ~as then most likely favored increased seqmenta1 mobil­

ity and con.equently improved the overa11 resolution of the 

spectrum. A COMPilation of the chemical shifts for these 

three polywers i. pr •• ented in Table 111.8. 

• 
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FIGURE 111.11. 13c spectra: a) eopol~r obtained 
fram 2-bromo-4,6-didhlorophenol and 
4-bromo-2,6-dichlorophenol (25,100 
scans); b) polymer fram 2-bromo-4,6-
diehlorophenol (48,892 scans); e) 
linear pqlymer from 4-bromo-2,6-
dichlorophenol (5,809 seans); 
dl polymer from 2,4,6-trichlorophenol 
(58,895 scans); e) copolymers obtained 
frdm 2,4, 6-trich1orophenol and 4-'bromo-
2,6-dieh1orophenol (55,326 scane). 

, 

169 

1 

1 
j' 
i ; 

1 , 



·-----.-----:-·-~ ...... ,----~---------------...... --.. $ ... ;-------4 
• 

,) 
.. 

1 f 
~ 

~ 

1-69A \ , 
~ 1 

1 

.~ 

~ 

t 

~ 

t 
i 
i 
f 
~ 
1< 1 , 

t 
1 
t 

~ 
!l 

1 
~ 

t 1 
f .~ f , {, , 

G6 

1 , , 
1 

~ 1 

Ir 1 
i 
î 

e 1. 
. 

1 -' 1 1 1 1 1 1 .. .... _. • ..- .. ... • .... • 
, 

{ 1 
l , 



---~ --.,---- --- ".-.' ~ -- Ct """ -- "- '" ',..,.-1 ~_ ___ ,~ 
'J 

Q 
-----..,.' 

\ 

1,-
~ " 
~' 1 
l', 
1 • , 

, . 

" 

TABLE II 1.8 
CARBON p 13 CHEMICAL SHIFTS FOR THE COPOlYMERS AND 

THE CORRESPOHDING HOMOPOlYMERS 

\ --". __ ... --

Polyaer CARBON TYPE 

Origin c-o C-H c-x 
-• 

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-hoao- 154.6 141.6 130.3 116.3 
2,6-dichloro-' 
phenol 

2-broao- 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-trich1oro- 154.5 150.2 145.5 141.5 132.0 130.3 129.4 116.2 109.8 101.8 
phenol" 

, 
.,\. 

copoly:Dter e) 154.3 150.5 145.4 141.5 132.2 130.3 129.4 116.1 109.8 102.0 97.0 
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3. EXP~RI~NTAL 
, 

A. General 

• The preparation of solvents and reagénts was outlined 
1 

in a previous section (Chapter II.3) and the reactions were 

carried out with the usual preFautions specified therein. 
('1 

171 

The purification of polymers was generally accomplished 

by dis'solving the material in toluene, filtering and repre­

cipitation in a large volume of Methanol containirtg a small 

amount of coneentrated HCI. AlI the polymers were dried un-
, 

der high vacuum at 120· overnight. This was usually suffi-

cient to remove aIL traces of residual toluene. 

i. Mol eular 

" 

Most of the polymers obtatneq in this work had,moleeular 

weiqhts less than 20,000. Number-average molecular weights 
1 . , 

were thus obtained by vapor pressure osmometry usinq a Hew-

lett-Packard 30lA instrument. The calibration w~s aeepm­

plished by usinq polystyrene (~ 10,300, ~~:I.lO) supplied 
n 'w n \ 

by Pre.sure Ch,amical. 'l'oluene used a t 25°1 was fOURet to be /! 
- . ~ 

satisfactory solvent in aIL cases. 
\ . 

Sinee the method i. ba.ed on a eolligative property of 1 

1 
1 

these dilute solution., the error tends to be greater in the 

higher moleeular weight range. For molepular weights in the 

i ' 
1 

Î 
1 , 

1 
Î 

, , , 

i' 
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border of 10 3, the,expected error 

ok /10 4 the errpr becomes ro~ghlY 

/ 

Pd about 1%,170 in the or der 

10%. 

For molecula~weights above 20,000, membrahe osmometry 

was used. The determinations were made by emp10ying a Hew-

lett-Packard 302 High Speed Membrane Osmometer. The instru-
! ' 

ment was operated at, 25° using toluene as solvent. 

ii. Visc6Simetri'c Data 

., , 
Intrinsic viscosities were conveniently obtained by us-

ing a Ubbelohde dilution viscometer having run through times 

of 436.8 sec. and 250.0 sec. at 25° for toluene ~nd chloro-

form respéctively. The initial more concentrated solution 

(rough1y 5% w/v) was filtered through a medium pore gl~ss 

frit and transferred to the scrupulously clean viscometer. 

Similarly, filtered solvent was used for the dilutions. AIl 

l' measurements ~ere carried out at 25.00±O.02° 

iii. lU nmr Spectra 

Proton spectra of the polymers were obtain~d on a Varian 

T-60 instrument at 35° and 60 MHz. The solvent most commonly 

used was carbon disulfide unless gtberwise indicated. AlI 

speètra are reported in pàrts per million . (ppm) downfield 

fram internal,~. Solution viscosity presented a problem 

for polymers of hiqh molecula~ weiqht, whereas i~ molecula~ 
" 

li 

if 
1 
{, 

n 

" 
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weight polymers 'allowed, the preparation of concentrated solu-
1 

tions. The attainable concentration, within bhe limits of a 

reasonable solution viscosity, was rather low for polymers 
, i 

having either a high molebular weight and/or a high,propor-

tion of linear en,chairunent. Low molecul.ar weight polymers 

typically were ruhoat concentrations up to 20% without the 

adverse visçosity effécts. 
. , 

The effect of temperature·variation' on the proton spec-

was examined by employing a ~arian A-60, instrument wit~ ua 

a Varian-4060 probe heater attachment~ Polymer samples were . 
dissolved, in eithe~ CDCl3 or tetrachloroethylene, the latte~ 

being preferre~ because ?f its high boiling point (121 G
' as ~ 

compared to 61° ,for the former). High viscosity was not ot 

'concern here and solutions w~re made as concentrated as could 
• r 

he obtained without being turbid. 
., . Thes~ viscous solutions 

> 

were then sealed in thick , tub'es (5 mmOD: 3 mmID) 

and tested in art oil bath in the 

ployed. Probe témperatures were.\ obtained with an ethylene 

glycol ,sample tube ànâ by measuring the peak separation. 

iVe 
:l3C Spectra '\ 

1 , , 

~ " The carbon-13 spectra vere recorded. on a Bruker WH90 

22.63 MHz pulsed Fourier transform instrument equipped with 
\ 

a Nicolet SNC-l2 computèr having 4K real data points. The 
\J 

aample temperatw;e nB 30°. The sPftctra were obtained on .. 

~ 1 

~ 

" 
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rouqhly 10% solutions of the pqlymer in deuterated chloro­

forrn which fs also the frequency lock for the instrument. 

AlI chemical shifts are reported in ppm downfield from~n­

ternal TMS. The sP,ectra are proton decoupled usinq broad 

band irradiation (5W). 

v. Infrared Spectra 

174 

All polymer spectra were obtained in the ranqe 4",000-

625 cm- l usinq a Perkin Elmer 257 instrument. Samples were 

'dispersed in compressed KBr disks. Hiqh molecular weiqht 
1 

:Iinear polymers coul'd"l also be run as films cast from solu­

tion. 

