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CHAPTER 1

INTRODUCTION

In this thesis, an investigation into the weaction betwecn
chromyl chloride and a number of phenolic compounds is described.

Such en investigation must te seen in the context of the
evcrgrowing interest in the interaction between transition metal
. compounds and organic species,

Most transition metals exhiblt a number of oxidation
states, the higher states giving rise to oxidizing agents whilst
the lower states give compounds wiilch have reducing properties.
However, the nature of the redox reaction in all cases is highly
dependent on the reacting species and on the reaction environment.

Chromium ccmpoundsl, particularly chromic acid, and those
of manganesel, principally potassium permanganate and mangenese
dioxide, have been used for many years as oxldants in organic
chemistry,

More recently, vanadium, iron, cobalt and copperz’3
have been investigated in this context,

The oxidation of phenols with compounds éf these and other
metals is well documented and has been the subject of research
from various standpoints,

The study of such reactions has received much attention,
from the consideration of both synthetic applicaticn and reaction
mechaniem,

In the lest decade, the importancze of phenols and their
oxidation products in relation to biologically important reaction

pathways has led to a further extension of this field,



Indeed, it 1s evident that the application of phenol
oxidation to the synthetic chémistfy of natural productes is -
in its infancy and that it will rapidly develoﬁ into an
important area of organic chemistry. \

Another area in which phenol oxldation is of incressing
importance is in the study end application of antioxidants4.

The use of antioxidants to prevent the deterioration
of many natural and synthetic organic materials has become
widespread; phenols have been used in this context as stabilizers

in rubbers, oils, plastics and foodstuffs4.

The oxidation of phenols with chromyl chloride or other
chromyl compounds has received little attention in comparison to
the application of other oxidants in this developing situation.

In Chapter 2, a brief review is presented of the preparation
and properties of chromyl compounds, Their reactivity as oxidizing
agents, where it is known, is also described,

Chapter 3 is devoted to a review of the reactions of
chromyl chloride with organic compounds., Chromyl.chloride is
the best known chromyl compoundS(see Chapter 2) and consequently
its reactions make up the bulk of the reports on the chemistry of
this class of compound,

It can be seen in Chapter 3, that much of the early work
on the topic suffered considerably ‘from the limitations of the
chemistry of that pericd: more recent work has shown that many of
the early results are misleading and that the reactions are very

much more complicated than earlier supposed,



The various types of mechaniem which have been postulated
for the reactions of chromyl chloride and other chromyl compounds
are critically reviewed in Chapter 4.

The use of chromyl chloride as an oxidant requires the
use of certain types of solvent. This is described fully in
Chapter 3 . In general these solventc are non-polar and thelr
use leads to the isolation of s0lid reaction intermediates., The
majority of investigations into oxidations with other metal
compounds have been carried out using polar solvents, especially
water or acaetic acid, which preciudes the isolation of such
intermediates,

Although the oxidation of many classes of orgenic compounds
by chromyl chloride has been reported, prior to this study, there
has been no sysiematic investigation of the reactions between
phenols and chromyl chloride. |

Towarde the end of the last century, Etard reported the
reactions of chromyl chloride with phenol and certain cresols '8;
he was unable to draw ery significent conclusions from this
work, but he suggested that the reactions involved non-stoichiometric
ratios of reagents and that the products of oxidation were complex,
but probably included quinones7’8.

In this thesis, the results of a systematic study of the
oxidation of phenols with chromyl chloride are described.

The nature and yields of the oxidation products of a
number of substituted phenols have been studied, and the
relationship between them, the effect of ring substituents and the
mole ratio of reactants has been determined. The results of this
investigation are presented in Chapter 6 and the discussion of
the likely mechanisms for the oxldation process follows in

Chapter 9.
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Another oxidizing agent which has been studied
concurrently with cﬁroﬁwl cﬁloride, is chromyl acetate. This
ccupound, in meny respects, reacts with phenols in a similar
way to chromyl chloride; the results obtained from the use of
this reagent are included in Chapter 8,

The uge of vanadium (V) oxytrichloride and chromium (V)
oxytrichloride as potential oxidants for phenols has also been‘.
studied. The reactions with these compounds are outlined in
Chapter 7.

" The conclusions drawn from this study of the oxidation
of phenols by {he various metal oxyhalides are presented in
Chapter 9 where proposals as to both reaction mechanism and
structure of the rewction intermediates are made,

Chapter 10 comprises a description of the experimental

procedures used in this study.
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CHAPTER 2

CHROMYL COMPOUNDS

In this review, the compounds designated as 'chromyl
compounds' are those which have the general formula Cr02X2 where
X is a univalent element or group.

Chromic acid, CrOZ(OH)z, may be considered to be the
parent chromyl compound, from which the others can be derived,
However, this compound has been purposely omitted from the survey
as it is not a typical chremyl compound.

Chromic acid has not been isolated, but is well known
in solution in polar solvents where 1t is appreclably

assoclated.

For example, in water the following ions ere present:

Ca
207
By contrast other chromyl compounds are covalent and

a

g HCro4", Cr

. -
anc IICI‘ZO .
react readily with water to rsive chromic acid and the hydride
of the group X

QH,C + CroX, — Cr02(OH)2 + 2HX
Chromyl compounds, which are uvsually strongly coloured and
mcnomeric, are vigorous oxidising agents towards many organic
and inorgunic substances.

Brief summaries of the propexties of the known chromyl

compounds &re presented in the following sectiors.

2.1 Chromyl Halides

Three chromyl halides have becn prepared, chremyl fluoride,
chromyl chloride and chiomyl bromide, Chromyl iodide has not
been isclateds its existence is doubiful in view of the powerful

oxidizing properties of chromium (VI)., The oxidation of iodide to
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iodine by chromium (VI) in agqueous solutien is well known,
and most evidence points to chromyl compounds belng
stronger oxidants than aqueous chromium (VI).

Of the three compounds, chromyl chloride, Cr02012,
has been the subject of most study, largely because of the

relative ease with which it may be handled.

2,1.1 Chromyl Chloride

Chromyl chloride was first prepared by Berzelius9

s who
found that, on distillation, a mixture of potassium chromate,
sodium chloride ard concentrated sulphuric acid yielded a deep
red liquid. Three years later, Thomsonlo characterized this
red compound as ‘!chlorochromis acid!,

Since this criginal work many other preparative routes
have been reported for the synthesis of chromyl chloride and
1ts properties are now well established,

Chromyl chloride, CrOéClZ, is deep red as so0lid, liquid
and vepour, At room temperature it is a trensparent liquid,
b.p. 115.7°, dio 1.92205. The melting point of the solid 1s
-95.5% It is unstable in the presence of light38 and decomposes
above 150o to give chloxrine and various oxides cf chromium,39
including a polymeric chloro-oxide, (Cr02)n0140. This decomposition
also occurs to a small extent at room temperature, even if the

compound is stored in the dark and under nitrogen14.

The physical properties of chromyl chloride are those of &
typical non-metal halide: molecular welght-determinations in the
vapour and in solution in phosphorus oxytrichloride show that 1t

is a monomeric compound41. Electron diffrection studies42 have



shown that the chromyl chloride molecule has & distorted
tetrahedral structure.
Chromyl chloride is soluble in non-polar solvents such
as carbon tetrachloride and carbon disulphide, without apparent
reaction, but the oxidizing power of chromium (VI) is such that
many organic liquids, though potential solvenrnts for chromyl
chloride, are rapidly oxidized.
Many oxidations by chromyl chloride in both inorganio45’44’45
and organic chemistry have been studied.
The use of this reagent as an oxldant in organic

chemistry will be examined in detail in Chapters 3 and 4.

2,1.2 Chromyl Fluoride

Chromyl fluoride was first prepared in 1824 by
Unverdorben;l, who treated chromyl chloride with hydrogen
fluoride, but the product was very impure and later attemptslz’l3
at purification failed. Engelbrecht and Grosse14 have slnce
isolated this compound in a pure state as a violet-red
cfystalline solid (m.p. 31.6°); they found that it hydrolysed
very readily and exploded on contact with organic compounds such

as paraffins,



2.1.3 Chromyl Bromide

Zellner15 succeeded in preparing chromyl bromide at low
temperature by the action of chromyl chloride on liquid hydrogen
bromide, but the compound contained unreacted chromyl chloride.
Isolation of the pure compound by other workerslG, has shown
it to be a deep violet solid, stable only below -700.

No other chemical properties of chromyl fluoride and

bromide have been reported.,

2.2 Qther Inorganic Chromyl Compounds

' Chromyl nitrate was first reported17 as an oily, red
liquid, formed when nitric acid vapour was passed over warmed
chromium trioxide, but the compound was not isolated until
Schmelsser and Lutzow 18 prepared it as one of the products of
the reaction between dinitrogen pentoxide and chronyl chloride
at -60°, It is a powerful oxidizing agen’t, causing many
hydrocarbons e.g., benzene, to inflame on contact19. In carbon
tetrachloride solution, however, its oxidizing action is less
violent, and complexes, analagous to the Etard adducts are formed

19

in the reaction ™’ with toluene,

20 claimed to have prepared chromyl

Cady and Iustig
fluorosulphonate, Cr02(803F)2, but other workerse: have shown
that the compound isolated was in fact a product which resulted
from the decomposition of the initially formed fluorosulphonate.
Pure chromyl fluorosulphonate21 is a moss-green, non-volatile solid,
vhich reacts violently with water,

The meta-borate, Cr02(302)2, prepared by Haider 93‘5;?2,
is a brown, crystalline solid which undergoes hydrolysis readily.

The reactivity of chromyl metaborate with organic compounds is
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dissimilar +o that of most other chronyl compounds: it is
insoluble in ether, chloroform end benzene, but may be
recrystallized from dry acetone without reaction., It dissolves
readily in ethanol but reaction with this solvent does take
plece and the meta-berate cannot be recovered unchanged.

Chromyl azide is a deep violet crystalline sclid which
hydrolyses readily; it decomposes with explosion at temperatureas
above about ~60° 27,

Chromyl perchlorate is similarly very susceptible ta
hydrolysis, though it is relatively stable towards heat,
existing as a deep red solid below 1°, and as a similardy coloured
liquid at temperatures above thislg. It is a vigorous uxidant,
causing many organic compounds to inflame on contact. Solutions
of chromyl perchlorate in carbon tetracliloride are. however,
quite stable; molecula~ weight determinations in this solvent
have shown that the compound is monomericlg.

Other chromyl compounds which have been reported are

the sulpnates Cro,(S 24 Cx0,(OHMESO, end Cz0, (150

25
0,).
2 7)z’ 4 4)2 ¢
It is suggested that these are formed in chromium trioxide/
sulphuric acid solutions, but thev have not been isolated in

pure form.

A summary of the methods of preparation of these
chromyl compounds is presented in Table 1,

2.3 Organic Chromyl Compounds

A variety of compounds of general formula Crozxz,
where X~ is an anion derived frem an organic acid, have been

prepared, the best known being chromyl acetate, CrOz(O.COCHB)Ze
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TABIE 1

The Preparation of Inorganic Chromyl Compounds

. Compound Preparation Ref
excess HF
Chromyl Fluoride CJ:'O3 + 2HF — CJ:'OZF‘2 14
{anhydrous)
Chromyl Chloride K'QCrO4 + 2NaCl + 2HéSO4-——4> Cr02012 37
ceL,
Chromyl Bromide Cr0, + 2CF,C0Br ———3 Cr0,.Br 16
' > > -135° 2772
-60°
Chromyl Nitrate Cr0,Cl, + 2N,0, —> Cr02(N03)2 18, 19
Chromyl Fluoro- Cr0,Cl, + 5,0.F, — CrOz(SOBF)Z 21
sulphonate
Chromyl Borate Cr0,Cl, + 24gB0, ~—> Cr02(B02)2 22
(sol1d)
P,0
Chromyl Azide | CxO,+ 2Ny =2 Cx0,(X,), 23
CF,C1,/-78 5
+6°
Chromyl CrOz(Clo 4)2 | 19

Perchlorate

CI'O3 + C1206 —
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Over fifty years ago, solutions of chromium trioxide
in acetic anhydride were used as oxidants in organic chemistry26
and it has now been shown that these solutions contain chromyl
acetate27. Thus if chromium trioxide is dissolved in acetic
anhydride or acetic anhydride/carbon tetrachloride and the
excess solvent removed under reduced pressure, chromyl acetate can
be isclated as a red, crystalline solid (m.p. 30.50)27. The
solution of chromium trioxide in anhydrous acetic acid may
contain chromyl acetate, but the formation of the solvated chromate
ion or the acetochrcmate ion (CHBCOCrOZO-) 1s more likely>o.

The preparations of chromyl benziate and chromyl
trichloroacetate can be effected by mixing chromium trioxide with
the respective acid anhydrides and boiling the mixtures under
reflux until the trioxide has dissolved29’30.

All three compounds, the acetate, trichloroacetate and
benzoate have been used as oxidants; very few comparative studies
have been carried out, although all are reported29 to oxidize
cvelo-octene to the corresponding dialdehyde together with the

epoxides

: CHO CH
(CH2)6 H 2& 5 (Cﬂz( + (CHZZKl /0

~~cH CHO

Neither product was obtained in a yleld higher than 25%. The
oxidation of alkanes by chromyl acetate glves mainly ketones

and acidsBl, but the mechanistic aspect of these reactions has

received little study,

T PR I S AR S A T T T




Three chromyl cempounds which have been prepared
recently32 are chromyl trifluoroacetate, Cr02(O.COCF3)2,
chromyl chlorodifluoroacetate, CrOZ(O.COCFZCI)z, and chromyl
pexrfluorobutyrate, CrOz(O.COCFZCcmFB)Z. A1l three compounds
are yellow or yellow-brown crystalline solids which are
hygroscopic and light sensitive. The chemical reactivity

of these compounds has yet to be studied.

Chromyl compounds derived from alcohols have been

prepared. Thus, di-iso-propyl chromate33 and di-t-butyl

34435

chromate are prépared by treating the corresponding

alcohol with chromium trioxide in a non-polar solvent at Qo.

Both are red crystalline solids, unstable at temperatures above

0°, but are relatively stable in solution. Typical oxidations
effected by these reagents include the conversion of primary
alcohols to aldehydes, and the oxidation of secondary alcohols
to ketones, both in high yield954’35.

Other dialkyl chromates have been prepared in solution

but they have not been isolated36.

The preparation of these chromyl compounds has been

summarized in Table 2,
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. TABIE 2

Preparstion of Organie Chromyl Compounds

Compound Preparation’ Ref
ccl
4
Chromyl Acetate Cro5 + (cu3co)20 —Ty (CH3000)20r02 27
ccl
Chromyl Benzoate | Cr0, + (PhC0),0 —4%3 (PhC00).Cr0 29
3 2 400 27772
cCl
Chromyl Tri- Cx0; + (CC1,00),0 —-;'4-) (6€1,£00),0x0, 29,30
chloroacetate 71
Room temp.
Chromyl Tii; Cr05 + (CFBCO)ZO -3 (CF3COO)20r02 32
fluorcacetate :
Room temp,
Chromyl Difluore~ | Cr0, + (CF,C1C0),.0 —_ (cF,,01000)..Cx0 32
chloroacetate 5 2 2 2 e 2
Room temp,
gﬁ;ﬁ%ei‘erfluoro- c:co3 + (CFBCFZCFZCO)ZO —— (0F30F20F2000)2m2 22
Benzene
Di-iso;propyl- CJ:'O3 + 2.iP10H -;5'3 f"PrO)ZCrO2 33
chromate
Benzene
Di-tert-butyl- Cr0, + 2*Buon — (tBu0)2Cr02 34
chromate 0 35




THE _OXTDATION OF ORGANIC COMPOUNDS BY CHROMYL CHIORIDE ; THE

ETARD REACTION

3.1 Introduction

The action of chromyl chloride on a wide variety of

tedlo’45 shortly after its discovery,

organic compounds was repor
Detailed studies of these reactions were hampered by the vigour
of the oxidations: with many organic materials the oxddizing
action of chromyl chloride was so vigorous that, on mixing the
reagents, ignition took place, because of the low rate of
dissipation of heat of oxidation. Some examples of the organic
substances which were reported to inflame on contact with chmomyl
chloride, at room temperature, are turpentinelo, olive 01145,
methanol and ethanol43, various commercial hydrocarbon frautions46,
pyridine,aniline47, and ethylene glycols.

As a consequence, early workers were not able to carry

out product analysis or to isolate intermediates in most{ of the

reactions studied; only in a few isolated cases, in which the

oxidation was less vigorous, wes any progress madelo.

The first controlled reactions were carried out by
48449

Carstanjen » & few years before Etard published his first

report on the‘topicso. Carstanjen appreciated the need for a
solvent system for the reaction, to allow for homogeneous reaction
and dissipation of evolved heat,

The solvent which Carstanjen chose for khe reaction was
glacial acetic écid,ﬁin which chrémyl chloride dissolved readily,

without any apparent change over a short period of time. Using this
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system, the oxldation of benzene and other aromatic hydrocarbons
was studied48’49, the reactions being carried out at room
temperature and without any of the violence characteristic

of the earlier experiments,

A more comprehensive study of these reactions was
carried out by the JFrench chemist Etard, during the pericd
1877 - 18957’8938’50—59. By using a similar technique to that
of Carstanjen but employing relatively inert, non-polar solvents
such as carbon tetrachloride and carbou disulphide, he was able
to isolate intermediates in all the oxidaticns he studied. The
addition of chromyl chloride to an organic compound, the isolation
of the exidation intermediaite and its subsequent hydrolysis are
now known as the Etard reactions, although frequently this title
is restricted tc the description of the veaction of toluene with
chromyl chloride.

Etard carried out a large number of reactions between
chromyl chloride and a wide range of organic compounds7’8’38’50'59.
He found 1het each reaction led to the formation of a dark brown,
precipitate, insoluble i1a carbon disulphide or tetrachloride. In
mary cases, these solids had the composition of 'adducts', the
ratio of organic molecule to chromyl chloride being 1:2, e.g. the
€1,.°°

272t
Hydrolysis of these adducts gave oxidation products of the original

empirical férmula of the toluene adduct was 06H50H3.20r0

organic compound similar to those obtained by Carstanjen.

A detalled study of the empirical composition of the
adducts and of their hydrolysis products enabled Etard to formulate
structures for these complexer and to suggest a likely course for

58 )

the reaction”
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Many other workers have continued the studies initiated
by Cartsanjen and Etard and the topic has been thelsubject of two
reviewss'Go.

As a result of later work, many of the postulates and
conclusions of the early workers have been modified but the

mechanism of the reaction and the true nature of the solid

intermediates are still not clearly understood,

3.2 Experimental Procedures which have been used for the

Etard Reaction
As indicated earlier, the Etard reaction must be

carried out under strictly controlled conditions to ensure
that, firstly, the solid intermediate may be isolated and
secondly that there is no ignition or explosion. In general
these conditions have been met by adding the oxidant, in an
inert solvent, to a solutioa of the organic compound in the
same solvent, with stirring to ensure homogeneity and external
cooling to control the reaction temperature.

The initial stage of the reaction is completer when
the insoluble complex is formed; this can then be separated by

filtration. The final stage of the reaction is the hydrolysis

of the complex,

Whilst many reactions are very rapid61’62

63,64 65

be comparatively slow Wheeler

others may

y who studied the reaction
of chromyl chloride with various substituted toluenes in carbon
tetrachloride, found that the reaction tihe could be considerably
reduced if, after allowing to stand for a short time, the reaction
mixture was heated under reflux for several hours, He reported

no significant change in the adduet composition when prepared by

thie' means,
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One requirement, for the successful completion of
the Etard reaction, is that all apparatus and reagents are quite
dry, as both oxidant and the intermediate complexes are very

susceptible to hydrolysis.,

3+3. Solvents used for the Etard Reaction

The choice of solvent for carrying out the Etard reaction
has been found to be very limited, It is desirable that there 1is
no significant interuction between oxidant and solvent; the
solvents which have been most often used are carbon tetrachloride
and carbon disulphide, although both of these axe reporteds’66
to react slowly witn chromyl chloride,

Etard carried out much of his work -ising carbon
disulphide as solvent. An important advantage in the use of this
‘solvent is that, under a‘mospheric pressure, the temperature
of the reaction cannot rise above the boiling point of the
solvent (46°). Since chromyl chloride is not decomposed at
this temperature, slde reactions due to the presence of free
chlorine are eliminated. The disadvantages of this solvent are
its inflammability end its reactivity with the oxldant. Recent
evidence6 suggests that the interaction between chromyl chloride
and carbon disulphide occurs to & greater extent than is indicated
in the literature.

Carbon tetrachloride appearec to be the most suitable
solvent for the study of the Etard reaction. Chromyl chloride is
readily soluble in this solvent and there is no observeble reaction

below 100°, One disadvantage with carbon tetrachloride is that it
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is very difficult to temove from the Etard adducts. This aspect
is discussed in greater detail in Chapter 10.

Other solvents which have been used for studying the
Etard reaction are glacial acetic acid48’49, ethyl acetate67,

chloroformBe’68

end dichloromethanes9.

The first two of these solvents are relatively good
complexing agents and as a consequence they keep the chromium
in solution, thus preventing the formation of the insoluble
Etard complexes, The exact nature of the species produéed
when chromyl chloride is dissolved in acetic acid or ethyl
acetate is not knowny that interaction between the oxidaht
and acetic mcid occurs has already been established (see
page 11), and acetic acid and acetaldehyde are formed in
solutions of chromyl chloride in ethyl acetate67.

It has been reported5 that chromyl chloiide dissolved
in acetic acid is a stronger oxidant than the analagous solution
in carbon tetrachloride; both chlorination reaotions48’49 and
carbon-carben bond oleavage7° take place in the former solution,
but much less readily in the latter, The strongly oxidizing
conditions also result in toluene belng oxidized to benzoic
ecid, When the comparable reaction is conducted in carbon
tetrachloride benzaldehyde 1s the major product.

Although chloroform and dichloromsthane have been used
only infrequently as solvents for Etard reactions, both give
satisfactory resu1t838’67’69. There is evidence that both may
react to some extent with the oxidant, especially in the presence
of light; for example Etard reported the formation of phosgene
a8 a product of the reaction between chromyl chloride and

chloroform38.
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38 47,70,71

Alternative solvents such as benzene’", pyridine
ether38 and acetone47 have all provéd'unsatiafgctéry because of their

reactivity with the oxidant,

3.4 The Hydrolysis Stege of the Etard Reaction

The Etard reaction is completed by the hydrolysis of
the ad@uct;}thig_hy@rolysis is rapid and exothermic, resulting in
a mixture of oxidized organic species and reduced chromiuh
compourds. Generally the hydrolyeis is carried out by adding
the adduct to a lerge excess of cold water, but the presence of
reducing agentsBB_in the water ensures that no further oxidation
of the organic product cccurs at this stagg. Possible oxidants
liberated by hydrolysis ara species of chromium (V) and (IV),
or probably ckromium {(VI) species formed‘by dispr0portionatioﬁ

reactions such asi=-

3cr (V) —> Or (III) + ZCr_(VI)

3cr (IV) —> 2¢r (III) + Cr (VI)

Reductants such as sodium bisulphite’e, sulphurous
acid72, formic acid73 and ferrous aulpha,te73 have been used with
success. However, most workers in this field have found that a

large excess of cold water is equally satisfactorys.

3,5 Oxidation Products of the Etard Reaction

In this sectlon is presented a review of'the different
types of Eterd reaction, The emphasis is put on the exemination
of the products which have been obtained by oxidizing the various

classes of organic compound with chromyl chloride,



In each cese the headings refer to the type of compound
vwhich has been oxidized, rather than the types of product which
can be formed.

While the earlier workers studied a large number of
different reactions, there is good reason, as this review
{llugtrates, to re-examine these reactions using modern
separational techniques. Indeed many of the results reported must
be treated with a great deal of caution, as is shown particularly

in sub-sections 3 - 5.

3,5.1 Benzene and Halogenated Benzenes
The first work in this field was carried out by

Carstanjen48. He fouﬁd that when chromyl chloride, diluted
with glacial acetic acid, was added carefully to benzene, an
exothermic reaction occurred, Hydrolysis of the reaction
mixture with cold water gave a deep green solution from which
a yellow orgenic layer separated which consisted of unreected
benzene and trichloro-p-benzoquinone. It has been suggested5
that the extent of chlorination may have been due to free chlorine
in the oxidant,

The study of the oxldation of benzene was continued
by EtardBe. He found that when an excess of benzene was boiled
with chromyl chloride without a diluent, a brown precipitate

formed and hydrogen chloride was evolved; the precipitate had a

composition corresponding to the formula 06H4.20r0201. Decomposition

of this product by a large excess of cold water gave a green
aqueocus solution and an orgenic layer from which quinhydrone and

p-Yenzoquinone were isolateds
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Cglly + 20r0,Cl, —_ CgH,+20r0,C1 + 2HC1

9 f OH

Hzo + Z I

CgHye2000,01  —> ] . |
o o . OH

A rocent study by Gragerov end Sulima!® has shown that
the adduct formed when benzene and chromyl chloride are mixed
at 0° and the mixture allowed to stand for seven days, has an
empirical formula corresponding to C6H6.2Cr02012. The evolution
of hydrogen chloride in Etard's experiment cen be attributed to
the vigorous reaction conditions that he employed, Gragerov
and Sulima, like Etard, obtained p-benzoquinone on hydrolysis

of the adduct.

By comparison, benzene is relatively resistant to
oxidation by chromic acid, the oxidation prpceeding very slowly
in sulphuric acid, giving only carbon dioxide75.

The reactions of halogenated benzenes with chromyl chloride
yield quinones; thus bromo-l,4-benzoquinone, p-dibromo-l,4-benzoquinone,
chloro-1,4~benzoquinone and p-dichlore-l,4-benzoquinone cah be

prepared by heating the corresponding halogenated benzenes with
chromyl chlorideBa.

3.5.2 Polynuclear Aromatic Hydrocarbons

Polynuqlear h&drocarbons such as naphthalene, anthracene
and phensnthrene all yleld Etard adduot33§'76. Hydrolyses of these
adducts yielded compounds classified as 'quinones' and 'ohloroquinones'57;
intractable resins were also reported76. Wheeler77, using chromatographio
techniques, confirmed the formation of 1,4-benzoquincnes in moderate
yields on hydrolysis of the Etard complexes derived from various

polycyclic aromatic compounds,



Exceptions were naphthalene which gave only traces of a
red oil, and, 9-methylanthracene, which gave only 9,l10-anthra-

quinone, indicating complete removal of the ring substituent:

CH

. R
= | XY @) s, N
N 2 6) B =
d

Invariably, wnerystallizable oils and tars were also
formed77. Farlier workers had difficulty in isolating the
quinones formed in these reactions, as they appeared +o be
strongly retained by the chromium residues7’76’63.

rolynuclear hydrocarbons in which the rings are joined
by one carbon in each ring, for example diphenyl, also undargo
reaction with chromyl chloride. Thus diphenyl reacts vigorously,

in glacial acetic acid solution to give bYenzoic acid49.

3.5¢% Alkyl Substituted Aromatic Hydrocarbons

The first reported oxidation of an alkyl substituted benzeme

wasg carried out by Carstanjen48

who treated toluene with chromyl
chloride in glacial acetic acid. No so0lid intermediates were
observed and the evolution of acetyl chloride was reported. The
product of oxidation was benzoic acid. Othar products such as
complex chromium acetates, acetochromates end chlorinated products
have been found by other workers6o. Using carbon disulphide as
solvent, Etard obtained a brown precipitate when repecating this

50

reaction’ . Analysis showed that this solid had the stoich4ometry

of an adduct: 06H50H3.20r02012. Hydrolysis of this adduct, gave
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a high yield of benzuldehyde. of the order of 90%,together with
small quantities of other productss3. Distillation of the solvent
from the adduct filtrate gave an o0il which contained mainly benzyl
chloride but also some benrylidens chloride. It was suggested5
that these compounds resulted from chlovrination, due to photo=
chemical decomposition of the oxidant, but recently it has been
shown79 that these are indeed productis of the toluene~chromyl
chloride reaction.

The use ox modern analytical techniques, such as gas

chromatography, has now indicated the presence of producvs of

the Etard reaction not found by early workers. Thus, small

quantities of ortlo, meta ana para methyldiphenylmethanes,
together with the chlorinated products descrited above, have
been found in the filtrate resulting from the filtration of the
toluene-~chromyl chloride reaction mixture. If excess oxidant is
nresent, the coupled products wndergo further reaction and are
in turmm precipitated as their Etard complexes. Thus, careful
enalysis of the hydrolysis procuct from the Etard complex showed
the presence of small amounts of the corresponding methylbenzo=-
phenones78o The reacticn of toluene and chromyl chleride is
ontlined injligure 1, where the yields of the varions products
decgceribed above are given,

The coupled products formed in this reaction probvably
result from a Friedel«Crafts reaction; similar compounds have been
isolaved when toluene has been oxidized by manganece dioxide/

culphuric acidso end chromic acidal.
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TICURE 1

8
The E;oducts of Oxidation of Toluene by Chromyl Chloride7

CH CH

3 cc1, 3 '
(1) + 2010,Cl, =+ Z 7N - 20r0,Cl, + Filtrate
i Sy $

The Etard Adduct

, B0 S A = CH,
(ija) The Bdduct  —% 1o c-
NY

0
~TO% o1 2h
n : 1%
p 4%
| Analysis by CH,CL CHCL,
(1ib) The Filtrate  —> . P
_ gas chromatography LQ>/ﬂ
24% {1

O

Total o, m and p 1%

The relative ratios of the products are dependent on the method |
of addu~st preparation and other workers have reported different

yields.,
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The oxidation of dimethyl and trimethyl benzenes is very
similar to that of toluecne. The experimental evidence shows that
only one methyl group is oxidized. The products are dependent on
the solvent used: in glacial acetic acid, the methyl group is
oxidized %o the acid®’, whilst in carbon disulphide and carbon
tetrachloride the corresponding aldehyde results67. The oxidation
of a single methyl group is in contrast to similar oxidations by
chromic acid, in which two or more methyl groups may be oxidized
83

simultaneously “, Mixed aldchydes however, have been reported‘
as the products of the reaction between asymmetric polymethyl-
benzenes end chromyl chlorideez.

Weiler®® found that various coupled toluenes gave the
customary 2:1 chromyl chloride to toluene adduct.
Decomposition of this with water gave a small amount of

p-tolylbenzaldehyde, though the main product was a brown resin,

p-Tolylphenylmethane gave a 62% yield of the ketoner

OO OO

This suggests that the methylene group is more susceptible
o attack by chromyl chloride then the methyl.

Oxidation of alkylbenzenéé C6H5R where R is an aliphatic
group with two or more carbon atoms leads to a multiplicity of
products. While earlier workers38’86’87 carried out these

reactions, it 1s only relatively recently that the full
complexity of these oxldations has become apparent. Thus whereas

Miller and Rohde®® reported the formation of benzaldehyde and
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acetophenone from the oxidation of ethylbenzenes

CH,CH, CHO 0QCH,

O - Q-

Wheeler88 found acetophenone and phenylacetaldehyde (identified

as their 2,4-dinitrophenylhydrazones)s

O, Cliz COCH CH,,CHO

J - g-Q

89

A recent systematic investigation ” of this reaction has shkown

that all the proviously reported products are in fact formed, the
yields varying with the method of decomposition of the Etard

complex and the period of time that elapses between this
decomposition and subsequent work-up of the hydrolysis mixture.
Other products were also reported in thirs investigation both

from the adduct filtrate and the hydrolysis mixture. Two

unexpected products were the olefins trans-l,3-diphenyl-l=butene

end styrene. The latter was found in the filtrate and as a

product of hydrolysis. Only one chlorinated product was found,

oX =chloroethylbenzene, which was present in the filtrate in low
concentration. Other compounds shown to be present in the filtrate
were ortho, meta and para coupled phenyleth&nes78; these wore
thought to have been formed by a Friecdel-Crafts or similar reaction;
The products of the oxidation of ethylbenzene by chromyl chloride are

summarised in Figure 2.
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PIGURE 2

The Products of Oxidation of Ethylbenzene by Chromyl Chloride78

CH,CH cCl1 CH,CH

@f >+ 200001, —2s (j >, 2cr0,01, | + Filtrate

The Etard Adduct

Adduot Hydrolysis ey é CH,CHO 6{3
_ . .
o 32% 33%
. CH=CH,,
3.5%

CH=CH, CHy :
Analysis of the Filtrate E:::] + CH-CH:CH-<:::>
8% :
1%
O+=G-
CH20H5
: 2%

ot

E"'Bl% -

@
CH-CH;

4%
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The oxidation of n-propylbenzene by chromyl chloride
similarly leads to a diversity of products. Amongst those

CH,,CHO) ,
86,90

reported were 'hydr001nnamaldehyde'98 (06H5

methylbenzylketone,benzaldehyde and propiophenone
87

as unidentified chloroketones '.

as well

Wiberg and his COmworkerslo4

have identified three
components in the adduct hydrolysis mixture:
1-Chloro-l=phenyipropanes C6HSCHCl-CH CH3 (60%)

Methybenzylketones H5CH COCH3 (18%)

Propiophenones 06115000}120113 (3. 3%)

The first two components were also present in the adduci filtrate

91that,

(24% and 6% respectively)o It hus recently been shown
as in the case of ethylbenzene oxidation, the ratio of productas
is dependent on the method of preparation and method of hydrulysis
of the nepropylbenzene-chromyl chloride adduct. In the adduct
preparation, both temperature and ratio of oxidant to hydrocarbon
have a signiticant éffect on the subsequent hydrolysis products.
The use of reducing agents, e.gs sulphur dioxide, in the hydrolysis
solution leads to the formation cf small quantities of l-phenyl.
propan=lecl, a compound whirh is not formed if the adduct is
hydsolysed by distilled water alone.

Other substituted benzenes e.g. iso~propylbenzene and
p~methyl-iso=-propylbenzene also give typical Etard adductng. No
doubt the products of hydrolysis of these adducts are more varied

than those reported by early Worker:s@’85’93'9‘4 but there have

been no recent investigations of these systems,
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The oxidation of diphenylmethane was initially reported
to give only benzophenone in high yie1d63’85. A recent
investigation has showm that benzhydrol and benzhydryl chloride

73

are also formed'”,

The case of triphenylmethane is somewhat different, as
there is only one hydrogen which may be removed by the oxidant
(assuming ring attack does not occur). As a consequence,
hydrolysis of the triphenylmethane-chromyl chloride complex

95
gives a high yield of triphenylcarbinol

(1) Cr02012

(°6H5)3CH > (C6H5)30--0H (97%)

(i1) H20

3.5.4 Halogenated Derivatives of Toluene

The effect of substituting chlorine for hydrogen in
the methyl group of toluene was studied by Etardso and more

redently by Tuoker79

« Both the stoichiometry of the adduct and
the rate of reaction are modified., The rate of reaction is
reduced by the presence of the halogen and the ratio of reactants

in the Etard complex is changed from 2:1 to lsl as indicated



below:
Toluene Derivative Adduct Composition
Ol Cly (C6H50H3) (Cro,Cl,),
C6HSCH2C1 (C6HSCH201)(Cr02012)
C6H50H012 (C6H50d012)(0r02012)
06H5C013 No reaction

The reaction of chromyl chloride with ring-halogenated
tolueres is gimilar to that with toluene itself, though
halogenation reducee reactivity65'96. All nmonohalogenated
toluenes form Etard complexes, and the products of hydrolysis
depend on ring substibtueat and its posttion. In general
p-halogenotolueses react to give high yields of the corresponding
benzaldehydes65. Orthoesubstituted toluenes react less readily
and yields of benzaldehyde are not 2s high as with p~houmologues.
Some side-chain chlorination occurs; with orthoesubstituted
toluenes, the proportion of benzal chloride to eldehyde formed
incregses in the order chloro-, bromo-, iodo-72. Thus with
o=iodotoluene, the main product of oxidation is o-iodobenzal

chloride, only & trace of aldehyde being formed,

Toluenes having other ortho or para substituents e.g. cyano,
chloromethyl, methoxy, and mercapto gave only low yields of the
expected aldehyde, though in some cases the corresponding benzole
aclds were formedss. Ring oxidation was proposed to account for

the small yields of side~chain oxidati on products.
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3,5.5 Nitrobenzenes and Nitrotoluenes

The nitrotoluenes afford further examples of compounds,
the reported oxidation products of which, vary with the
investigaiors.