• 

B. Polrmers from Copper(I) Trichlorophenoxide Systems 

1. Thermal Decomihsition, of COïPer(I) TrichlofO­
phenoxlde ln e Presence 0 variâble Amounts 
of Added Carbon Tetraghloride 

Solutions of Copper{I) trichlorophenoxide (0.23 M) were 

• 

prepared in acetonitrile (50'ml) under nitroqen by teacting 

ouprous chloride (1.13 q; Il.4 m moles) and sodium trichloro­

phenoxide (2.50 9; Il.4 m moles). The required amount~ car­

bon tetrachloride for one equivalent was 1.1 ml; fractions 

o~ multiples th~reof were thus injected as indicated in Table 

111.3. Following injection of CCl4 the solutions were heated 

resultinq in immediate bleachinq of the darkly colored 

.. 

.\ 
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solutions with concomitant precipitation of polymer. The 

crude polymer vas filtered, extracted with toluene and the 

. finely divided NaCl was removed by fil'tration. This latter 

procedure somewhat decreased the yields of polymer due to 

J' frequent clogging of the filter by the finely divided salt. 

1 

The polymer containing filtra~e was then added to a large 

Ivolume of methanol. The precipi tated polymers were dried 

~or several hours under reduced pressure (1 torr, 120°C) 

prior to weighfng. 

ii. 

1) 

The complexes were prepared ~y mixing in dry acetonit­

rile (30 ml) the indicated quantities of reagents (Table III. , ~ 

'9) and stirring tili the precipitate was uniformly dispersed. 

Filtration of' the sodium chioride followe~.by removal of the 

solvent and drying under vacuum afforded ,the complexes as . ~ 

dark red-brown amorphous powders. 

A quantity of the complex was then weighed into a flask 

and refluxad under nitrogen in éither acetoni~rile or toluene 

(30 ml) until complete décomposition had oc~urred as jUdged 

by the 10ss of color. In the case of acetonitrile the prod­

uct polymer was directly filtered out of the solution, re­

dissolved in tol~ene (10 ml) and reprecipitated in methanol. 

For the taiuene ~eacti~ns, the solution was filtered to 

_ c 
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TABLE II I. 9 

PREPARATION~F (Cu(I) (TCP)]m[CU(II) TCP 2]n IN ACETONITRILE 

, . CuCl (9) NaTCP(g) Cu(II)TCP2 (g) Cu(I)/Cu(II) 
~ (mo1ar) 

0.451 1.000 ./ 
, 

2.079 1 

. 
0:451' . 1.000 0.208 10 

-t 

0.451 1.000 0.416 5 

0.451 _1.000 1.040 2 

./ 

0.225 " ' 0.500 2.079 0.5 
( 
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~ 

remove the insoluble copper p,roducts and the filtrate was 

concentrated ta approximately 10 ml before beinq added drap-

wise to methanol. AlI polymers were dried by heatinq under 

.high vacuum prior to weighinq. Yields repor~ed in Table III. 

4, are based on the theoretical dichlorophenoxide (C 6H2OCl2} 

content of each complexe 
Tf 

iil. lH nmr Spectra at Elevatéd Temperatures 

The samples for the variable temperature study were pre-

pared as follows. A fairly concentratéd but not toc viscous 

solution of the polymer was prepared in tetrachloroethylene 

(1 ml). This solution was fil tered over CeUte ,into a small 

flask and concentrated. The viscous solution was then sealed 
C,\ 

\ 

into a thick-walièd nmr tube, placed in an oil bath and test-

-ed up to the boilinq point of the solvent. No phase separa­

tion was observed fo~ Any of the samples in the temperature 

range investigated. 

iv. IH nmr SPectra in the Presence 
of Paramagnetlc Materiël. 

A portion of the polyaer obtAinectfrom Cu(I)TCP C{zI>. 

TCP2 by decomposition in" refluxing toluene was weiq~ed (O.084 

9) and dissolved in tetrachloroethylene (0.5 ml) contained ~n 

an nmr tube. The tube containing the solution vaS then weiqhed 

J 

1 
i 

) 
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prior to runÂing its nmr spectrum. Small amounts of tris-

(acetylacetonato) chromium (III) were introduèed into the tube 

which was then weighed. Between ea~h addition of paramagnet-

ic material the conditions on the nmr instrument remained un-" 

changed. 

c. 

,i.. Preparation of 2-bromo-4,6-dichlorophenol 

An aqueous solution (150 ml) of potassium bromide (24.0 

~ gi 0.2 mole) and bromine (16.0 g; 0.1 mole) was added drop­

wise ~ith vigorous stirring to 2,4-dichlorophenol (32.6 gi 

• 
0.2 mole) in a minimtim of alcohol. As the bromine reagent 

was added the product began to precipitate out. Stirring 

was continued for an ho ur and the slurry was eoq~ed in iee 

prior to filtering. The solid produet was taken up in hex-

anes and washed with aqueous sodium bicarbonate followed by 

water. The hexane layer was dried over anhydrous sodium 

sulfate and eoncentrated. The product crystallized out upon 
. . 

cooling as white needles: (89%), mp:65-66°, (lit. 64° (17l)): 

pmr (CDC1
3
), S.SS(s,lH), 7.20(d,LH), 7.3S(d,lH). 

ii. 

" , 

preparttion and Thermal Decomposition of BiS(ttri­
dlne)b s(2-bromo-4,6-dlc61qroPhenoxo)coPper(I 

The complex waa prepared by following,the literaturel28 
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procedure for the isolation of stmilar compounds. An aque-

ous solution (100 ml) of sodium hydroxide (2.33 gi sa m moles) 

and 2-bromo-4,6-dichlorophenol (14.~ g; 58 m moles) was added 

dropwise to a vigorously stirred aqueous solution (300 ml) 

of cupric sulfate pentahydrate (7.30 gi 29 m moles) and pyri­

dine (4.60 gi 4.7 ml; 58 m moles). The complex precipitated 

out as a pale brown powder. The slurry was filtered, washed 

with water and dried on the filter overnight. The friable 
, 

lumps were taken up in toluene (100 mll containing pyridine 

(3 ml), filtered through Celite an~oncentrated (60 ml). 
r 

Hexanes were added \300, ml) and cooling afforded brown need-

les (14.0 g: 70%). 

The complex (3.00 g) was Weighed;into a flask and tol­

uene was added (20 ml). The dark solution was kept at 700 

overnight. Upon compietion of 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; 

~antitati~e) following r~recipitation in methanoli 

0.044 dl/g toluene, 25° . 
:) 

(11] : 

cl A similar decompoSitiOD:\>effected at room temprrature in 

toluene (20 ml) on the same COltlP11 (3.00 g) in the presence 

of CCl4 (2 ml) afforded 1.26 9 of polymer (90%) and 1.37 q 

of copper by-product. 

Since coupling had not occurred exclusi~ely in~ortho 

position the copper by-product accordinqly contained both 
Q 

chlorine and bromine~ C:36.52, N:8.4l, a:3.07, Br:18.80, 
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Cl:13.18. Tfte nmr spectra of the polymers are presented in 

the results section. 

ii1. 

The title complexes were weighed in a flask (1.5 g of 

each) and toluene was added (20 ml). The dark solution was 

refluxed overnight yielding a straw colored solution and a 

green precipitate (1.42 g). The copolyrner was recovered by 

reprecip~tation in methano1 (1.54 g, quantitativé). 

Fractionation was carried out by dissolving 0.912 g of 

181 

the copolyrner in methylene chloride (90 ml). Methanol (12 

ml) was added to the st!rred solution till a persistent tur­

bidity was obtained. The suspension was then equally divid­

ed arnongst a nUmber of tuhes and centrifuged. The supernat­

ant'solutions were then récornbined in the fractionation ves-

sel while 'the polymer was recovered tram the tubes by redis-

solving in CH 2CI2• Evaporation of the latter solvent afford-.. 
ed a first fraction (0.417 g). Four other samples were simi- "­

larly obtained. A lH nmr spectrurn of each of these five sarn­

pIes was taken and found to be exactly superimpoaable on the 
1 

nmr spectrum of the initial copolymer. 

• 
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COPOLYMER ANALYSIS 

H 0 Cl Br 

LlO 9.61 30.0B 18.24 

1.13 8.95 31.76 17.87 
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iVe 

The trichlorophenoxo complex (1.20 g, 2 m moles) and the 
r • l~ 

4-bromo complex (l.3S g, 2 m moles) were dissolved in toluene 

(20 ml), carboh tetrachlorid~ was added (2· ml) and the solu-
\ 

tion was stirred at room temperature for 42 hours. The su-

pernatant liquid had bécome straw-eolored afid the pale-green 

bromochlorobis(pyridine)copper(II) complex was filtered out 

(1.27 g). The copolymer WàS iso1ated by adding the to1uene 

filtrate to Methanol (600 ml) containing concentrated HC1 

(1 ml). The dried copo1ymer (1.18 g, 94%) had an IH nmr 

spectrum similar to that of the preceding copolymer (Figure 

III.7r. 

. f 

\ 
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4. DISCUSSION 

'0 

A. l3C Spectra of High and Low Molecular Weight POlymers 

Structural Elucidation 

The lH nmr spectra of'polymers obtained fram 2,4,6-
. 

trichlorophenol with two different copper complex systems 

showed a gradual degradation of resolution with increasing 

molecular weight. It could be argued that, notwithstanding 

the molecular weight effect, the different conditions em-

185 

ployed in obtaining these polymers had led to different modes 

of enchainment and thus'to variation in the lH nmr spectra. 

A comparison of the 13c nmr spectra of both high and low mole-

cular weight polymers clearly demonstrates that both are com-

posed of similar units (Figure 111.9). Both sp?ctra contain 

the same number of peaks in the thr~e regions associated with 

the three types of carbon bound to oxygen, hydrogen and chlo-

rine. The relative' intensiti,es, however, in both epectra 

are not'equivalent. Such an observation May in part be re-

lated to relaxation phenomena dependent On seqmental mobility 

or overall tumblin9. 

A tentative a •• ignment of the carbon-l3 spèctrum obtained 

fram a low molecular weight "non-linear" polymer (Figure III. 

9b) te a structure containing 1,2 and 1,4-coupled unite CaTI 

be made. Thi.~· achieved by comparison with' the chamieal 

shift data for a number of chlorinated phenols (Table 111.101 

- .. 

" 
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TABLE III ,10 
1 

13C CHEMICAL ~'FTS FOR CHLORIN~TED PHE~OLS (l,! 
(PPM DOWNFIELD FROM TMSi SOURCE: JEOL 3e 

- FT NMR SPECTRA -VOL. 4) 

C-5':~-4 Phénol C-1 C ... 3 C-2 C-6 , 
OH 

~I 151. 2 129.0 128.3 121.3 119.9 116.3 
# 

ci 155.3 134.9 130.7 121. 6 116.0 113.9 

\ Ct! 

Ci 153.2 129.6 126' .1 116.8 

.... 

Q~ 
\ 

1 , Ci - 1 , i 
1 149.5 128.2 128.0 125.'1 120.0 116.7 
1 

1 

... 

t CI 
OH ( 

cvU 151. B 129.5 133.8 121. 6 118.3 116.6 

OH 

tr 147.8 128'.2 \ 

121.1 121.1 

c5.: 154.1 132.9 130.9 124.4 117.5 115.3 
1 

" a 

"A 155.4 135.5 121.1 114.1 C, '. 
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and by assuming reasonable additivity of chlorine substitu-
. 172 

ent effects as weIl as by using the weIl estabtished ef-

feç~~of an ethereal oxygen substituent on ortho and para 

h · Id' . 173,174 s l.e· l.ngs. 
.. 

It can be seen (Figure 111.12) that aIl the prominent 

featur,es of the spectrum can be assigned to a particular 

carbon of the ortho and para coupled polymer. Four of the 

187 

peaks could unequivocally b~ assigned since they are present 

in the spectrum of the linear polymer. The six other reso­

nances Agree fairly weIl with the trends observed in the 

chlorinated phenols. A more rigorous assignment would of 

course require the preparation of model compounds particu-

larly the eight possible triads. 

As molecular weight increases, the carbon-13 spectrum 

of these polymers displays breadened peaks although the ef-

tect is not as 

ditional broad 
• 

The occurrence 

marked as for the proton spectra. A few ad-
1 

peaks also gegin to ris~ above the noise. 
1 

of the latter can possibly be re1ated to 
t 

Iocked-in structurel because of· the increasing difficu1ty 

experienced by the high molecular weight ~haiî in reerient~ 

ing aIl ite segments. Anisotropie shie1di~g of certain'seg­

ments thus'results in the appearance of new resonances. This 

will he discussed further below (Section J.C).' 

1t cannot Ce ascertained at the moment if the broadening 

observed in the proton, and carbon-I3 spectra as molecular 
i ' 

weight is increased, ia not in part related to a variation 

1-
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Assignment of"the 13c nmr spectrum ' 
obtained from a non-linear polymer 
from 2,4,6-trichloroppenol. 
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in the relative proportion of 1,2 to 1,4-coupled units. The 
, 

carbon-13 spectra c1early 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 polyroer. 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 

compared in both spectra of Figure 111.9. 

The carbon-13 spectrum of the polymer obtained ~rom 2-

bromo-4,6-dichloropheno1 (Figure III.IOa) shows that this 

polymer has essentially the sarne microstructure as the prod-

ucts discussed above. A new peak.however,is apparent at 
. 

118.6 ppm and i5 beyond doubt attributab1e to a carbon bound 

to bro~ine. The occurrence of this peak is ta be expected 

sinee the analytieal results reveal that the polymer ,contains 
l' 

26% bromine. The peak observed at 129.4 ppm in the polymers 

obtained fram trichloroph~nol ls absent in the spectrum of 

the 2~bromaphenol polymer and alsa in the spectrum of the 

copolymer obtained vith the 4-bromopheRol (Figure III.ll). 

It is possible that thie rnay be the result of a fhange in 

chemical shift of this carbon in unite where bromine is pre­

sent. The resonanee ,of thi, carbon may well be overlappiI?-g 

with the 132.2 ppm peak which ie considerab1y more intense 

in spectrum (a) as compared to Ithe same resonance in spec-

trum (b). 

The carbon-Il spectrum of the ~po1ymer obtained tram 
.Pî 

= a 
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2-bromo-4,6-dich1orophenol and 4-bromo-2,6-dichlorophepol 

(Figure III.lla)) clearly emphasizes the im~ortance of 1,4-

coupled units for improving segmental mobility. AlI of t~e 

peaks in this spectrum are considerably s~arper than those 

of the corresponding "non-linear" homopolymer (Figure III. 