_Etarde’51 reported the formation of nitrotoluguinones
on oxidation of nitrotoluenes by chromyl chloride, whilst

1

c
von Richter’' reported the formation of nitrobenzoic acid and

nitrobenzaldehyde with a large recovery of nitrotoluene.

98

Duffin and Tucker”~ have shown that g-nitrobenzoic acid is
the main product in the case of o-nitrotoluene. One reason
for this conflict of observations is the coordinating power
of the oxidation products. Duffin and Tucker found that the
chromium in the hydrolysate was firmly complexed by the
carboxylic acid, and the acid could not be extracted from the
aqueous solution by solvents such as ether. This type of
behaviour could have led to the presence of the.carboxylic
acid heing overlooked by earlier workers.

Nitrobenzene does react slowly with chromyl chloride
though the stoichiometry of the product, C6H5N02.2Cr02012,
is only approximateie. Decomposition of this complex by water
was repérted to give a 'nitroquinone' but the nature of this
compound has not been reinvestigated and in view of conflicting
reports in the early literatur399 it would be unwise to draw
any conclusion regarding this reaction.

49

Carstanjen’™ obtained trichloronitrobenzoic acid, by
treating nitrotoluene with chromyl chloride in glacial acetic
acid, but this was later shown to heve been derived from an

impurity in the original reagent97.



As in the case of dinitrotoluenes, no reaction takes

place between chromyl chloride and di- and trinitrobenzeness.

3.5:6 Alkanes
Etard foord that wnen substituted aliphatic hydrocarbons
were treated with chromyl chloride in an inert solvent insoluble

'additi on products' similar to those formed with toluene were

produced38’5za Thus 2-methylbutane yielded an insoluble adduct,

05H12.20r02012. Decomposition of this complex with water gave

a chlorinated ketone of composition C_H.OCl, which was

5t
identified, as its bisulphite ccmpound, to be l=chloroe3«methyl-2-

butanone, i.e,

(1) Cr02012
(CHy) ,CHCH,CHy - > (CH,),CHCOCH,C1
(ii) E0 “

Other unidentified compounds were also said to be present in the
hydrolysis mixture. Hexane and n~heptane were treated in a
gimilar menner and the formation of chlorinated ketones was
reported38.

Hobbs and Houstoaloo, using various alkanes, repeated the
work cf Etard and reported the formation of a number of
isomeric kctones. Thus n-hexane gave both 2- and Z~hexanone
but no chlorinated products, but 2-methylbutane gave 3-methyl-2=
butanone as well as the chiorobutanone reported by Etard. All the
hydrocarbons oxidized by Hobbs and Houston gave iypical Etard
adducts though the stoichiometry of certain of the complexes was

unusuals 2,5-dimethylheptane gave an adduct of composition
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09H20.30r02012, whilst certain others gave adducts of composition
intermediate between RH.20r02012 and RH.}CrOZClz. This compares
withthe work of CrooklOl who foﬁnd that the chain length of an
alkane was an important factor in determining the adduct
stoichionetcry. With long chain alkanes e.g. 2,7=dimethyloctane
adducts with a ratio of hydrocarbon to chmmyl chloride as high
as 1l:4 were obtained.

The yields of the complexes prepared by Hobbs and Houstoa
were found to be dependent on the presence of a tertiary carbon
atom -~ where such an atom was present, the yield was essentially
quantitative; when the hydrocarbon did not possess a tertiary
carbon, the reaction was noticeably slower; and the yield of
adduct was not quantitative. The adducte,on hydrolysis, yielded
mixtures of aldehydes, ketones and in certain cases acids, The
tertiary or terminal positions were usually the sites where
oxidation occurred. Thus 2,2,4-trimethylpentane gava the

following productss

CH3 0
| (1)Cr0,Cl, I
«C e CH, = CH - CH H,),C - -Ce-CH. ,
CH3 ! 2 " ¢ 5 (4D 0 (c 3)5 CH, - C = CH
CHy CH; + (CH,),C - CH, = CHCOOH
33 2
i
+ (CHB)3C - CH, - EHCHO
s

and 2,3%-dimethylbutane gave 2,3-dimethylbutancic acid, the
rearranged product 3,3-dimethyl-2-butanone and some acetone,

a product of carbonecarbon bend cleavage:
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cH H
|2 17 ()eroy, | 3 5
CHy ~ CH = CH = CHy (CH) ,CH = CH = COOH + CHz = C = & - CHy
(11) H,0 6H, O
+ CH5C0CH,

The reactions of cyclic aliphatic hydrocafbons with
chromyl chloride give the expected Etard complexesloo’loz’loB.
though the reactions are not rgpid. In some cases, a trace of
olefin (less than 1%) added to the reaction mixture imitiates
a relatively fast reactionloz. Hydrolysis of the complexes
gives ketonic and chlorinated products but no ring fission has
been reported. For example cyclohexane yields either cyclo-
hexanone100 or cyclphexylchloridelo3 depending on reaction
conditions. Methylcyclohexane shows little tendency to react
with chromyl chloride at room temperature but addition of a
trace of olefin as above initiates & reaction which gives a
good yield of adduct (85%)102. The product of the desomposition
of the adduct by water was reported as hexahydrobenzaldehyde
but Wiberg 33_22}04 repeated this work and suggested the main
product was the isomeric 2-methylcyclohexanone. They also
identified a chlorinated product, 2-chloroe-2-methylcyclohexanone.
This situation has recently been clarified91, and all the above
products have been ého#n to be present along with others not previously
reported; namely l-methylcyolopentyleldehyde (a product of re&rrangement)
and l-methylcyclohexa.nol913 '

CHy CHo
(i)CrO 01
(Y. (7 O O

44% 0 o o 1, 5%
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Phenyleyclohexane is oxidized by chromyl chloride in a
manner similer to that of methyleyclohexane. The products of

oxidation show that considerable ring contraction occurs:

(1)Cr0 }h COPh Ph
@, o ™ CHO *+ ( |+

24% 12% 55%

3.5¢7s Alkenes and other Olefins

Chromyl chloride reacts recdily with olefinss typical
adducts of approximate stoichiometry RCH = CHR'.20r0201257’58’103'106,
are formed. !

Hydrolysis of the cdducts obtained from simple eliphatic

olefins yieclds mainly the cklorohydrin corresponding to trans

additionlo3t
(1) Cro,01 ol
RCH =-CHR' ——-——3—3 RCH - (’:H - R!
(i1) H,0 &1

Terminal olefins, i.e. those where R* = H, give the

chlorohydrin corresponding to anti-Markovnikoff addition of

hypoohlorous acidloj.- Cyclic olefins give similar chlorohydrins

end it has been shown74 by the use of 180 tracers that, in the
case of cyclohexene,iall-the oxygen in the 2-chloro-cyclo~hexanol
comes from the chromyl chloride. The minor products of these
oxidations have been investigated and are chloroketones and

aldchydes, as well as small amounts of gig—chlorohydrin8106.



A modification of the Etard reaction with olefins,
conducted by Frecman and co-workerslo7, has led to the
preparation of aldehydes and‘ketohes in good yields. Their
procedure differs from previous methods primarily by the
introduction of & reductive hydrolysis step. Instead of
isolating the Ftard complex and then hydrolysing it, tho
reaction aixture itself; containing excess oxidant and Etard
complex, is treated with an excess of powdered zinc shortly
af+er mixing of reactants is completé. The zinc decomposes
eny excess chromyl chloridelo and prevents further oxidation,

A mixture of ice and water is then added, the complex thus
being hydrolysed in situ in the presence of an excess of zinec.
By this method, secondary reactions such as further oxidation,
chlorination and bond cleavage which may occur during isolation
of the adduct and during non-reductive hydrolysis, are redaced
to a minimum.

In typical reactions carried out as above, 2,4,4~trimethyl-l.

pentene yieided 2,4,4=tri-methyl-lepentanal (76%)s

) (1) Cr02012
CH, = c(CH3)ca2c(CH3)5 an Zn/H207 0O =CH= HC(CH3)CH20(CH})5

2,3=-Dimethyl-2-butene gave pinacolone (50%) with only a small

amount of acetore, the clesavage produot107:

(1) cro.c1

(CH,),,C = C(CH,) —2.23  (CH,)5C = C = CH, + CH,COCH
5’2 72 (a1) zm0 L T

0]
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Likewise l-phenylpropene gave ohly benzylmethyl ketone and
69

benzaldehyde and no other products™”. By comparison, the
oxidation of l-phenylpropene by the usual Etard scheme yields
91

gix products, including chlorinated and rearranged compounds”™,

The reaction of chromyl chloride with tetraphenylethenelo8

occurs rapidly, even at low terperature, to form the usual brown
precipitate. Hydrolysis of the filtered solid however, gives
only a small yield of yellow oil but the filtrats contains

9,10-diphenylphenanthrene, in a 70% yield:

This cyclization has no parzllel in other olefin

oxidations by chromyl cklorides the oxidation of both cis

end transestilbene yields only aldehydic or ketonic productsl16

such as benzeldehyde, benzoin, diphenylacetaldehyde, benzil
and phenylbenzyl ketone. No phenanthrene or phenanthraquinone,

the chromyl chloride oxidation product of phenanthrene, have

been detectedlos.

(1) Crg,C1,
PhCH = CHPh > PhCHO + PhCH « CPh + (Ph).CHCHO
(11) B0 U 2

+ PhC = CPh + PhC - CH.Ph
T 8 2
0 0
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Chromyl chloride also fails to cause ring closure with
1,1-binaphthyl, kexaphenylbenzene or g—terphenylloe, though
Lewis acids such as aluminium chloride or stannic chloride
are effective in these cases.

This suggests that chromyl chloride, even in this special
case, does not act as a Lewis acid, despite earlier suggestions
that it does77’69.

| By comparison the oxidation of tetraphenylethene by
chromic acid gives the corresponding epoxide and benzophenone
as the only products, their ratio depending on the amount of

o]
oxidant usedxlo’

<<::::> <:::::> Chromic <<::::?/o\
SO OO0

3,508 Alcohols

Very little work has been carried out on the reaction of
alcohols with chromyl chloride. Walter43 found that many alcohols
were spoatanevusly ignited by chromyl chlbride, 80 be abandoned
the work.

Mosher and Celeste7o

reported the reactions of chromyl
chloride with many secondary alcohols; they found that solid
complexes of empirical formula ROH.20r02012 could be isolated

when the reaction was carried out in carbon tetrachloride.
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Similar reactione, corried vut in other sclvent syetems, .8
acetic acid/acetic anhydridé, ﬁere examined but no intermediates
were isolated; in these cases the reaction mixture was treated
directly with water and the organic products extracted by
solvent. The organic products were ketomes, formed by direct
oxidation of thoe hydroxyl group,and cleavage products, e.g. with
benzpinacolyl alcohols

Ph (1) Cr0,C1,/CHy coot/ (CH €0),0 Fh

(Ph)5C = b1 - oH 3 (PL).C - & = O
(11) 1,0 b

+ (Ph)5C ~ OH + PhCHO

The major product was always the ketone} it was observed that
addition of & small amount of pyridine to the reaction mixture
reduced the angunt of cleavage considerably.

Primary and tertiary alcohols also give typical Etard
adductsllo. Hydrolysis of those derived from primary alcohols
gives a mixture of components,of which the ester derived from
the alcohol is the major constituent. The hydrolysis products
of adducts derived from tertiary alcohols are complex and their
characterization has yet to be carried outllo

There is one exception to this, and that is the oxidation
of 1,1,2,2-tetraphenylethanol®’l, Reaction of this aloohol

with chromyl chloride gives a high yield () 80%) of 9,10-diphenyl-

phenanthrene

o0 . OO0

CrO Cl
CH-C-OH

o0 O



- 40 ~

This is the same product which is obtained on oxidation of

tetraphenylethenelo8 (see section 5,7 of this Chapter),

3,5.9 Glycols

The oxidation of glycols takesplace, via the usual
Etard scheme and results in carbon-carbon bond fission to
give aldshydes or ketones, or mixtures of the two, depending

: 112
on the structure of the original glycol ™"

R
' ' - ' R R"
R' - C « OH (1) Cr02012/0014\ \C o . ~ -
Ve /
R" « C - OH (11) H20 . R! R"?
{2"'

R, R" = alkyl or aryl groups
R*', R' = alkyl or aryl groups

or hydrogen atoms

The products, characterized by their 2,4-dinitrophenyl-
hydrazones, were not form.d quantitatively. By carrying out
similar reactions, but in glacial acetic acid rather than
carbon tetrachloride, and adding the resction mixture directly
to a solution of 2,4=-dinitrophenylhydrazine reagent containing
excess terrous-sulphate, quantitative fission was achieved.
Evidently the fres aldehydes were susceptible to further

oxidation under the hydrolysis conditions employed.
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3,5,10 Phenols

Carsténjen49 treated phenol with chromyi chloride in
glacial acetic acid and reported a vigorous reaction. On
addition of a large excess cf water, a yellow-brown solid resulted
from which chloranil and unspecified chloroquinones were

cbtained,

OH I
(i)Crozclz/CHjcc@H c cl

(11) K0 g c1 Cc1

i
0

Etard7 reported that the direct treatment of phenol
with chromyl chloride was ¥ery violent., As a result he
carried out the reaction with both phenol and oxidant in dry
carbon disulphide. The reaction took place smoothly to glve a
brown solids enalysis showed that this soclid did not have the
exact stolchlometry expected for an adduct;

Hydrolysis of the solid with dilute alkall gave
chromium salts and an uncrystaliizable, whitish solid, of
empirical formula 012H1003° Oxidation of this product gave

d7’38

1,4~benzoquinone, so Etar considered it to be the 'ether of
hydroquinone':

Both ortho and para-cresol gave similar brown so11ds®
with chromyl chloride, Decomposition by water, in the presence
of sulphur dioxide, gave alkalil soluble compounds which 'had the
nature of quinones'. Elemental analysis of the compound from

o-cresol gave the empirical formula as C7H603; that from
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p-cresol as 014Hi005, but no further identification was cartied
out.

Etard38 did not consider the brown solids formed in the
phenol and cresol reactions to be true 'addition compounis',
such asvthose betwveen toluene and chromyl chloride, This was
due to their non-stoichiometric composition, which Etard ascribed
to the preserce of the -OH group, He belileved that this group
led tc the partial decomposition of the 'addition compound!,

. in a manner similar to that by water, Qith the subsequent
formation of aclds of chromium and other products and hence
non~-stoichiometric complexes.,

Similaxr complexes lLave been reported for chlorophenols

and phenoxytrichlorosilanes113

y 1.e, phenols with the phenolic
hydrogen replaced by -SiClB. These coumplexes yield, on hydrolysis,
p-benzoquinones and resinous, apparently polymeric, material,
The yi=ld of 1,4-benzoquinone was showa to be dependent on the
degree of chlorination of the original phenols thus o-chloro-
phenol gives only a small yield of 2yohlorc-l,4-benzoquinone,
whilst pentachlorophenol gives a yleld of chloranil in excess of
T

The only report other than that of Etard, of an oxidation
of an alkyl-substituted phenol, is that of Wheelerés. He
attempted to oxidize the methyl group of p-cresol with chromyl
chloride, tut hycrolysis of the intermediate complex gave only an
intranteble tar and some starting material, Addition of
2,4-dinitrophenylhydrazine reagent to the hydrolysis product gave

no precipitate, indicating the absence of an alduhydic product.
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3.5.,11 Heterocyclic Compounds

Various heteroccyclic compounds have been reported to
give Etard adducts. Pyridine7l, for example, when treated with
chromyl chloride in carbon tetrachloride solution at -20° glves
either CrOZCIZ.CSHSN or Cr02012.2C535N, depending on the mole
ratio of reactents. Both complexes are brown solids which
hydrolyse readily and are decomposed by light at room temperature,
The products of hydrolysis by a large volume of water are complex
brown oils containing oxidation products of pyridine,and
chromium (IIT) species. However, controlled hydrolysis, using

moist air gives pyridinium chlorochromatess
CEHN.CRO,CLy + B0 —3 [CSHSN'E‘ [cm5c1] + HC1

(O5HSN) 550,01, + B0 — E:ggm] [CrOBCI] n [CSHSNH] 1

The reaction of 2-picoline and 2-picoline-N-oxide with
chromyl chloride in carbon tetrachloride and at room temperature,
results in brown solids, similexr in appearance to other Ftard
adducts,being formed77. On decomposition by water, only the
original starting material cculd be recovered, and it was
concluded that these complexes were salts between the base and
chromyl chloride, the latter acting as a Lewis acld, Similarly
the complex between 3-methylthiophene and chromyl chloride yielded
no oxidation products on hydrolysis,only the original thiophense,

Similar resuits were obtained with tetrahydrofuren, dioxan

end 4-plooline by Makhija end Stailrs'l4

y Wwho initially thought the
Etard adducts of these compounds to be Lewis eomplexes, Magnetioc
gusceptibility measurements later disproved this postulate, showing

that the chromium was present as chromium (IV) and not as chromium (VI).
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As a consequence, a more careful study of the hydrolysis products
of these complexes was carried out, and in all cases oxidation

products were identified,

3.5.12 Miscellaneous Compounds

The reaction between chromyl chloride and compounds
consaining nitrogen, phosphorus, arsenic, oxygen and sulphur
has been investigated recently114o It was believed that the
pregsence of potential electron donating atoms or groups might
modify the usual course of the Etard reaction, Complexes of
varying stoichiometries were prepared114 and their hydrolysis

products are shown in Table 3,

The infrared spectra of the triphenylphosphine and
triphenylarsine complexes show: bands which have been assigned to
P = 0 nnd As = O stretching vibrations, shifted to lower frequency.
This was considered to be evidence for the presence, in the complexes,
of tripkenylphosphine end arsine oxides coordinated to a reduced
chromiun species?:m°

Many ethers undergo oxidative cleavage on reaction with
chromyl chloride; thus diethyl ether gives acetaldehyde as well as
ethyl acetatell4 (see Table 3),

Nenitzescu et e1''® have shown that, unlike other chromyl
chloride mxidations, the oxidation of an ether results in a
considerable part of the reaction product remaining in solution,

only a fraction of the product being found on hydrolysis of the

Etard complex., Analysis of the complexes derived from wvarious
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TABLE 3

with Chromyl Chloride

114

Starting Material Ratlo Product of Complex Yield
Cr02012:X Hydrolysis %
in complex

Dimethylsulphoxide 1:2 Dimethylauvlphone -

Acetone 1:2 Acetone -

Diethyl ether 1:1 tthylacetate and -

_ Acetaldehyde
Triphenylarine 2:1 Tetraphenylbenzidine 69
Triphenylphosphine 1:1 Triphenylphosphine oxide 15
henylarsine 1:1 Triphenylarsine oxide [p)
Triphenylex monohydrate
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ethers and of thelr corresponding filtrates shows that the
oxidative cleavage takes place during the formation of the Etard
complex, prior to its hydrolysis, A typical example115 was the
reaction of dibenzylhydryl ether with chromyl chloride to give

benzophenone, Most of the ketone formed was found in the filtrate

which remained after the insoluble complex was removed:

Cr00012/0014
(Pn),CE - O - CH(Ph)2 ——D (Ph)20=0 + (Ph)ZCHé.2Cr02012

In solution The Etard complex

L

(Ph)20=0

The oxldative clearage was, in tlis case, quentitative.
It is significant to note that the above Etard complex was said to
be identical to that formed by the reaction of chromyl chloride

with diphenylmethanelB.
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CHAPTIR 4

THE MECHANISM OF THE ETARD REACTION

441 Introduction

In this chepter a review is made of the postulated

mechanisms for the different forms of the Etard reaction.

4.2 The Formetion of the Etard Complex

Although the Etard reaction has been known and studied
for almost a ceniury, most of the reported work on the reaction
has oaly been concerned with identification of the products of
hydrolysis of the Etard complexes. In many cases there has been
1littls or no attempt to correlate the formation of various products
with a definite mechanism, and in the few zases where this has been

done, the results have been contradictory. Although there ars some
similariiies in the mode of reaction of chromyl chloride with

different classes of organic compounds, there is evidence that the
role of the oxidant towards hydrocarbons (both aromatic and

aliphatic), olefins, and hydroxy compounds is different in each

case, and hence eaca class of organic compound will be considered

sevarately.

4+24) Aromatic Hydrocarbona

Although many different structures were suggested for

the Etard complexes of aromatic hydrocarbons, by early workers,
there were very few proposals for a reaction pathways.

In the case of toluere oaidation, Etard considered that
the hydrocarbon had been oxidized before complex formation ocourred

and ne proposed the following structure for the complexBez
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HO /Cl
\\Cr
//
H
o_ 01

/Cr
HO” ™C1

Deepite the sugzestion of other workers (sec section 3 of this
chapter) it is now generally accepted that Etard complexes of

hydrocarbons do in fact contain oxidized orgenic species and

reduced forms of chromiun??*l17+1184119

$ magnetic susceptibility
neasurenents suggest that the chromium is present in oxidation
states between (I1I) ard (VI)?%r1190220  ipug tho first stage
in the reaction must be attack by the oxidant on the hydrocarbon,
leading to c¢arbon-hydrogen bond cleavaga.

Both Wheeler’® and Steirs’® believed that the initial
stage of the reaction was the formation of a T «complex betwcen

the aromatic ring and the oxidant, the ohromyl chloride acting

as an clectrophile or lewls asids cl 0
Cri:
cL 0 L= 30
\‘C".‘/ + \ 3 ‘-__
7 N\
cr” o \
T =complex

followed by recarrangement through a cyclic fronsition state to

give & chromium (IV) ester96:

c1_§* oo
rZ ~:H OH

~ e’

SCY - (
TN =complex ——> Cli - C6H5-CH2-O-?r-Cl

The kineties of the toluene-chromyl chloride reaction were found

121

to be first order in chromyl chloride “", it was henoe thought

that only one molecule of the oxident is involved in the transition
state. It is the addition of the second moleculs of chromyl

chloride to the ester which would then give the Etard complex96.
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The evidence for the formation of the TTecomplex was

obtained from both kinetic96 and spectroscopic86 observations.

The reaction rates of the oxidation of a number of

subatituted toluenes by chromyl chloride was studied by Stair396

and Duffin and Tuckerlzz.

’

Duffin and Tucker described the reaction in terms of the

direct formation of the cyclic transition state:

F---0, Ol
i -
PhCH, + Cr0.Cl, —> ! _SCr
3 2¥+2 ({H---O'/ ~eo1
Fh

However, they concluded that it was still not clear whether the

initial role of the oxfdant wes that of an electrophile or a

free radical reagent.

96

Stairs”” analysed his kinetin results by means of a Hammett

treatment and claimed support from this for TT«complex formation.
In & later paper, Du.ff:‘m&.ml’l‘ucker]"23 disputed this conclusion,
claiming that inveiid assunpvions had teen made,

On the basis of further experimental evidence, they
affirmed their proposal that the first stage involves the formation
of a cyelic trans%tion state. |

Barteck1119 has suggested that the spectroscople results88
have been misinterpreted and that the spectra are not explicable
in terms of the complexes as proposed. He argued further that the
spectra diifered only slightly from tnose of the starting materials
and were completely different from ihe spectra of the Etard

conplexes obtained by himself.

An alternative interpretation of the kinetio measurements
suggest8124 ‘that the reaction takes place via an ionic mechanism,
fcllowing an initial ionization step:

t—— + -
20r0,C1l, T Cz0f1" + Cr0,Cl,
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but Wheeler125 considered this unlikely in view of the non-polar
nature of the solvents used for the reaction. The only evidence126
fcr the ionization of chromyl chloride in these solvents has been
interpreted in terms of the dissociation:‘

— ++ -
Cr02012 S——— CrO2 + 2C1

However, no mechanisms which involve the presence of the Cr02++

ion have been postulated by any of the workers investigating the

Etard reaction.

95

Nenitzeseu end his co-workers’” proposed a mechmism for

the oxidation of hydrocarbons, which is similar to that used to
explain the analagous oxldations by chromic acid.

Their conclusions have beer based on a study of the
products of hydrolysis of the Etard complexes of various
alkylated benzenes. A cyclic transition state, similar to that
proposed by Rocek127 for the chromic acid oxidation of hydrocarbons,
was proposed. It differed only in tho suggestion that two moles

of oxldant were involved rather than ones

c1 HO gy C1
Hee-2 On. o P
Ry RF;"EF“CI N il
SO c1
Nof > Vs ——
VAt Cr
Cl Cl { \
of “m
?1IV ?H Cl (fl 0" Cl
- LS. §
R* O-C‘r-O-SrVI: = r* HO-CrN-O-’i'rV,I\,
c1 o O & b ol

Etard complex
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Chromyl chloride was considered95 to be a strongly
electrophilic reagent, causing the hydride abstraction
illustrated above. The evidence for both chromium (VvI) and
chromium (IV) in the Etard complexes was obtained from the
electron spin resonance spectium of the Etard complex formed
from trivhenyluethane, .

Wiberg and Eisenthalll8 did not agree with this

interpretation and indicated tnat the results of Nenitzescu et £g95
were in agrecement with the ergument that both caromiun atoms were

in a (IV)oxidation s%ate., The other proposals of Nenitzescu and
his co--workers95 were considered to be inconsistent with the

experimental results, and Wiberg and Eisenthnln8 suggested
that hydrogen atom abstraction was the initial step,.

They ealso considered that there was little evidence for
the formation of the cyclic invermediates in chromic acid
oxidation and further indicated that there was no reason to expect
the formetion of such intermediates with the structurilly similar
chronyl chloride.

The first stége in the oxidation, as proposed by Wiberg and

Eisenthal is as followss 0 o1
[
—— . 0~ C
R3CH + Cr02012 R3C‘ + H r\cl

This 1s followed by further reaction of the radical with the
chromium (V) speclesor withexcess chromyl chloridet

R,C* + Cr0,Cl, — R3C -0 - CrOCl2

3 2v+2
or ch- + Hocm012--—-> R3C-O-Cr(0H)012
and then R3000r0012 + R3CH 4 R3c00r(on)012 + RBC-

104

Wibterg also interpreted the oxidation of nepropyl=

benzene by chromyl chloride with a similar mechanistic scheme.
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He proposed that the observed dependence of product

ratio on the concentration of chromyl chloride was dus to
competition between two seccndary steps, one of which 1is

winolecular and one of which is bimolecular,

(1) CgHs CHCH,CH; + Cr0,C1, —_—> C6H56HCH20H3 + Cr(OH)OClz-,

then —_ C6H CHCH 3
OCr(OH)Cl2

(1ia) Unimolecular step

C6H5-CHCHZCH3 06HSCH=CHCH3

oc: (0H)C1, j/cmzclz
complex
H.0
[
CgHsCHCCHy
(11b) - Bimolecular step | 0-Cx{ OH)C1
Cr0,C1, | 2
CgHg~CHCH, CH, 232 CgHs=C=CH,CH,
|
OCr(OH)CJ.2 o-c:-(on)m
[
csnsc-cnzcxx

The comparable scquence proposed by Nonitzescu et 2;?5

using their ionic mechandisn is as follows:
+

[ o,
| PRCHOH, Oy +HOz,0,C1 4J _— [PhCHzcleH HCr204Cl4
H.O Cr6+_
~=2=5 PROH,CHCH, —2*—  pncy_cocH
I3 27
OH
118

Wiberg and Eisenthal disapproved of this scheme because the major
product, benzylmethyketone is derived fronm the leasf stable

carboniun ion.
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Despite these objections, in a subsequent report,
Nenitzescu gj_gl?l again proposed a carbonium ion mechanism for
the oxidation of n-propylbenzene and other hydrocarbons, Indeed,
they claim that there is further evidence for this scheme, 1n the
results obtained from the reaction of the Etard complex of
triphenylmethane with hydride donors such as cycloheptatriene

73,111

and xanthene €eCe

Phc [HCrZO 4Cl 4

HCr 0 0141

In both cases nearly quantitative yields of triphenylmethaiie were
obtained, the tropyllum and xenthylium ions being isolated as their
perchlorates, All of the subsequent oxidations carried out by
Nenitzescu and his coworkers have been interpreted using the carbonium
fon mechanism78'89’91’105’111’115’116’128’129.

Duffin and Tucker122 have pointed out that, if chromyl chloride
is the strong electrophile suggested by Nenitzescu et al then attack
of the aromatic ring would occur during the oxidation of alkylbenzenes
by chromyl chloride, but as yet no evidence of such a reaction has been
reported. Ring attack does occur during the oxidation of certain
aromatic hydrocarbons by chromic acid at elevated temperaturel3°; for
example t-butyl benzene is oxidised via trimethyl acetic acid to

acetic acld 1tself,

Despite the differences between the mechanisms as proposed
by the different groups of workers, there appears to be agreement that
the rate determining step, in the oxidation of hydrocarbons is the

breaking of a carbon-hydrogen bond. Both Wﬁeelerlzs, and
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131

Gragerov and Ponomarchuk found a significant deuterium isotope

effect in the oxidation of toluene, but such an effect was not
observed during the oxidation of benzene, where the rate-determining
step was assuned to be formation of a molecular complexl31.

The evidence does not indicate unambiguously whether hydride
ion or hydrogen atom transfer takes place, and, in this respect
the position is still unclear.
132

Some recent work tends to support a free radical mechanism,

When an excess of monodeuterated fenzene was treated with chromyl
chloride, residual, apparently wunreacted,benzene contained species
with & higher degree of deuteration, this was explained in terms
of the following schemes

Cr02012 Cr02012 Oxidation and
C6H5D —3 [ CGHS' + D'] ~——p deuteration
C6H6 products

Control experiments supported this as the most probable mechanism,
and eliminated the possibility that the cxchange ies catalysed by
hydrogen chloride. Similar effects were reported for tolﬁene,
diphenylmethane and polynuclear aromatic hydrocarbons such as
naphthalene and anthracene, deuterated to various degrees. The

mechanism132 suggested for these reactions 1s as followss

(a) Toluene eto.

0014 ) ﬂ _Cl
06H5CH5 + Cﬁ02012 —_—3 06H50H2 + °Cr\\
\L (')H cl
Cl
]
CHz"o‘?r"Cl
OH

CGHS



(v) Benzene, naphthalens etc.

slow
C6H6 + Cr02012 — C6H6°Cr02012 ]

Tr=complex

0
I -Gl
complex — C6H * 4 oCr

5 1N
OH C1

L.

-O-?r-Cl
OH

CGHS

A second reactlion then occurs with the second molecule

of chromyl chloride.

The free radical mechanism has received substontial
support from the direct observa,tion133 of radicals in these
reactions. Aromatic compounds similar to those above were
treated with chromyl chloride in carbon disulphide at
temperatures between -80° and -500, and the resulting solutions
studied by electron spin resonance spectroscopy. In 8&ll cases
radical signals were observed but these did not correspond to
the expeocted species. Thus there was no evidence for the
radicals C6H50H2° (from toluene) or (C6H5)3C' (from triphenyl-
nethane)., Only in the case of 2,6-di-t-butyl-4-methylphenol
was the expected radical signal observed.

The e«ser. spectra were interproted as being due to
elther secondary radical formation, or the formation of mixtures
of radicals by the further reaction of the chromium (V) species
produced in the initial reaction. An earlier referenoe134 to

electron spin resonance signals observed in chromyl chloride
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oxidations appears to have been overlooked by some of the later
workers: e.S.r. signals were obtained from mixtures of chromyl
chloride with aliphatic and aromatic acids. It was further reported
that the signals altered with time.

5

In their review, Hartford and Darrin” proposed a free
radical mechanism, analagous to *hat suggested by Slack and
Waier5135 for the oxidation of hydrocarbons by chromium trioxide

in glacial acetic acid:

slow 0\\ V/Cl
R,CH + Cr02012 —_—> R3C- + ,,Cr;\
’ oH cl
Fast
Cl

{

R, C=Cr=0

3 /N
Cl OH

\L Foast

However, although they proposecd this scheme as a possible
reaction pathwvay, Hartford and Darrin concluded that the solid
couplex wes more likely to be based on a hydrogen bonded system
containing chromiua (VI) (see page 61),

4.2.2 Olefins

The mechanism of the oxidation of olefins by chromyl
chloride appears to be better understood than that of the
oxidation of hydrocarbons. _

One mole of chromyl chloride takes part in the main reaction,
which probably involves electrophilic attack on the double bond by

an oxygen of chromyl ohlorid9103’106’1¥6'136.

A cyclic oxonium
ion intermediate would then account for the observed products of

reaction (see Chapter 3, section 5.T).
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5<0r0512
RCH=CHR' + Cr0,Cl, —> tam—cm'
C1 0CroCl
RCH-CHR!

74 have shown, by the use of 18O tracers,

Sulima and Gragerov
thet, In the case of the oxidation of cyclohexene, all the
oxygen in the 2-chlorocyciohexanol is derived from the chromyl
chloride.

The oxidation of tetraphenylethene to 9,10-diphenyle

rhenanthrene (see page 37 ) hao been expleined using a

nodified version of the above meshanismloa.