10a) at tte expense of a lesser number of scans. 

Thus the 13ç data would tend to favor a random en chain-

ment of 1,2 and 1,4-coupled uni~r theSe polymers. They 

will thus eq ently be referred t~ll,2-1,4LcouPled" 
polymers. 

)Proton • 

~_.---

In spite of the relative simplicity of the proton spec-

tra for the low molecular weight polymers (Figure 111.3), 
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• 
their asaignment to the 1/2-1/4-c~upled stru~~ is not pos­

sible. Particularly frustrating i8 the abseric}~f the typi-
\ 

cal doublet of doublets expected for two ~ prbtons coupled 

meta in the 1,2-unit. collapsè of the AA'BB f pattern has al­

so been observéd in the proton spectra of para substituted 

aryl orthoca.rb<?n~tes (Chapter II). B,oth these occurrences 

may he rela.ted to the proximity of the arClllc'ltic rinqs in 

'bOth the polymer and the ortho ester. If the tvo.protons in 
"-

the ortho-coupled unit a.ssume the .ame chemical shift and 

constitute .. sinqlet, four peaks eorr.spondinq to the four 
~ 

pos.ible triada containi~g a central 1,2-coupled unit ahould 

.! 
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be observed. In addi~on four peaks corresponding to the 

inclusion of a l,4-coupled unit in four triads should also 

he observed. 

Obviously there is consider~ble overlap in the proton 

spectra of these low molecular weight polymers. ~y four 

sharp peaks and two broad ones to high field wit~ possfbly 

a third broad peak appearing as a shoulder-to the low field 

of the central resonance are observed. An expansion of the 

low field part of the spectrum in Figure 1II.4 reveals that 

the four sharp peaks may actually be the result oÎ a great-

er number of superimposed peaks. The non-symmetry of the en-

velope as weIl as the unequal separation (2.8 and 4.0 Hz) in 

the two doublets would tend to support the multiple resonance 
.t 

hypothesis. A rigorous curve resolving analysis could reveal 

the exact constitution of this spectrum. However a freehand 

breakdown (Figure II1.13), on the expanded spectrum clearly 

shows that at least eight resonances can be reso1ved in th~ 

low field region. This of course is not sufficient to ac­

cOUnt for the expected number of lines for aIl the possible 

triads. Four triads containing a central 1,4-coupled unit 

yieldinq four singlets,~nd four triads containing a central 
• 

1,2-coupled unit yieiding doublets of doublets separated by 

'roughly 0.2 ppm and vith a meta coupling constant of l-t Hz 

could in principle lead ~o sixteen resonances for a total of 

twenty pessible peaks. Clearly the number of ~s.ible reso­

nance. is far too great to be resolved over auch a smali 
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FIGURE 111.13. Resolution of the low field lH nmr resonances of the expanded spectrum 
(Figure 111.4) for~a low molecular 
Jeight polymer. 
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chemical shift range. As they stand, these deceptively sim-

ple proton spectra remain beyond interpretation. 

"Segmental mobility is rather res~ricted in the 1,2-1,4-

coupled polymer. When the degree of polyrnerization attains 35, 

broadeningl of the proton spectra becomes apparent; at DP: 

80, the spectra become a mass of overlapping peaks. The in-

clusioo of a greater nurnber of l,4-coupled units seems to 

favor overall flexibility of the chain. The copolymer re-
, 

sulting from the two bromophenols has a DP of 360 and its 

proton spectrurn (Figure III.7a) assumes the sarne features as 

those of a 10w molecular weight polyrner. The carbon-13 spec­

trum (Figure III.ll) further demonstrates that it contained 

no newlstructural uni~s that ~ere not already present in the 

1,2-l,4-coupled polymers. In addition this copolymer fitted 

the intrinsic viscosity-molecular weight relationship estab­

li shed for poly(h~lophenylene oxides) (Figure 111.1). 

The rigidity in the polymer chain i5 then MOst likely 

associated with the l,2-coupled units which prevent the chai~ 

~~~ents,from undergoing rapid reorientation with a conse­

q~nt elimination of dipolar broadening. As the nurnber of 

1,4-coupled unlts increases in the copolymer, the proportion­

ally shorter l,2~coupled blocks become more mobile, being ln­

cluded within the f~exible 1,4-coupled segments. The rigid 

1,2-coupled blocks then b~gin to exhibit nrnr spectra of the 

same kind as those observed for low molecular weight "non-
1 

linear" polymers. The effect of the 1,4-coupled unite can 

- -
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thus be likened to a hinge, breaking up the rigid 1,2-1,4-
j , ./ 

coupled polymers ,into shorter blocks which can then move more 

freely as units. 

c. Broadeninï Phenomena in the Proton Spectra 
of 1,2-1, -coupled POlymers 

~"The 1H nmr spectra of the l,2-l,4-coupled polymers 5Ug­

gest that there rnay be considerable constraint on free rota-

tion at the aryl ether bonds. Hindrance may explain the ap-

pearance of greatly spread resonances or even 1ead to the 

appearance of peaks in excess of the number expected, parti-

cular1y in the case of proton spectra. In order that a single 

sharp resonance line be observed from chemica11y equivalent 

nuclei along the polymer chain, each must sustai~ a similar 

magnetic field. This can only be achieved if there is com-

pIete 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, notwit~tanding 

p~oper solvent ~ondit~ons and lncreased temperatures, the 

linewidth was still much greater than that observed in the 

spectra of l~ molecular weight l,2-1,4-coupled polymers. 

Ile - spectra in contrast seem to be li ttle affee,ted by di-

" polar interactions not averaged to zero by the motions of 
175 the chain. This has also been observed for other polymers. 

Severe restriction in \ seqmental mobility of th\8 1,2-

1,4-ooupled po1~r coi1a la moat eertainly related to a hiqh \ 
\ 
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proportion of 1, 2-coupled uni t,s i~ ~ . chain. The linear 

1,4-coupled units on the other hand car be visualized as 

long bonds capable of undergoing rel~ively facile rotation • 

•• 
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1 
The inclusion of a greater number of these units in' a 1,2- r. 

l,4-coupled polymer enchainment results in improved mobility 

for the 1,2-coupled units. It can be seen by inspection of 

models that the latter cannat undergo crankshaft-like reori­

entat{on without displacing a larger part of the Molecule. 

'The effects on nmr spectra of hindered rotation Ilin aryl 

e~ers176 and in thyroxine analogue l77 has been investigat­

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 of the latter is observed to be shifted ,.. 

upfield. Furthermore, calculationsl78 on the secondary mag­

netic/ field due to the ring current in benzene sugqest that 

aromatic groups in polymers will significantly pert~b the 

chemical shifts of the neighboring protons. Thus a cambina­

tian of ring current effects and restr!cted segmental mobility 

\ 
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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 

ther emphasized by the inability of increased 

temperatures to bring about greater resolution in their pro-

ton spectra. A variable temperature study was done on a se-
.. 

ries of polymers exhibiting broadened proton spectra, with 

the resu1t that no effect was observed on the overa11 reso-
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lution of the spectra for temperatures as high as 120°. Un­

der these conditions viscosity was certainly reduced th us 

favoring Brownian tumbling. It has then to be concluded that 

internaI relaxation mechanisms were not affected and are thus 

the cause of line broadening. 

Th, fact that rigidity in these polymers ia associated 

with linewidth also leads to the conclusion 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 

nm-r bandS. 179 Teh h b d bd· th t e sarp an s 0 serve 1n e nmr spec rum 

of an optically active poly{isocyanaté), shown to adopt a 

~igid he1ica1 structure, cannot arise from higher segmental 

mobility. Rather, the fewer al10wed conformational states 

was thought to be a better explanation. In contrast, a homo­

logous racemic polymer, a1so adopting the he1~al form, dis-

played a conaiderably broadened nmr spectrum. 179 

\ 

The foregoinq arruments concerning the possibility'of 
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an immobilized coil structure for the 1,2-1,4-coupled poly-

mers lead to further speculation as to the nature of this 

"secondary structure. The peak on the low fie.) side of the 

proton spectra of the high molecular weight ~2-1,4-coUPled 

polymers i5 invariably sharper and also more intense. This 

could presumably be related to the fact that the protons cor-

responding ta this,resonance are actually on the outside of 

the polymer coil. If this is the case then through proper 
1 

relaxation mechanisms they are expe7ted 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 presumahly buried within the 

polymer coil. This reasoning is somewhat substantiated by 

the fact that the low field, sharper resonance is greatly 

affected by the introduction of increasing amounts of tris-

(acetylacetonato)chrornium(III). The low field peak progres-

sively broadens while jthe other features in the spectrum re­

main unchanged. The sharp peak i5 also very readily satu-

rated. 

,If adventitious paramagnetic species were the cause of 

,the broad ~ nmr spectra observed in the present study it 

could he argued that part of the reason for poor resol~tion 

ia 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 high molecular weight polymers. Al though un---- --- --~-~-~ \. 

paired spins were present, their concentration was barely 

'f 
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within the limits of detection. In addition, it would be 

difficult to conceive that a high molecular weight linear 

polymer con~aining sorne living chain ends could afford a 

weIl resolved spectrum whereas a similar polymer having a 
1 

different structure whuld give a broadened spectrum as a 

result of unt~rminated chain ends. 
, 

The effect on the nmr spectra of increasing molecular 

weight of these polymers (assuming no concurrent changes in 

microstructure) are possibly many-fold. For instance a mix-

ture of two poly(dimethyl silo*ane) pOlymers having molecu­

lar we~ghts in the orders of 103 and 10 6 in benzene gave two 

distinguishable peaks separated by 2 Hz in a spectrum taken 

~t 220 MHz. 180 The possibility of chemical shift dispersion 

through polydispersity of the sample is rather remote in the 

198 

present system considering the modest molecular weights. An-

other effect related to molecular weight pertains to confor­
\ 

mational changes of the chain as a function of chain length. 

This is reflected in a molecular weight threshold for the 
. 181 182 

order~ng of po~y(~thylene) and poly(ethylene glycol). ' 

If this were the case for poly{dichlorophenylene oxides), the 

change in the secondary structure WOQld occur in the _range 1 

6,000-13,000 where marked broadening is observed in the pro-

ton spectra. 

The arguments presented in this Chapter thus tend tOI 

support the idea that the for.merly so-called "branched" poly­

mers are actually copolymers of 1,2-l,4-qoupled units~ 
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Evidence provided by proton and 13C nmr spectra supports the 

fact that inclusion of a high proportion of the ortho-coupled 

units in these pOl~has an unfavorable effect on their 

segmental mobility. 1 conrerSelY,,. when copolymers containinq 

an increased number of para-cou~led uni~s are prepared, their 

propertiés indicate an improv~ebt in t~e mobility of the, ' 

chain. Hiqher temperatures had no observable effect on the 

resolution of the proton spectra indicatinq that macroscopic 

viscosity has only a limited influence on the relaxation pro-

perties. Rather, it,is believed that it i8 the local vis'co-

sity in the immediate neighborhood of each segment which ia 
, 

responsible for the broadness of the spectra. 
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CHAPTER IV 

1. ~CLUSIONS 