44243 Hydroxycompounds

Slack and Watersllz

studied tre oxidation of glycols
by chromyl chioride, anl suggested the reaction proceeded

in the following stagess

OH
\ /
(1) RQC-OH ch-O-Cr—Cl
| + 2010,C1, —> c1
R,C~-OH
2 OH
/
R20~Ojg£:01
Cl
The Etard Complex
0
H,0  R,C-0¢ Ps! ;
(11) Complex 3 } + Z?r\ X
Rz‘,"‘o' on ©2
\y ;
2R20=0 2Cr(vI) + Cr(III)

They considered the bonds C-0-Cr as essentlal to the

systen as neither hydrogen nor chlorine was lost during complex

formation.
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In a subsequent paperlBs, it was suggested that radicals
might take part in the primary stage of the reaction, especially
when hydrocarbons (as oppused to glycols) were being oxidized.
This statement was qualified by the proposal that the radicals
were never completely 'free', but always assocliated with another

one:

R-H + 0=0r [R' + Ho-ér]

Mosher and Celeste7o, vwho studied the oxidation of secondary
and tertiaxy alcohols using acetic acid or anhydride as solvent,
found similarkcleavage products to those forméd by the oxidation
of glycols. They did not agree with Slack end Waters' mechanism
and suggested the follewing sequence involving formation of a

hydrogen-bonded intermediate, followed by hydride ion abstraction:

0
Cl_ij fi
! »
'OH 20r0.C1 /ﬁroo...t?-H..--..Cl-'C'r-Cl
RBC-?—R' 232 €l 5 ch-(‘J—R' 0
H AcOH ox Aczo "
H,0
+
R,CY + g'-R' f—————— R c-‘ R' + HC1 Cro
3 i = 377 + 2
H H
l B0 Jfﬂy
| I
R,C-0H + H R,C-R!
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4.3 The Structure of the Etard Complex

Although some progress has been made towards the
elucidation of the reaction mechaenism, the intermediate complex
in the Etard reaction has received scant attention., This 1s due
mainly to the considerable difficulty in applying the usual
anglytical techniques to the complexes. Indeed, a recent
paper73 states: "The determination of the structure of the Etard
complexes meets with considerable difficulties, since owing to
their complete insolubility in unreactive solvents, the usual
purification methods are not applicable, Nor can methods of
optical and nuclear megnetic resonance spectroscopy be applied"..
As a consequence, many of the early suggestivne as to the structure
of these complexes were no more than speculation, based on enly
the results of elemental analysis,

The structure postulated by Etard38 for the toluene

complex, contained two atoms cf chromium (IV)s

cl

O-&r-Cl
I o1
cH
'OH
O-ér—Cl

|
Cl

The concept of a stable so0lid, containing chromium in

this oxidation state was not accepted by some subsequent workerss.

118,137

though favoured by others At the present time, the formation

of chromium species in oxidation states between (III) and (VI) forms part

of the explanation of the mechanism of chromic acid oxidations ' 2!

(sece Chapter 7, section 2.,1) and the existance of compounds of chromium
(Iv) such as barium chromate (IV)139, chromium (IV) fluoride]‘5 and

l
chromium (IV) chloride140 as well as chromium tetra~t-butoxidel4 ’

is now also well established.

s ado Kt o o e n
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In 1901, RohdeéO suggested an orgenometallic structure
for the toluene complex, basing the instability of the addition

compound toward water on the existence of this type of bonding.

Rohde also considered that these intermediates were formed during
the reactions carried out by Carstanyah48’49 but that excess
acetic ecid caused the benzaldehyde to be liberated before
isolation of the complex could be achieved.

The properties of authentlc organo-chromium compeunds
as described by Hein142, Zeiss,143’144 Fischer and co-workers145
are dissimilar to those of the Etard complexes whether one

_considers O”or TT bonding and the structure suggested by

Rohde has received no recent support.

d146

Swor suggested & peroxide link to explain cxidation

at a double bonds

R R ¢l
2 2070,C1 2 !
C 24 277D C-*-O-—'CI“""C].
I 2N /
d 0
% S
2 \
Craee 0w e C1,
& c1

Again, from a congideration of known chromium compounds of

1
this type 47, such a structure for the Etard complex of an olefin

seems unlikely,
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Hartford and Darrin5 propesed a hydrogen-bonded structure
for the Etard complex as they considered this consistent with 1ts

properties. Two forms of lLydrogen bonding were believed possible:

1 '
HooooCl“""'Cr"“-'Cl H....O = Cr = O
' 8 {
| } 1

RCH or RCH
i 0 ‘ Cl

It ]
H....Cl-—-ﬁr-———Cl HeeooO = ('31‘ =0

0 C1

Although favouring structures such as these, containing
chromium (VI),these authors were agreed that magnetic measurements
must be made before a final conclusion could be drawn.

Two years later, the first magnetic measurements were in
fact made on the toluene-chromyl chleride complex and these
suggested88 the presence of chromium (IV) rather than (VI),

The electron spin resonance study95 of the Etard complex

derived from toluene confirmed the paramagnetism of the adduct.
20

Barteckl and wajdal extended the study of the magnetic susceptibility

of the complexes derived from cyclohexane and isooctane over a
wide range of temperature. Both complexes were found to be
paramognetic and the calculated magnetic moments pointed to the
existence of chromium in oxidation state (IV). Further work on
this topic gove similar resultsll9.

The interpretation of the infrared spectrum of the toluene-
chromyl chloride complex, by Stairs and Makhija;l7, led them to

suggest that the complex was a polymer with hydroxy and chloro

bridgess
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Th
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h

Duffin and Tucker1485 however, proposed that the Etard
adduct of toluene contained benzoldehyde coordinated to a reduced
chromium species. They recorded the infrered spectra of the adducts
from toluene, benzyl chloride and benzyl alcohol, all of which |
give a high yield of benzaldehyde on hydrolysis. They found
the spectra very similar, suggesting a common organid component, -

Subsequent imrefstigza.‘l::!.onssg8

showed that the spectra of the complexes
formed from anhydrous chromic chloride and various behzaldehydes,

were very similar to the above Etard adducts,

A feature of the spectra, common to all, was a band attributed
to the carbonyl stretching in benzaldehyde, In each case the band showed
a marked shift from that observed for the corresponding benzaldehyde
itself, This shift was attributed to a modification of the carbonyl

group by its coordination to the electrophilic chromium atoms

H H
'

|
C=0 Cm= O---)CrCl3

1l 1

VC =0 1708 em vC = 0 1618 cm

ko s
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The presence of a strong band due te OH absorpticn is
enother feature common t¢ these spectra which had been previously
reportedes. The presence of this group was attributed to hydrogen
transfer from the organic molecule to the oxygen of the chromyl
chloxride.

Gragerov and Ponomarchuk131 favoured a structure similar

to that described by Etard, for the benzene-chromyl chloride complex,

HQ\\ OH

Cl—=Cr—0 - 0—Cr—Cl
= r

Cl Cl-

A significant feature which emerged indirectly from this work was
tﬁat the so-called Elard 'addvcts' did not have an exact
stoichiometry. As a consequence, Gragercv and Ponomarchuk
suggested that the complexes were a mixture of compounds,

Many workersloo’103’112’135 have essumed that the complexes had
a 1:2 stoichiometry on the basis of either chromium or chlorine
analysis and it is noteworthy that many reported analyses do not
compare well with the thecretical expectations95‘los.

A cgreful study148, of the elemental analyses of toluene
cemplexes, confirmed the findings of Gragerov and Ponomarchuk suggested
and further showed that the oxldizing power, that is the
percentage of chromium in oxidation state higher then (IIT),veried
with the conditions of preparation of the complexes,

This evidence indicates that attempts to describe the

'adducts' In terms ef a sirgle simple structure are open to question.
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4.4 Decomposition of the Addition Products

The Etard reaction is coempleted by hydrolysis of the
complex, but very few attempts have been made to study this
aspect of the reaction,

The only study of the hydrolysis of Etard adducts using
isotopic tracers was made by Gragerov and his co-workers74’l49.
They bhydrolysed,with Hélao, the complexes derived from benzene
and cyclohexene and found that the oxidation products,
p-benzoquinone and chlorocvelohexancl respectively, contained
oxygen derived from the oxidant. ,

Decomposition of the Etard complexes by solvents other
than water has been reported; often the published evidence is
contradictoryS. In some cases, the complexes are reportedn7
not to decompose but to react with thg solvent to give a
ternary complex e.g. 06H50H3. 2Cr02012;2D, where D is a molecule
which can donate electrons e.g. pyridine and dloxan, Tucker79
found that when the toluene complex was treated with these donor
solvents, benzaldehyde was liberated and he suggested that this

was evidence for coordination between chromium and benzaldehyde

in the complex,

4¢5 Gonglusion

From the evidence which has been presented in the two
preceding chapters, it can be seen that there is no single Etard
reactlon, but indeed a number of such reactions, It is quite
probable that the so-called general feature of the reaction viz
the formation of a complex or adduct is general only in the sense

that the commonly used solvents for the reaction are poor solvents
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for the constituent ligend and acceptor species which make up
the complex,

It appearsé/most unlikely that a general mechanism for
this reaction can be formurlated unless it is in very general
terms, The simplest fcrm of reaction scheme that can be
proposed on the basis of the work reviewed in the previcus two

Chapters is as followss

>  Solid containing

oxidized forms of organic
compound and reduced forms
of chromium

Organic Compound + Cr02012

Hydrolysis

Release of oxidized form of organic
compound and reduced chrominm
compounds accompanied by possible
further reaction due to species in
aqueous solution,
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CHAPTER 5

INTRODUCTION TO THE RESULTS SECTION

5.1 The Reasons for the Investigation

Fiom a consideration of %he preceeding chapters, the
following conclusions can be drawns
(a) Alttough the products of oxidation of various hydrocarbons
by chromyl chloride have been well investigated, there has been
virtually no corresponding study of the oxidation of phenols.
(b) There are confllcting theories concerning the mechanism of
hydrocarbon oxidation by chromyl chloride, and apart from two

113,

recent reports 153, there have been no comparable proposals

for the mechanism of the oxidation ot phenols.,

(¢) The structure ef the chromyl chloride - hydrocarbon adducts
has not been elucidated, though considerable research has been
carried out on this toplc.

(d) Comparable oxidations by other chromyl compounds have been
infrequently reported.

Thus, there is good reason to study the oxidation of
phenols with chromyl chloride and hence to determine the products
of oxidation, and further to investigate the nature of any reaction
‘intermediates. A comparison of this oxidation, using other
chromyl compounds appeared relevant. Chromyl acetate was chosen
tor this purpose because it may be readily prepared in the
laboratory and its use, in contrast to other chromyl compounds,
presents few experimental problems,

Furthermore, a preliminary investigation into the possible
oxidation of phenols by chramium (V) oxychloride (Cr0013) end

vanadium (V) oxychloride (VOCl3) was carried out (Chapter 7).
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Like the two chromyl compouads mentioned above, both

are solublelso’151

in non-polar solvents such as carbon
tetrachloride and carbon disulphide.

Very little is known of the oxidative properties of
chromiun (V) oxytrichloride and reactions with organic compounds

have nct yet been reported152

« {Although the chenistry of
vanadium (V) oxytrichloride is well documented, there have

been few reportszof its use 28 an oxidant for organic compounds.

The first stage of the investigation of the phenole
chromyl chloride reaction was the determination of the natures
and yilelds of the oxidation products. Then, the solid
infermediates formed in these processes were 1solated and thelr
structure and properties investigated.

A sinilar investigation was conducted into the chromyl
acetate oxidations.

The results of the determination of the reaction products
is described in Chapter 6 and the study of the reaction
intermediates, with the attempts to elucidate their structure,
is described in Chapter 8.

5.2. The Choice of Phenols

The cholce of phenols for this study was based on the

following considerations,

Firstly, previous studies have dealt only with the
oxidation of phenol7, the cresols® ond some chlorophenolslls.
by chromyl chlorile. Thus an investigation of the oxidation
of alkylphenols appeared more likely to yield pertinent

information than a further study of, for instance, halogenated phenols.
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Secondly, by choosing phenols substituted with differert
groups in various positioné on the ring, . the relationship
between the ylelds of oxidation product and the degree and
position of ring substitution could be observed. Like&ise,
steric factors which may effect the oxdidation could be studied
by using phenols with suitably large groups next to likely
positiors of attack by the oxidant.

For this reason, mono, di~ and tri-alkylated phenols
were chosen, the alkyl groups being methyl, isopropyl, and
t-butyl. This provided a suitable selection of phenols for the
investigation, with both small and large substituents, and
substituents with and without ¢ -hydrogen atoms. This 1s of
significance because, when the side-chain of an aromatic
hydrocarbon is oxidized by chromyl chloride, the hydrogen in
the o( =position to the ring iu preferentially attacked104.

The oxddation of hydroxyphenols was carried out to
determine whether one or more of the hydroxy groups would
undergo oxidation,

The presence of a strong. - electron withdrawing group,
on the aromatic ring, might be expected to modify the oxidation
of a phenol, Thus crtho, meta and para-nitrophenocl and 2,6-dinitro-
phenol were chosen a3 suitable examples of phenols with this class
of substituent, . |

As the more detalled discussion in Chapter 6 reveals,
the oxidation of vﬁrious other substituted phenols was studied,
but the results obtained with these were somewhat less significant

than with those phenols discussed above,
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53 The General Mode of Reaction of Chromyl Chloride with Phenols

The reaction of chromyl chloride with these compounds
was found co be similer to the analagous reactions of the
hydrocarbons,

When a solution of the phenclic compound in an inert
solvent was mixed with e solution of the oxidant in the same
solvent, a brown insoluble solid was rapidly formed. Subsequent
hydrolysis of this solid gave oxidation products of the phenol
and reduced chromium species,

There were however some exceptions to this, and these

are mentioned in Chapter 6.

5.4 The General Mode of Reaction of Chromyl Acetate with Phenols

Initially, it was believed that the reaction path
with chromyl acetate was similar to that taken by chromyl
chloride.

On mixing a solution of a phenoi with one of the oxidant
(both in carbon tetrachloride), an immediate reaction occurred,
with rapid precipitation of a green-brown solid. The solid
product was isolated by filtration and then subjected to hydrolysis.
However none of the expected phenol oxidation products were isolated
from the hydrolysate; a further investigation showed them to be
present wholly in the filtrate. These reactions and their products
are described in Chapter 6,

It was found that, whichever phenol was oxidized by
chromyl acetate, the insoluble solids always ﬁad the same infrared
spectrum, suggesting that the solids were identical. This could
be the case only if the solid was derived solely from the oxidant

i.e. if the solid were a reduced form of chromyl acetate, This
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postulate was confirmed by elemental analysis and by magnetic

measurements; these results are discussed in Chapter 8,
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CHAPTER 6

TIE PRODUCTS OF OXIDATION OF PHENOLS BY CHROMYL CHIORIDE AND

CHROMYL ACETATE

6.1 Introduction

Much ¢f the information concerning the nature end yields
of the products of oxidatien is summarized in tabular form on

pages 75 et seq. An amplification of the information supplied

in the tables is presented below,

6.2 Oxidation by Chromyl Chloride

6.2.1 The Oxidation of Phenol

The oxidation of phenol, at room temperature and in
carbon tetrachloride proceeded smocthly to give a dark brown
precipitate. Hydrolysis of this solid and extraction of the
aqueous solution with organic solvents yielded mainly a brewn,
intractable tar but also a small amount of p-benzoquinone as well
as a trace of phencl., Although a number of different separation
procedures were used, the coupled ether, reported by Etard7,
was not obtalned.

6.2.2 The Oxidation of Hydroxyphenols

The reactions of quinol, resorcinol and pyrogallel were
somewhat different to that of phenol.

All three compounds were found to be virtually insoluble
in carbon tetrachloride. As a consequence, the attempted oxidations
were conducted using suspensions ~f these phenols in chromyl

chloride/carbon tetrachloride,
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No precipitate was formed in the mixtures after prolonged
stirring at room temperature. The mixtures were heated under
reflux for several hours but this treatment gave only a trace of
brown precipitate in the quinol and pyrogallol reaction mixtures,
and none at all in that containing resorcinol, Filtration of
the mixtures gave almost quantitative yields of the solid starting
materials, The infrared spectra of the filtrates failed to show
the presence of compounds other than the solvent and the oxidant.

In order to see if the lack of reactivity of these compounds
with chromyl chloride was a function of their insolubility in
carbon tetrachloride, the reactions were repeated at room
temperature but without solvent. Again there was a complete
lack of reaction, although, after a brief induction period,
phenol reacts viclently under these conditions,

The action of chromyl chloride on molten quinol,
resorcinol and pyrogallol was, on the contrary, violent.

Ignition occurred and resulted in a charred residue which
contained chromium (III) oxide,

An attempt was mode to modify the process by addition of
a solvent after the reaction had been initiated, but without
success. Nothing resembling the usual chromyl chloride complex
could be isolated,

The reaction of chromyl chloride with resorcinol in
glacial acetic acid at room tempcrature did not give a precipitate
but removal of the solvent under reduced pressure did give a bdblack,
tarry residue. Solvent extraction and chromatography failed to

give a separation into recognisable compounds,
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The reaction of quinol in glacial acetic acid
procended in a similar menner but in this case extraction of the
resulting brown solution gave a mixture of chlorinated quinones,

with e high yield of trichloro-1l,4-berzoquinone.

Because of their lack of solubility in carbon tetrachloride
and carbon disulphide, the hydroxyphenols are not representative
phencls for use in this type of reaction.

Alkylated phenols such as 3,5-di-t-butylcatechol and
3,5-di-t~butylpyrogallol are readily soluble in caroon
tetrachloride and are thus more suitable reagents for Etard oxidation,

Both compounds reacted rapidly with chromyl chloride
to give insoluble, brown complexes,

Hydrolysis of the complex derived from the rubstituted
catechol, and subsequent extraction of the organic material with
pentane, gave only a trace of a pale yellow oil, ILther extraction
yielded a red solution initially, Further extraction yielded
a more intensely coloured solution, suggesting that a rsaction
may have taken plece during extraction. Removal of the solvent
yielded a deep red oil thch partially solidified on standing,
to give a similarly coloured, non-crystalline, sticky substcnce,

Thin layer chromatography indicated the presence of at
least two red components, but protracted chromatography (thin
leyer and column) failed to yield pure compounds. The infr;red
spectra of the sticky solid showed distinctive, sharp absorption
bands which could be correlated with the presence of sterically

hindered hydroxyl groups,
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Other features of the spectra were sbsorptions similar
to those assigned to the C-H stretching of t-butyl groups.

An attempt was made to obtain the n.m.r. spectra, but
the solutlions gave very poorly defined spectra which was
attributed to the presence of a paramagnetic species.

The e.8.r, spectrum of a solution of the red compound
showed. the presence of an inorganic radical, but not an organic
one. The .e.s.rs spectrum showed ore single strong
absorption with four side bands due to the hyperfine splitting
of *+he 22Cr isotope (Fig. 22),

Eiemental analysis of the red compound showed the

presence of chromium and suggested a compound, with an approximate

empirical formula 014H200r04.

However, the analyses showed considerabls variation,
depending on the method of éeparation and subsequent treatment
of the red material, and it is evident that a mixture of substances
was present. |

The possible structure of this compound is discussed in

Chapter 9.

6.2+3 The Oxidation of Monoalkylphenols

The oxldations of monoalkylphenols were carried out as
described in the experimental section. The reactions wore very
rapid and resulted in the formation of chocolate-brown, insoluble
sollds, |

Hydrolysis of these solids and subsequent solvent extraction
of the hydrolysis mixture failed to give appreciable yieldé of

simple products.



Products of Hydrolysis of Complexes derived from

-75 -

TABIE 4

Monoalkylated Phenols

Phenol Mole Ratio % Substituted Other
Cr0,C1,sArOH p-benzoquincue Products
Phenol 2:1 Trace Brown tar
2-Methylphenol 2:1 l1-2 Intractable tar
2-t-Butylphenol 2:1 5 Intractable tar
3-t-Butylphenol 2:1 5 Intractable tar
4-t-Butylphenol 231 0 Intractable tar
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In all cases, the main products were brown tars or
resins, All attempts to crystallize these resinous substances
falled, as did attempts to separate possible components by
columi chromatography.

The only ccmpounds which were isolated were the
p-benzoquinones, These were isolated in low yileld (see Table 4)
by heating the tars under reduced pressure and collecting the

quinones in a cold trap after sublimation,

6.2.4. The Oxidasion of Dimethylphenols

The oxidations, carried out as with the monoalkylated
phenols, gave brown insoluble complexes,

The hydrolysis products of the complexes were found to
be primarily the corresponding p-benzoquinones. In the case cf
dimethylphenol, 3,3',5,5'-tetranethyldiphenoquinone was alsc
isolated.

The yleld of product was found to be dependent on the
mole ratio cf phenol to oxidant (sec Table 5). The implicatiors
of this are discussed in Chapter 9.

The other products of hydrolysis of the complexes were
again resinous mateiials which could not be crystallized,

The mass spectrum of the resin obtained from the Lydxolysis
of the 2,5-limethylphenol-chromyl chioride complex showed the
presence of a domponent of molecular weight 312 (the molecular
weight of the phenol is 122),

A very small amount of & trimerin compound was cbtained
from the ter resulting from hydrolysils of the 3,5~dimethylphenol
complex. This trimer was a buff, apparently crystalline solid,
High resolution mass specirometry indicated a molecular welght

of 2£2,1688, corresponding to an empirical formula 024H2603'



Products of Hydrolysis of Complexes derived from

Dimethylphenols
Phenol Mole Ratio | % Substituted Other Products
CrOZClzzArOH p-Benzogquinone
2,5-Dimethyl- 2:1 14,5 Polymeric tar - one
phenol
5:1 15.5 ccmponent MW of 312
2,6-Dinetnyl~ 211 48 10.3% 3%,3',5,5'~tetra-
phenol _ methyldiphenoquinona
10:1 16,5 4.7% 3,3',5,5'-tetran
methyldiphenoquinone
3,5-Dimethyl- 2:1 5 Tars -~ on3 component
phenol
of MW 362,188,
7:1 19
molerular formula
100:1 22,5

024H'2603




6.2.5 The Oxidation of Di=-iscpropylphenols

Both 2,5- and 2,6-di-isopropylphenol reacted rapidly
with chromyl chloride to give high yields, (based on the amount
of phenol used), of the brown complexes.

Eydcolysis of the complex derived from 2,5-di-isopropyl-
phenol yielded a yellow oil which was extracted from the aqueous
solution by pentane. The oil crystallized below room temperature
to give yellow needles. Distillation of the oil under reduced
pressure gave a similar yellow liquid which crystallized at
38.50. Infrared and n.m.r, spectra of this substance were
consistent with it being 2,5-di-isopropyl-1,4-benzoquinone.

Mass spestral date confirmed this, Hydrolysis of the
2,6-di~isopropylphencol complex yielded both the p-benzoquinone

and diphenoquinone (see Table §).

6.2.6 The Oxidation of Di-t-butylphenols

The reaction of the 2,5- 2,6- and 3,5-di-t-butyiphenols
with chromyl chloride, followed the pattern sﬂéwn for the dimethyl
and di-isopropylphenols, brown insoluble cumplexes being formed
very rapidly on mixing the reagents., Again, yields of the complexes
(based on the amount of phenol used),were nearly quantitative,
Hydrolysis of the complexes gave the expected p-benzoquinones
in better yields than hydrolysis of those derived from methylphenols,
Again there was a dependence of the yield of quinone on the mole

ratio of phenoli:chromyl chloride.
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Products of Hvdrolysis of Complexes derived from

Di-isopropylphenols
Phenol {Mole Ratio % Substituted Other Products
Cr0,Cl,sArOH § p-benzoquinone

2,5=-Di-isopropyl- 2311 42 Yellow=-brown resin
phenol

2,6-Di-igcpropyl- 2:1 56 About 5%
pherol

313'95,5"'~tetra-
isopropyldipheno~
yuinone
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TABIE 7
Products of gxdrolxsis of Complexes derived from

Di-t-bugxlghenols

Phenol Mole Ratio % Substituted Other Products
CrozclzsArOH P-Benzoquinene
2,4-Di-t- 211 1 Polymeric tar
butylphenol
2,5-Di=t= 1:1 28
butylphenol
1.331 75
2:1 83
5:1 76
10:1 63
2,6-Di-t- 1,311 36 Traces of 3,3!',5,5'.
butylphenol tetra-t-butyldi-
phenoquinone
231 68.5 )
5:1 58
3y5-Di-t- 2:1 3 Polymerio tar
butylphenol
511 49 Polymeric tar
10:1 57 Polymeric tar




In the case of 2,6-di-t~butylphenol, a small amount of
393',5,5'=tetra~t~butyldiphenoquinone as well as the
2,6-di-t=butyl=l,4-benzoquinone was formed.

The only product obtained from the oxidation of
2,4-di-t-butylphenol was a trace of 2et-dutyl-l,4-benzoquinone,
the remaining products being present as & resin which resisted
all attempts to purify it. Smaller smounts of.resinous
materials were obtained from the oxidation of the other
di-t=butylphenols (sec Table 7). “

6.2+.7« The Oxidation of Trimethylphenols

2,4,6=Trimethylphenol reacted rapidly with chromyl
chloride tc give & dork brown precipitata. Hydrolysis of the
collected solid yielded a yellow resin. All attempts at
crystallization failed, cooling to «70° only gave & yellow
'glass?!, The infrared spectrum of this substance suggested that
it had both phenolic and quinonoid properties but the n.m.r.
spectrun was ocomplex. The mass spectrumifailed to show the
presence of simple compounds ond suggested that the product
was polymeric,

Both 2,3,5~ and 2,3,6~trimethylphenol reacted with
chronyl chloride giving virtually quantitative yields of brown
complexes,

Hydrolysis of both complexes gave small yields of
trimethyl=l,4~benzoquinone. The other product of hydrolysis was
a yellow-brown, non~crystalline gum, whose infrared spectrum was
identical in each case. The spectrum showed characteristic
quinone carbonyl absorptions, similar but not 1den£ica1 to those
of trimethylquinone itself.



TABLE &

Products of Hydrolysis of Complexes derived from Trimethyle

phenols and a Tetramethylphenol

Phenol Mole Ratio % Subatitated Other Products
CrOzclzzArOH ‘ p-Benzoquinone
2,3,5-Trimethyl~ 2:1 Polymeric Tar
phenol 5 = 10
5:1
2,3,6~Trimethyl. 2:1 1€.5 Yellow resin
phenol
2,4,6-Trimethyl- 1:1 0 Yellow resin
phenol
2:1 0 Yellew resin
5:1 0 Yellow resin and
some original
phenol 1%
2,3, 5,6-Tetra—- 2:1 Brown resin
5 - 10

methylphenol

53l
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Some of the organic material appeared to remain in
the equeous solution and resisted attempts at its extraction.
Rem§val of the water resulted in a black-green fap fyom whish no
crystallizable products could be obtained.

Alteration of the mole ratio of phenolsoxidant appeared
to have little appreciable effect on the yield of quinone

(see Table 8 ).

6.2.6 The Oxidation of Miscellaneous Phenols

A1l the phenols, listed in Table 9 , reacted with
chromyl chloride in the manner typical of the other alkyl
phenols, Reactions were rapid, and ylelds of the complexes
based on the weights of phenol, were approximately quantitetdve.

It was expected that 2,6-di-sec-butyl and 2,6-dimcthoxy-
phenol would yield both the p-benzoquinone and the dipheno-
quinone, in a manner analagous to that found for the
corresponding 2,6-dimethyl and 2,6-di-t-butylphenols., From
the hydrolysis of the di-sec-butylphenol-chromyl chloride
complex, quantitative separation of the products was not
gchieved because the quinone, which was shiwn to be present by
infrared spectroscopy, decomposed on both the silica and alumina
which were used for the attempted chromatographic separations,
The use of less active phases such as cellulose or magnesium
silicate, failed to effect satisfactory separation.

However, an examination of the infrared spectrum of the
product of hydrolysis suggested that the quinone was the major
component, with the diphenoquinone only present in small
quantities (small amounts of each of these compounds were isolated

in a pure form),
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Preducts of Hydrelysis of Complexes deriwved from Miscellaneous

Phenols
Phenol Mole Ratio Products % Yield
Cr02012: ArCH
2,6-Dimethoxyphenol 2:1 2,6-Dimethoxy-1,4- 26
benzoquinone
2,6-Di-sec~butyl- 2:1 Quinone and Diphenc- -
phenol quinone (Total yield
70%)
2,6-Di-t-butyl-4- 2:1 2,6-Di-t-butyl-l,4- :
methylphencl benzoquinone 2
395=Di=t-butyl-4-
hydroxybenzaldehyde 12
2,4-Di-t-butyl-6-~ 2:1 Polymeric tar -
methylphenol
2,4,6-Tri-t-butyl- 231 3y5-Di-t-butyl-l,2-
_ phenol benzoquinone 31
1-Naphthol 2:l 1,4-Naphthoquinone 25
2-Naphthol 2:1 Black-brown tar -
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Hydrolysis of the 2,6-dimethoxyphenol~chromyl chloride
complex gave 2,6~dimethoxy-1l,4-benzoquinone, but none of the
3,3',5,5"'-tetramethoxydiphenoquinone,

Hydiolysis of the complex derived from 2,6-di-t-~butyl=4-
methylphenol gave the hydroxy-benzaldehyde, indicating that in
this case sidle~-chain c¢xidation had occurrzd, though some

quinore was also formeds

OH CH

CH3 CHO

A comparable oxidatiun of 2,4-di~t-butyl-6-methylphenol
was thus expected to give the cerresponding aldehyde by a similar
process. However, only a black-brown tar resulted from adduct
hydrolysis, and no recognizabtle product was obtained from this
material despite attempts to serarate possible components by
chromatography. The infrared spectrum did show absorptions
characteristic of an aromatic aldchyde with carbonyl stretching
bands at 1700 and 1780 cm'l. Attempted characterization of these
components via their 2,4-3ini trophenylhydrazine derivatives was
not successful, though a small amount of a derivative of
ill-defined melting point was obtained.

Mass spectral evidence suggested that the brown tar was
largely polymeric,,

The hydrolysis of the 2,4,6-tri-t-butylphenol-chromydl
chloride complex yielded the ortho-quinone, 3,5~di-t-butyl-l,
2-benzoquinone together with a red-brown oil which could not be
crystallized but whese infrared spectrum showed many features

common to that of the pure ortho~quinone,



The reacticns of the naphthols were rather different from
thoge of the alkyla*ted phenols. Because of their lew solubility
in carton tetrachloride the reactions with the naphthols were
conducted using suspensions of these compounds in the solvent.

However, rcaction was rapid, leading to the formation
of black insoluble couplexes.

Hydrolysis of the l-naphthol complex gave & brown
insoluble solid. Continuous extraction by pentane yielded
1,4-naphthoquinone, leaving a black insoluble residue., This
s80lid had a poorly defined infrared spectrum, but an examinetion
of thc mass spectrum suggested the presence of dimeric compounds
of molecular weights 300 and 318 (molecular weight of l-naphthol
is 144), es vell as compounds of higher rolecular welght.

No recognizable products could be isclated from the
hydrolysis products of the 2-naphthol-chromyl chloride complex,

A brown amorphous solid was precipitated in the hydrolysis reaction,
Thin layer chromatography of the chloroform extract of this solid
showed the presence of small quantities of at least four components,
but the major component was a dark tar., Column chromatography
failed to resolve the mixture, most of which rapidly darkened on
the column, from which 1t could not be eluted, even by using

relatively polai solvents,

6.2.9 The Reaction of Nitrophenols with Chromyl Chloride

Complexes were prepared from ortho, meta end rare
nitrophenols but under different conditicoms to those employed for

the oxidation of the alkylphenols.
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A1l the nitrophenols were visibly slower to react with
chromyl chloride, and in each case the yleld of solid complex
was much lower than that expected for the quantitative oxidation
of the phenol.

In order to increase the yield of each complex each
nitrophenol was dissolved in a mixture of chromyl chloride and
carbon tetrachleride, and the resulting solution heated under
.reflux. The adducts which resulted were similar in appearance
to those formed, for example, from the alkylphenols,

Hydrolysis of the complexes gave brown resinous materials
and in the case of m~nitrophenol some phencl was recovered,

Most of the products of oxidation remailnel in aqueous
solution and could not be extracted by crganic solvents.

Reaction of 2,6-dinitrophecnol with chromyl chloride
was achieved in a similar manner, although a larger reflux time
was reqtuired to preduce even & moderate yield of solid product.
Hydrolysis of the complex 1:1 to the recovery of the starting
material in a yield of 66%.

6.2,10 The Formation of Soluble Colnured Intermediatesa

Significant exceptions to the above general reaction pattern
were observed when a small quantity cf a dilute solution of chromyl
chloride was added to a solution of a phenol in the same solvent.

An immediate deecp blue or green colouration was observed, but no
precipitate was formed. On addition of more oxidant, the colowr
faded and eggregates of the brown complex were formed,

Attempts to isolate these intermediates were not successful,

although spectroscopic measurements were made cn the solutions.



The e.s.r.8pectra of these solutions failed to show the
presence of paramagnetic species, although on standing some
solutions did give e.sx.absorptions, The strength ol the signal
appeared to be related to the degree of solid formation,

Similarly the electranicabsorption spectra of the blue
solutions was not consistent with the presence of organic free
radicals.

The significance of these observations is discussed

in Chapter 9.

6.3 The Reductive Hydrolysis of the Complexes

In certain oxidations by chromyl chloride, the ylelds
of products can be increased by donducting the hydrolysis of the
intermediate complex in the presenceé of a reducing agent (see
Chaptef'B, section 5.7,
The most succéssful method of reductive hydrolysis
employed in the Etard reaction is that introduced by Freeman
107

ehd*his co-workers™, ' They subjected the Etard complex to

hydrolysis,without prior filiration,in the presence of fine zine
dust69’107.

This method was used to hydrolyse certain phenol-chromyl
chloride complexes to see if there was any change in the nature
and yield of the products,

The results are listed in Table 10, It can be seen that
there is an increase in the yield of metﬁquuinones, but even so

this technique does not lead to the quantitative formation of these

products,
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TABIE 10

Products of Reductive Hydrolysis of Phenol-Ch-omyl Chloride

catechol

Complexes
Phenol Mole Ratio % Substituted Other Products
Cr0,Cl,s ArOH | p-benzoquinone
Phenol 231 Trace Brown tar
2-t-Butylphenol 231 o (5) 2-t-Butylhydroquinone
(about 5%) and brown
taxr
2,5-Dimethylphenol 2:1 23 (14.5) Yellow=brown tar
2,5-Di-isopropylphenol 211 54 (42) " .o
2,4=Di-t-butylphenol 2:1 0 (1) Brown tar
2,3,5=Trimethylphenol 2:1 58 (10) Some 2,3,5-trimethyl-
hydroquinone (about 5%)
2,3,6-Trimethylpher.ol 211 68 (10) Yellow resin
2,6-Di-t-butyl-4- 231 2 (2) 355-Di=-t-butyl-4-
nmethylphenol hydroxybenzaldehyde
(87)
2,4-Di-t-butyl-6- 211 -0 (0) Brown tar
methylphenol !
2,4,6=-Tri-t-butylphenol| 2:1 0 (0) Some 3,5-di-t-butyle-
1,2-benzoquinone and
a red paramagnetic
resin
3,5-Di-t-butyl- 211 0 (0) Red paramagnetic

resin

The figures in brackets refer to the yields obtained using non-reduétive

hydrolysis,.
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With 2,4,6~trimethyl and 2,4,6-tri-t-butylphenol there
was no improvement over the comparable non-reductive hydrolysis
of the complexes. Again, no identifiable product was obtained
from the trimethylphenol. Some ortho-quinone was formed from
2,4,6-tri~-t-butylphenol, but the main product was a paramagnetic,
red, resinous material which was solubi2 in organic solvents,
but not in water. The spectroscopic properties of this substance
were similar to those of the product of oxidation of 3,5-di=t-

butylcatechol,

6.4. The Oxidation bty Chromyl Acetate

The oxidations of phenols with chromyl acetate were
carried out in a simllar manner to those of chromyl chloride.

The products of oxidation were obtained directly from
the reaction solution after removal of the reduced oxidaﬁt by
filtration.

The only exceptions to this .were to be found in the
oxidation of the 2,6-dialkylphenols. The limited solubility
of the diphenoquinones, which are formed in the reactions, in
carbon tetrachloride, resulted in a proportion of these coupounds
being precipitated with the solld containing the reduced chromium,
Continual treatment of the solid with hot solvent, resulted in the
removal of the diphenoquinones from the chromium complex.

The products end their yields are summarized in Tabld 11
and a comparison is made with the corresponding oxldations by

chromyl chloride.



The Products of Oxidation by Chromyl Acetate

Phenol Mole Ratio |% substituted Other Products
Cr02(OAc)2= p-benzogquinone
ArOH '
2,5-Dimethylphenol 2:1 31 (14.5) Brown resin
2,6-Limethylphanol 211 90 (48) 3,3',5,5'=Tetra~
methyldipheny-
quinone (3%)
2,3,5,6-Tetramethyl- 2:1 82 (10) Yellow resin
phenol
2,5-Di-isopropyl=- 231 54 (42) Yellow-brown resin
phenol
2,6-Di-isopropyl=- 2:1 60 (56) 313'1545"~tetra-~
phenol isopropyldipheno-
quinone (5%
2,5-Di-t-butylphenol 2:1 86 (83)
2,6-Di-t-butyl- 2:1 70 (68.5) Some 3,3',5,5'~
phenol tetra-t-butyl-
diphenoquinone

The figures in brackets refer to the corresponding oxidations by

chromyl chloride




In all cases, the major products werelidentical to those
obtained from the comparable oxidations by chromyl chloride.
In most cases however, the ylelds of p-benzoquirone were much
improved and the amount of resinous material was much reduced
compared to the equivalent oxidations with chromyl chloride.

The results are listed in Table 11.
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CHAPTER 7

THER_REACTION OF PHENOLS WITH VANADIUM (V) OXYTRICHLORIDE AXD

CEROMIUM (V) CXYTRICHLORIDE

In part 1 of this chapter, the results of the interactions
of certain phenols with vanadium (V) oxytrichloride (VOCIB) are
discussed.

Part 2 is concerned with the reactions of chromium (V)

oxytrichloride (CrOCl3) with phenols.

7.1. The Products of Reaction of Phenols with Vanodium (V)oOxytrichloride

The reports on this topic indicate that several different
types of reaction may take place between vanadium (V) oxytrichloride
and phenols, Funk, Weiss and Zeita:lngls.5 have described the formation

of esfers with, for example, phenol and p-chlorophenols

VOCl, + 2ATOH —=> vom(om:)2 + 2HC1

3

v0013 + 3ArOH ——> vo(o&)3 + 3HCL

The phenyl vanadates are deeply coloured solids which are
very susceptible to hydrolysis, on which they regenerate the original
phenol in quantitative yield. However, the treatment of other phenols,
for example the cresols and naphthols, with vanadium (V) oxytrichloride
under identical conditicns, results in rapid oxidaticn with no ester
formaticn.

154

Other workers prepaered phenyl vanadates with all these

phenols, and under conditions more vigorous then those employed by

Funk et al. No cases of oxidation were reported. The only published
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evidence for the structure of these compounds was the elemental
analysis. In the few cases where the analysis figures for
specific plienyl vanadatee were the same 1n each paper, the
reported physical and chemical properties of the compounds
differed considerably, o spectroscopis or other techniques
were used by either group of werkers to substantlate the
clagsification of these compounds,

In order to clarify this situation, the interaction of
some alkylphenols and vanadium (V) oxytrichloride was investigated.

The initial investigation, with phenol itself, and with
di- and tri-substituted t-butyl-phenols, suggested that,
substitution, rather than oxidation, occurred. Phenyl vanadates

similar to those reported by Funk end his co-workers were prepared.

T.1.1 Reaction Products

On addition of the phenols to vanadium (V) oxytrichloride
(both in carbon tetrachloride) deep red or violet solutions
developed and evolution of hydrogen chloride was observed, There
was no precipitation of a so0lid product analagous to that formad
in the Etard reaction,

Removal of the solvent and excess vanadium (V) oxytrichloride
under reduced pressure at room temperature yielded black or blue-
black residues. On hydrolysis of these solids, the original phenol
‘was recovered in high yield,

Evidence for the formation of phenyl vanadates was obtaihed
from infrared spectroscopy, nuclear magnetic resonance spectrometry

and mass spectrometry,
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A1l the phenols studied showed a 'free' O-H stretching
frequency at about 3600 cm > when the infrared spectra of thelr
dilute solutions in carbcn tetrachlcride were observed. Shortly
" after addition of vanadium (V) oxytrichloride, in the same
solvent, the O-H band was obsexved o decrease as the reaction
proceeded, until it was very small indeed, Another change in
the spectra which accompanied this diminuticn, was a shifting
of the band at 1035 cm > attributed to V=0 stretch in
vanadium (V) oxytrichloride, to a slightly lower wavenumber,
The Vﬁovstretch in vanadium (V) oxytrichloride is reported to
occur at 1035 em™T 1in the vapour phaselss. It was found that,
when the spectra were observed for the compound in carbon
tetrachloride solution, there was only a very slight difference
in this wvalve,

Other chenges in the infrared spectra of these reaction
mixtures were all small and of less significance than those

mentioned above,

The n.m.r. spectra of the reaction mixtures likewlse
suggested the formation of phenyl vanadates.

The spectra were obtained efter the mixtures had been
allowed to stand for twenty four hours. In all cases well resolved
n.m.r. bands were observed with no apparent line broadening. Thus
there is no evidence for the presence of paramagnetic species, as
even small amounts of such species cause significant line
broadening, with reduced resolution156.

This evidence suggests that no oxidation reaction occurs:
venadium (V), with a 4° electronic configuration, has no unpaired
electrons. Vonedium (IV) and vanadivm (III), at ana 42

respectlvely, have unpaired electrons and are strongly paramagnetic.
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The reactions wiih each phenol were very similar to each
other. In every case, the experimental evidence for formation of
phenylvanadates followed *he szme pattern and thus a reasoned
argument is presented for ona typical example only, that of

2,5-di~t-butylphenol.,

The reaction of 2,5-di-t-butylphenol vith vanadium (V)
oxytrichloride, in carbon tetrachloride, results in the evolution
of hydrogen chloride and formaticn of a dsep blue~violet solution,

The infrared spectrum of this solution, after concentration
(7ig¢ 3 ), shows no ebsorption vhich can be assigned to 0-H
gtretching. The spectrum cf the parent phenol shows a sharp
acsorption, of medium intensity at 3580 em™t,

The ebscrption 6t 975 en™t can Ye essigred to the V=0
gtretch in the phenylvanadate; the absorption at 1035 cm-1 is
due te a similar stretching frequency in the excess vanadium
oxytrichloride present. Very similar shifts in these stretching
modes have been obeerved in the spactra of complexes between
venadium (V) oxytrichloride and carbonyl compound8157-

The n.m.r. spectrun of 2,5-di-t-butylphenol and its
vanadate are shown in Fig 4 . The data fcr the two compounds are
listed in Table 22 .

It can be seen that the phenolic prcton is completely
abgsent in the case of the varadate, and, whilst there is only a
smell change in the chemical shift of the t-butyl groups, the

resonances of the aromatic protons have been considerably modified;

the complex pattern appearing at sbout 3.05 T for the phenol is
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Fig.3. The infrared spectra of (a) bis(2,5-di=t=butylphenyl)
chlorovanadate (V), and (b) 2y5-di=t=-butylphenol, Both

as solutions in carbon tetrachloride,
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replaced by twe singlet peaks. An inspection of the integfa%ed
areas of these absorptions indlcates that the peak at 1,91 € is
due to the resonance of the proton ortho to the phenolic positien,

whilst that at 2,70 ¢ is due to the other aromatic protonss

If one assumes that the compound under discussion is either
the monoester Ar0-VOCl, or the diester (Aro)2v001, the resolution
of these bands and the large chemical shift associated with one
of them are readily explained.

Electron withdrawing substituents on an aromatic ring tend
to shift the resonance pasitien of the ring protons to lower |
field due to enhancement of the diamagnetic deshielding effect.

The downfield shift observed for both the positions of resonance
of the ring protona and the t-butyl protons is a comparable effect,
brought about by the electron withdrawal of the vanadate group.

The large size of the shift for the resonance of the ortho

proton can be explained by the natural tendency of the vanadate
and t-butyl groups to take up the following configuration due to

their bulkinesss

X
c1'——%
/e
H 0 tBu
¥ H
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Fig.4. The n.m,r, spectra of (a) bis(2,S-di-t-butylphényl)
' chlorovanadate (V), and (b) 2,5-di-t-butylphenol,
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The ortho proton would thus lie within range of the
deshielding effect 2f the V=0 group and hence its resonance would
experience a further chemical shift downfield, 1n comparison to |
the other ring protons, The exact shift of the resonances of
all the ring protons is not easy to determine without a proper
analysis of their absorptions in the parent phenol. The generai
trend, however, is quite clear, The small shifts of the meta
and para proton. resonances and those of the t~butyl protons
are consistent with their being affected only by the electron
withdrawing effect of the vanadate group.

(The chemical shifts were all measured using tetramethyl silane
as an external standard, as this compound appearea to react

with the vanadates),

Finally, the molecular welght of the compound was
established by mass spectrometry. The mass spectrum of the
blue-black solid compound, obtained by the method described earlier,
is illustrated as a line diagram, in Pigure 5 , and the pertinent

data is listed in Table 64 .

The ien having a massicharge ratio of 512 was identified
as the molecular ion (M),

The ratio of the intensities of M:(M + 2) was found to be
approximatcly 311, A molecule with one chlerine atom would show a

similar ratio because the relative isotopic abundances, 35Clz3701,

is 3:1.
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Fig.5., The mass spectrum of bis(2,S-di—t-butylphenyl)chlorovanadate(v)o



Two chlorine atoms per molecule would require a series
of m/e values M:(M + 2):(M + 4) corresponding to a ratio of
9:6:1 and, likewise, three chlorine atoms (as in vanadium (V)
oxytrichloride) would require a ratio M:(M + 2)s(M + 4):(M + 6)
of 27:27:9:1.

the relative abundance of the isotopes of vanadium is
of no use for analysis in low resolutien mass spectrometry, the

natural sbundance of 2OV beirg 0.24% and that of Sy being 99.76%.158

The conclusion reached from these results is that the
reaction between 2,5-di-t-butylphencl ard vanadium (V)
oxytrichloride gives a high yield of bis (2,5-di-t-butylphenyl)

chlorovanndate (V) which Las the following structure:-

t ' t
Bu 0 Bu
pea-{-o-
Cl
Bu Bu

Froﬁ a consideration of the mass spectral data (Table 64)
it is apparentrthat some of the monoester, ArOV0012 may also have
been present. Howevar, there is evidence that phenylvanadates of
this type exist as dimers, linked by chlarc aoxygen bridgéslsg.
This is ccmparable to the situation fomnd with methyl vanadate,
(MeO)BVO, which has been showntp tedimeric, by X-ray diffraction

methodslso.
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Such a bridged system would result in the close proximity

of the chlorine atoms:

Subsequent fregmentation of the dimer would thus result in the
foimation of ions containing two chlorine atoms, as well as

ions derived from the breakdown of the melecular ion (Ar0),voc1%,

The electronic spectrum of the vanadate was also recorded.
A comparison of this spectrum with that of the parent phenol shows
only slight changes in the region 265 ~ 290 nm, Both the parent
phenol and the vansdate show two distinct bands in this region,
which may be assigned to W—> T ¥ transitions of the ring electrons,
The vanadium system is obviously not near enough to the ring to
cause much alteration of these bands,

The other significant band is that which occurs only in
the visible region of the spectrum of the bis (2,5-di-t-butylphenyl)
chlorovanedate itself, This band ( Npay = 510 nm) 1is intense
( & =s 3000) and broad and this absorption gives rise to the colour
of the compound,

The intensity of the band suggests thatv it arises frum a

charge-transfer transition) as vanedium (V) has a d° configuration,

no d-4 transitions can occur.

i
k
5
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The details of these spectra ave listed in Table 23 .

7.1.2 Recent Developments

Whilst this investigation was being carried out, twy new
reporis concerning the reaction of phenols with vanadium (V)
oxytrichloride were published.

The first paper16l, in agreement with the findings of
Funk, Weiss and ZeisinngB, describes the oxidation of the cresols
and naphthols by vanadium (V) oxytrichloride. A thorough study
showed that the products of these reactions are dimeric phenols,
Other phenols e.g. 2,6-dimethylphenol were also reported to
undergo similar oxidative dimerization. The failure to oxidize
phenol under similar c.onditions to these used for the above
reactions, shows agreement with the earlier work.

Schwartz, Holton and Scott162 reported the oxidative
coupling of a phenol, but considered that the first stage in
the reaction was the formation of & substitution compound,
akin to those previously described,

The method used by thdses workera was to mix the phenoi
with the oxytrichloride at lew temperature and then to reflux
the mixture for a considerable time., Extraction with water gave
the coupled product in high yield., If, however, the mixture was
'hydrolysed prior to being heated under reflux, the original phenol
was recovered quantitatively, This shows that the oxidative
coupling only occurs after prolonged heating. It is significant

that, after this prolonged heating, the colour of the reaction

SR
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mixture was green, compared to the initial deep blue, The
bis(2,5-di~t~butylphenyl) chlorovanadate is also a deep blue-
violet in solution. The other phenylvansdates similarly are
either deep red or blue in solution,

As a consequence of the publication of these reports,
especially the one which stated that further work on the topic
was to be reported in due course, the general study of phenol-
vanadium (V) oxytrichloride systems was not continued.

One further experiment which was conducted to determine
if oxidation occurred under reflux conditions was to react
2,5-di=-t-butylphenol with vanadium oxytrichloride.

Ether was chosen as a solvent, this being the solvent
used by Schwartz and his coworkerslsz. Addition of the phenol
to the vanadium (V) oxytrichloride in ether caused the sulution
to turn blue-violet; it also led to the evolution of hydrogen
chluride. ' The mixture was heated under reflux for twelve hours,
but no further colour change was observed, Hydrolysis of the
reaction mixture gave a quantitative yield of the original phenol,

The reaction was repeated using toluene as a solvent,
so that a ﬁigher reflux temperature could be wbtained. Again no
colour change was observed during heating. Hydrolysis of the
reaction mixture yielded a small quantity of 2,5-di-t-butyl-l,
4-benzoquinone, a small amount of a chlorinated di-t-butylphenol
and recovered starting material. Analysis of the products by
gas-liquid chromatography showed the presence of small amounts
( 4:;0%) of a compound having a molecular weight much higher ,
than that of the phenol.” This suggesied that some coupling does

occur vnder these more rigorous conditions.
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7.2 The Reaction of Chromium (V) Oxytrichloride with Phenols

7.2.1 Introduction - Oxidations by Chromium (V)

Oxidations by chromium (V) compounds have not been
oL

reported”, but there are numerous refexences in the literature
to the formation of chromium (V) and chromium (IV) species es
intermediates in both ¢rganic end inorganic redox reactions,
That these chromium species function as oxidants in their own
right i1s now also established. Much of the evidence for this
comes from the phenomenon of induced oxidation;37’l63.

An example of this phenomenon is found in the oxddation
of iodide ion by chromium (VI) in dilute acid., Whilst, at low
concentration, the reaction is extremely slow, the addition of
ferrous ion causeé a rapid reaction to occur, leading to the
formation of iodine164. The reaction of iodide ion with ferric
ion is slow under fhese coﬁditions, hence the iodide must be

oxidized by a species other than chromium (VI) or iron (III),

The explanatory reaction scheme is as followst

cr(IV) + I° <« very slow reaction

Fast
cr(VI) + Fe(II) —_— Cr(V) + Fe(III)
- Very Fast
cr(V) + I —3 cx(III) + 107

Similar processes have been suggested for the oxidation
of organic compounds by chromium (VI). For example the oxidation
of cyclohexanone by chromic acid yields adipic acid as the main

prodﬁct, together with smaller amounts of glutaric and succinic acids,



The simplest explanaticn for the formation of these minor products
is by the further oxidation of adipic acid, However, adipic acid
is quite unreactive towards chromic acid under the reaction
conditions employed. The conclusion reached is that the oxidation
to glutaric and succinic acids is caused by Cr(V); this has been
confirmed by quantitative experiments on this and other systemslss.
More recently, the presence of chromium (V) species as
oxidation intermediates has been confirmed by the direct
observation of their ultraviolet and electron spin resonance
spectra, during chromic acid oxidations of secondary alcoh018166'167.
The reaction of chromium (V) with the alcohols is an important
stage in the formation of products, as illustrated by the following

schemes

(1) R,CHOH + H,Cx0, — = R,CHOCTO;H + E,0
(2) RCHXrO;H —> R,C=0 + cx(Iv)

(3) cr(Iv) + cx(vi) — 2cr(V)

(4) 2R,CHOH + 20r(V) ~—> ©2R,C =0 4 20r(III)

There is recent evidence that, in certain oxidations}68

chromium (IV) plays a greater part than previously believed. For
example, oxidative cleavage reactlons which occur in similar systems
are now considered likely to be caused by chromium (IV), rather than

169,170 167,168

chromiun (V) o Similarly, further research in this

field has shown discrepancies in the relative rates of oxidation by
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chromium (VI), (V) and (IV) previously reported137’165.

It seems probable that the ease of oxidation or
oxidative cleavage is not only dependent on the oxidation state
of the chromium but is also dependent on the type of compound

¢
undergoing oxidation;67’1“8.

The comparison of the oxidation of an organic compound
by chromium (VI) with a similar oxidation by a chromium (V)
or chromium (IV) compound would furnish useful information
concerning the role of these various oxidants,

As outlined in Chaptar4,section 3 y various compounds of
chromium (V) and (IV) have been prepared but very few can be
used for oxidations in organic chemistfy because of their ldw
solubility in suitable solvents. Chromium (V) oxytrichloride
which is readily soluble in carbon disulphide and nitrobenzenel7l,
has properties which suggest it may be an exception in this

respect,

7.2.2. Chromium (V) Oxytrichloride

Chromium (V) oxytrichloride was first prepared by Krauss
151

and Muenster™ ™, as a red-black crystalline solid, by treating

chromium (VI) trioxide with either sulphuryl or thionyl chloridet

4802012 + 2Cr03 —> 2Cr0Cl; + 4S0, + Cl

3 2

3

Soc1
450C1, + 2Cx0, —_ 20r0C1; + 480, + Cl,
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The yields of the product were very low but later attempts
to prepare this compound, by the reduction of chromyl chloride
by various chlorides and oxychlorides, were more successfu1172.
Thus the reaction between chromyl chloride and boron trichloride

gave chromium (V) oxytrichloride in 50% yield,

6Cr02012 + 4BCl -— 6Cr0Cl, + 3012 + 2B,0

3 3 273

Although very few of the'properties of this compound have
been investigated, it 1is known to decompose readily in the presence
of light and to disproportionate into chromyl chloride and solid
chromium (III) derivatives at temperatures - above Oo.151

It undergoes hydrolysis very rapidly.

The physical properties of the oxychloride are somewhat
better documented than the chemical ones, Cryoscopy in nitro-
benzene solution has shown that the compound is monomeric; the
results of magnetic measurements on the solid are consistent with
it being a chromium (V) compound: the chromium has an effective

151,171

magnetic moment of 1.80 B.M. (ef 1.7 - 1.8 B.M, for metal

1

ions with 4~ configuration, calculated by the 'spin only' formula),

7.2.3 The Reaction of Chromium (V) Oxytrichloride with Phenols

Chromium (V) oxytrichloride was prepared by the method of

151

Krauss and Muenster ”~, as described in Chapter 10,

The solubility of the compound in carbon disulphide,

appeared to be rather less than that reported171 but, nevertheless,

a red solution was obtained,



Addition of a dilute solution of a phenol (3,5-di-t=-
butylphenol, 2,5-di-t-butylphenol, 2,4,6-tri-t-butylphenol or
2,3,5,6~tetramethylphenol) in carbon disulphide, at 0%, to the
solution of chromium (V) oxychléride resulted in the solution
turning to a deep blue-green colour. No precipitafe was formed
at this stage; but continued addition of phenol solution resulted
in thé reduction in the'intensity of fhe colouration and in
precipitate formation., Filtration ylelded a small amount of a
brown solid, very similar to the chromyl chloride phenol complexes
in appearance, together with a small quantity of green solid.

The filtrate was a deep brown colour, Where the two di-alkyl-
subgtituted phenols end the tetramethylphenol were used,
hydrolysis of both fhe s0lid and filtrate ylelded small amounts
of the corresponding p-benzoquinone. Hydrolysis of the solid
derived from 2,4,6-tri-t-butylphenol yielded only a trace of
brown resinoﬁs material,

Some of the green solid was separated from a suspension
of the brown complex by filtrétion through a coarse filter « the
green material was found to exiét in relatively large aggregates.
It was found to be readily soluble in water and its spectrum in
the visible region showed absorptions almost identical to those
of an aqueous solution of chromium (III) chloride. Addition of
the green substance to an acidic solution of potassium iodide
failed to liberate iodine, confirming the absence of chromium
in valence states (IV) to (VI).

These results suggest that some of the reduced chromium
formed when the phenol is oxidized rémains in solution and that
it does not form an insoluble complex in an analagous way to the
reduced chromium in chromyl chloride‘oxidations; this also suggests

that some dispropbrtionation of the chromium (V) compound occurs,
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If disproportionation takes place, chromyl chloride could be

formed151 and would itself oxidize phenols:

30r(V) > 2cx(vi) 4+ cx(III)

(croc1 (Cr02012)

3)

The possibility that such disproportionation occurs was
investigated; the visible spectrum of the solution of chromium (V)
oxytrichloride in carbon disulphide was observed prior to oddition
of a phenol., Very great care was taken to ensure the solvent and
apparatus were thoroughly dried and to keep the temperature of the
solution at o°, Exposure of the solution to light was avoided
as far as possible.

The resultant spectrum showed a strong, broad band with a
maximum at 415 nm, This absorption can bte assigned to chromyl
chloride (CrO,CL, N = 416 )72 vess intense bands,
with maxima at 524 nm (broad) and 392 nm (shoulder) can be attributed
to the presence of chromium (V) oxytrichloride which has absorption

mexima at 522 nm end 390 nm oT,

It is thus apparent that some disproportionation occurs,
Close inspection shows that some solid material, probably due to
chromium (III) compounds, precipitated from the solution of chromium (V)
oxvtrichloride on standing,

The possibility that the disprcportionation had been caused
inside the spectrometer by the scanning radiation itself was discounted,

Although Krauss and his coworkers had reported the compound to be
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light sensitive, they epparently had no difficulty in obtaining
the spectrum over the range 300 - 600 nm,

The reaction of chromium (V) oxytrichloride with
2,5~di~t-butylphenol was then repeated, in a similar manncr as
previously, but at -300 in the hcpe that disproportionation would
be minimized. Difficulty was experienced in keeping the.phenol
in solution at this temperature; thus the phenol was added,
partly in suspension, to the solution of oxidant,

The course of the reaction was largely as before, Initially
a blue colouration was observed, followed by formation of a
brown precipitate - a sequence identical to that observed during
the reaction of this phenol with chromyl chloride. The mixture
was kept at -}Oo for six hours and then allowed to warm to room
temperature. Filtration gave a yellow-brown filtrate and a solid
residue which was a mixture of a green crystalline solid and a
brown amorphous complex, Hydrolysis of the solid yielded only a
small amount of 2,5-di-t-buiyl-l,4~benzoquinone. Extraction
of the filtrate with water left a yellow organic layer, which,

on evaporation, gave a similar product,

Due to the impracticability of observing the spectrum
of the solution of chromium (V) oxytrichloride at -30°, no evidence
for the presence of chromyl chloride at this temperature is
available. It does seem likely, however, that some chromyl

chloride was present,
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The infrared spectra of the brown precipitates formed
in these reactions showed marked similarity to those of the
equivaleﬁt chromyl chloride-phenol complexes (see Meg. 19 );
this again suggests oxidation by chromyl chloride., However,
although the elemental analyses were not consistent and showed
that the complexes were non-stoichiometric, there was a higher
proportion of chlorine than that found in the equivalent chromyl
chloride complexes, implying that some interaction between the
oxyfrichloride and phenols occurred.

The analyses of fouir complexes are presented in Table 12;
e comparison is made with those of the similar compounds between

chromyl chloride and the same phenols,

T.2.4 Conclusion

From the results discussed above, it is apparent that some
disproportionation must occur in each of the reactions with
chromium (V) oxytrichloride.

It is probable that the eddition of the phenol to the
solution of oxychloride accelerates the disproportionation. 4s
the reaction of chrbmyl chlo>ide with the phenol has been
established as & very r2pid one, the removal of the former ty such
a preeucs would beal Lo fuvour the dlsproportiionation,

It is also possible that the reaction of the chromium (V)
compound with phenols is a slow one in comparison to that of
chromyl chloride, despite the reports of rapid oxidations by
chromium (V) species in induced oxidations,



TABILE 12

Analyses of Complexes from Chromium (V) Oxychloride Reactions

Found Calculated for ArOH.CrOCl3 Calculated for ArOH.ZCrOCl3
FPhenol
ch ®6 Cl% o | Ck B Cl6  Cx%hy Ok  HE  Cl  Cxf
2,5=Di-t-butylphenol 23.8 4.4 V32.8 18.8 | 44.2 5.8 28,0 13,6 30.2 4,0 28.3 18.7
2,5=Di-t-butylphenol 24.7 2.9 24.0 19.5 " L " n n " " "
2,3,5,6-Tetramethy'1phen01 1806 3.5 3506 19.6 3609 4.3 32.8 16.0 24.1 2.8 4208 2009
1. 1 3. 9 36. 9 20.8 " 1] " 1" " n " "

2,3,5,6-Tetramethylphanol

Analyses of Corresponding Chromyl Chloride Complexes

Phenol

Found

o6 wW af o

2,5-Di-t-vutylphenol

2,3,5,6~Tetramethylphenol

29.7 4.4 28,8 18.7

20.1 2.8 33.2 24.3%

- vit -



Evidence for this can be deduced from the comparative
stabilities of the ‘two chromium compounds in various solvents.,
For example, chromium (V) oxychloride is reported151 to be only
slightlv less stable in acetone than in carbon disulphide; the
addition of chrcmyl chloride to acetone cesults in a vigorcus

n473

reaction, often accompanied by ignitio
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CHAPTTR

THE PROPERTIES OF THE SOLID COMPLEXES

8,1 The Phenol«Chromyl Chloride Complexes

The reaction of chromyl chloride with the phenols, whose
oxidation products have been described in the previous Chapter,
yields coloured, amorpbous solids, analagous to the Etard adducts.

The difficulties associated with the elucidation of the
structure of the Etard adducts hawvebeen outlined in Chapter 4,
part 3; the principle problems are the complete insolubility
of the adducts in non-polar solvents, and the irreversidle
reaction of the adducts with polar solvents. .

It has been found, in this study, that the same problems
exist for the phenol-chromyl chloride complexess the complexes
are completely insoluble in carbon tetrachloride, oarbon
disulphide and other non-polar solvents. However, in polar
donor -solvents, the complexes are completely decomposed. Thus,
subsequent removal of the polar solvent fails to give back the
original complex and hence purification by recwyystallization 1s
not possible.

The lack of a suitable solvent for the complexes makes
-the use of techniques such as nuclear magnetic resonance and
ultra-violet spectroscopy of little value in the eiucidation of
their structure.

Because these compounds have a distinctive colour, which
varies with the phenol oxidized, an attempt was made to examine
the visible/ultra~violet absorption spectra by a reflectance
method. A simllar technique has yielded pertinent information in

the case of other insoluble complexess4.
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The spectra of these phenol-chromyl chloride complexes
consisted of very broad, ill-defined bands and no interpretation
of them was made.

Physical techniques which were used successfully to
study these complexes in the soiid state included infrared and
electron spin resonance spectroscopy, and the measurement of
magnetic susceptibility.

Elemental analyses were obtained for the complexes, and
the reaction of one of the complexes with donor solvents was
investigated in detail,

The results of this Investigation are presented below.

8.1,1 Blemental Analyses

The phenol-chromyl chlo;ide complexes wmere analysed for
carbon, hydrogen, chlorine and chromium. Fc¢r the complexes
derived from the nitrophenols, nitrogen was determined also.

The analytical results are listed in Tables 13,14 and 15.
A comparison has been made with thg.values calculated for both

1:1 and 132 complexes (ArOH:CrO Cl, and ArOH.2Cr0,Cl

2 2772

respectively).
It can be seen that the experimental figures correspond
more closely to those calculated for a 1:2 complex than those
fué a 131 complex. However, in most cases there is an absence
of simple stoichiometry.
There are a number of exceptions to this general rule.
For example, the complex obtained from the inteéaotion of
chromyl chloride and 2,6-dinitrophenol had an approximate 11l
stoichiometry; by comparison the 3,5~di-t-butyl catechol complex had

a cemposition corresponding to the 1:2 cumplex, C.,H,.0 -2Cr0,C1,.

14722
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Analysis of those cumplexes which yielded an oxidation
product resulting from side-chain attack (e.g. the complexes
derived from 2,4,6~tri-t-butylphenol and 2,6-di-t-butyl-4-
methyiphenol) showed sinicaiomeiries which differed considerably
from those required for either 1:1 or 1:2 complexes.

One significant feature of the enaliytical results is taat
the chroaium t¢ cihlcrine ravio in very close to 1:2 in most of
ihe complexesi The implication of this is $hat chlorination
does 1n19% occur in these oxidations to eny great extent. By
compariscn, oxidaiion of Lydrocarboas by chromyl chloride often
results in the formation of chlorinated products’’!?, which do
not readily Forw carmmyl chloride 'adducts'. Thus, these
chlorinaved compounds are generally found in the filtrates
obtained from the isolation of the Etard complexes. For this
reason, analysis c¢f the latter often shows an inexact chromium
to chlorine ratio.

The elemental analyses of the phenol~chromyl chloride
complexes were found to vary with the mode of preparation of the
complex, ania also witl the solvent used for the reaction. Thus
complexes prepared in carbon tetrachloride had a high chlorine
content with low analyses for other elements, compared to the
corplexes prepared in carbon disulphide. This trend is

illustrated below for the complex derived from 2,6-di-t-butylphenol.

Solvent C% Ho Cl% Crk
Carbon Tetrachlorida 23.7 2.4 30,2 13.5
Carbon Disulphide 29.4 4.3 27.9 20,8

The experimental procedures employed for the preparation

of the complexes are described in Chapter 10,

*
See Table 16,



Anslyses of Phenol-Chromyl Chloride Complexes

TARIS 13

Calculated for Ar0H.Cr0.Cl

0 | calculated for ArOH.20r0,C1

Phenol Found 272 PN

b BhH Cl% Cep % H®h C% C% ) ch He 1% Cr%

Fhenol 22.8 3.9 28,5 18.1 28.9 2.4 28,5 20.9 17.8 1.5 351 25.7
2-t-Butylphenol 24.7 4.0 30.1 20.6 39.3 4.6 23.3 17.0 26.1 3.0 30.9 22.6
4-t-Butylphenol 22.5 3.35 30.4 19.3 39.3 4.6 23,3  17.0 26.1 3,0 30.9 22.6
2,5-Dimethylphenol 20.9 3.2 3.6 23.4 34,7 4.7 25.6 18.8 22,2 3,0 32.9 24.1
2,5-Di-isopropylphenol | 28.6 3.6 28,9 21.0 43.2 5.4 21.3 15.6 29.5 3.7 29.1 21.3
2,6-Di-isopropylphenol | 28.0 4.0 28,6 21.4 43.2 5.4 21.3 15.6 29.5 3.7 29.1 2L.3
2,3,5-Trimethylphenol 23.3 3.1 30.9 21.4 37.1 4.1 24.4 17.9 24,2 2.7 31.8 23.3
'2,3,6-Trimethylphenol 23.9 3.2 30.6 21.3 37.1 4.1 24.4  17.9 24.2 2.7 31.8 23.3
2,3,5,6-Tetramethylphenol | 20.1 2.8 33.2  24.3 39.3 4.6 23.3 17.0 26.1 3.0 30,9 22.6
2,5-Di-t-butylphenol 29.7 4.4 28.8 18.7 46.5 6.1 19.7 14.4 326 4.3 27.5 20.6
2,6-Di-t-butylphenol 29.4 4.3 27.9 20.8 46.5 6.1 19.7 14,4 | 32,6 4.3 21,5 20.2°
3,5-Di-t-butylphenol 29.3 4.2 28.4 20.6 46,5 6.1 19.7 14.4 32.6 4.3 27.5 20.2
2,4-Di-t-butylphenol 26.6 4.2 28.4 19.0 46.5 6.1 19,7 14.4 32.6 4.3 27,5 20,2
2,4,6-Tri-t-butylphenol | 26.75 4.4 24.7 21.4 5.8 7.2 17.0 12,5 .| 37.8 5.2 24.8 '18.2
2,6-Di-t-butyl-4-methyl- | 27.4 4.1 29.8 22,2 8.0 6.4 18.9 13.9 34,0 4.5 26.8 19.6

phenol

= 61T =



TABIE 1

Analyses of Phenol - Chromyl Chloride Complexes (Contd. )

Found Calculated for AIOH.CI‘OZCIZ Jalculated for ArOH.20r02C12
Phenol :
ok Bt CMb Crf C%p  Bh Cl%  Crfh Ch  ®BL Clh o
2,4~Di-t-butyl-6-methyl- 28.1 4.4 27.4 17.0 48.0 6.4 18.9 13.9 34.0 4.5 26.8 19.6
phenol '
3,5-Di-t-butylcatechol 31.4 4.1 26,5 19.3 44.6 5.8 18.8 13,8 31.€ 4.1 26,7 19.5
4,6-Di-t-butylpyrogallol 25.5 4.2 27.4 17.4 42,7 5.6 18.1 13,2 30,7 4.0 25.9 19.0
1—Naphth°1 30.8 1.0 28.3 20.2 40.1 2.3 23.7 26.4 1.8 33.3 22.9

17.4

- 0¢t -



TABIE 15

Analyses of Nitrophenol-Chromyl Chloride Complexes

Phenol

2~Nitrcphenol

3~Nitrcphenol

4-Nitrophenol

2,6-Dinitrophenol

Found Calculated for ArOH.CrO,Cl,| Calculated for ATOH. 2Cr0,C
”‘._C"ﬁ B Clp Cx% Np C% e Clp Cr% Mk % Ho  Cl% Cx% “Ni’
13,5 2.0 25.2 19.2 3.6 24.5 1.7 24.1 . 1?.7 4.8 | 16,1 1.1 3.6 23,2 3,7
16.0 2.6 26.9 20.2 2.7 | 24.5 1.7 24,1 17.7 4.8 | 161 1.1 31,6 2352 3,1
12.0 2.5 30,5 21.1 1.2 | 24,5 1.7 24.1 17.7 4.8 | 16.1 1.1 31,€ 23,2 3.1
21.3 1,4 20.6 16.4 7.6 21,2 1.2 20,9 15.3 8.3 14.5 0.8 28.8 21,1 5.7

- TeT =~
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TABLE 16

The Ratio of Chromium to Chlorine in the Complexes

Phenol

Ratio of Chromium to
Chlorine in the Complex

Phenol

2-t-Butylphenol
4=t-Butylphenol
2,5-Dimethylphenol
2,5-Di-isopropylphenol
2,6=-Di-isopropylphenol

2, 3,5=Trimethylphenol
243,6~-Trimethylphenol
243,5,6=Tetramethylphenol
2,5=Di-t~butylphenol
2,6=Di-t-butylphenol
345-Di-t-butylphenol
2,4-Di~t-butylphenol
2,4,6-Tri=t-butylphenol
2,6-Ii~t-butyl=-4~-methylphenol
2y4-Di-t~butyl-6-methylphenol
3,5=Di=t=butylecatechol
4,6-Di-t-butylpyrogallol
1-Naphthol

2--Nitrophenol
3~Nitrophenol
4-Nitrophenel

2,6-Dinitrophencl

l ¢ 2,3
1 : 2,1
1 s 2,3
1 + 2.0
l : 2,0
1 + 1,95
1 ¢+ 2
1 s 2,1
1 s 2,0
1 s 2,2
1 . 1,95
1 ¢ 2,0
1 3. 2.2
1 ¢ 1.7
1 3 2,0
1l 2.4
1 1+ 2,0
1 ¢ 2,3
1 ¢+ 2,05
1 1.9
1 1,95
1 1+ 2.1

1 H 1.9
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8.,1,2 The Magnetic Properties of #hw Complexes

The magnetic susceptibilities of the phenol-chromyl chloride
complexes were measured over a wide range of temperature, using
the Gouy method.