Reevaluation of the Mechanism of the Thermal 
Decomposition of Phenoxocopper COmplexes 

" 
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In a first détailed study of the thermal decomposition of 

trihalophenoxocopper(II) complexes, Carr and Harrod81 observed 
'. 

that the IH nmr spectr! of/the product polymers were invariant 

with the degree of polymerization. Branching in the polymer 

chain was thought to be the cause of the broadened proton 

spectra. This hypot?esis however is difficult to reconcile 

with a propagation mechanism invo1ving displacement at coordi-

riated phenoxide by polymerie phenoxy radical. (1) 

(l) 

• 

- -

• 1 

1 1 

J 
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The coupling step illustrated in equati9n (1) clearly does 

not lead to branching. 
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The findinçs outlined in tne present work indicate that 

the anomalous lH rimr spectra are not related ta a high degree 

of branching out rather result from the pre~ence of l,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 bath 1,2 and 

1,4-coupled units raises a number of questions related to the 

regioselectiv~ty of coupling. NO~f the presently existing 

data allows an estimation to be made of the relative amounts 

~ ,of 1,2 and 1,4-coupled unite in Any of the polymers. Further­

more, circumstantial evidence tends to support the idea ~hat 

the ligand tRansfer depicted in equation (1) is not subject to 

selectivity imposed by the nature of the coppe~(II) phendxide 

complex. In particular the use of bulky amine lj.gands on the 

bis (amine) bis (trichlorophenoxo)copper (II) complex did not result 

in Any measurable variation in the nature of the product polymer 
t' 

as expected for a mechanism where the regioselectivity ls in-
, 

fluenced by coordination to the metal center. An example of ap-

parent influence of amine li~ands on the outcome of an oxidative 

coupling reaction is provided by the Hay copper/amine catalyst , 

for the po1ymerization of xY1enol. 67 In this case it was shown 

that the ratio of C-Q to C-C coupling was markedly affected by 

the starie demanda of the amine coordinatéd to thè coppe~. 
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rf coordination of the phenoxide to the copper center does 

not introduce selectivity, the question then remains whether se-

lectivity can result fram 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 t>olymeric radical can have either of two 

substitution modes (Scheme 1) each of which will have different 

~ 
J (J) 
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a CI 
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steric requirements and thus produce a ftew polymer radi~al 

with a particular substi~ution mode. Examination of models 
• 

shows that cQuplingoi~ likely to lead to only a limited number 

of more or less favored sequences. J 
A living chain ending in a 1,4-c pIed unit (Scheme I(!» 

is expected to be leas selective in that the oxyqen carryinq the 

unpaired electron is less sterically crowded. Again, an exam-

ination of models shows that the latter can easily approach 

aIL of the coupling positions at the coordinated phenoxide. 

Ortho and para coupling are then more or less equally favored 

to yield (l' and (!). A different situation prevails when the 

radical end of the chain is al, 2-coupled unit (Scheme 1(2)). 

Here the terminal oxyqen is much more obstructed by the adjacent .. 

phenoxy substituent than by a chlorine and is expected to prefer 

coupling to the para position of the coordinated phenoxide to 

yield (~) rather than (~). This sterie preference makes a 

sequence of two units eoupled through the l, 2-positions very 

unlikely. . 
Furthermore, if there is a bias towards o-coupling in the 

absence of large aterie hindrance the aforementioned effects 

wou1d lead ta an .al ternatin~ capo1Y111er of" 1. 2 and 1.4-couplad 

unit~. Althouqh there i. no direct ~vidence to support a 

reqular alternatihg structure, it ia tempting to believe that 

the removal of only about half of the bromine durinq the poly-
li 

merizàt~n of 2-bromo-4,6-dichlorophenol is a consequence of 

such aterically enforced alternation. A resolution of thi. 
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question could perhaps be achieved by a 13c nrnr analysis 

desiqned ta distinguish between the units (1) and (!). By 

virtue of the expeétemgreater reactivity of the brominated 

-oi> 
CI 

(!) 
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position in the monQmer and the foreqoing arguments an alter-

nating copolymer would contain brominated units <2> but not (!). 

A further problem which was inadequately explained by the 

mechanism of Carr and Harrod81 is the approximate doubling of 

the polymer molecular weight subsequent to the removal of most 

of the cop'per fFo~ the reaction by precipitation as PY2CuC12. 

How this increase ln molecular weight occurs and wqether the 

reactions accompanying it can lead to asperities, suc~ as 

branoh unitB, in the polymer is ~rren/tly poorly understood'. 0 

Furtheimore, one has to resist the temptation of a too 

liberal comparison of the coupling schemes of the widely 

inve.tiq~ted xylenol oxidative ~oup11ng ~eaction with those 

propo.ed' for the coupling of tribalophenol.. There exist 

fundamental <\ifferences between both systems which should not 

be overl09ked. Firstly the ~or.mer reaction is a.catalytic 

Proé •• s wh.re the oxidizing capability 'of the sy:.tem i8 " 

>k~ •• erved by the nature~ of the êop~r catalyst in the "presence 

• of oxyq.n wher •• s the latter r~action discus.ad in this work 

.. 
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is a stoichiometric system containing a f,ini"te oxidizing 

eapability. Secondly the nature of the alkyl phenol will 

allow the intermediate 4-pydro-4-phenoxy-2,S-cyclohexadienones 
6 

to undergo tautomerization ta a phènolic chain end and thus 

potentially to regenerate a live polyme~; the analogous 

4-chloro-4-phenoxy-2,S-cyclohexadienones are incapable on.such 

a rearrangement. 

Certain features of both these polymerization reactions 

have been interpreted in terms of the so called "redistribution 

reaction".2l In the case of xylenol polymerization, redistri-

bution was proposed to explain the molecular weight surge 

observed in the later stages of the reaction. 155 Harrod and 

Carr briefly cited redistribution as a possible explanation 

for the slow, near doubling of molecular weigh~ in the tri­

chlorophenoxide polymerization, following complete precipl-

tation of the copper halide c?mplex. 

Redistribution2l occ~rs through the coupling of two po­

lymerie phepoxy radicals to form a quinone k~tal (!) which 
l, 

can revert by dissociation to the original radieals or 

break down to one polymerie radical containing one more unit 

and another c:ontaining one less monomer UÂ1t (2). Formal11 

this does not prodace an increase .in Imolecular weight 
1 1 

ainee the number of molecules does ~khange. 

net result if (2) proceeds to the ~ight is that 

"The 

long chains 

have bec~ l~::;ger ile ahort chains. ~a~,:_,~c;.ome shorter 

leavinq unchanged the ~umber average molecular weiqht. 
~ 
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However the molecular weight 4istribution has ehanged. 

A more plausible way of increasing the molecular weight 

relies on the formation of a new bond between two polymerie 

phenoxy radicals. The following discussion will show how 

this can be effectively accomplished in a eoupling scheme 

in agreement with existing data~ 

According to the previously proposed m~chaniam for 

initiation and propagationSl , the polymer chain ends are 'of 
"'-

four possible differint kinds, two at the initial and two 
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(2 ) 

The initial position May he 
i 

eit~er a non phenoxyl group R- oriqinating trom the initiator, 

" or a trichloropherioxyl unit ariainq from initiation of a chain 

by a. monOllleric phenoxyl radical,. The terminal positions may 

be either a trichlo~cyclohexaaienone or a phenoxyl radical 
\ 0 • ( 

(3-5) • 
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+ R • ---:,.~ Cu' + '6: (3) 

~Aa -----l,... 2 C.' + "'r=I\.. ~ '( 4) 

1 

1 

> C,' + CU' ct + *o-P-CI (5 ) 