In each case, the susceptibility was determined at two
different field strengths in order to observe the dependence on
field strength that might accompany a temperature dependence.

From these measurements, the magnetic moments of the
complexes were calculated. These results are listed in
Tables 24 to 36, ard are presented graphically ian Figures g
to 11,

All the complexes were found to be paramagnetic; the molar
susceptibility per g. atom of chromium ()fm) was found to be
inversely proportional to the absclute temperature. This
temperature dependence of the susceptibility indicates that the
Curie-Weiss Law is obeyeds

T+ 0

XM = the molar susceptibility, calculated per g. atom of chromium

¢ = the Curie constant

0

T

the Curie-feiss constant

1}

the absolute temperature

The values of the Curie-Weiss constants were found to be -

small and negative ( < 30°),

The graphs of/\fM vs T are all smooth curves with no points
of inflexion or any discontinuities (Figs.6 and 7).

From these results it may be conciudséd that, over the

" temperature range studied, the complexes all show simple
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[ . ~ Complexes derived from the chromyl
Y. | chloride oxidation of:
14 | ,c>2;6¥Di-isopropy1phenol
© 2,5-Dimethylphenol
15 | o 1-Naphthol
12 4 o Complex derived from the chromyl
acetate oxidation of
2,5=di=t=butylphenol
11 1
10+
9| .
8
7 -
6.
54
. 4.ﬂ
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Temp.(oK)

Fig.6. Corrected molar susceptibility vs temperature.
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Complexes derived from the chromyl
chloride oxidation of :
o 2,3, 5 -Trlmethylphenol

® 2,6 -Dl—t-butyl 4-methylphenol
0® 3,5-Di-t=butylphenol

© Complex: derived from chromyl
acetate oxidation of
| 2,6-di-isopropylphenol

T 1 ' L) 1) 1] ¥

0 50 100 150 200 250 300
| Temp. ( °K)

- Fig.T7. Corrected molar suscepc‘oility vs temperature.
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Fig.8., Inverse corrected molar susceptibility vs temperature.
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Fig.10. Inverse corrected molar susceptibility vs temperature
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Fig.ll.'Ihverse corrected molar susceptibility vs temperature,
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| ‘Fig.12. Inverse corrected molar susceptibility vs temperature.



- 131 -

paramagnetism with no evidence for ferromagnetism or anti-
ferromagnetism,
However, it is possible that these effects could be
observed at lower temperature.
The average values of the effective magnetic moments of
the chromium in these complexeé are listed in Tablel7, it can
be seen that they vary between 3.23 B.M, and 3,46 BM, These
values have been corrected as far as possible for the diamagnetism
of the groups or atoms present with the chromium in the solids.,
The values of the effective magnetic moment which havs been

obtained for simple, magnetically dilute, chromium compounds,

are tabulated below174 s
Calculated Value* Observed Value
Valency State of Effective of the Moment
Magnetic Moment
(BJM.) (B.M.)

Cr (VI) 0 Diamagnetic
cr (V) 1.73 1,7 => 1.8
Cr (IV) 2083 2.8 ";3.1
Cr (III) 3.87 3,85 33,9

The experimental values do not fall within the limits
given for any one oxidation state but come between the values
expected for chromium (III) and chromium (IV),

However, it has been reported175 that, when bridging groups

are present in binuclear complexes of chromium (III) and iron (III),

* The calculated values are those obtda ned from the !'spin-only!

formila.
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TABIE 17

Collected Data from Magnetic Susceptibility Measurements for

Phenol-Chromyl Chloride Complexes

Phenol from which complex is derived Average Weiss
Effect%ve constant
e | (oo
(B.M.)
2,5~Dimethylphenol 3431 20
2,3,5-Trimethylphenol 3,29 7
2,%,6-Trimethylphenol 3,31 16
2,3,5,6-Tetramethylphencl \ 3433 16
2,6~Di~isopropylphenol 3,42 9
2,5-Di~-t-butylphenol 3433 12
2,6-Di~t-butylphenol 3,44 8
3,5~Di~t-butylphenol 3.24 9
2 46-Di~t-butyl~4-methylphenol 5445 30
244,6-Tri-t-butylphenol 3.3% 18
3,5-Di=t-butylcatechol 3.24 5
1-Naphthol 3420 13
2,6=Dinitrophenol 3.27 13
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interactions occur between the magnetic centres. This results
in valucs of effective megnetic moment which differ from those
calculated by use of the 'spin~only’ formula.

For example, the value of effective magnetic moment of the
complex E#HS)Scr.OH.Cr(NH3)4H29] Br5 varies linearly from
2.75 BeM. at 100,4°K to 3.52 B.M. at 293.7°K, whilst that of
a similar complex varies from 2.73 B.M. &t 99.0°K to 3.44 B.K.
at 294.5°K 12,

The values of effective magnetic moment for chrowmium
complexes with two or more bridging groups, whether chloro or
hydroxy are very little different from those of the 'spin-only?
value, at room temperature, but tend to fall below this value at
lower temperature 175.

It is significant that, if there is only one bridging
group in the complex, the Weiss constant 1s large, usually greater
than 70°, Since the Weiss constants for the chromyl chloride-phenol
complexes are all much smaller than the values for the bridged
complexes described above, it is unlikely that an interaction
of this type is the explanation of the experimental results.

The most likely consideration is that both chromium (III)
and chromium (IV) are present in these complexes. The presence
of chromium species with a large number of chloro or hydroxy
bridges between chromium atoms cannot be ruled out, as such
systems appear to lead to only minor deviations from the 'spin-only!
formula.

Confirmation of the oxidation state by titrimetric methods
proved to be impractical because hydrolysis of the complexes liberates
p-benzoquinones which are themselves oxidants which dnterfere with

the and ytical methods used.
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From a consideration of the magnetic measurements it can
be seen quite clearly that the formation of the complex has been
accompanied by & reduction in the oxidation state of the chromium.
It is not possidle, hbwever, to come to positive conclusions
regarding the structure of these solids on the basis of these
results. Some of the possible structures of the phenol-chromyl

chloride complexes are discussed In Chapter 9.

8,13 The Infrared Spectra of the Phenol~Chromyl Chloride Complexes

Only the infrared spectra of the complexes in the solid
state were obtained; the iﬁsolubility of the complexes in
non~-polar solvents prevented an examination of the solution spectra.

The infrared spectra of the complexes are presented in
Tables 39 to 58 , and certain of these are illustrated in
Figs.l3~-19, In the tables, details of the spectra of the phenols,
from which the ccmplexes have been derived, and their oxidation
products have been included for the sake of comparison.

It can be seen that, apart from a very broad band of
strong intensity between 3000 and 3500 cm"l, there are few bands
common to all the spectra. However, a comparison with the spectra
of the phenol-oxidatllion products often shows considerable
similarity between the spectra. It is significant, that the
spectra of the complexes, which on hydrolysis give high yields
of a discrete organic product, are better defined, with sharper
absorptions, than those of complexes which yield mainly resinous
material. The spectra of the la‘ter are poorly gdefined. with
broad and indistinct absorptions, indicating the absence of a

high concentration of any single organic species in the complexes.
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Fig.13. Infrared spectra of complexes derived from chromyl
acetate and chromyl chloride oxidation of phenols,
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Fig.14, Infrared spectra of phenol - chromyl chloride complexe]
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Fig.15. Infrared spectra of phenol'-'chromyl chloride cpmplexes.
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_Fig.16..Infrared spectra of phenol - chromyl chloridé complexes.?
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Fig;18.vInfrared spectra of phenol = chromyl chloride complexes,
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Fig.l9. Infrared spectra of phenol - chromyl chloride,'

complexes and the complex derived from the attempted |
oxidation of 2,5-di-t-butylphenol with chromium (V)
oxytrtchloride.




All the complexes which gave p-benzoquinones in good yield
show the presence of a band between 1600 end 1650 cmfl; a comparison
with the spectra of the quinones suggests that these absorptions
are due to quinone carboryl absorptions, shifted to lower
frequency by coordination to chromium,

The presence of oxidation products coardinated to chromium
has been deduced by other worker598’114 from an examination of
the spectra of the tolvene~chromyl chloride and triphenylphosphine

complexes (see Chapter 3, section 5.12; and Chapter 4, section 3 )

The regions of the spectra between 650 and 300 om.'l were
remarkably similar: there were two broad absorptions of medium

intensity present in the spectra of the complexes, one between

1 and the other between 300 and 400 om™+. These

117

5CO and 600 em”
bands can be assigned to Cr-0 and Cr~Cl vibrational modes
respectively; these commnon features suggest that there are
similarities in the structures of all of the phenol-chromyl

chloride complexzes.,

8.1.4 The Reacticn of a Phenol-Chromyl Chloride Complex with

Donor Solvents

During the course of the preliminary investigation of the
properties of the phenol-chromyl chloride complexes, 1t was
observed that these solids were lrreversibly dissolved by meny
organioc solvents,

This dissolution process was investigated with one particular
complexs The complex chosen for this purpose was that derived
from 2,5~di=t~butylphenol, because this is the complex which
gives, on hydrolysis, the highest yleld of p-benzoquinone and the

lowest yield of resinous material,
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The complex was prepared in the usual mamner. Sampleo of
the complex were treated with small quantities of the following
carefully dried organic solvents, pyridine,piperidine, diethyl
ether, acetone, l,4~dioxan and tetrahydrofuran. In all cases,
with the exception of diethyl ether, the complex was found to be
completely soluble in the solvent. When treated with diethyl
ether; a small proportion of the complex failed to go into solution.

The resulting solutions were deep brownj their infrared and
ultraviolet/visible spectra were very complex. One noticesble
feature of the infrared spectra was a carbonyl band of strong
intensity at about 1650 enL,

The presence of this band suggested that free
2,5~di=t~butyl~l,4-benzoquinone might be present in these solutions.
Further examination of the spectra showed the presence of other
pands which could be attributed to the benzoquinone,

Removal of the solvents under reduced pressure did not
result in recovery of the original complex from any of the
solutions, Brown, or greenish-brown, non-crystalline solids
remained. together with small quantities of yellow needle-shaped
crystals,

By washing the residual solids with a suitable solvent
(e.g; light petmw leum), followed by evaporation of the oolvent
from the extract, pure 2,5~dim~t=butyl-l,4~benzoquinone was
obtained.

The el emental analyses of the solids remaining after removal
of the quinone, were found to vary slightly, depending on the
length of time which elapsed between dissolution of the phenol

complex and removal of the excess solvent., Typical analysis results

are listed in Table 18,



TABIE 18

Analxses of Solids resulting from the Treatment of the 2,5-Di-t-butylphensl-

Chromyl Chloride Complex with Donor Solvents

Found Kearest Complex Calculated for Given Complex
Solvent 6 B C1% O W | priviool rommls | O BF O Crh Wi
1,4-Dioxan 26.§ 5.2 22.5 16.4 - Cr(dioxan),C1,0H | 30.4 5.4 22.5 16,5 =
Tetrahydrofuran | 24.1 5.2 25.9 19.0 - Cp3H5001,Cr0, 24.0 5;1 25.8 18.9 -
Diethylether | 13.8 4.5 1.6 25.6 - 05325c140r207 13;7 4;6 32.4 23;7 _
pootonitrile  [15.2 2.6 45.4 19.2 1.8 OB, ,C1.Cr MO, 15;4 2.6 45;5 19.1 2.5
‘Pyridine -39-.3 4;1 23:9 16.'0 8§2 Cr(py)zclzon.ﬂéo 38;0; 4;1 22:5 16,45 8.9
Piperidine Me4 89 217 %1 9.5 Cx, (pip)gCl, (H,0)g 2.6 5.7 2.0 7.8 9.9
Acetone_ 333 5.9 21.‘4 15..7 - Cr(ac)301on.nzo 32..5 6.3 21.4 15,7 -

- T -
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It is apparent from these figures that, in each case,
new complexes were present which contained molecules of the
organic liquids; the infrared spectra of these complexes indicate
that the solvent moleculeé are present as ligands.

The properties of each of the new complex species are
discusred separately below.

(a) The complex obtained from 1,4-dioxan

The treatment of the 2,5~di-t-butylphenol complex with
dry dioxan, followed by removal of the excess solvent and washing
with light petroleum, gives & yellow-brown solid which analysed
as C7H16012Cr06 (see Teblel8 ). The chromium~chlorine ratio
is exactly 1l:2, indicating that the oxidation procesé and the
solvation reaction are not accompanied by loss of chlorine
from the chromium,
The infrered spectrum of the solid (Table 59 ; Fig. 20)
is consistent with the presence of dioxan coorcinated to ochromium,
The similarity beiwecen the spectra of the complex and of
pure dioxan, plus the presence of certain new bands in the spectrum
of the complex, has been observed in other transition netal-dioxan

)77

complexes e«gs MoCl5 (dioxan e The spectrum of this complex has
been interpreted in terms of coordinated and uncoordinated oxygen

atoms in dioxan l.e, the dioxan acts as a wnidentate ligand:

CH, -~ CH
2 2
M é_..o/ \0

~
CH, - CH2

In other complexes e.g. 0%500)6 (dioxanfgn%nd the adductsl79
of dioxan and divalent metal halides (e.g. cobalt, iron and

nickel (II) halides), the spectra show the rresence of coordinated
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oxygen only, suggesting that the ¢ioxan is acting as a bridging
group, both oxygen atoms being involved as ligands,

The infrared spectrum of the solid obtained from the
phenol~chromyl chloride complex shavs bands in the region
associated with the C=0-C group (1257 = 879 cm) which may

be assigned to both free and coordinated oxygen in dioxan.

Further evidence for the presence of dioxan ligands has
been obtained by treating these complexes with solvents more
polar than dioxan., For example, trcatment of the dioxan ~—
chromium carbonyl complex with acetone liberates the cyclic
etherl78. This compound i1s not a particularly strong ligand
and its relcase in the presence of more powerful electron
donating ligands such as a ketone, 1s to be expected.

Similar behaviour was shown by the complex derived from

the 2,5~df-~t-butylphenole-chromyl chloride solid: treatinent with

water liberated diox=zn.

(b) The complex obtained from pyridine

The 2,5=-di-t~butylphenol-chromyl chloride complex was
dissolved in dry pyridine. Removal of the excess solvent,
followed by washing with light petroleum yieclded a green~brown
amorphous solid. 2,5«dietebutyl.l,4-benzoquinone was obtained
by evaporating the petrol salution,

Elemental analysis gave the empirical formula of the
green~brown complex as CIOHIBClZCrNZOZ which corresponds to
Cr(py)ZCIZOH.Hzo, & hydrated pyridine complex of chromium,

As in the case of the dioxan~containing complex, the Cr:Cl

ratio was ekactly 1:2,
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The infrared spectrum of the complex (Table 62, Fig. 21)
is consistent with such a formulation,

Gill and his co--workers180 have shown that the infrared
spectra of many complexes, which contain pyridine coordinated
to 2 metal, differ only slightly from the spectrum of pyridine
itself; because of 'back~coordination', the bonding in the
heterocyclic molecule is little changed by its attachment to
the metal centre. However, small shifts in the position of
ebsorptions are observed in the spectra of theée conplexes
and may be used to discriminate between free and coordinated
pyridine.

Thus the band at 1580 et (C-N stretching vibration of
free pyridine) is shifted to about 1600 cm'"1 (C=N stretching
of coordinated pyridine). The presence of & weak band between
1235 and 1250 cm.-l is also indicative of coordinated pyridine.

The spectrum of the complex obtained by treating the
phencl-chromyl chloride compound with pyridine shows both of
these features. The spectrum shows marked similarities to that
of pyridine, but there are small shifts in the position of many
bends similar to those found by Gill and his coworkersSe,

It was also found that if the solution of phenol=-chrormyl
chloride complex in pyridine was allowed to stand in &he presence
of air for some length of time, a green precipitate formed., This
also had o composition corresponding closely to Cr(py)ZCIQOH.HZO.
The infrared spectrum of this complex showed it to be very similar

to that of the brown complex previously described.
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(C) The Complex obtained from Piperidine

The complex from piperidine is a green-brown solid.
Elemental analysis, after removal of the benzoquinone,
shomed that the complex did rnot have a simple stoichiometry.
The infrared spectrum of the complex (Table 62, Fig.21)
can again be interpreted in terms of a coordination complex.
The broad band at 3290 cm™l, of mediun intensity
(N-H stre%tch), in piperidine, is more intense in the spectrum
of the complex, although it is partly obscured by the broad
band in this region assigned to an 0-H stretch. Furthermcre,
the band shows a shift to lower frequency of about 50
wavenunbers; an exact shift carmot be accurately measured
bocause the frequency of this absorption is very dependent
on the nature of the mediun in which the spectrua is

obtainedlel.

182 studied the infrared spectrum

Greenwood ond Wade
of the 1l:1 complex formed between boron trichlioride and
piperidine; tley found & shift in tho N-H stretching frequency
comparaole o that described above. They also found
similarities in the ring vibrations and C-C twisting modes
in both the spectrum of the complex and that of piperidine.

Other bands compatible with the presence of coordinated

piperidine can be seen in the syectrum of the chromiun complex,

but assignments of these have not been nade.

(d) The Complex obtained fronm Tebtrahydrofuran

This complex is a yellow-brown solid. FElemental analysis
showed that the cimplex was non-stoichiometric although, as

in the previous complexes, the chromiumichlorine ratio was

found to be 1:2.
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The infrared spectrum of the complex (Table 59, Fig. 20)
shows & situation similar to that of the dioxan complex.

In the region where the absorptions assigned to the C~0-C
stretching frequency would be expected to occur, there are

g series of bands which differ from those in the spectrunm of
pure tetrahydrofuran. The strong absorption at 1076 en! in
the spectrum of tetrahydrofuran is much reduced in that of the
complex, as 1s the band at 909 cm l. New bands at 1020, 980,
963 end 865 cn™t are apparent in the spectrum of the complex.

Just as in the casc of dioxan~containing complexes,
these changes in the spectra indicate coardination through the
oxygen of the ether to the metal cenirel®,

The spectrum of the complex showed a degree of similarity
to that of the complex CrCls(THF)3 obtained by Kern184.
especially in the regioan cited aboves. The C=0-C siretching
absorptions of tetrahydrofvran (1076 and 909 cmfl) are shifted
to lower frequency by 57 and 54 cm"1 respectively, in Kem's
complex. This shows a good correlation with the bands at 1020
end 862 on™t in the spectrum of the chromium complex obtained
in this study.

Infrared spectroscopy was also used to show the presence
of free tetrahydrofuran in the mixture 6btained by treating the
complex with water.

The compound CrClB(,THF)3 was found to have similar
properties; the only solvent in which it dissolved without
decomposition was tetrahydrofuran itself, The use of more polar
solvents resulted in ligand exchange and thus decomposition of

164
the original complex™ .
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(e) The Complex obtained from Aceteonitrile

This complex was obtained as a light brown powder, after
removal of solvent and benzoquinonz from the solution of the
2,5~di~t-butylphenol complex ia dry acetonitrile.

Elemental analysis shoved a complex composition,
confirning the presence of & small amount of nitrogen.

The outstanding feature of the infrared spectrum of the
nitrogen containing complex (Table 61, Fig. 21) was the
tresence of a doublet with absorption maxima at 2290 and

2320 + 10 cm"l. This compares with bands at 2256 and 2294 om™t

in pure acetonitrilelss. Such a shift *to a high frequency is

typical of a band due to a coordinated C=N stretching vibration186.
The positive shift, as opposed to the more usual shift to lower

frequency, on coordinaticn, may be explained in terms of lonic
resonance strucztures of the nitrile groups, which strengthen

the bond186.

An exanple of a compound which shows such a shift is
trichlorotriacetatonitriletitanium (III). In this casele7, the
band due to C=N stretching occurs at 25 om=t above that of the
equivalent band in free ccetonitrile. Similar effects have been
observed in complexes of group (IV) metals with other alkyl
189

2COCHZCN .

(f) The Complex obtained from Acetone

cyanideslea, and cyancacetanide, NH

The new complex, obtained from the acetone solution of the
2,5=-di-t=butylphenol-chromyl chloride compound, was a lustrous
green solid.

Elemental analysis suggested that the complex contained
acetone. This was confirmed on hydrolysis of the complex, when

acetone was libverated.
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The presence of some residual 2,5-di-t-butyl-l,4-
benzoquinone from the phenol oxidation, was also zpparent in
the hydrolysis mixture. This would account for the absence of
simple stoichiometry for the complex, as shown by the analysis
results.

The infrared spectcum of the complex (Table 60, Fig. 20)
shows only a few strong, well-defined bands. A strong, but
rother broad absorption at 1651 en-1 (with a shoulder at 1688 cm-l)
is evident; this can be assigned to a coordinated carbonyl
stretching frequency. Shifts to lower frequency of a similar

190

order have been observed for complexes such as TiCl,.3R,CO

3
ond adducts between titanium (IV) chloride and aromatic ketoneslglo

(g) The Solid obtained from Diethyl Ether

On treatment with diethyl ether, only a proportion of the
2,5~di=t~butylphenol complex was found to be soluble., Evaporation
of the supernatant liquor after filtration showed that it ocontained
nainly 2,5=di.t-butyl-l,4-benzoquinone.

Elemental analysis of the residual solid siiowed that it
had a complicated stoichiometry, The chromium to chlorine ratio
was, hnwever, 1li2.

Hydrolysis of this solid and subsequent oanalysis of the
carbon tetrachloride extract showed that ether had been liberated.
The infrared spectrum (Taole 60) showed only

poorly defined bands. Onc at 1126 cr} can ve assigned to the
C-0~C stretching frequency of dicthyl ether but further assignments
are difficult to make,

Similar results were obtained oy Tucker79 when he attempted
to dissolve the Etard toluene adduct in diethyl ether. The adduct
was only partially soluble, and the residual solid did not have a

simple stoichiometry,
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8,1.,4,1 The Infrared Spectra of the Complexes in the
1

Region 650 - 300 cm

The infrared spectra of the complexes obtained from
the organic solvents, in the region 650 - 300 o™t have not
been discussed hitherto as they have little bearing on the
coordination of the ligand molecules. However, absorptions
were recorded in this region for some of the complexes. Most
of the absorption bands observed could be assigned to Cr-0
stretching frequencies.

Thus in both the piperidine and pyridine complexes,
there were medium intensity bands at 440 cm"l. This compares
with & valus of 410 - 450 cu ! observed by Makhija and
Stairsll7 in the spectra of the ternary Etard complexes
(see page 64)

Both the spectra of the dioxan and tetrahydrofuran
complexes showed a broad band of weak intensity in the region

530 = 500 om™ >

o A similar band can be séen in the spectra of
the acetnnitrile and pyridine complexes. The comparable band
in the spectrum of the piperidine complex was, by contrast,
of relatively strong intensity.

No sbsorptions which could be assigned to Cr-N or

Cr-Cl stretching frequencies were observed in the spectra,

though some weak intensity bands between 350 and 280 ont

may have been due to these modes.

117

Makhija and Stairs™™', in their study of the spectra

of similar compounds, stated that only tentative assigaments

can be made in this region, and also that not all the expected

bands are observed.
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| Fig.20. Infrared spectra of the solids resulting from

the treatment of the 2,5-di=-t=butylphenol chromyl
chloride complex with donor solvents.
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8.2 The S0lid Product from Chromyl Acetate Oxidations

The solid products obtained from the oxidations
of phenols with chromyl acetate in carbon tetrachloride were
green-brown solids which appeared to be stable in moist air
(unlike typical Etard complexes). It was shown by infrared
spectroscopy and elemental analysis, that, with only very
minor variations, the solid products were very similar, that
is the properties of the so0lld products are independent of
the phenol being oxidized.

Attenpted purification by recrystallization failed.
The complexes were insoluble in none-polar solvents, insoluble
in cold glacial acetic acid, but irreversibly soluble in the
boiling acid, and irreversibly soluble in water. Attempted
purification by vacuum sublimation resulted in the
decomposition of the complex,

Magnetioc measurenents were carried out on samples of
the solid products in the same manner as for the phenol-
chromyl chloride complexes, and the residual oxidizing power
i.e. the porcentage of chromiun in oxidation state greater
than (III) was obtained for a number of the solid products
of different oxidation reactions, _

The results of these studies confirm that the solid
formed in chromyl acetate oxidations 1s derived solely from
the oxidant and is a reduced form of the oxidant.

The experimental results are discussed in detail below.

8.2.1 Elenental Analysis
The elemental analyses for the solid products derived
from the oxidation of various phenols by chromyl acetate are

listed in Table 19, It can be seen that although there is 2



Analyses of Solids Derived from Chromyl Acetate Oxidations

Phenol Oxidized Crfh C% v
2,6=Di=methylphenol 25.8 23.8 3e9
2,5«Di~methylphenol 25.0 22,8 4.0
246-Di=lecpropylrhencl 25.6 23.7 3.9
2,5=~Di-isopropylphencl 27.2 2341 3.7
243,56«Tetramethylphenol 25,0 24.3 4.0
2 6=Dimt-butylphenol 25.6 23.7 3.7
2,5-Di~t-butylphenol 26,3 24.6 4.0
3,5-Di—t-butylphenol 28.4 23.8 3¢9
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certain minor variation bYetween the {igures, the analyses are
very similar for each product.

By takirg the average of these figures; (C, 23.7;
H, 3.8; Cr, 25.7%) and assuning oxygen to be the only other

element present, the empirical formula is C Cr06. The

4%
probable structure of this compoumd i3 discussed in the
next Chapter.

84242 The Uxidation State of the Chromium

The magnetic susceptibilities of two samples of the | )
reduced chromium acctate were measured (see Tables 21,37,38; Fig.l12)
In both cases the results obtained were very similar, As
in the case of the phenol«chromyl chloride complexes, the
Curie-Weiss Law was obeyed and there was no variation of magnetioc
susceptibility with magnetic field strength.

The average values of the effective magnetic moment
were 3,04 B.M. in each case (the solids were derived fron
2,5=di-t=-butylphenol and 2,6~di-t=butylphenol oxidations).

The average oxidation state of the chromium was also
estimated titrimetrically, for the compounds derived from
each oxidation.,

The oxidizing power of the reduced chromyl acctate was
neasured using a redox method, which effectively measured the
proportion ¢f chromiun (VI) in tle compound. The results are
listed in Table 20.

From the resul*s of the nagnetioc susceptibility measurements,
it can be seen that the values of the effective magnetic moment
ane similer to those obtained for the chromyl chloride complexes,
although somewhat closer to the 'spin-only' value for chromiun (IV)
(2.83 B.M., see page 131,)
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TABLE 20

The Oxidizing Power of Solids derived from Chromyl

Acetate Oxidations

Phenol Oxidized Total Total Oxidizing
Oxidizing Power
Crf Cr %

2,5=Dimethylphencl 26,1 5.8 22.2
2,6-Dimethylphenol 25,8 5.9 22.9
2,3,5,6-Tetramethylphenol 25.0 5.6 22,3
2,5-Di-isopropylphencl 27.2 7.4 27.2
2,6-Di-isopropylphenol 25.6 | 3.9 15,1
2,6-Di-t-butylphenol - 25.6 5¢3 20.9
2,5-Di-t-butylphenol 26.3 6.0 22.7
3,5-Di-t-butylphenol 25.4 6.7 26.5

The 'oxidizing power' is the percentage of chromium (VI)

in the complex; assuming that chromium (IV) or (V) species

which may be present in the complex disproportionate into

chromium (III) and chromium (VI) in aqueocus solution,
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TABIE 21

Magnetic Susceptibility Data for Solids derived from

Chronyl Acetate Oxidatl ons

Average Effective Weiss
Phenol Oxidized Magnetic Moment Constant
| (BoMo) &)
2,5~Di~t-butylphenol 3.04 48

2,5=Di-isopropylphenol 3,04 55
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If it is assumed that chromium (IV) dissociates, in

aqueous solution, into chromium (III) and (VI),

30p (IV) ——— Cr (VI) + 2Cr (III)

the oxidizing power of the reduced chromyl acetate complexes
should be 33.3%, i.e., one third of the chromium in the complex
may be considered os chromium (VI)s In all cases, the
experimental figure was found to be below this value.

This situation is not easy to explain, but 1s very
gimilar to that obtained by Tucker79, with the tolucne=
chromyl chloride adducts. Tucker found that the oxidizing
power of the adducts was a maximun for o freshly preparea
adduct, decreased with the age of the adduct, and was less than
the theorctical value vor chromium (IV).

It is probable that the differences between the
experimentel effective magnetic moments, and the !spin~only!
value is due not to any orbital contributions of chromiume
chroniun Interactions but to the presence of chromium in different
oxidation states. This would also explain the results obtoined
from tne determination of oxidizing power of the chromium in
the various complexes.

84243 The Infrared Spectra

The infrared spectra of the complexes formed on reduction
of chromyl ccetate were all very similar, A spectrum is
11lustrated in Fig. 13 and the bands are listed in Table 63
as are those of chromyl acetate.

The spectrum n the region 3500 - 3000 cm™ is
characteristic of & hydroxy complex, showing a broad band of

nedium intensity, with two indistinct maxima at 3300 end 3100 ot
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The broad band betwsen 1620 and 1530 co™' is typical
of the antisymmetric st}etching frequency of the CO0 group

and & similar band with absorption maxinma at 1595 et

has
been observed in the spectrunl92 of hydrated chromium (III)
acetate. The absorption assigned to 1he syumetrical stretching
of the COO group in ‘che latter compound has & meximum at
1423 cm'l. A sinilar band in the spectrum of the reduced
chromyl acetate is seen as a shoulder, which appears on the
N¥ujol band, bebween 1410 and 1430 om™t,

Other features of tho spectrmm are a doublet of mediun
intensity (1042, 1030 cu™) which may be assigned to a CH

3

rorking mode (cf ref. 192, CH, rock 1053, 1032 cm'l) and

3
another doublet at 956 and 972 enl, Mo comparable band occurs
in the spectrum of chromiun (II) acetate, but bands in the
region 1000 = 970 cn™t have been assigned to metal-OH tending
frequencie5186 and 1t is possible that the observed abscrptions
are due to modes such as these.

The infrored epectrun in the region 650 to 300 on™*
showed only three, rather indistinct bands (see Table 63)
end these have not been assigned.

There is little similarity botween the spectra of the

complexes from chromyl acctate and those from chromyl chloride

oxidations, in this region.



8,3 The Electron-3pin Resonance Svectra of the Complexes

Concurrent with thc measurenent of magnetic susceptibility,
the electron spin resonance spectra of the phenol-chromyl
chloride complexes were obtained. Each complex gave spectra
of very similar line shape (#ig.22). Most absorptions are
broad and intense with half-line widths which vary between 450
and 550 G3 the spectrum of the 2,6~dinitrophenol complex has a
typical line shape, but is considerably broader, having a half
iine width of the order of T75 G,

The spectra of the solids derived from chromyl acetate
oxidations were all very similar to each other, and to those
of +the phenol chromyl chloride complexes. The half-widths
of the lines obtained from the former were rather closer to
500 G than those derived from chramyl chloride.

The g valucs ol all the complexes were of the order of 23
accurate measurenent was not possible because of the width of the
lines., For this reason, no correlation could be made between the
g values and the Curic constant which can be obtained from the
mognetic susceptibility measurenments.

Using such & correlation, Hare, Bernal and Gray193 have
been able to obtain structural information, from a comparison of
the values of magnetic susceptibility calculated from e.s,r,
measurements,with the experimental values, for a chromium (V)
systen.

The ees.rspectra of the phenol-chromyl chloride complexes
are very similar to those reported for the adducts between various

phenylmethanes and chromyl chloridegs, in both their line shape
and half-widths.
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B (a)' 0G|

Fig.22. The e,s.r, spectra of (a) the oxidation product
of 3,5=di-t-butylcatechol, and (b) the
2-t-butylphenol - chromyl chloride complex.
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As described praviously (page 51 ) these spectra have
been interpreted in different ways by various workers and it
has not been established exactly what chromium species is
responsible for then.

Hakhija and Stairsll4, who obtained similar spectra from
the complexes between chromyl chloride and donor molecules,
proposed that they were consistent with chromium in an
oxidation state of (Iv.). It is significent that they also
determined the apparent oxidation number of the chromium in
the c;omplexes, by titration, and found that the valucs were
less than(IV)in every case.

This is identical to the sitvation observed with the
complexes from the chromyl acetate oxidations and it must be
concluded that the agsumption of Mckhija and Si;za,:l.rss114 is
incorrects an intermedieste average oxidation state of between
(OI) and (IV)for the chromiun in these complexes is more
consistent with their results ond those presented in this

thesis,.
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DISCUSSION OF THE EXPERIMENTAL RESUITS

In part A of this chapter is presented a brief outline
of the process of phenol cxidation with reagents other than
chromyl chloride or chromyl acetate. In particular, the
mechanisms of thess phenol oxidations ére examined with regard
to the type of reaction and the properties of the oxidant.

In the second part of this chapter, part B, the results
outlined in the previous chapters of this thesis are disoussed
with a view to defining the reaction mechanism of the oxidation
of phenols by chromyl compovnds, Also the experimental results
are critically compeared to ihose obtained by other workers, who
have used different oxicdents.

9,4, The Products and Mechanism of Oxidation of Phenols with

Oxidarts other than Curomyl Compounds

The reactior of phenols with various oxidizing agents has
been described in detail in reviewsi®T1194,

The oxidatiors may be classified by reference to the number
of electroniremoved from the phenol in the first stage of the
oxidation process. :

The first olass of oxidation involves homolytic fission of
the phenolic O«H which 6orrespond3 to a one electron change and

results in the formation of a free phenoxyl radicals h

Ar—- 0 -*-H > Ar = Os

L]

Heterolytic oxidations, by comparison, involve attack by
& reagent which cen gain control of an electron pair. Attack by P

heterolytic oxidants may teke place either at phenolic oxygen, or
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on the aromatic ring, at positions where there is high electron
density.
Attack at the phenolic hydroxyl position might be expected

~ to result in the formation of a free phenoxonium ions

LR ]

. . ot
Ar—/—0—H > Ar —— 0 +
.e a e

bat the free existence of ions such as this is unlikely; more
1.robable is the formation of transiont intermediates of thia‘
typey between the phenol and electrophilc. The loss of the
phenolic proton, followed by rearrangeiént or further oxidation
via elimination of the electrophilic moiety would result in the
fermation of oxidation products,

Attacksat the ortho and para positions gf a phenolic ring by

193

electropnilic reagents may also be considered to be oxidations™ 7,

and as the electrophil! gains b palr of electrons in the process,
such oxidations are alsc heterolytic in nature.

Both homolytic and heterolytic oxidations of phenols are
discussed fully below,

9,A.1. Reactions which involve a One-eclectron Transfer

It is now well eslablished that many phenol oxidations invclve
either the homolytic fission of the oxygen<hydrogen bond of the phanol

to give an aryloxyl free radical, or the removal of one-electron from

the phenoxide anions
ArOH + Oxidant -—— ArO¢ + Reduced form of Oxidant

Ar0” + Oxidant — > ArOe + Reduced form of Oxidant

The formation of a free radical as the primary product of

oxidetiion of phenols by certain oxidants was first suggested by
196

Pamnerer and his co-worxers o
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They studied the oxidation of ﬁany of tho simpler phenols
by the ferricyanide ionm, Fe(CN)63', in alkaline solution, and
proposed the initial formation of free radicals to explain the
subsequent formation of dimeric products. The reaction scheme

may be outlined as follows: 3
0"+ Fe(tN)™ —— Ar0+ + Fe(oNg)*

2ar0r ) (ir0+),

Coupled Products

In a typical example, the oxidation of p=cresol yielded the

ortho coupled dimer and the ketone shown below:

i | c ¢ _ CH;

2 \ /\ / CHy
Y - QD).

4 | 0N~

O: O OH OH

The coupiing ot positions other than that of original electron
removal was later explained by the contributing structures of *he
resonence stabilized system,

More recent research has now confirmed the presence of free
radicals in hany phenol oxidations. In certain cnses, the free
radicals themselves have been isolatedl97. They are intensely
colourcd paramegnetic solids which react readily with oxygen, nitric

198 of such a phenoxyl radical

oxide and the halogens. An example
is thot obtained by treating 2,4,6-tri~t-buty1phenol with
nangenese dioxide or lead dioxide in an inert solvent. The

resultant blue solution deposits, at low temperatures, a dlue
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crystalline solid, the 2,4,6=tri-t-butylphenoxyl free radicals

Qe

In other cases where the radicals have not been isolated,
their presence has been shown by electron spin resonance
spectroscopy and electronic absorption spectroscopy.

9.A.1,1 One-Electron Oxidizing Agents

Since the original use of the ferricyanide ion as a
one=electron oxidant, many other such oxidants have been
reported.

Typical examples are salts of metals in & higher oxidation
state, which can readily undergo a unit oxidation-state change to
e lower state. Examples of these compounds are ferric salfsl99’200,
and compounds of cobalt (III), ceritm (IV), mengsnese (III),

silver (II) and copper (II)201

o As well as the salts, the oxides
of many of these metals in the oxidation states cited have also
found considerable use as one-electron oxidants.

Similar one=electron oxidations of phenols have been reported
with reagents such as hydrogen peréxide and ferrous ions (Fenton's

Reagent) in which the reactive hydroxyl radical, ¢OH, is liberated:

Fe'' + H0, —=> HO* + Fe' 4+ ou”

This radical is an effective hydroxylating agent202 for phenols. b

Other radicals which have been reported to oxidize phenols are

203

organic and inorganic nitroxides such as diphenylnitroxide and

potassium nitrosodisulphonate, ON(SO3K)2 (Fremy's.Salt)204.



The autoxidation of phenols4 is yet another example of the

one=electron oxidation process, in this case, oxygen w8y be

considered a diradical,

9.A.1.2 The Products of Further Reaction of the Radicals

The further reaction of the phenoxyl radical is determined
by a number of factors. The most important of which is probably
the étability of the radical itself (see section (o)).

Thus 1f the radical ié inherently stable, and only a mild
oxidant is used, it is possible that no further reaction need
occur, once the radical is formed. Thus the oxidation of
2;4,6-tri-t-butylphenol by manganese dioxide or lead dioxide
results in a ﬁigh yield of the 2,4,6=tri-t-butylphenoxyl redical
and no further reaction takes place, even in the presence of
eicess oxidant,

Less stable radicals usually react rapidly in either of

two ways: they may couple with each other to give dimers, trimers,

or higher polymers, or they may react with excess oxident.

-The possidble froduots of radical coupling are dependent on
the structure of the phenol., It is apparent that steric factors
are lmportant in such a process,

In the simple example of phenol, various canonical forms of

the phenoxyl radical may be drawm as followss

. 0 0 0

' I H
.y .

-~
|le Il & ¢

7

N N
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The polymeric products can be explained in terms of coupling at
the various positions of high electron density., The possible
products of further reaction may be considered as followss

(1) Those derived from carbon=carbon coupling

e¢8e

OH CH

(1i) Those derived from carboneoxygen coupling

Cee

ey OO

{1ii) Those found by oxygeneoxygen coupling to glve peroxides

Of these three classes of product,'both (1) and (ii) are

woll substantiated, but no bona=fide exaﬁples of theadeto~head!

coupling have been reported205.

Other reported products, which do not strictly fall into the

above classification, are those due to mearrangement of the .

intermediate radica1206 I 38

OH 0
\7{/ >< */ ~ \(
N Rl N | —
3 G
OH :><,
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The formation of all the coupled products described above
is favoured by the lack of available oxygen, 6r reactive group.
As many of the oxidents commonly used are ionic, and not readily
soluble in covalent solverts, the ratio of availeble oxygen or
oxident to phenol in the rezction mixtures, is often low, and
coupling occurs readily.

Further reaction with the oxidant, as opposed to other
radicals, will be favoured 1f oxygenation can eesily occur.

An obvious requirement for this is the presence of readily
available oxygen in the oxidant.,

A typical exmple of this type of process is the formation of

peroxides as the products of autoxidations

In other oxidations, both the crtho and para quinones may

be formeds 0
0
(! {
:: ::::4;0 [[::::]}
i
0

Another factor which must be taken into account when
considering the products of oxidation of phenols yia a freo
radical reaction 1is sterie hindrance. The presence of bulky groups,
ortho to the phenolic OH, favours coupling at the paras~position.

The presence of bulky groups in both ortho and para positions may

lead to the formation of a complex mixture of products; if however
a rearrangement of the intermedinte radical can occur, as in the

case of 2,6-di-t~-butylej-methylphenol (see page 170 ) a straightforward
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C-C coupling may occur, though the quinone methide may also result

from disproportionation of the primary radicalzoes

Q | OH
—~ R R R R R
| — | 0
N
CH
CH3 y 3
Further reaction of the methide with en excess of radicals may

again lead to coupled productSZOY. The formation of methides is

favoured by ring substituents with CA -hydrogen atomsZOB; these

are readily removed end allow the above disproportionation to occurs

e

VRN

In the case of phanols such as those zbove, which have groups
in both ortho and pora positions, the form of coupling is very
dependent on the nature of the groups. Thus coupling will ocour
where the most labile groups are present.

Typical examples of this type of behaviour are the oxidation
of 2,6~di=t-butyl=4~halogenophenols, Oxidation of the respective
chloro, bdromo and iodo compounds has been reported209 to glve the
ocoupled product containing the halogen and the diphenoquinone in
which the halogen has been eliminated. The proportion of none

halogenated product increases as the para group increases in size:

H N ~

2 X X X
t “—-—-)o_—.‘< Y= =0 o:@

v — — X\ e

I 11
If X = C1 or Br Products I and II are formed

If X=a I Product I only is formed

A X A X

S a4 b S A AR A B . e
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Bulky ortho groups tend to preclude ether formation, via
C-~0 coupling if the para group is a labile one, though their
presence m2y not prevent it entirely.

Until quite recently, only the simple products of oxidative
dimerization and trimerization were reported. Modern chromatographic
end other eanalytical techniques have led tolfhe separation and
identification of much more complex products resulting from
oné-ele&tron oxidation of phenols. ?ypical exzmples are the
ketoe=cthers and spiroeketals isolated after tﬁe oxidation of

210 211

2y5=di=alkyle4=-alkoxyphenols and Z~alkyle4ealkoxyphenols

respectively, by Hewg:ll and his co;morkerss

OR

gl RM @

Similarly, a novel coupled product has been identified very

=)

recently on mutoxidation of 2,6-dimethylphenol in the presence of

a copper (I) catalyst212
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Other products which are formed in very many oxidations by
one=electron abstracting agents are mixvures of phenolic polymersl95’213.
In most cases these compounds, which consist of aromatic nuclei
linked via oxygen  are considered undesirable contaminants of the
oxidation product. In some cases, however, controlled polymerization
has resulted in good yields of discrete polymers with qnly a small

molecular weight distribution214.

9.A.1¢3 The Stability of the Free Phenoxyl Radical

The ease of oxidation of a phenol by a one=electron oxidant,
depends on a number of factors. Firstly, the redox potential of
the oxidant 1s important; for example p-chlorophenol is not
oxidized by ferricyanide although phenol is oxidized readily by
this reagent. p=Chlorophenol requires an oxidant with higher
redox potentia1195. With the use of non~aqueocus, and in particular
nonepolar solvents, this factor is difficult to evaluate. However,
it is clear that electron withdrawing substituents tend to make
oxidation more difficult, by reducing the electron density in the
region of the phenolic oxygen. In contrast, the alkylated phenols
are more readily oxidizea to radicals than phenol or halogenated
phenols.

Another factor on which the ease of oxidation depends, is
the stability of the radical once it is formeds the more stable the
free-radical, the more likely it is that one-electron abstraction
will occur. Thus di-hydroxybenzenes are more easily oxidized2o1
than monohydric phenols, which in turn are more readily oxidized
than enwls or alocohols,

The most stable phenoxyl free radicals are those which have

bulky ortho and para groupszos; hence it is to be expected that

the phenols with such substituents will be oxidized very easily by



- 175 -

one-electron abstractors. This hypothesis is substantiated by the

work described in the literature (see refs 167, 209, 210 and 211 etcs).

9,A.2 Reactions which iovolve u Two-eclectron Transfer

The heterolytic oxidation of phenols, i.e. oxidation involving
a two-electron change, is rather different mechanistically from
the homolytic processes described aboves
' Phenols readily underso nuclear substitution in the ortho
anl para positions by elcuirophilic reagents such as bromine and

this type of reaction may le regarded as an oxidationlgs.

0)¢4 OH
Br o~ Br
—
N
Br

For the purpose of comparison with the homolytic oxidation of
phenols; only heterolytic oxidation by oxygen-containing reagents
will be considered.

Heterolytic oxidations iInvolve attack on the phenol by an
electrophilic reagent waich can thus gain a further electron pais.
The most likely site for attack by such a reagent is the phenolic
oxygen, with 1ts exposed clectrons, but the activating influmce
of OF makes ring attack en important process.

This type of reaction differs from the homolytic reactions
previously described,;in that the products of oxidation, which are
usually stable molecular or ionic species, are formed in one, or
perhcps two,conseoutive stages. Chain reactions do not readily
occur and so polyme: foruo*ion is not a feature of this type of
process, although es will e shown in the examples descridbed later
in this section, simple coupling of two rings may occur to give

dlphenoquinones.
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Whilst there are numerous examples of one-electron
oxidations of phenols, twoeelectron oxidations are less common.
A number of examples of this type of oxidation of phenols

is described below.

One well substantia’cd example of a heterolytic oxidation

is the reaction of benzcyl peroxide with p-cresol to yleld

4-benzoyloxy-5-hydroxyto1uene215x

CH CH
i s
v
J o
OH 6
N -
Ph

No intermoleculasr covpling occurs unless the ortho
positions are blocked, then oxidation to the diphenoquinone

OGCU.‘!‘5216~

The mechanism217 for the latter reaction Involves
electrophilic attuack at the phenolic OH by the tenzoyl peroxide,
followed by loss of benzoic acid, to glve a peroxyester as an
internediate which then undergoes pars coupling with a molecule
of unreacted phenol. Howaver, .uch a coupling‘reaction is not
typical of heterolytic rherol oxidations.

In both cases the initial reaction step is attack on the
phenolic OH group, involving eithsr carbonyl addition or
displacement on oxygen. The formation of products may be

/

fornulated by a scheme such as:
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o=c"", 0
NGO N
/O %} Pl i
/’/:\\‘ 0 — CoC v 0 + C H_COOH
o 6% | 675
J N

+ PhCOO

Further oxidation yields the diphenoquinone,
The earlier suggestion216 that benzoyl radicals tock part

in the oxidation has been disproved.

Other perpxides, .8, t-butylperoxide, do effect one-clectron
oxidations; thus, the reaction218 of tebutylperoxide with p-cresol
yields dimeric and trimeric products, whilst a similar oxidation of
di-t=butylphenols has been reported219 to give a variety of products,
including those resulting from radical coupling,

A kinetio study220’221 has shown that the oxidation of phenols
such as 2,6-dit-butylphonol, by the persulphate lon, $,0,°" 1s
similarly a none-radical process. The rate determining step involves
an eleotrophilic attack by the persulphate ion on the phenol molecthle,

The prodict of oxidation 1s the para sulphate which undergoeé
rapid hydrolysis on acidification'to yield the corresponding quinol.

Only o trace of coupled product was showm to be present221.
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The oxidation of phenols with another peroxy compound,
trifluoroperoxyacetic acid, also has a heterolytic mechanism222.
The oxidation of 2,4,5~-trimethylphenol by this reagent is
reported to take place by the following scheme, involving

electrophilic hydroxylations

OH 9
oxid, Me
—> ==
Me Me Me Me
] il
CH 0

Another oxidant which acts as an electrophile, under certnain

conditions, causing a two~electron oxidation of phenol, is
perchloryl fluoride, ClO3F223. However, the mode of oxidation

éppears to be very dependent on the reaction conditions, and 1t is
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prodbable that both homolytic and heterolytic oxidations occur
side by side. It is significant that the formation of quinonoid
copounds, as opposed to other oxidation products, is believed

to be formed by a one-clectron transfer process e.g.223

0 o°
R R
R©R+ FC10,  — @ + ¥ + Clog
0.
R A& R = ; N

— - OH 0= = =0

i ® @@ 16, @ Q

R R

0* 0
X
R R cmg R R
or
Y

The reaction of lead tetra-acetate with phenols, as well as
other organic compounds, has been studied in detall, and has been

224,225.

the subject of reviews The products of these reactions

are genarelly dienone acetates, though quinones and coupled
products have also been reported.
Initially 1t was believed that the oxidation of o phenol
by lead tetra~acetate took place yia a free radical mechanismj
| the formation of coupled products was explained on this bas&szzs.
- However, it has now been established225 that lead tetraencetate
is an oxidant of electrophilic character and that no phenoxyl cr

acetate radicals participate in the oxidations to any great extent.
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RN
'k‘% J /H + CH;COOH and Pb(OCOCH3)
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A recent study227, has shown that the 2,4,6-tri-t-bu$yl-

phenoxyl radical is oxidized much less rapidly than the corresponding
phenol, by lead tetro~acetate, providing further evidence that |
the twb-electrcn mechanism is favoured in such a process.

The oxidation of phenols to p-benzoquinones by thallium (III)

trifluoroacetate has been reported 8 recently, and it appears that

a heteroiytic, twomelectron transfer 1s in operation in this cases

F3CCOO\\\ I//pCOCFB

o - 3
~
_ I (r40000),T1 (/ ' O

"\OCOCF RN OCOCF,
CF3CGO OCOCF5
0~

=}
2¢}
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00CCF OH 5 "
- “H o 0
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Oxidations of phenols by thallium (III) acetate show

similerities to those by lead (IV) scetato22d,
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9.B. The Oxidation of Phenols by Chromyl Compounds

9,B.1. The Oxidation of Phenols as an Example of the Etard Reaction

From a consideration of the results presented in Chapters §
and 6, it is apparent that the reaction of chromyl chloride with
phenols is very similar, in outline, to the reaction of chromyl
chloride with other organic compounds, such as hydrocarbons, i.e.
the Etard reaction.

In Chapter 3, the reaction of chromyl chloride with many
different classes of organic compound was reviewed and the general
pattern which emerged was that the Etard feaction may be considered
to be & two stage processs the first being the formation of an
insoluble solid, and the second being the hydrolysis of solid
yielding the oxidized form of the organic reactant.

The reaction pathway in the case of the oxidation of phenols
is obviously very similar. In most cases, the phenol reacted
rapldly with the oxidant to yield an insoluble brown solid,
hydrolysis of which gave, usually, the corresponding p-benzoquinone.
Side~chain oxidation, intermolecular coupling and ortho-quinone
formation also occurred in certain instances.

The reaction mey be written as followss

- CCl, or
Cr0,Cl, + R H —32 "%  Brom Insoluble Complex
N/ S
R4 RS

Hydrolysis

Organic Oxidation Products and
reduced Chromium species

The rezction pathway for oxidations by chromyl acetate is
somewhat different and moy be summarizeds
Ry Rl
CCl

Cr0,(04c), + R 08 —=> (1) Green~brom solid - reduced oxident

3
(b) Oxidation product of phenol in
R4 R5 solution



- 182 -

The composition of the intermediate brown solids is
discussed in section 6 of this Chapter, whilst the formation of

oxidation products is discussed below,

The first question which mast be discussed is at what
stage of the recction does oxidation of arphenol take place.
There ere two possibilitiess either oxidation tokes place
immediately prior to (or during) the formation of the insoluble
complex, or it may occur during the subsequent hydrolysis,

If the former postulate is correct, the complex will
contain reduced chromium species. If the latter process occurs,
chromium (VI) will be found in the solid complex, which may thus
be considered a true 'adduct'.

The results given in Chapter 6 which are discussed in
section 6 of this Chapter, indicate conclusively that oxidation
of the phenols takes place immediately prior to the formation of
the insoluble complexes,

Pirstly one may consider the m~gnetic measurements and
electron spin resonance measurements which both show that the
chronium in the solids is present In an oxidatlion state less
than (VI).

Furthermore,’a study of the infrared spectra of fhese complexes
shows the absence of bands due to unchenged phenol molecules, but it
does show new bands which can be attributed\to the presence of phenol
oxidation products.

That the oxidation is complete before the formation of the
solid complex has been confirmed by the reaction of various anhydrous
coordinating solvents with the 2,5«di-t-butylphenol~chromyl chloride

complex. In each case the reaction resulted in the liberation of



- 183 -

oxidation products, thus showing that a hydrolysis step is not
part of the oxidation process. Also, this work confirms the
presence of products of oxidation in the complexes hence
indicating that the oxygen in these products is derived solely

from the chromyl chloride.

However, it is probable that some further oxidation does
occur during the hydrolysis of the complexes. The presence of
residual oxidizing power has been shown in the solids derived
fron the chromyl acetate oxidations, and the magnetic measureuents
suggest that 2 similar situation exists with the complexes from
chromyl chloride oxidations.

On hydrolysis, disproportionation of chromium (IV) or (V)
will result in the formation of chromium (VI) which could then
further oxidize the orgonic material present.

That an oxidation of this type ecan occur, has been shown
by Slack and Watersllz. On hydrolysis of certain chromyl chloride-
glycol complexes which they had prepared, aldehydes ond ketomes were
released. Slack and waters showed, that unless a rcducing agent
was present during hydrolysis, the yield of aldehyde or kctone was
mich reduced, due to rrpid oxidation by chromium (VI) produced by
the disproportionation of the intermediate chromium species in
the complex.

The addition of a ferrougs compound to the water befors
hyarolysis provided & suitable species (Fett) to comﬁete with the
carbonyl compounds for the oxidant.

However, p-benzoquinones are not readily oxidized, ana in
the cascs where they are the major product, further oxidation

nust be considered o minor reaction. Where the quinones were
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formed in small yield (as was the case with, for example,
nonomethylphenols) the oxidation of hydrolysis products from
the complexes may be more substantial.

The increase in yield of p-benzoquinones, especially
the methyl-pe-benzoquinones, obtained on reductive hydrolysis
of the phenol-chromyl chloride complexes by zinc/water;may well
have been due to the prevention of further oxidation.
Side=chain oxidations have been reported for alkylated aronatic
hydrocarbons by chromyl chloride and chromic acid, but very
little is known of the rcactivity of substituted quinones
towards these oxidantse.

The suall proportion of chromium in oxidation state
higher than (III) in the complexes does, however,canfirn that
whatever oxidation does ocour during normal hydrolysis, it

must bnly be of secondary importance.

9.B.2. Sone General Feotures of the Phenol Oxidation Reactions

In Chapter 3, the various proposals for the mechanisn of
the Etard reaction were outlined and the differences in opinion
as to whether the process was a homolytic reaction or not were
discussed.

Although the mechanism for the oxidation of phenols by
chonyl chloride and chromyl acetate has not been completely
elucidated, the evidence is sufficient for a probable reaction
path to be outlined,

The review of phenol oxidations, presented in part A
of this Chapter, shows that the products, formed in the oxidations

with chromyl compounds, could be produced as a consequence of
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either homolytie or heterolytio processes. If a large proportion
of the total product of oxidation were a coupled product e.g. &
phenolic dimer or trimer, it would be possible to conoclude that
the reaction is homolytic. However, the cxperinental evidence

is not so élear cut,

A reviewzso, published in 1949, on the synthesis of
p-benzoquinones by oxidation, considered briefly the subject of
the oxidative mechanism. Although a wide variety of oxidents was
considered, the general mechanism for the reactions was described
in terms of a homolytio process, that 1s & reaction taking place yia
free radical intermedictes.,

This broad generalization was qualified by the rider that
the nature of the oxident, the experimental conditions and the
character of the substituents on the arcmatic ring would influence
the side reactions that occur.

In the case of oxidations by chromyl chloride and chromyl
ocetate, the nature of these compounds is well established (see
Chapters 2 and 3), The vigour of the oxidizing action ond the
limited choice of solvents for conducting the rcactions with these
compounds severely limits the variation and subsequent study of
experimental conditions.

That these solvents play a part in determining the reaction
pathway, ond therefore the products of oxidations of phenols, can
be seen from the results of the rcaction of quinol with chromyl
chloride in glacial acetic ocid, In this case, as well as oxidation,
extensive chlorination occurs. The reactions conducted in non-polar
solvents do not show evidence of chlorination.

| That the charccter of the substituents on the aromatic ring

is important is shown in Vables 4 to 9 . It can be seen that the
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yields of p-benzoquinone increase with the number of alkyl
substituents; for example, the yield of venzoquinone increases
along the series phenol, monomethylphenol dimethylphenol, and
similarly along the series phenol, mono~t-butylphenol, di-tebutyle
phenol.

Likewise the size of the ring substituent is of significance
in chroﬁyl chloride oxidations, large groups tending to lead to an
increase in the yield of p-benzoquinone.

Thus the yield of the benzoquinone increasses as the size
of substituent increases: for example, along the series methyl,
isopropyl, t-butyl. Phenol having no ring substituents gave only
a trace of p-benzoquinone.

The position of the substituents is also a factor upon
which the yield depends.

Thus, tke presence of these alkyl groups in the ortho
positions also increased the azmount of p-benzoquinone formed on
oxidation, in comparison with phenols with only one ortho
substituent, or in comparison with, fcr example, a 3,5« or
2,5~d1alkylphenol.s One notable exception to this rule is to be
found in the case of 2,5«di-t-butylphenol, which gave & higher
than expected yield of p-benzoquinone on oxidation by chromyl
chloride.

9.B¢3. The Reaction as an Example of a Free Radical Oxidation

It is evident, from the results presented in Chapters 6
and 8, that there are good reasons for considering the oxidation
of phenols by chromyl chloride and chromyl acetate to be a free
radical react on,

Firstly, the nature of the products of oxidation, quinones

end diphenoquinones and small quentities of other coupled products,
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together with intraoctebls resinous material, is consistent with g
homolytic oxidation, though coupled products are formed in certain
exceptional two-electron oxidations (see part A of this Chapter).
It is significant that the variation of product yield with
the nature and position of alkyl substituent closely resembles that
204

found by Teuber end Rau for equivalent oxidations with Fremy's

salt, They reported that the yield of p-benzoquinone increased
along the sequence n~cresol, 3,5~dimethylphenol, o=cresol,
2,5=-dimethylphenol, 2,6~dimethylphenol, onalagous to the results
illustrated in Tables 4 to 9.

The mechanisn for the oxidation of phenols by Fremy's Salt

has been confirmed231 by isotopic methods and can be wepresented

ag followss
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Forrester and Thomson203 used similar reagents to Fremy's

Salt, organic nitroxides, to oxidize’phenols. These recagents are,

like Fremy's Salt, quite unambiguously, frec radical oxidants.



- 188 -

They found that the variation of ring substituents in the
phenols had a similar effect on the subsequent yields of
p-benzoquinones to that observed in the oxidations by Fremy's
Salt.

Thus Forrester and Thomson203

showed that the yield of
p-benzoquinone increazsed along the sequence o-cresol, 2,6=-dimethyl=
phenol, 2,3,6-trimethylphenol and 2,3,5,6-tetramethylphenol,
This variation is comparable to the variations in yield of
benzoquinone obtained in the chromyl chloride oxidations (see
Tables 4 to 9).

Although, in the case of oxidations by chromyl acetate,
& less representative group of phenols was used, the results
shown in Table 11 tend to conform to this general pattern.

Forrester and Thomson2o3

considered that the poor yields
of p=benzoquinones resulting from the oxidation of the simpler
phenols was due to the relative instability of the intermediate
phenoxyl radicals. Being only short-lived, the radicals dimerize
or polymerize, before they can be oxidized by & second mole of
oxidant,

The similarity between the results obtained from oxidations
with these nitroxides, and the results obtained from the oxidation
with chromyl chloride, suggests_that a similar mechanism could be
applicable in each case.

If the analogy is correct, it is to be expccted that phenols
with & high degree of ring substitution, especially those
substituted with bulky groups in both ortho positions, would give
high yields of the corresponding p-benzoquinones.

The results from the chromyl chloride oxidations

(Tables 4 to 9) do show this feature,
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Resultsl13 obtained from a study of the oxidation of
chlorophenols by chromyl chloride, show similar effects with
regard to the number of substituents; the yield of the respective
chlorinated p-benzoquinone was shown to increase along the series
2~-chlorophenocl, 2;6=dichlorophenol, 2,4;,6~trichlorophenol and
pentachlorophenol,

Iike the chlorophenols, the nitrophenols were visibly
slower to react with chromyl chloride than their alkyl couﬂter-
parts: in the case of both the chloro and nitrophenols the rate
of reaction diminished markedly with the degree of substitution.

Similar results were obtained from the reactions with
chromyl acetate. Again, the highest yields of Bdbenzoquinones
were obtained from either stericaily hindered or highly alkylated
phenols,

Some further support for a homolytic mechanism is the
formation of diphenoquinones from the oxidation of 2,6=dialkyle=
phenols, albeit in smaller yields than the pebenzoquinones.
Products such as these have beeon reported for both homolytic and
heterolytic phenol oxidations, but are more generally associated
with free radical oxidation processes (see part A of this Chapter
ond ref 232).

In a few specific cases, small quantities of coupled
phenolic compounds were isolated.

For example, in the case of the oxidation of 3,5«dimethyle-

phenol, a compound of molecular formula 02AH260 was 1solated.

3
The most likely compounds corresponding to this formula

are the trimeric phenols
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OH OH OH
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or the coupled phenol-ethers
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Me Ve

The formation of such coupled products is typical of free
radical oxidations and this must again be considered indicative of
the mode of oxidation by chromyl compounds,.

Other evidence for radical formation comes from the
exanination of the other piroducts of oxidation. In none of thae
oxidations by either chromyl chloride or chromyl acetate was a
quantitative yield of any product formed, though high yields of
p-benzoquinone were obtained in some chromyl acetate oxidestions
(Table 11),

In nearly every case the non-quinonoid product of oxidation
was a non-crystalline, coloured material,

These amorphous substances are soluble in alkali giving
brown or brown-black snlutions, which, on acidification always
precipiteted the resinous starting material, This behaviour is
consistent with the prescnce of polyhydroxy compounds. The
presence of phenolic OH groups was confirmed by infrared

spectroscopy.
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A; described earlier, chemicel and chromatégraphic methods
failed to lead to the isolation of recognizable compounds from
these resins and tors, except in the few cases cited.

"If a free phenoxyl radical were an intermediate in these
reactions, polymerization of such a radical would readily account

for the formation of these products,

Similar resinous materials are obtained in very meny
oxidation9230’233’234 of phenols by established one-electron
abstractors, though it is still not clear why such polymerization
takes place so readily195.

It can thus be seen that there is good reason to examine
further the concept of a radical process for the oxidation mechanism,

If the mechanism does involve the formation of the phenoxyl

free radical, the formation of a benzoquinone can be written as

follows, as & two stage reaction:

. «
» Cr02X2~ .
o Q=0
0] 0
|
,/’
O

0 XX 0
. H L ] ¢

Cr02X2
22y

OH

0
An alternative to stage (1i) is the formation of dipheno-

quinones or polymeric products; these would arise from the

coupling of the intermedlate radicalss
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Lach of the stages may comprise a numbei of reactions, and

mey indeed follow one of a number of possible pathways. These

are outlined below,

9,B.3.1. The First Staze of the Reaction

The first stage of the reaction may taoke place via any of the

alternatiye pathways indicated below,

(1) Direct formation of the phenoxyl radical by hydrogen atom
abstraction:
PhOH + Cr0,X,  ——> FnO+ + Cr(CH)OX,

(ii) Formation of the radical via a molecular complex:

PhOH + Cr0,X, ——>  PhOH.CrOX, ——3 PhO. + Cr(OH)OX2

(111) Formation of & chromium (V1) ester, which then glves the

free phenoxyl radicals
0ol X

| ~
PhOE + CrO,X, > Ph~0-Cr. -—) PhO: + Cr(OH)O)c2
y X

This reaction may include the first stage of scheme (ii) i.e. the

formation of a molecular complex,
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(iv) Dircct formadton of a free radical via attack at the

aromatic rings

OH OH

|
7 + Cr02012 —_ (::i::] + Cr(OH)OCl2
-

- <

i
H

* c—

The formatisn of transient blue solutions, when chromyl
chloride or chromyl acetate are added dropwise to a large excess
of phenol, can be ascribed to the formation of either a molecular
complex (see scheme (ii)) or a chromium (VI) ester. The electronic
speotra of these solutions showed only an intense, broad band
typical of charge-transfer spectra, and either type of
intermediate in (1i) or (1ii) could give rise to a spectrum of
this type.

If such a molecular complex were formed, it could elther
arise from 7V - or ¢ -bonding between the phenol and oxidant.
However, 7\-complexes are formed only rarely with metals in high
oxidation states = a high electrca density on the metal centre is
required for successfvl complex formation.

The formation of a (¥yY-complex is readily explained in
terms of donation of a lone palr of electrons, on the phenolic

oxygen, to chromium:

Ph 0 Ph 0
Not  + gxx N . i X
o" "I\X ‘.?-——’)CI.\
Il X
H 0 H 0

The relative reluctance of tho chloro- and nitro-phenols to
react with chromyl chloride can be explained by the reduction of

electron density at oxygen, due to the presence of the electroa
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withdrawing groups in the ring. Coordination would be less likely
to take place, and the complexes so formed would be less stable,

The decrease in electron density would, however, also retard
reaction (1), the direct formation of the phenoxyl radical, Similar
effects have been noted in the oxidation of phenols, which have
electron-withdrawing substituents, by established one-electron
oxidantsl95.

By contraest, the presence of alkyl-ring substituents increases
the electron density at oxygen and hence favours both reaction
schemes (i) and (1i). Certainly the experimental evidence shows
that the reactions of alkylated phenols with chromyl chloride and
chromyl acetate are visibly much more rapid than the corresponding

oxidations of the nitrophenols,

Another aspect of the reaction which must be examined is
the effect of the initial reaction processes on the nature of the
final product of oxidation,

The presence of frce phenoxyl radicels, as in scheme (i)
might suggest high yields of coupled product. However, this does
not occur in oxidations by Fremy'!s Salt and the parallel between
this oxidant and chromyl chloride has already been drawn,

The very high yields of p-benzoquinone formed in the case of
highly chlorinated phenols113 can be described in terms of any of
the three processes. The deactivation of the phenolic oxygen would
lead to either radical formation (i) or coordination (11) tokdng
place at a slow rate. Formation of the ester, scheme (1i1), might
also be slowed by the presence of these chloro-groups, Thus in a
reaction system with a low concentration of radicals and an excess

of oxidant, quinone formation, rather than radical coupling might be
expected to take place.
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It must be stated here, that whatever the rate of reaction,
there is no evidence to suggest that the reactions which proceed
at different rates, do so by different mechanisms or result in
different oxidation states for the chromium in the solid complexes.

Another explanation for the formation of quinones ratherxr
than coupled products is that 'caged' radicals are formed,

The formation of these 'caged! species has been proposed by
Wiberg, Marshall and FostersO4 (see Chapter 4, page 51 ) in the
oxidation of n-propylbenzene by chromyl chloride., They suggested
that the free-radical formed initially was always associated with

a reduced chromium species, in a solvent 'cage':

ATCH; + Cz0,CL, ——) ‘:AréHZ Cr(OH)OClz]

It was suggested that a caged intermediate such as this would
prevent a chain reaction or other coupling reactions from taking
place.

The 'caged' radical rapidly recombines with the chromium (V)
species to give an ester, which then reacts with more oxidant to
give a diester. Hydrolysis of this gives the products of oxidation,

By analogy with this mechanistic scheme, the formation of
p-benzoquinones, rather than products of radical coupling, can be
explained readily.

The fourth reaction scheme, that involving the formation of
an aryl radical, by hydrogen abstraction from the aromatic ring,
would result in products comparable to those of the other schemes,

However, there is little evidence to support this mechanism,
rather than those praviously deécribed, and certain experimental
findings are difficult to explein by this process; for example the

formation of the blue, non-paramagnetic species,
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It is ovident that the formation of a free phenoxyl radical
would not be the only important tacter in determining the yield
and type of product.

The presence of alkyl groups on the phenol ring leads to
activation of the phenoli. oxygen, and hence facilitates repid
reaction with chromyl oxidants.

Despite the high relative concentration of phenoxyl radicals
which one would assume to be present initially in these oxidations,
in comparison to those of chloro- or nitrophenols, p-benzequinones
are still found as well as polymeric material,

One factor which must play a part is *he effect of steric
hindrance, which prevents further reaction of the radical.