The amount of residual Cu(I) in the sY$tem can easily be 

shown to be the SUIn· or the concentrations of terminal cyc10-' 

hexadienyl groups and the initial trichloroPhenJxYI groups 

in the polymer chains if one~gnores the occurénce of side 

reactions. 

Following the depletion of aIl the copper(II) trichloro-

phenoxide, an increa8e in phenoxy radical concentratiop i8 

detected in the system by est'. al This ttres~bly resul tls 
\ 

. fram chlor1~e extrusion ~rom thej cyclohexadienyl termina,l end. 

by'the copper(I) aecumulated, equation (5). At this time the 
80 ,l, 4 

polymer ~olec~lar weight has reaohed a value of ca. 4xlO, 

and 60uplinq of the.e chaina could in effect achieve the 

ob.erved near doublinq of the molecular weiqht (6). v 
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o?- Cu' 
CI 

2 .,. (6) 

J' 

As long as there is copper(I) available, these'coupling 

reactions do not represen~ter.mination steps and the,produ€t 

radical polymer chains (10) could undergo further bond forming 

steps. The radical decay in the system follows a slow ex­

ponential with time8l possibly reflecting the increased dif­

ficulty of the live ends in finding a suitable coupling 

poSition. 
I 
Cyclization could also be envisaged in a termina-

tion ~tep affording a dioxin bridge as has previously been 

propbsed. 188 

If the polymer chain (!Q)' were to couple another live 

chain this would result in the introduction of a branch point 

in the resulting pblymer. Although branching could occur in 

these la~er stages of the polymerization, this does not detract 

fram the eSS.ial a;gument of Chapter rII t!<i't brancJing i7 
not a major factor deter.mining the properties of these polymers. 

\1 The, number ~verage mblecular wefqhtSO at the time "aIl" the 

copper in the system has precipitated ia roughly 4xl04• If we 

then couple two polymer chaina as depicted in equat~on (6) the 

re8ultinq pblymer will have a OP of 500. One branc~ point in 
1 \ 

a fhlin cantaining sno unit. la hardly enough ta alter ita 
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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-l,4-phenylene oxide), could 

not be utilized for extended periods because of autoxidation 

reactions involving the methyl groups. The preparation of 

209 

linear polyrner containing 2,6-dichloro substituents could thus 

represent a definite improvement in this line. The difluoro 

analogue however would pO$sibly present even greater thermal 

and fire retardancy properties. Unfortunat~ly, at the moment 

no convenient synth~sis is available for the preparation of 
\ 

adequate amounts of 2,6-difluorophenol. 

High rnolecular weight Ifnear poly(2,6-dichloro-l,4-pheny-
1 

lene oxide) can be obtain~ by the present coupling system. 

This material combines outstandinq properties such as thermal -

stability confered by the aromatic character of the polymer 
1 

-

a~ fire retardarlcy associated with the ha16gen substituent.. ~ 
IIIt was shown in the present study that the presence of 

, 1,2-coupled units in the l,4-coupled chain led to inferior 
\ 

mechanical properties which were previously attributed to 

branching. The poor physical properties of these poly.rners can 

be'a.Bociated with the atitfness of the polymer backbone as 

vas di,cu.Bed in the previouB chapter. Where the proportion 
\ 

.~ 

of the l, 2-coupled .. unita 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 praFortion of ortho-coupled units further­

more adversely affects the resolution of the proton spectra 

and to a lesser extent the carbon-13 spectra. 
1 

Exclusively 1,2-coupled polymers, let alone of high 

molecular weight, can not be 9btai~ed by pla6ing 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 restrictions 

imposed by the copper chemistry effecting the c~pling of the 

halogenateQ phenols, the only possible substituents which may 

be envisaged as better nucleofuges are pseudohalides. Whether 

improved r~sults can be obtained with these rernains 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 ia likely, beyond that attained with the 4-iodo substituent. 

In the realm of polymer syntheses from halogenated phenols 

the po8sib~e occurence of a dangerous side reaction needs to 

be stre8~ed. Coupling of halogenated phenols presents the pos­

sibility of generating dibenzo dioxins18~ a_class of compounds 

notoriously toxic to living organisms. Toxicity is strikingly 

dependant on the.number and position of the chloro substituents. 

Although no ill e~~ects of the poly(dichlorophenylene oxides) 

have s6 far baen observed, the possible presence of trace 

-
,,'. ' -' 

Q 

f 
,1 • 

< 
t . 

i 

1 



• 1 

u q 
, 

." 

211 c 

amounts of these compounds should be kept in rnind. 

Dibenzo dioxins (11) may arise from reaction ,(7) 1 a variant 
, -

of which bas also been rnentioned as a possible radical terrni­

nation for the coupling of trihalophenols. 188 tthe very low , 

~ D (7) 

CU.> 

radical concentration during the initial stages of the thermal 
\ 

decomposition of copper(II) Phenoxides8l suggests a very rapid 

reaction.of phenoxyl radieala at coordinated phenoxide. This 
. , 

wou'ld tend to suppress bath', the radical dimerization and cy- ' 
1 l 

clization steps until the copper{II) phenoxide reaches a very 

low level. 
\ 

~he possibility that these pol~ers may generate dioxins 
\ " 

on thermal degradation will a180 ,11xely prevent thelr wide-

spread fractic~l use • 
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C. polynucl1ear Copper Complexes 

One of the remarkable features of copper ~ons is their 

ability to cluster and forro mixed~oxidation state complexes 

thus achieving islands of stability on the redox scale. The 

chemistry of halophenoxocopper(I) complexes described in this 

212 

work seems to be influenced by the occurrence of polyn~clear 

species. For instance, eopper(II) trichlorophenoxide normally 

decomposes in acetonitrile, generating phenoxy radicale which 

couple to forro 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 polynuclear complexes bridged 

by either chloride or phenoxide ligands. 

Copper clusters are widespread in biological systems. The 

haemocyanins responsible for oxygen transport in the blood of 

mollusks are known to contain a number of polynuclear ebpper 

centers which are the active sites for oxygen binding. Many 

biological systems in whieh copper oceurs have more than one 

metal atom in them and these are couplea in oxidation-reduction 

reactions. Under these conditions clustering will allow the 

generation of mixed oxidation states in controlled release and 

trapping of redox equivalents. In biological systems the en­
\, 

vironment about the metal clusters often comprizes a number 

of polarizable ligands which are capable of inducing at the 

metal centers low lying cearge transfer states favbrinq rarid 

electron exchange. Mixed ligand coordination furthermore 

, 1 \ ,. 

• c 
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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 of speci,es carrying unpaired electrons has, 

been recognizeà, their formation i5 energetically demanding 

and their high reactivity often is conducive to deleterious 

side reactions. Multicenter electr~p transfer to a substrate 
1 

(ox'idative iaddition) followed by illtramolecùlar ligand 

transfer which is equivalent to a reductive elimination, will 

introduce enhanced selectivity without the need to implicate 

free radical chemistry. By combining two principles that 

have figured largely in the present work, namely: ligand 
, 

transfer to phenoxide within a polynuclear copper camplex 

an interesting mod~l for dioxygen activation and selective 
, 

hydroxylation may be evolved. SChematicallY this ia re-

pr~sented in equatibns (8-10). 

The difficulty in transferring oxygen contairting ligands 
. , 

is weIl recognised. 89 The(poasibility of transferring HO' 
1 
1 

will be maximized by coordination of the copper to hiqhly 
1 

polarizable ligands which are expected to raise the redox 

" . l f () 190 ... ha potent1a 0 copper II • It 1S 1nterest1ng to note t t 

a number of copper proteins seem to fit auch a situation, 
, \ 

ua • 

1 , 
i 

f 1 
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------=.,... Cu'--_._-Cu' 

especially the -blue· proteins, where the ligands seem to be 