The ease of oxidation of sterically hindered phenols to
radicels, by comparatively weak oxidants, shows that stefic factors
are not very important in the primary stage of the reaction.

If the ease of radical coupling is reduced by steric factors,
the second oxlidative stage must become important, and leads to high

yields of quinones:

OH IO
R/\.R Cr02X2 R R
] QAN
\
i
0

R = Bulky group

This hypothesis is consistent with the results in Tables 4 %o 9,
which show that sterically hindered or partially sterically hindered
phenols tend to glve higher yiclds of benzoquinone than those without
eny steric hindrance to attack at phenolic oxygen.

In certain cases, the yield of p-benzoquinone could be improved
by increasing the mole ratio of oxidant to phenol, This =zgaln suggests

that there may be competing reactions between radicals, and radicals
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and excess oxidant; this evidence also shows that an important stege
of the oxldation reaction is dependent on concentration,

The effect of changing the oxidant to phenol ratio is
most noticeable in the methyl substituted phenols: the yield of
substituted p-benzoquinone decreasasfor the 2,6-dimethylphenol, yet |
increases in the case of the 3,5-dimethylphenol, as the oxidant
to phenol ratio is increased,

This can be interpreted as follows. If the radical is
formed in the first step, and if it is particularly unstable,
the increase in the omount of oxidant should increase the yield
of p-benzoquinone, If the radical is relatively stable, then,
providing there is excess oxidant, an increase in the oxidant to
phenol ratio should have little effect. However, the effect of
side chain oxidation is also a factor which must be considered
(see below).

In general, the 3,5~di-substituted phenoxyl free-radicals
have less enhanced stabillty than their 2,6-counterparts. Hence
the former should show increased ylelds of p-benzoquinones on
increase of the oxidant to phenol ratio. The latter should not
show this effect,

The decrease in the yield of p-benzoquinone in the case of
oxidation §f the 2,6-dimethylphenol, in comparison to the
3,5=-dimethylphenocl can be ascribed to side-chain attack leading to
polymeric products; such oxidation is more likely to occur in the

ortho and para positions than the meta,

It has been sssumed throughout this section that chromyl
acetate behaves in a similar manner to chromyl chloride, except in
the formation of the insoluble complex. . It seems very probable that
the initial stage of the oxidation reaction is very similaxr for

each of the two reagents,
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This is indicated not only by the great similarity between
the products of oxidation, but also by the magnetic measurementé,
which show that the chromium atoms in the two types of solid complex
are in similar oxidation states, |

Lok = L
“0% who studied the oxidation of aromatic

Wiberg and Lepse
aldehydes by chromyl acevate, commented on the similarity between
the two oxidants. They showed that the reaction proceeded in two
stages, the first giving chromium (V) and the second chromium (IV)
and that their experimental findings were in accord with the initial

formation of a free radicals

RCHO + Cr0,(0fc), —3 RC=0 + (4 0),Cr0,H

9.B.3.2. The Second Stnge of the Reection

Magnetic measurements show that the average oxidation state
of the chromivm in the solid complexes is between (III) ard (IV}. The
initial reaction :egults in a chromium (V) species and the phenoxyl
free radical;y the further oxygenation, to give a quinone, must occur
in the second stage of the reaction,

It is possible that the chroﬁium (V) species formed in the

first stage combines with the radical to give a chromium (IV) ester:

OH .
+ Cr0X, _ ~+ Cr(OH)OX,

0 °
K
+ Cr(on)ox-2--—) ‘ I '
OH
. N l

O-?r- X
X
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However, this is not acceptable, as 1t would require only
one chromium per organic mclecule and this is not consistent with
the stoichiometry found for the solid complexes. Likewise, attack
by a second molecule of chromyl chl:ride on the radical, resulting
in a chromium (V) ester, connot be the complete explanation of the
reaction; it does not explain either the magnetic neasurements or
the stoichiometry of the solids, unless this stage is followed by a

X R

+ Cr02012————9 .

L
N —

Cl
further stage during precipitation of the compiex,

Similarly the recomblination of a 'caged' radical as discussed
previously is unlikely, as this would suggest the formation of a

chromfum peroxide intermediates

[Aro- Cr(OH)0012] —> A0 -0 - ce(0H)Cl,

ef [_Aré}12 Cr(OH)OClZ] —  ACH-0 - Cr(OH)012

It is thus evident that, in the case of phenol-chromyl
chloride complexes, no simple ester structures can be proposed,
which would fit all the experimental data, and which are comparable
10 those proposed for the hydrocarbon-chromyl chloride 'adducts',

A probable explenation 1s that after the initial oxidution,
producing a phenoxyl radical, a sazcond reaction involving hydrogen
sbstraction takes place, involving either a chromium (V) species or
chromyl chloride molecule.s This is followed by the rapid formation
of hydroxyl and chlorine bridges between the chromium atoms, forming

large molecular groups whigh then precipitate from solutiont
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During the oxidation process, chromium species of oxidation
state (V), (IV) and (III) could be formed. Thus various metal
specles could be present in the piecipitated complexX,

This would account for the non-stoichiometry of fhe complexes
and the average value of the magnetic moment of the complexes
suggesting an oxidation state for chromium of between (III) and (IV).

The chromium could readily acquire a coordination number of
6 by utilizing the benzoquinone molecules as ligandas, Typical
units in.the complex may be written as follows:

! | b

‘Cr’\c/ e
Ir /E

OH
_HO\A\L /01\1 /Cl\:xﬁ y;
v C:c':\C J cfi\\ // 1%\\

HO 'ol ! o/ B om

The infrared data, the magaetic properties and the results
of the treatment of complexes with donating solvents, are all
consigtent with such a structure,

Purther weighf is given to this proposal by the formation
of a precipitate containing only reduced oxidant, and no oxidized
form of the phenol, in reactions with chromyl acetate., The acetate
group would be expected to be a more powerful complexing agent than
a benzoquinone and hence would displace this weaker ligand, giving
a bridged complex éomparable to that above, but without chloro oxr

benzoquinone groups.
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9.B.3.3. Possible Confirmation of a Radical Mechanism

There are three possible experimental techniques by which
the radical process suggested above might be confirmed,

The first is by electron spin resonance spcectroscopy.
Gragerov and Ponomarch.uk133 in a brief report, stated that
treatment of a solution of 2,6=-di-t-butyl-4-methylphenol with chromyl
chloride, gave a signal charasteristic of the corresponding phenoxyl
radical, However, in their paper, they give no experimental deteils
and whether they used a static or flow system is unclear,

In an attempt to repeat their work, solutions of chromyl
chloride and various phenols in carbon tetrachloride er carbon
disulphide were mixed in the cavity of an e.s.r. spectrometer, over
a range of temperature.

Although no signals due to primaxy radicals were ottained,
absorptions due to both organic and inorganic species were observed.
A more detailed study using this technique and a carefully controlled
mixing system for the reactants might lead to a clarification of
the situation.

The use of a radical 'trap'! in the reaction was considered
by the author, However, the reactivity of chromyl compounds is
such that the compounds commonly used as ‘'traps' are themselves
readily attacked by the oxidants and thus the method is not
applicable in these reactions,

The third diagnostic method which could be used to determine
the course of the reaction is a kinetic study.

Considerable technical difficulties, however, would first
have to be overcome. The reacfions are, in most cases very rapid,
and the formation of the solid intermediate renders normal methods

for studying such reactions impractical,
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In this context, it is of noie that kinetic studies of
the Etard reaction, with toluene and substituted toluenes, have
led to results that have been difficult *+o interpret unambiguously

(see Chapter 4, section 2.1, and refs. 96, 121, 122 and 123).
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9.B.4. The Reaction as_an Example of a Heterolytic Oxidation

Although the experimental results appear to be consistent
with & free radical mechanism, it is necessary t5 consider whether
or not they are consistent with other types of reaction mechanism.

The ionic mechanism, suggested by Nenitzescu}ll, for the

oxidaticn of aromatic hydrocarbons, is as followss

+
ArCH3 + 20r02012 Ea— ArGHé [%Cr204014J

H,0 cr(VI
—%—  ArcHOH -—13-<——-2—) ArCHO
2 B0

In the comparable oxidation scheme for phenols, it would
be necessary to eliminate the hydrolysis step, because the oxidized
form of the phenol can be released from the intermediate complex‘
by other polar solvents, and in the reactions with chromyl‘acetate,
the quinone may be obtained directly from the reaction mixture.

The analagous scheme,

0
Y
2020,C1 oc1 oo
+Her,
mé 4 Cr(VI)

I
0

in which the oxygen is derived from water cennot apply, because
quinone can be released from the intermediate complex by, for
example pyridine,

Also, the average oxidation state of the chromium in the

intermediate solid would beCS:)rather than the experimental value,
between (IMand (TV). . f
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It appears therefore, that the Nenitzesou mechanism cannot

be considered as a rational explanation for the Etard reaction
involving phenols.

A mechanism analagous to that proposed by Mosher and Celeste7o
for the oxidation of alcohols, would involve hydride ion
abstraction via a hydrogen-bonded intermediate (see Chapter 4,

pege 58). This would result in a free ion being formed e.g.

o | o
cl '
OH ---~.o H-Cl= Cr—Cl 30:

' Cl :i:
2Cr0,Cl H 0
2742
(::j:::)

Again, this type of intermediate is unacceptable as oxidative

hydrolysis is required to complete the reaction.

If the mechanism is similar to phenol oxidation by lead

tetraacetate, then loss of hydrogen chloride would be observeds

OH 0-Fb(0Ac) 5
+ Pb(OAo) —_) (::::::] + HOAc
oH 0-Cr(0,C1)

+ Cr0,Cl, — [::i::} + HC1

A similar mechanism has been postulated for the oxidation
of 1,1,2,2~tetramethylethanol; no experimental details for the
reaotion were given, and no specific description of hydrogen chloride

evolution was made. This would be required from the following
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scheme, which gives a chromium (VI) ester:

f CH3 c{\, 033033
HO-C-C-H + 30x0,C -—-,)o-c::-o-c-c &

CHj CH3 Cl CH3 CH3

[HCI’ZO C14] @

This type cf interrediate would require further oxidation
to give the observed ketonic products.
The analysis of the phenol-chromyl chloride compléxes has
| shown that in most cases the chromium to chlorine ratio is 132
. (see page 192) and the analysis figures for chlorine agree well
with those required for a stoichiometry ArOH.2Cr02012; this confirms
that there is no loss of chlorine during oxidation, Hence it may
be concluded that this type of mechanism is inappropriate for the
oxldation of pheiuols with chromyl chloride, The initial formation
of a neutral chromium (VI) ester, as opposed to an ester containing
a carbonium ion, has been proposed, previously as a possible reaction
intermediate {see this Chapter, section B.3.l.).

Such chromium (VI) esters have been prepared by treating |
alcohols with chromic acid’® (see Chapter 2, page 12 ) and they
have been reported as intermediates in the oxidation of sterically
hindered sterolszas.

One property of the esters derived from alcohols is that
they are decomposed by pyridine tc give a carbonyl compoundal. A

parallel might be drawn with the liberation of p~benzoquinones on

treating the phenol-chromyl chloride complexes with bases, However,

not only do the infrared spectra of these complexes show the presence
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of carbonyl bands, before solvolysis, but the presence of the
second atom of oxygen in the solvolysis product, the benzoquinone,
is not explained,

If such a chromium (VI) ester were to form with chromyl
chloride or chromyl acetate further reaction with oxidant must
occur, before solvolysis, to result in the solid complex containing
chromium (III) or (IV), This has been discussed previously (see
this Chapter, section B.3.1.).

There is further evidenece which suggests that a chromium
(VI) ester is not present in the solid complex. It has bem shown
that hydrolysis of an ester of this type would almost certainly
proceed’zig chromium-oxygen bond cleavage; this would result in
the phenol being reformed, Wiberg and Foster236 hydro lysed

tetra=t-butoxychromium (IV) with water enriched with 18

0 and
showed that 97% of the reaction proceeded via chromiumeoxygen
bond cleavage. The main product was tebutylaloohol. Even if the
hydrolysis of the chromium (VI) ester released oxidant for further
reaction, such an intermediate would be expected to give some
recovery of phenol, on hydrolysis.

Slack and Watersllz proposed ester formation to explain
the formation o the solid complex between glycols and chromyl
chloride. They believed that the Etard complex contained
chromium (VI) which, on decomposition by water, gave free radicals
end chromium (V) species, both of which underwent disproportionation
to give the final products,

If such a mechanism were applicoble to the case of phemnols

and chromyl chloride, a hydrolysis step would be a necessary

requirement. Also the intermediate complex would be diamagnetic.
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It is significant that no comparable megnetic study has

been made on the complexes from the glycol reactions.

9.B.5+ The Formation of Products other than p-Benzoquinones

The fornation of p=benzoquinones is most conveniently
expleined by a radicel mechanism, but the formation of the other
products of oxidation can be explained in terms of either
radical coupling, or a secondary competing reaction between the
oxidant and the phenol, for example, side chain wmxidation.,

In most of the oxidations, quinone formation is accompanied
by the production of a polymerioc, resinous material, Whilst
radical polymerization is a likely source for this type of
product other routes must be considered.

It is noteworthy that, in certain cases, the use of zinc
during hydrolysis increascd the yields of g-benzoqﬁinone and
decreased the amount of resinous material.

However, In the cases where the products of oxidation
by chromyl chloride, followed by non reductive hydrolysis, were
resins or tars, reductive hydrolysis failed to change the.
nature of the product. This showed that the process of tar
formation was independent of secondary oxidation during hydrolysis.

In only one case was a new product obtained. This was
2-t-butylhydroquin9ne, formed by reduction of the p-benzoquinone,
which wes the initial product.

The possibility that side-chain oxidation might be more
general than was initially bolieved has been shown by the oxidation
of 2,6=di~t-butyl-4-methylphenol to the corresponding aldchyde,

as well a3 the p-benzoquinones
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RS XN \
—
CH \ CHO
3 0

The oxidation of 2,4,6-tri-t~butylphencl also results in removal
of a side chain, to give the orthoquinones

0
OH 0

LAY AN

S

The labile nature of the 2=-t-butyl group in this phenol
has been shown by other workers. Thus oxidation by nitric acid
(in glacial acetic acid) also result8237 in o-quinone formation.
Likewise, oxidution238 of 2,6=di-t~butyled-methylphenol by
Fremy's salt results in removal of a t-butyl group.

By analogy, o=benzoquinone formation would be expected
in the oxidation of 2,4,6-trimethylphenocl, 2,4-diet-butylphenol
and 2,4=di~t=butyleb-methylphenol. In each case only resinous
products were formed.

Other phenols with a vacant ortho position might be
expected to glve g-benzoquinonés but none have been isolated.
Similarly no o-benzoquinones have been obtained from oxidation
of the nophtholss l-naphthol gives the corresponding p-benzoquinone
but 2-ncphthol gives only polymeric, tarry material,

It is likely that o=-benzoquinones are formed in these
cases, and that their r®pid decomposition results in polymer

formation before they can be extracted from the reaction mixture.
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o=Benzoquinones are, in general, a class of rather unstable
compounds, but their stability increases with the degree of
substitution in the ring and the size of the substituents,
Thus 3,5«di-t-butyl-l,2-benzoquinone, the product of oxidizing
2,4y6=tri-t-butylphenol may be considered a relatively stable
compound of its class.

Nevertheless, under the hydrolytic conditions employed
for decomposing the 2,4,6=tri-t-butylphenolechromyl chloride
complex, some of this quinone always polymerized, to give a

red-brown tar with absorptions in the infrared at about 1650 en>

and between 1720 and 1750 on~Y. Similar bands in the spectra of
other polymerized o-benzoquinones have been reported239.

The formation of less stable o=benzoquinones would
therefore result in more rapid polymer formation. If this is
agsociated with radical coupling, it is understandable that
resinous material 1s formed.,

Coupling to give polymefs may also occur under raother
different conditions. It has been reported that dimerizatlion,
followed by further coupling occurs between phenols, phenols
and quinones, and quinones themselves, under conditi ons of acid
or base cataly318167’23°.

As the hydrolysis of the phenol-chromyl chloride complexes
liverates hydrochloric acid as well as the organic oxidation
products, such coupling may take place, especially as the
hydrolysis is exothermic and high local temperatures may devel ope

There alkyl groups with CA -hydrogen atoms are present on |
the phenol there is a third possible route for polymer formation.

This route is yia the formation of quinone methides, compounds

which could be formed by radical disproportionationzos, 8oL
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The polymerization of these intermediates is known to
240

occur readily .

The oxidation of the nitrophenols to resinous products
probably cccurs by o different reaction to those above., By
compsricon with the aliylphenols, oxidation would be expected to
result in the formation of nitroquinones. These are known to be
wstahle wﬁd rzact readily with water especially in tho presence
of acids or bases, to give water soluble products, c.ges 2,6=di~-

241

nitro-1,4-tenzoquinone decomposes rapidly in water s to give

-

nitranilic acid, as well as other productss

I ¥
wl/\ o N N,
e .

}

0

The formation of recsinous and water soluble products on
hydrolysis of the nitrophenolechromyl chloride complexes is
conzistent with the formation of nitroquinones as unstable inter-

nediates in the oxdi dailons.
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The situafion with 2,6=dinitrophenol was rather different.
Firstly a l:l complex was formed on.reaction with chromyl chloride,
and secondly, hydrolysis of the complex gave & good yield (ca. T0%)
of the original phenol. The measurement of the magnctic
susceptibility of the complex showed that the vélue of the effective
magnetic moment was of the order obtained for the other complexes,
indicating reduction of the chromium,.

This is a parallel situation to that reported for nitro-
toluenes. Despite a reduction of the chromium the apparent
oxidation of the nitrotoluene only takes place to a small extent.
No conclusive explonation has been offered to explain this,

Very few reparts of the oxidation of nitrophenols have
been made. The oxidation of 2,6-dinitrophenol by permanganate

ion has been studied242

y and the reaction was said to be appreciably
slower than that of phenol itself, This was ascribed to the
presence of the two nitro groups. The mechanism of this axidation
Las not been finally elucidated, though a radical intermedizate

has heen suggested. No oxldation products have been isolated:

due to extensive ring oxidation a complex nmixture resulted242.

The product obtained from the oxidation of 3,5-di-t-butyle
catechol defied ottempts to eluclidate its structure. All attempts
at crystal lization falled and elemental analyses of the resinous
products were.not consistent with the formation of a single‘compound.

Mass spectral evidence showed that the resinous products
contained components of high molecular weight. From a consideration
of this and of the infrared spectrum of the compound it is suggested

that it is & mixture of dimeric and trimeric forms of a catechol

ester, contaminated with high moleculear weight substances. A
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possible form of the dimeric component could be as followss

OH CH

74\ ,,/'O.:> //;0- ;><’
Cr
\

The striking features of these producis were their complete
solubility in non polar solvents and their intense e.s.T.
absorptions (see Fig 22).

Similar paramagnetic, red tars were obtained when
345=di=t-butyl-l,2-benzoquinone was shaken in a dry organic
solvent with anhydrous chromic chloride, Traces of a similar
meterial were also isolated on oxidation of 2,4,6-tri-t-butylphenol
and 2,4-di-t-butylphenol by chromyl chloride. This suggests
that the formation of this type of compound occurs after the
initial formation of an o~benzoquinone, by & condensation
reaction with the reduced ohromium in solution,

It would thus seem probable that one of the primary
products of oxidation of the disubstituted catechol is the

o=benzoquinones
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9B.6. The Nature of the Solid Products Derived from Chromyl

Chloride and Chromyl Acetate Oxidations

9.3.6.1. Complexes derived from Reactions with Chromyl Chloride

The attempts to elucidate the nature of the Etard
tadducts', that is the complexes obtained by treating toluene or
other hydrocarbons with ohromyl chloride have been outlined in
Chapter 4. Because of the nature of the problem 1% woﬁld appear
that it is not one which will be rapidly solved.

The followipg facts have now becn establishedt
(1) The complexés tend to have an empirical composifion
approximating to ArH.20r02012 but discrepancies from this general
ratio have been frequently reported.

(2) Despite their title, the complexes are not simple 'adductst',
(3) Magnetic measurements suggest that the valency of the chromium
in the complexes is between (III) and (IV) and not (VI).

(4) No organic solvent has yet been found which will dissolve

the Etard adducts reversibly.

(5) Hydrolysis of the 'adducts' releases products of hydrocarbon

oxidation. .,

A“

Thgpfoperties of the complexes obtained by treating phenols
with chxomgl chloride show properties very similar to these
hydrccarbon 'adducts'.

That the complexes are not simple addition compounds has
been shown by a number of means.

Elemental analysis has shown that, in most cases, the complexes
do not have a simple stoichiometry although in a few oases there is
o tendency for the stoichiometry to approximate to 132 (phemols |

chromyl ohloride). It is significant that in many reactions,
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this mole ratio of phenol to oxidant gdve better yields of the
quinone than other ratios,.

There is no evidence in any of the elemental analyses
for loss of chlorine, for example as hydrogen chloride; the
ratio of chromium to chlorine in the complexes is always
approximately 1:2 (see page 122).

Hartford and Darrin5

proposed a hydrogen bonded structure
for the Etard 'adduct' formed from toluene. This is now not

accepted as a possible structure for these complexes (see page 61).

If such a structure did exist, or if the 'adducts' contained
chromyl chloride coordinated in some way to a phenol, treatment
with noneaque-us solvents might be expected to liberate the
original phenols No phenol 1s liberated in such reactionsj the
compound which is released is a pebenzoquinone.

This confirms the proposal that the phenol-chromyl chloride
complexes contain reduced chromium species and products of phenol
oxidation.

The exact nature of the.complexes is still a matter for
speculation, That different organic oxidation products result on
hydrolysis suggests that the complexes are in fact mixtures.
Gragerov and Ponomarohukl31 have suggested that Et;rd Yadducts!
of toluene derivatives are not individual compounds,

The infrared spectra of the complexes are not always well
defined. One feature common to all, is the presence of a broad
band, which can be assigned to the O~H stretching frequency.
Similar bands are observed in the spectra of hydrocarbone
chromyl chloride 'adducts'es. The presence of such a band is

consistent with the transfer of the hydrogen from a phendlio
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oxygen of the chromyl chloride during the initial oxidations

CH
1 |
CL=Cr-Cl ____y Cl-Cr=-Cl
I}

4

Most of the complexes show abcorptions which can be assigned
to oxidized forms of the organic reagent., The variatiéns between
the spectrum of the pure compound and the complex can be attributed
to the effects of coordination. For example, absorptions assigned
to carbonyl stretching occur at lower frequencies in the complexes.
This may be correlated with the coordination of the oxygen to the
chromium,

This leads to the conclusion that, as in the reaction of
toluene with chromyl chloride, the formation of the complex occurs
either after oxidation, or as an integral part of the oxidation
process, by coordination of the oxygenated organie compound to
reduced chromium species.

The complete insolubility of the complexes in non-polar
solvents suggests thot they are polymeric or ionic. Polymerization

might occur by the formation of hydroxyl or chlorine bridges betveen

the chronium atoms. The formation of such a complex has been
described previously in this Chapter (see page 199 et seq.).

Examination of the solid complexes by mass spectrometry failed
to show the existence of any simple species with molecular weight
less than 800. Under conditions identical to those used to obtain
the spectra of the organovanadates, no well=defined mass spectra

could be obtained for any of the complexes. No parent peaks were

ev.ident -



The nature of the reaction of the complex derived from
2;5~di—t-butylphenol with the various donor solvents under anhydrous
conditions tends to support the coordination theory. The
displecenent of the weakly coordinated p-benzoquinones by
electron donating ligands such as pyridine or dioxan, which would
be expected to occur, has been observed.

The new éomplexes which resuit from such reactions do not
show & simple composition but this is not unexpected because the
phenol complexes themselves do not have a simple stoichiometry.
The presence of traces of p-benzoquinone found on hydrolysis of
certain of thesé solvent-containing complexes shows that displacement
by the donors is not complete. This could be explained by the
formation of ternary complexes as reported by Stairs and
Makhijall7 with the toluene 'adduct®s

pyridine
CGHSCH3.ZCr02012 -——;;;T—B | C6HSCH3.20r02012.2Py

A similar situation with phenol complexes might ocour,
followed by displaceiient of the coordinated p-benzoquinone by
the donor ligand. If the coordination theory is correct, the
Etara toluecne complex contains benzaldehyde coordinated to
reduced chromium. Benzaldehyde would be expected to form more
stable complexes, than a quinone, with a metal acceptor, and
thus a displaqement by the donor would be less easy.

Fﬁrthe? evidence for coordination in the chromyl chloride-
phenol complexes was obtained frém the behaviour of the complex

derived from 2,5«di=t=butylphenol, on being heated.
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During mild pyrolysis both 2,5-di-t-butylel,4-benzoquinone
and hydrogen chloride were liberated. The empirical formula of
the residue, ottained after the release of the benzoquinone was

approximately C Hl601

9 3

A coordinnsted ligand such as a quinone might be expected to

Cl‘206 3

break away from the central metal atom under the influence of heat.
- It is apparcut that the chromium-oxygen bond has been broken under
thess conditions.

The elimination could take place as followss

0 ~—H Cl

ANy
VN O\

Cr Cr ‘O-#) Cr -—Cl— Cr + HC1
N c1/ S a”

A survey of the literature has shown that complexes of
p-benzoquinones with metal acceptors, similer to thise proposed
above, have been reported, Thus, antimony pentachloride forms
adducts with anthraquinone258 and 1,4-benzoquinon3259. The
latter complex is & red solid, unstable at room temperature.

An attempt thus was made to prepare similar complexes between
substituted benzoquinones and anhydrous chromic chloride, in order
to see if there was a similarity between these and the phenole-
chromyl chloride complexes.

However, the lack of non-donor solvents in which both the
metal chloride and quinone were soluble prevented this, Polar
solvents e.g. acectone or ethanol tended to dissolve both the
potential ligand and acceptor, but interaction between the solvent

and chromic chloride always occurred rapidly,
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A similar attempt was made with antimony pentachloride and
substituted p-benzoquinones, using carbon tetrachloride as solvent.
Complexes were prepered but they were very sensitive to moisture
and rather unstable in dry air, although the compounds, formed
from highly substituted benzoquinones, were more stable than the
conplex reported earlier259. Infrared spectra of these complexes
were obtained; they showed shifts to lower frequency for the
carbonyl C=0 stretch, which were similar to those observed in the

phenolechronyl chloride complexes.

It is relevant to mention bere that JX -complexes containing
alkylep-benzoquinones are well known; they possess much more
stability than their ¢ ~bonded equivalents. Bisduroquinone
nickel (0) was one of the first to be prepared243. It is completely
waffected by air and even dilute non-oxidizing acids. Solubility
in non-polar organic solvents is slight, but recrystallization may
be effected from chloroformn.,

Considering these properties, it is most unlikely that the
phenolechromyl chloride complexes are 7 ~complexes of benzoquinones
and chromium (IV)or chromium (III),

9,B.6.2. Complexes derived from Reaction with Chromyl Acetate

Whilst the mechanism of the initial oxidation reaction is
apparently identical for both chromyl chloride and chromyl acetate,
the formation and nature of the solid complexes is different for
each oxldant.

Analysis showed that, in each reaction with ochromyl acetate,
the solid complex obtained had an empirical formula C4HBCr06. The
infrared spectrum and the magnetic properties of this compound suggest

that & likely formulation is (CHBCOO)ZCr(OH)Z. However, the
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insolubility of the compound in organic sclvents suggests that the
complex is polymeric, As with the chromyl chloride complexes

hydroxy, or acetate bridges could link the chromium atoms.

The formation and precipitation of this complex during
the oxidation by chromyl acetate i3 readily explained in terms
of a coordination complex.

In the oxidations by chromyl chloride, precipitation of a
complex between chromium and the oxidized form of the phenol occurs,
In an oxidation by chromyl acetate a similar situation occurs, but
the weakly bended ligand, the benzoquinone, is raepidly displeced
by the more strongly coordinating acetate groupss

Simildr forms of reduced oxidant have been reported in many
oxidations by cﬁromium (vI)e Thus the oxidation of diphenylmethane
by chromium (VI) oxide in glacial acetic acid yielded & greenishe
brown solid whose analysis agreed fairly closely to thai for a
chromium (III) acetochromate Cr(HCrO4) (OA0)2135. The presence
of chromium (VI) in this compound was shown by iodometric titration
after hydrolysis. Thus, a mean figure for the oxidation state of
chromium was obtained and it is conceivable that a chmwmium (IV)
or (V) species may have been present.

The oxidation of olefins by bistriphenylsilyl chromate,

[fcéHs)BSid] 20r02, result3244 in the formation of carbonyl
compounds, with precipitation of a green, inorganic solid, This

244

has been shown to be o compound consisting of reduced silylchromate,

The same reduced chromiun compound is formed regardless of which
olefin is oxidized.

Barteckill9

oxidized various hydrocarbons with chromyl acetate
in carbon tetrachloride and found that each oxidation resulted in

the precipitation of a green-brown solid. The infrared spectra of
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these solids were independent of the hydrocarbon which had been
oxidized-

A nmarked similarity between the spectra of reduced chromyl
acetate as obtained by Bartecki and that obtained in the oxidation
of phenols can be seen. However, Bartecki has proposed a formula
Cr2(CH3CCO)20(OH)4 for his compound, the odd oxygen being a bridge
between two chromium atoms., The actual elemental analysis of
this compound showed quite lerge discrepancies from that required
for the compound as formulated; in one case the chromium analysis
differed by over five per cent,

It is interesting to note that, in the last two cases
described above, more oxygen was found in the reduced oxidant than

would be expected from a consideration of the reactants, e.g.

RCH, + croz(o.com:x})2 ——> RCHO + Cr, (0.COCH, ) ,0(0H) A

3 3)2
In the case of the reduced bisphenylsilylchromate, either
air oxidation or oxidation by excess oxidant is assumed to have
teken p1306244. Bartecki has offered no explanation of the
anomaly apparent in his results,
Although no oxygen uptake was noted during the oxidation
of phenols by chrenyl acetate this may well have occurred. If
this i1s the case, a free-radical mechanism for the process would
again seem probable; this type of reaction has been proposed,z45 to
explain the uptoke of oxygen which takes place during the oxidation
of alcohols by chremium (VI) oxide in glacial acetic acid.
It is now apparent, from these results, that future studies

on this topic must consider fully the possibility of oxygen

absorption.
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9.B.7. The Reaction of Vanadium (V) Oxytrichloride and

Chromium (V) Oxytrichloride with Phenols

9,B.7.1 Vanadium (V) Oxytrichloride

~ Oxidations of organic compounis by vanadium (V) species
in aqueous solution are well documentedz. Alcohols, glycols,
hydroxyacids and hydroxyketores are amongst the compounds
containing the OH group which have been studied in tilis respect.
The oxidation of hydrocarbons has also been the subject of
considerable research,

Fhenols also are readily oxidized by aqueous vanadium (V)
but the reactions are very rapid, and little is known about the
kinetics or products of these oxidations, though one report has
suggested that the oxidation of phenol in the presence of
vanadium (V) catalysts may be a free radical processz46. Similarly,
e free radical mechanism has been proposed for the oxidation of
phenols by vanadium (V) in the presence of light247.

Oxidations by vanadium compounds in organic solvents are
limited by the small number of vanadium compounds of high oxidation
state which are soluble in organic media.

Apert from vanadium (V) oxytrichloride, the only compounds
which meet this requirement and have been the subject of recent
study are vanadium (V) acetatez, vanadium (IV) tetrachlorideot
and t-butylorthovanadate (V)z. Vanadium (V) ecetate has been used
in glacial acetic acid, whilst the other compounds may be used in
non-polar solvents such as carbon tetrachloride, All these
vanadium (V) compounds have been reported to be much less powerful

oxidants than aqueous vanadium (V) speciesz.



The reection of vanadium (V) oxytrichloride, V015, with
organic compounds has not been thoroughly studied, though the

48 and aminesz49 has been reported,

oxidation of carboxylic a.cids2
These reactions were carried out in non-aqueous mediat the

oxychloride being very prone to hydrolysis,

The results cited in Chapter 7 confirm that vanadium (V)
oxytrichloride is not a powerful oxidant., The reaction of phenols

having bulky alkyl groups results in the formation of diphenyls

chlorcvanadates (V), compounds of general structures

R
0
{
R —O—¥~O~ R
R Cl R

As described previously (Chapter 7) these compounds are
identical in nature to those prepared by Funk153 et al but they
différ congiderably from those reported by Prasad and Upadhyaya154
which were described as brown solids, relatively stable to hydrolysis
and insoluble in organic solvents.

The compounds prepared by Funk and his co-workers and those
prepared by the suthor are all deeply coloured compounds, readily
soluble in organic solvents, and very suseeptible to hydrolysis.,

A simple two-stage process probably leads to the formation

of the reported productss ﬁ
OH —~— VUV~ Cl
27N\
Cl
R R
v0013 + —_— + HC1
R 0 R
ArOH i

—3 R -V

Cl
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A comparison may also be made to the work of Carrick,
Karapinka'and Kwiatowskil6l who reported both substitution as
above and intermolecular oxidative coupling to take place, They
found that phenol itself reacted readily with vanadium oxytrichloride,
but could be recovered completely on hydrolysis of the reaction
mixture Refluxing the reaction mixtures for extended periods
of time only resulted in traces of diphenols being formed.
However the reaction of vanadium oxytrichloride with the naphthols
and the cresols resulted in larger amounts of coupled product
being released on hydrolysis. This is parallel to the afore-
mentioned work of Punk, Weiss and Zeising 153 who reported the
rapid oxidation of cresols under these conditions, but the formation
of stable vanadates with other phenols, |

Similarly, it was reported that the oxidation of
1,3—bi§(hydroxyphenyl)propane162 was & slovw process below room
temperature and only gave an appreciable yield of product after

boiling the reaction mixtare under reflux for a considerable time:

o
(]
(-s vw, |
a5y
HO-

It is thus apparent that the oxidation potential of the

-~

<

rhenols is en important factor, which has a great influence in

determining the reaction pathway.
However sterically hindered and partially sterically

hindered phenols often do not exhibit the properties suggested Ly

their electrode potentialsz5o and an anomalous situation with
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2,5-di-t-butylphenol, 2,4,6-tri-t-butylphenol and 2,6~-di-t-
butylphenol might thus be expected, This has been confirmed recently

by a report251

of the preparation of other stable arylchlorovanadates
without oxidation taking plece. |

It is relevant to mention at tris point that vanadiunm
tetrachloride, VC14, does oxldize phenol to p,p'~diphenocl in
30 - 507 yileld oL,

with vanadium tetrachloride to give a black solid, presumably a

This coupled product may then react farther

chlorovanadium (IV) phenoxide., Hydrolysis of this solid liberates
the dipherol quantitativelylél.

The naphthols and all thrce cresols react readily with this
reagent to give varying ylelds of coupled product together with
resinous products. 2,4,6-trimethylphenol did not react with
vanadium tetrachloride despite its low oxidation potentialzso,

confirming the proposals above,

Cxidations similar to those above have been reported to
occur with molybdenum (VI) oxychloride, MoOCl4252. This compound is
a green solid which dissolves in carbon tetrachlecride or chloroform
to form red-brown solutions.
Direct oxidation of phenol by molybdenum (VI) oxychloride
at high temperature resulted in the formation of a polyphenol resin
and the para-coupled diphenol (19.6%), Similar reactions with
o~ and p~cresol gave only polymeric materialzsz.
Under more moderate conditions, in carbon tetrachloride solution,
the oxidation of phenol161 gave a high yield of p,p'-diphencl as well

es smaller amounts of chlorophenols and products of ortho-coupling.