1 

mercaptide ,nd imid~lole.148,l49 
1 

The design and d~onêtration of a practical model ba.ed 

on the above speculation i8 an intere.ting cball.nge for the 

future. 
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CHAPTER V , 

CONTRIBUTIONS ra ORIGINAL KNOWLEDGE 

A number of copper(I) phenoxides were prepared and their 
8 

reaçtions with carbon tetrahalides were studied. The gene-

rality of the reaction was demonstrated and it represents a 

novel route for the isolation of aryl ortho esters. 

A mechanism ~or this reaction was proposed involving 

trihalornethyl radicals. The occurrence of the latter ~as 

'f' d b l , , 't ver~ ~e y appropr~ate trapp~ng exper~men s. The knowledge 

concerning the fate of these trihalomethyl radicals was ap-
. ' 

plied in a ~eevaluation of th~ effect of CX4 additives on 

the thermal decomposition of b\a+~e)bi.(trihalOPhenOXO)­
copper(II) complexes. 

Carbon-13 spectroscopy was for the firet time applied 

to the examination of PQly(halophenylene oxides) and allowed 

the determination of their microstructure as a copolymer of 
o 

1,2 and 1,4-oouple~ units. 

rhe effect of increaring molecular weiqh~ of poly(halo­

phenylene oxides) on the appearance of their proton ,spectra 
i 

was examined and found to lead to graduaI deterio~ation of 

the' reso;lution. 
r.' ' 

'l'he peak broadne •• lh the proto~' spectra 

va. a180 shown to be related to \-:he relative proportion o.f 

1,2 to 1,4-coupled units, the 1,2-coupled unit. being re­

_pon_thl. for th. reduction in the segmental mobility of the 

( 

J 
1 
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q 

c 
chain. 

Copo1ymers incorporating a higher proportion of 1,4-
L'1 

coup1ed units were prepared. These copo1ymers were founo 

to yie1d better reso1ution in the proton and carbon-13 spec-

tra. 

\ 

-----. ... 
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CHAPTER VI 

SUGGESTIONS FOR FURTHER WORK 

The reactions of copper(II) phenoxides with CC1 4 could 

be examined unde~ various conditions. For instance the cage 

217 

hypothesis could he put to the test by adding CC1 4 to boiling 

acetonitrile solution of the copper{I) phenoxide. The high-

er temperature would he 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 should he inspected, particular-

1y the copper(I) trich1orophenoxide/CC14 reaction shou1d be 

carried out in pyridine. 
, . 

A series of copper(~) phenoxides shou1d be screened in 
~ 

a reaction with chlorotrifluoromethane in hope of preparinq 

trif1uoromethylaryl ethers. 

An examination of the controlled oxidation of dicopper­

(1)' aatecholate might shed further 1ight on the coatrover­

S1al152 matter concerninq oxyqen incorporation during the 

èleavag. of 1,2-dihydroxyphenols tolYield cis-muoonic acid 

derivatives. 

The cbemi.try of ~rtho •• t,ra .hould he examined, par­

tieularly the po •• lbility,of obtaininq .~hiqh aeleetivlty ia 

sQbetitution re.ottone at the rinq. This could lead to the 

pr.,.r~u., fOllowlD9 hydrolysi., of phenols otherw! •• 

-
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unobtainable by conventional methods. 

The 4-trichloromethyl-2,4,6-tri-t-butylcyclohexa-2,S-, 

dien-l-one (II.§) 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 con~eners. In or­

der to achieve this goal, proper phenollc synthons will have 

to be chosen by consideration of the stability of the cor­

r~sponding phenoxy radicals as weIl as their capability to 
·r 

couple the trichloromethyl radical at the ring rather than 

at the oxygen. In the 1ight of the present findings, only 

pheno1s carrying bulky ~~s~itu~~t~ :~ th~~t~o positions 

would be'appropriate. 

GPC could ~e used in a conventiona] 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-

cqpolyme~, additional experimenta would need to be under­

taken. Carbon-I3 .pectro8copy ia poasibly the most powerful , 
\ 

tool at hand in thi. regard •. Firatly, a ~oroua asaignment 
1 

of aIl the peak. in the apecttum .hoUld be attempted by the 

.~~tion of undec~upled and partially Pi0ton decoup~ed 

8pectra. Secondly, the preparation of ~l oligomeric com­

pounda, although. a rath.r ta. coasuming enterpria., might 

po.a1bly abatS furth~ light on the l3e and lB nmr .pectra. 

,. t..Idtly r a atudy of th8 thermal deqradation of the polymers 

\-
~---------- - - - --

, 1 
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either directly in the ~ss spectrometer~86 or by g~s ~hro-
187 matoqraphy of the pyro1Y~tes could allow an eva1uation 

of the randomness of the copolymer. 

In the realm of new polymer syntheses, another attempt 

cou1d be made at obtaining a completely 1,2-coupled po1ymer. 

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 
• 

relative to the two ortho chlorines because of its high bond 

dissociation energy. The monomer can easily be prepared by 
-

,thermal decomposi tion of the diazonium tetrafluoroborate of 

the corresponding 4-amino-2,6-dichlorophenol. 
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ç 

The orthocarbonate-forminq reaction could be used as the 

hasis for the preparation of a whole new line of~polymers. 

For instance,using bi~pheno~s an~ carbon tetrachloride, cross­
'--

linked poly(orthocarbonates) could possibly he isol4ted. 
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A. COPPER, PHENOXIDE CCf1PLEXES 
"'t l {;1' 

- / l ", 1 
-COMPOUND ~-----~--------'>-~A~~~--;R\{~fI~7,- --> ----->~ 

,,~Y 
. ~--====~ 

1570 1550 1445 1390 1320 1270 ~35 Cu (TCP)2 

Py 2 cu( '!'CP) 2 

PY2CU(2-SrDCP)2 

PY2CU(4-IDCP)2 

CU(TCP)/CCl .. 
reaction product 

CU(TCP)-Cu(TCP)2 

1605 

1610 

1610 

15~5 1530 1450 1390 

\ 
\ 

1525 1450 1385 

1555 1450 1380 

156~t1540 1435 1380 

1565 1S45 1440 - 1390 

,/ 

1310 1250 1210 1070 

1310 1245 /1215- 1070 

1310 1250 1220 1080 

1265 1215 1115 

'; 
1270 ~-~ 1130 

t---~--- - \ 

TCP: 2,4,6-trichlorophenoxide; 2-BrDCP: 2-bromo-4 .. 6-dich1orophenoxidei 

4-IDcP: 4-iodo-2,ô~dichlorophenoxide; 

855 

865 
850 

860 
855 

870 

850 

855 

" 

820 
800 

795 

810 
800 

760 

765 
755 

770 
760 

> 770 

755 

815 >, 755 
800 

~ 
~ ---,.... 

\ 
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B. POlY(HALOPHENYLENE OXIDES) 

ORIGIN WAVENUMBER" (CM-1) 

PY2CU(4-BrDCP)2 1600 1575 14~0 1240 1200 1000 945 910 860 820 
-~ ... ~-- .. /' 1560 

PY2CU(TCP)2 - 1600 1575 1440 1240 1200 1000 950 910 860 820 
1560 

ï 

PY2Cu(4-IDCP)2 1600 1570 1440 1240 1200 1010 955 915 865 830 
1550 

- Py 2cu (2-B.DCP) 2 16'1 1575 1430 1245 1210 10itS 945 910 860 790 
1560 

, 

/ copo1yaer ·'I..,/û605 1575 1450 1245 1200 1005 950 910 -855 820 
. TCP/4-BrDCP 1560 

\ 
copolymer 1605 1575 1445 1240 1205 1005 950 915 865 . 820 790 
2BrDCP/4-BrDCP 1560 -- 765 

Cu(I}'l'CP/CCI4 1600 1585 1445 1240 1200 1005 950 915 860 820 

N 
N 
IV 

------- --~ ...... - • --,.. ..; ~1iII~""'· .......... ...-.-------------_ 
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AlI 

/ 

. 
_ORlal" - WAVEN UMBER-- (CM -1 ) 

CU(II) (TCP)2/CBlCN 1600 J575 ' 1450 1245 1205 1005 950 915 860 820 1560 
i" ' 

&> 
'., 

!BP/CU(N03)2/CH~CN ---1600 1565 1435 1235 1195 . 920 860 765 
f-' • 1 
; . 

&50 745 • 

~ / . 

;-

111'" 

~z 

q W ft w (r""7"- T'; ~\i."" :--~ 'l.i. .• <, " . 
• - 1 

• b 

N 
fi.) 

w 

i -
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- c. ARYl- ORTHO ESTERS; 

~UND· WAVENl~ER (CM-1) 
.. 

phanyl oc 1600 1495 1300 1195 1180 1095 1019- 910 
1595 

l-.ethylpbenyl OC 1610 -.1490 1460 1245 1140 ' 1090 1000 920 
1585 

4-.. thylpbeny1 OC 1615 t-S1S 138S 1290 1205 1110 1025 820 
15-90 1180 

4-aethy1phenyl OF :' 1615 1510 n90 1290 1215 1080 1020 820 
1sg-0 1180 

2-Chlorophenyl OF 1485 1450 1290 1220 1105 1060 760 
1280 1040-

t-chloropheny1 OC 1485 1215 1120 1080 1015 830 
1205 

2,4,6-trichloro- 1575 1 .. 50 1240 ,1'050 860 825 
pheny1 OF 1560 1390 810 

1380 
N 
/>.) 

----... J 

__ ~_~ .... __ t _., • Ct • J iii 01 ............... ' ........... - ... ------- 101 .'tII,,-""" 
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COMPOUND-

pentaohloro­
pbeny.}. OP 

--ai~ny1.piro OC 

* 

., 

oc:: : orthocarbona te ; 

./ 

J 

<. 
~~ 

./ 

' . 

1395 

1485 

OF: ortboforaate; 

.., 

1360 

WAVENUM&ER (CH-l ) 

1240 104-0 

,-

1230 1185 111)'5 

./ 

~ 

0 

795 720 

,. 
1000 760 

740 

./ 

.J 
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