Polymeric substances were again a substantial part of the product (35%).



9,B.7.2. Chromivm (V) Oxytrichloride

t wazs hoped that information as to the possible xole of
chromium (V) species, in chromyl chloride oxidations, would be
obtained from the study of the interaction of chromium (V)
oxytrichloride and phenols. As has been shown in Chapter 7,
the position is still unclear: the instability of this oxychloride
mekes such a study an impractical one,

It is unfortunate that, whilst there are a variety of
chromium (VI) compounds which may be used as oxidents, the number
of chromium (V) compounds of comparable utility is very small
indeed.

The so-called 'Weinland Salts', compounds of the type
MéCrOCl5 (M = an alkald metal) could possibly be used in this
context. Another chromium (V) compound which might be used as an
oxidant is tricklorochrontum (V) dibenzoate CL,Cr(0C0C.H:), ™,
Iike chromium (V) oxytrichloride, the properties of this coumpound have
not been well investigated - similar problems due to disprop-

ortionation may occur,.
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CHAPTER 10

EXPERIMTNTAL SECTION

10.1. The choice of Solvent for Reactions with Chremyl Compounds

The use and choice of solvents used in reactions involving
chromyl chloride has been discussed in Chapter 3, section 2. The
problems associeted with the use of these solvents in the Etard
reaction are similar to those opparent in this study of the
oxjdation of phenols.

Carbon tetrachloride and carbon disulphide appear to be
the most suitable solvents for these oxidations but they suffer
from the disadvantoges outlined below,

10.1,1. Carbon Tetrachloride

When carbon tetrachloride 1s used as a solvent it is often
impossible to remove all of the solvent from the phenolechromyl
chloride complexes; even prolonged treatment under high vacuun
leaves appreciable amounts of solvent (up to 5% by weight) in
the solid product. Thus the infrared spectra of many of these
complexes show an absorption at about 800 o} due to the C-Cl
stretching frequency of carbon tetrachloride. In many cases, the
solvent was found in the hydrolysls products of the complexes.

Similar difficulties to these have been reported for the
tadducts' formed from hydrosarbons and chromyl chlorides the solvent
was bellieved to be occluded in the solidloo.

A consequence of this trepping of solvent is that the weight
of the phenolechromyl chloride complex does not afford a true
neasure of the percentage yield of complex. In most cases, analysis
of the filtrate obtained on removal of the solid complex showed the
absence c¢f phenol or oxidized forms thereof, indicating that the

complex contained @ll of the phenol in one form or another.
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If this solvent trapping were not considered  the yield
of certain complexes would appesr to be greater than 100%,
No consistent correction for this occluded solvent could be made,
as elemcntal analyses of the verious complexes falled to show &
simple relati onship between weight and composition of the complex
and thé weight of occluded solvent.

10.1.2: Carbon Disulphide

The disadvantage in the use of carbon disulphide 1s that
it is not entirely inert; it reacts slowly with chromyl chloride

under- the conditions employed for the reactions of phenols.

Thus it was observed that when solutions of chroéomyl
chloride in carbon disulphide were stored even for a comm ratively
short time, a small amount of precipitate formed, The absence
of light did not prevent the formation of this precipitate.

To compare the reactivities of carbon disulphide and
carbon tetrachloride towards chromyl chloride, reaction mixtures
" of comparable concentrations were heated wnder refluxs the
carbon disulphide mixture showed an appreciable amount of solid
- formation after two hours, but no s0lid was precipitated in the
solution of chromyl chloride in carbon tetrachloride after
heating for ten hours.

Also no change in the infrared spectrum of this solution
was observed over the ten hour period.

The reactivity of carbon disulphide towards chromyl
chloride has been confirmed by other workers6.

Similar experiments, carried out with dichloromethane

and chlorofornm showed that these solvents were not inert towards

chromyl chlorides
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The choice of solvent fo? the reaction of phenols with
chromyl chloride was decided by'the nature of the investigation.
Where quantitative information relating to yields of products of
hydrolysis of the complexes, carbon tetrachloride was used as
the solvent.

Where solvent=free complexes were required, e.g. for
negnetic susceptibility measurementé, the reactions were carried
out rapidly in carbon disulphide.

10,2 The Preparation and Purity of the Reagents

Wherever possible, commercially available reagonts were
used; in all cases compounds were'further purified before use,

Reagents not commercially available were prepared ond purified

by methods cited in the literature.

10.2+1. The Purification of Carbon Tetrachloride

Carbon tetrachloride ('Technical Grade') was fractionally
distilled, twice, from phosphorus pentoxides.

The initial 10% of the distillate was rejected and the
fraction, bepe T6 = 77o at atmospheric pressure, was collected
as pure reagent256. The purity of the reagent was confirmed by
examination of its absorption spectrum in both the infrared and

ultraviolet regions.

10.s2.2« The Purification of Carbon Disulphide

Carbon disulphide ('Technical Grade') was dried by standing
ic over calcium chloride. The solvent was then fractionally
distilled from phosphorus pentoxide, in diffuse 1ight256.

The iﬁitial 10% of the distillate was rejected and the
fracton b.p. 46 - 46,5°, ot atuospheric pressure, was collected
as pure resgent.

The purity of the solvent was again confirmed by

spectroscopic means.
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10:.2,3, The Purification of Acetone

tAnalart grads ccetone was dried over anhydrous caleclum
sulphate and then stored over type 4A Iinde molecular sieve.

10.2.4. The Purification of Acetonitrile

Acetonitrile was stirred with calcium hydride until no
further hydrogen was evolved on addition of fresh desiccant,
This treatment removed both water and acetic acid.

The rengent was then distilled from phosphorus pentoxide
(0.5 = 1% w/v)s The fraction b.p, 81 = 82° at atmospheric
pressure was collected.

10.245¢ The Purification of 1,4-Dioxan

'Analar! grade dioxan was dried by standing the reagent
over sodiun wire, It was further purified by distillaticn.
The froction beps 101 ~ 101.5° at atmospheris pressure was
used as pure reagent.

10.2.6., Purification of Diethyl Ether

tAnalar' grade diethyl ether was dried over sodium wire,
and then distilled. The fraction b.pe 34 - 35° at atmospherio
pressure was collected as pure reagent,

1042.7« The Purification of Piperidine

Piperidine was stirred with calcium hydride until no
further evolution of hydrogen was observed, and was then
distilled. The fraction b.pe 115 - 116° at atmospheric pressure
vas collected as pure reagent.

10,28, The Purification of Tetrahydrofuran

The tetrahydrofuran was stirred with calcium hydride until
no further evolution of hydrogen was observed on addition of

fresh desiccant,



The solvent was then distilled from sodium and the fraction
beDe 65 = 66° at ctmospheric pressure was collected as pure reagent,

10.3 Preparation and Purification of Metal Oxychlorides

10.3.1. Chromyl Chloride

Chromyl chloride was obtained from Hopkins and Williems
Ltd.

The reagent was first purified by distillation at
atmospherioc pressure, the fraction b.p. 115 - 116° being collected.
Care was taken to ensure that all the apparatus was quite dry and
further that all moisture was excluded during the distillation.

The reagent prepared in this way was further purified,

immediately prior to use, by distillation under reduced pressure.

104342« Chromium (V) Oxytrichlorids

This compound was prepared by the method of Johannesen
and Kraussl72..

Boron trichloride (20 ml) and chromyl chloride (2 mlj
approxinmate mole ratio 10:1) were mixed in a dry round-bottomed
250 ml flask at 0%, Care was taken to exclude moisturej the
handling of the reagents was carried out in a dry glove-box.

The contents of the flask were then allowed to warm to
the bolling point of boron trichloride (+ 13°) and the mixture
was allowed to boil under reflux for four hours, using a ocold
finger (-30°) to condense the reactants., Whilst this was being
oarried out, a slow stream of dfy nitrogen wes passed through the
flesk to remove chlorine.

The reaction mixture was then 2llowed to stand for
twelve hours at 0° and was then distilled at 15° under high

vacuumn,
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The chromium (V) oxytrichloride sublimed under these
conditions and was collected on the cold finger as a black
crystalline solid (1.7 g, 40% based on chromyl chloride).
Founds Cr, 31.0; calculated for CrOClys Cr, 29.9%.

10.343. Chromyl Acetate

Chromyl acetate was prepared by the method of Kraussz7.

tAnalar! chromium trioxide (5.0 g, 0.05 mole) was mixed
with acetic anhydride (2.0 g, 0,02 mole} in carbon tetrachloride
(20 ml). Care was taken to exclude moisture by handling the
reagents in a dry glove-~box.

The mixture was then shaken mechanically for five hours,
at room temperature in a sealed flask., The reaction vessel was
was wrapped in metal foll to exclude light.

The mixture was then filtered under dry nitrogen using
a covered filter as illustrated in Fig. 23,

The solution of chromyl acetate thus prepared was used
directly for the oxidation of phenols.

The electronic absorption spectra of this solution was
identical to that recarded by Krauss (maxime at 283 nm and
400 ney?T,

10.3.44 Yanadium (V) Oxytrichloride

Vanadium (V) oxytrichloride (99%) was obtained from
Koch=light Laboratories Ltd. The reagent was purified by
distillation at room temperature under reduced pressure .
(Founds Cl, 61,0%. Calculated for VOCl,s Cl, 61,6%).

. 3
10.4 Preparation and Purification of Phenols

The majority of the phenols were commercially available

end were used after purificatiim.



Phenols not commercially available were prepared by methods .
cited in the literature,

Purification of all these recgents was by recrystallization
to constant melting point (for solid phenols) or by fractional
distillation (for liquid phenols).

The experimental details of these processes are summarized
in Tablet 65,

10.4e1s The Preparation of 3,5-Di-t-butylcatechol

This cowpound was prepared by the method of Schulze and
Flaig257.

Concentrated sulphuric acid (10 mi) was added to a solution
of catechol (22 g, 0.2 mole) in t-butonol (25 ml, approx, 05 mols)
with constant stirring. Care was taken to ensure that the temperature
of the reaction mixture did not rise above 20° during this addition.

When the addition of the acid was complete, the mixture
was allowed to stand for twenty-four hours, during which time the
mixture solidified.

This solid product was then added to a large excess cf
ice/water. The crude 3,5-di-t-butylcatechol was collected by
filtroation, washed with cold water and dried under reduced pressure,
The yield of crude product was 92%.

After recrystallization from benzene=petroleun ether
(bep. 60 - 80°) the pure catechol was collected as white feathery
needles, m.P. 99° (Lit.99°)257. Found: C, 75.63 H, 10,0%.
‘Calculated for CI4H2202' C, 74.73 Hy, 9.9%.

10.4,2. Preparation of 4,6-Di-t-butylpyrogallol

4,6=Di-t-butylpyrogallol was prepared by the method of

Schulze and Flaig257.
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TABLE 65

The Purification ef Phenols

Phenol

M.P,

Lit.

Recrystallizaticn Solvent M.P.
(°c) | (°c) -
Phenol Petroleun ether (below 4¢°) 4;- 43 a
4
2,5-Dimethylphenol . Bthanol-ether 5 |75 |a
2,6-Dinethylphenol Ethanol-ether 49 49 a
2,6-Dinethoxyphenol Ag. ethanol 56 gg-
3,5=Dimcthylphenol n-Hexane 68 68
3=t-Butylphenol n-Hexone 49 41 a
4~t-Butylphenol Petroleun ether (60-80°) |98 | 99 b
2,4-Di-t=butylphenol Petroleun ether (60-80°) gg- 57 b
2,5-Di-t-butylphencl Petroleun ether (60-80°) | 121 igg- e
2,6-Di-t-butylphenol n-Hexane gg- 39 b
2,6«Di~t=butyled-methyl-
phenol Aq. Ethanol 70 70 b
2,4,6=Tri=t=butylphenol Aq. Ethanol 131 131 b
3,5=Di=t=butylcatechol See Chapter 10.4,1,
3,5=Di-t=butylpyrogallol See Chapter 10.4.2.
l1-Naphthol Aq. methanol (charcoal) 94 94
2-Naphthol Aq. metranol (charcoal) 122 123
2-Nitrophenol Aq. ethanol 43 44.9
44
3-Nitrophenol Chloroforn 9% 97
4=Nitrophenol Chloroform 113- ] 114
114
2,6«Dinitrophenol Benzene-petrol (60-88°) 63~ 63~ a
64 64
2,3,5=Trinethylphenol Aq. ethanol gg' gg- a

(a) Dictionary of Organic Compounds, Fyre and Spottiswoode, (1965).

(b) R¢ Stroh, R. Seydel and W, Hahn, Angew. Chenm., 69, 699 (1957),

(¢) Hy Hart and W.G. Vosburgh, J. Aner. Chen. Soc., 13, 4983 (1951).
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TABLE 65 continued

Phenol kecrystallization M.P. Lit. |Ref,
Solvent (°c) M.P.

2,3,6=Trimethylphenol Aq. ethanol 62 62
2,4,6-Trimethylphenol Aq. ethanol 69 69
2,3,5,6-Tetramethylphenol Aq. ethanol 117 iig—

Phenol Boiling Point (°C) | Lit. B.Ps (°C) |[Ref.
2,6-Di~isopropylphenol 138 -~ 142 (50 mm) 149 (50 mm) b
'2,5-Di~isopropylphenol 110 = 118 (5 mm) 110115 (5 mm) e
'2,6-Di-sec-butylphenol 166 - 168 (52 mm) 169 (50 mm) b
2-Methylphenol 107 - 109 (50 mm) 110 (50 mm) 8
2-t-Butylphenol 125 - 128 (50 mm) 126-137 (50 mm) | ®

(a) 'Dictionary of Organic Compounds', Fyre and Spottiswoode, (1965).

(v) R. Stroh, R. Seydel and W. Hahn, Angew. Chem., 69, 699 (1957).

(d) G.T. Morgen and A.E.J. Pettel, J. Chem. Soc., 418 (1934).

(e) C.L., Mogle and E.M, Van Duzee, U.S. Patent, 2,207,753 (1934).




TABIE 66

Tdentification of -Quinones and other Oxidation Products

Compound M.P, Other Details Lit, Reference
: (°c) | M. 2,
(°0)
(2) | 1,4-Benzoquinone 112 Recrystallized from chloroform 111- Org. Synth., XVI, 73 (1936)
113
(v) | 2-Methyl-l,4-benzoquinone €8 Purified by vacuum sublimation | 69 Z. Schniter, Ber., 20,
' 2283 (1887)
( c) 2,5-Dimethyl~1,4-benzequinone 125 " " " " 125 Ref,..204
(a) | 2,6-Dimethyl-1,4-benzoquinone 75 n " " " 73~ L.I. Smith,J.W, Opie,
T5 S. Wawzonek, and W.W.
Pritchard, J.Org.Chem.,
4, 318 (1939)
(e) | 2,3,5-Trimethyl~1,4-benzoquinone| 27 . " " L 29 L.I. Smith, Z.Amer.Chem,
Socey 56, 472 (1934
(£) | 2,3,5,6-Tetramethyl-1,4- 108~ " " " " 110~ See ref. (d)
benzoquinone 109 111
2-t-Butyl-1,4-benzoquinone 68 " LI 68 V.K.T. Gleim and A.
(&) tyisd 3 . Graydasch, U.S. Patent,
257-3136 (1953)
i

- &6z -
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(1)
(1)
(k)

(1)
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(n)
(o)

(»)

(a)

(r)

TABIE 66 continued

Compound Izlégs Other Details gi;‘ Refex ance
. (3G
2,5=-Di~t-butyl-1l,4-benzoquinone | 153~ Purified by vacuum sublimation 535 W.A. Waters and F.J. Lopez
154 or recrystallized from ethanol (aq) Aparicy J.Chem.Soc.A666(1952)
2,6-Di-t-butyl-1l,4-benzoquincne | 68 " " " 68 A.F. Bickel and E.C.Kooyman
J.Chem.Soc., 3211 (1953)
2,6=-Dimethoxy~1,4-benzoquinone 255 Recrystallized from chloroform 252-~ H.Richtzenhain, Ber.,77,
256 409 (1944)
2,6-Di-isopropyl~1,4-benzoquinone | - B.P,130-130°(4~6 mm) 11t,92°(2 mm){- British Patent, 783,042 (1957)
1,4-Naphthoquinone 124 Recrystallized from 60-80 petrol {125 Org.Synth. XVII, 68 (1937)
3,5~di~t-butyl-1,2-benzoquinone | 109- Recrystallized from carbon 112 E.Muller;K.Ley, Chem,Ber,,
111 tetrachloride 89, 1402 (1956) -
3,5=-Di~-t-butyl-1,4-hydroxy- 189 Recrystallized frcm ethanol 189 T.W, Capbell & G.M. Coppinger
benzaldehyde J.Amer,Chem,Soc,.,74,
1469, (1952)
3,3'4545"'-Tetramethyldipheno- 210 Recrystallized from ethanol 210~ R.F. Moore and W.A. Waters
quinone 215 J. Chem. Soc.,243 (1954)
3,3',5,5'=Tetraisopropyldipheno~ | 197=- Recrystallized from chloroform 196~ Ref. 232 (a)
quinone 198 198
3,3',5,5'~Tetra~t~butyldipheno- | 245- Recrystallized from M.eoa/cnm3 245 Ref, 232(a)
quinone 246
3,31,5,5'-Tetra~sec~-butyldi- 199- " u " 201,.5 R. Stroh, R. Seydel and
phenoquinone 200 W. Hahn,

ingew, Chem.,
69, 669 (1957)

. e S—

Satisfactory n.m.r. and mass spectral data were obtained for all the compeunds.

Treir infrared spectra are listed in Tables 39 - 58.

-992-
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TABIE 66 continued

Compound Fourd
o wh o
2,5-Di-isopropyl-l,4- T4.6 8,7 |{Calculated for | 75.0 8,6
benzoquinone Cyoty 6O2 ?
2,6=Di-sec-butyl-l,4- 76.2 9.2 {|Calculated for | 76,3 9.1
benzoquinone Cl 4H2 002 :
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Pyrogallol (75.6 g, 0.6 mole), tebutanol (150 ml) end

glacial acetic acid (150 ml) were mixed together and then cooled } 1%
to 0° Concentrated sulphuric acid (30 ml) was edded dropwise | »
with constant stirring. Care was taken to ensure that the
temperature did not rise sbove 25° during this addition.

After thirty hours, when the mixture had solidified, an
ice-water mixture (200 ml) wes added to it; after stirring, the
crude product was collected by filtration, washed with cold water
and dried under reduced pressure. The yield of crude product was
8%.

Recrystallization fron petroleun ether (b.ps range 40 - 60°)
gave pure 4,6-di-t-butylpyrcgallol, m.pe 121°, (Lit122°)257Found:
C, 70.53 Hy 9.4%. Calculated for Cy,H,,051 Cy 70.6; H, 942%0

10,5 The Preparation and Handling of the Phenol-Chromyl Chloride

Complexes
10,5.1. Special Precautions

The phenolechromyl chloride complexes were all found to be
extremely reactive towards water. All apparatus used in the é
preparation and subsequent handling of the phenolechromyl chloride
complexes was carefully dried before use and all product transference
was carried out in a glove-box maintained in & dry condition by ;
trays of phosphorus pentoxide. ) ‘:

10.5.2, The Apparatus

The reactions betweon phenols and chromyl chloride were | :;
carried out in round bottomed, three-necked flasks fitted with an
external stirrer. Both the flask,and funnels, used for introduoing
reagents into it, were protected from moisture by drying tubes

containing phosphorus pentoxide or calcium chloridee.




Fig.23. The ApparatUS used to filter the Complexes.

~6¢e-



- 240 ~

The rezction mixture was filtered in each case under dry
air or nitrogen by means of the covered sintered fumnel illustrated
in Fig 23. The mixture wes transfé%éd directly from the reaction
vessel to the funnel through a polythene tube.

After filtration and subsequent washing of the complex,
excess solvent was removed without removing the complex from the
funnel,

Typical procedures are described below for the reaction of
phenols with chromyl chloride. With the exception of the
nitrophenols, all the reactions were cbnducted in a similar mammer
end en o similar scale, .

If the order of addition was reverséd, i.e, ifthe oxidant
was added to the solution of phenol, and providing the mole ratio
of reactants was kept constant, complexes with similar elemental
analyses resulteds In all reactions where the oxident wos added

to the phenol, a transient blue colour was observed.

10¢5+3. The Reaction of Chromyl Chloride with Phenol.

A solution of phenol (4.94 g, 0.053 mole) in dry carbon
tetrachloride (175 ml) was added dropwise, with stirring, to a
solution of chromyl chloride (24.6 g, 0.159 mole) in the same
solvent (100 ml) contained in 2 three necked flask fitted with a
mechanical stirrer and a calecium chloride drying tube,

The addition of reagent was carried out over two hours;
the slow addition of the reagent, and the application of external
cooling ensured that the reaction temperature did not rise highor
than 30°.

The mixing of the reagents resulted in the rapid formation

of 2 brown precipitate,
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Lifter addition was complete, the mixtu;eAwas stirred for
& further three hours. The brown complex was then collected by
filtration under dry air, washed with dry solvent (4 x 50 ml
poftions) and the excess solvent was then removed wnder reduced
pressure (0,1 mm of mercury).

The yield of the complex, & chocolate=brown amorphous
solid, was 16.0 g.

dnalysis of the filtrate showed the presence of unreacted

chromyl chloride and the absence of organic material,

10,544« The Reaction of Chromyl Chloride with 2-Methylphenol

A solution of 2-methylphenol (2,16 g, 0.02 mole) was
added, dropwise and with stirring, to a solution of ohromyl
chloride (6.2 g, 0.04 mole) also in carbon tetrachloride (100 ml)
over & period of two hours,

The solution rapidly assumed a deep brown colour as the
reagents were mixed and precipitation of a brown solid was observed.
The mixture was stirred for four hours after the final addition
of reagent and was then filtered under dry air, yielding a brom
s01id. The complex was washed with carbon tetrachloride (3 x 50 ml)
and then excess solvent was removed under reduced pressure (0.l mm

of mercury). The yield of the dark brown complex was 8.25 g

104545+ The Reaction of Chromyl Chloride with 2,5-Di-t~butylphenol

A solution of chromyl chloride (8,66 g, 0.056 mole) in
carbon tetrachloride (100 ml) was added dropwise and with stirring
to a solution of 2,5-d1-4=butylphenol (5.65 g, 0.028 mole) in the
same sclvent (120 ml) over a period of one hour. External cooling
was applied o prevent the temperature of the reaction mixture rising

above 300.
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Immediately the first portion of oxidant was added to the
phenol solution, a deep blue colour was observed. Continued
addition of chromyl chloride led to the dissipation of the
colouration and the formation of a light-brown precipitate. After
the final addition of reagent, the mixture was stirred for a
further two hours.,

The precipi*ate was isolated by filtration umder dry air,
washed with dry carbon tetrachloride (4 x 50'm1) and the excess
solvent removed under reduced pressure (0.l mm of mercury).

The yield of th9 complex was 15,55 g which is in excess of
the comtined weights of the reactants, indicating the presence of
carbon tetrachloride in the complex.

Analysis of the filtrate showed the presence of both a
trace of chromyl chloride and trace of 2,5-di=t-butyl-1,4-benzo-

quinone.

10.5.6. The Reaction of Chromyl Chloride with 3,5-dietbutylphenol

3,5~Di=t=-butylphenol (2.53 g,0,0123 mole) in dry carbon
disulphide (75 ml) (ses this Chapter, section 1,2.) was added
rapidly with vigorous stirring to a solution of chromyl chloride
(3.80 g, 0.0246 mole) also in carbon disulphide (120 ml)., The
reaction vessel was cooled with an ice-water mixture to moderate
the ensuing exothermic reaction.

After complete mixing of the reactants, during which a
brown solid was pracipitated, the mixture was stirred for a further
ten minutes and then filtered under dry air. The collected solid
was washed thoroughly with carbon disulphide and then dried under

reduced pressure (0.1 mm of meroury) for ten hours. The yield of

the dry complex was 5.82 g.
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10.5.7. The Reaction of Chromyl Chloride with 2,6=Di=t=butylphenol

2,6=Di=t=butylphenol (2.79 g,0.0135 mole) in carbon
disulphide (75 ml) (see this Chapter, section 1,2.) was added
rapidly and with vigorous stirring to a solution of chromyl
chloride (4.20 gy 0.027 mole) in carbon disulphide (100 ml).
The reaction mixture wes stirred vigorously for fifteen minutes
after the addition had been completed. External cooling was
applied to moderate the exothermio reaction. The miiture was
then filtered under dry air, to yield a light brown solid.
This solid was washed thoroughly with dry solvent and then
excess solvent was removed under reduced pressure (0,1 mm

of mercury) for six hours.

The yield of the complex was 6,40 g,

10.5.8. The Reaction of Chromyl Chloride with 2,6-~Dinitrophenol

(a) A solution of ohromyl chloride (1,70 g, 0.0l1l mole)
ir. carbon tetrachloride (25 ml) was added directly to a solution
of 2,6-dinitrophenol (1,00 g, 0.0055 mole) in the same solvent
(30 ml). No reaction was observed to take place.

The mixture was allowed to stand for twenty-four hours
in the dark, at room temperature, but no precipitate formation
occurred, . The infrared spectrum of the mixture showed only
bands due to the phenol and chromyl chloride.

(b) A solution of chromyl chloride (8.0 g, 0.052 mole)
and 2,6-dinitrophaol (1.75 g, 0.0095 mole) in carbon tetrachloride
(150 nl) was boiled under reflux for thirty-six hours.

On filtration of the mixture, & brown solid was collected.

Thke bright red colour of the filtrate indicated the presence of

wreacted oxidant.
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After washing with carbon tetrachloride (50 ml) the solid
was dried under reduced pressure (0.l mm of mercury) to yield a

chocolate-browm, finely powdered complex, 2.82 g.

10,6 The Oxidations with Chromyl Acetate

Oxidations were conducted in a similar manner to those
by chromyl chloride (see this Cﬁapter, section 5.2;);

The solution of chromyl acetate (Chapter 10, section 3.3.)
was filtered directly into the reaction vessel and the phenol was
then added to the oxidation.

| A typical reaction is outlined bélow.

10.6.1. The Oxidation of 2,3,5,6-tetramethylphenol by Chromyl Azetate

A solution of 2,3,5,6-tetramethylphenol (1.5 g, 0,01 mole)
in carbon tetrachloride (40 ml) was added dropwise and with
constant stirring to a solution éf chromyl acetate in carbon
tetrachloride. The solution contained 0,02 mole of oxidant and
was prepared as described in section 3.3. of this Chapter.

The exothermic reaction resulted in the rapid formadon
of a green=brown precipitate.

When theaddition was oémplete, the mixture was stirred for
four hours and then filtered to remove the precipitated solid.

_This solid was then washed with solvent (3 x 30 ml) and the
excess solvent was removed under reduced pressure, to give a
green=brown, powdery solid (4.12 g).

- The filtrate was found to contain, after e%aporation of
the solvent, nminly 2,3.5,6-tetraﬁethyl-l,4-benzoquinone (1.30 éo
82% yield based on the original phenol)s The quinone was

- recrystallized (60 = 80 petrol) and'colleoted as yellow needles

‘m.pe 110° (Lit, mepe 111°)2%5,
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10.To The Reactions of Vanadium (V) Oxytrichloride with Phenols

These reactions were conducted in a manner very similar to
that used for oxidations by chromyl chloride. A typical reaction

is described below,

10.7.1s The Reaction of Vanadium (V) Oxytrichloride with 2,5-Di-t-butylphennal

2,5=Di~t-butylphenol (3.7 g,0,018 mole) in carbon
tetrachloride (20 nl) was added dropwise and wﬁth stirring to
a solution of vanadium oxytrichloride (6.2 g£,0,036 mole) in the
same solvent (100 ml), |
The immediate formation of a deep violet solution was
followed by rapid evolution of hydrogen chloride,
After the final addition of phenol, the solution was
stirred for two hours by which time no more hydrogen chloride
was being evolved. '
The solution was filtered under dry air but no precipitate
was ‘apparent. '
Concentration of the solution yielded a black-purple solid, bis
(2,5-di-t=-butylphenyl)chlorovanadate (V). Found: Cl, T.53 V, 9.3%;
caloulated for 028342C103V ;C1l, 6.93; V, 9.95% (see Chapter 7, section 1),
Hydrolysis of either the solid, or the reaction solution
with water or dilute acid, followed by extraction with ether

yielded only the original phenocl.

10.8. The Reaction of the Chromyl Chloride-Phenol Complexes with Water

The method adopted for the hydrolysis of the complexes was to
edd a known welght of the complex slowly, with vigorous stirring,

to & large excess of an ice-water mixture.
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The organic products were then extracted from the hydrolysis
mixture with various solvents, e.g. ether, chloroforﬁ or petroleun
etrer, followed by the removal of the solvent under reduced pressure,
or fractional erystalliza=tion,

Some products, for example the di~tebutyldbenzoquinones
and the diphenoquinones precipitated out from the hydrolysis
mixture and were separated by filtration.

The oxidation products collected by these methods were often
quite impure and purification was effected by recrystallization or
vacuum gsublimation. The latter method was especinlly successful
in the purification of the lower molecular weight l,4-benzoquinones,

. Where mixtures of discrete compounds resulted, e.g.
1,4-benzoquinones and the corresponding diphenoquinones,
separation was achieved by column chromatography on silica or
neutral alumina, using petroleum ether or dichloromethane/
petrolevm ether (5% v/v solution) as eluant.

In all cases the identification of the oxidation products
was effected by the comparison of their melting points and
infrared spectra with those cited in the literature or with those
of authentioc samples. Where the latter were available, mixedemelting
point determinations were carried out. In addition molecular
weights of the products were confirmed by mass spectrometry and
additional data for identification purposes was obtained from
nuclear magnetic resonance spectroscopy.

Further characterization was achieved by reducing the
p~benzoquinones to the quinols which were identified by the
methods outlined aboves The details of the methods used to

identify and characterize the oxidation products are shown in
Toble 66,
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Typical examples of extraction procedures used to isolate

the oxidation products are described below,

10.8.1. The Reaction of the 2-Methylphenol-Chromyl Chloride Complex

with Water

The complex (5 g) derived from the reaction of chromyl
chloride with 2-methylphenol was dissolved in a vigorously stirred
ice~water mixture (50 ml), The complex dissolved rep idly and the
temperature of the hydrolysis mixture was observed to rise.

When all the complex had dissblved, the brown solution was
stirred for one hour, and then filtered. However no solid material
was separated by this means, and the solution was extracted with
petroleum ether (2 x 50 ml, 40 = 60° petrol).

Evaporation of the petrol (after drying the solution over
aniydrous sodium sulphate overnight) ylelded only a trace of
2-methy1-l,4-beﬁzoquinone (identified by infrared spectroscopy).

Further extraction of the aqueous solution with diethyl
eti:cr (3 x 50 ml) yielded, on eveporation, (after predrying with
2x-drous sodium sulphate) a red-brown tarry solid (1.2 g) which
failed to orystallize.

Column chromatography carried out with a proportion of
this resinous material (using silica and 11l dichloromethane/
peiroleun ether) again yielded only a trace of the quinone; the
mejority of the material adhered firmly to the top of the column
and defied elution with more polar solvents.

The remainder of the resinous material was heated (at 100°)
under reduced pressure (1 mm of mercury) in a vacuum sublimation
epparatus and pure 2-methylwl,4-benzoquinone was obtained (0.05 g,

arproximately 1% yield based on the original phenol).
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10.8.,2. The Reaction of the 2,5-Di-t-butylphenol-Chromyl Chloride

Complex with Water

The complex (14,1 g; see this Chapter, section 5.,5.) was
added in batches (about 3 g) to a vigorously stirred ice-water
mixture (100 ml). When all the complex had been added, the
nixture was stirred for one hour and then ellowed to stand for a
further hour, A yellow-brown precipitate was observed, the
supernatent liquid being a deep green.

Filtration of the mixture yielded the yellow brown solid,
crude 2,5-di-t-butyl-1}4<benzoquinone (83%, based on the origihal
phenol) identified by infrared spectroscopy. Recrystallization
from ethanol (aqueous) gave a reduced yield of the pure quinone,

Extraction of the filtrate with diethyl ether ylelded only
a trace of 2,5-di-t-butyl-l,4-benzoquinone as well as carbon
tetrachloride,

23,83+ Reaction of l-Naphthol-Chromyl Chloride Complex with Water

The complex (7.3 g) was added in batches (ebout 2 g) to a
vigorously stirred ice-water mixture (75 ml). Stirring was
centinued for two hours after the complete addition of the complex.
Filtration of the mixture gave a brown soiid,rthe infrared spectrum
of which showed the presence of 1,4-naphthoquinone;

Continuous extraction of this solid (with.n—pentane) in a
Soxhlet apparatus gave pure 1,4-haphthoqqinone (0.7 &, 25.3% yield

’

Lesed on the original naphthol). ;

Analysis of the residual tarry material suggested that it was
polymeric in nature, “

Extraction of the filtrate with diethylether gave a small

quantity {0.12 g) ef resinous solid, from which no discrete compounds

\
could be isolated,
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10.9., The Reductive Hvdrolysis of the Phenol-Chromyl Chloride

Complexes

The reductive hydrolyses of the complexes were all carried
out in a similar manner, The method used is illustrated by the

example outlined below,

10.9.1. The Reduoctive Hydrolysis of the 2,3,5,6~Tetramethylphenol-

Chromyl Chloride Complex

2,3,5,6~Tetramethylphenol (1.92 g, 0,0128 mole) in carben
tetrachloride (200 ml) was added rapidly, with vigorous stirring
to chromyl chloride (4 g, 0.0256 mole) in the same solvent (100 ml).
The reaction vesscl was cooled externally with an ice-water
imixture. When the addition of reagent was complete (after five
minutes) the resalting deep brown mixture was stirred vigorously
{or a further ten minutes.

Powdered zine (15 g, 'Analar' grade) was then added in
small portions over a period of five minutes. Water (20 ml)
w28 then added (4 x 5 ml) over a period of a further five
minutes, The vigorous stirring was continued for a further
Zifteen minutes; care was ‘aken to ensure the mixture did not
nverheat as the hydrolysis was strongly exothermic,

The resulting yellow-green solution was then rapidly
filtered at the pump to remove excess zinc and the carbon
tetrachloride layer (a deep yeilow colour) was separated and
Aried over anhydrous sodium sulphate. Furthece extraction with
carbon tetrachloride (4 x 25 ml) yielded less-yellow solutions,
the final extract being almost colourless,

The combined dried extracts were evaporated under reduced

pressure to yield yellow plates (1.10 g) of 2,3,5,6-tetramethyl-1,4-

benzoquinone,
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Ether extraction of the aqueous phase gave a further
small amount of the quincne (030 g). The total yleld of quinone
based on the original phenol was 66%,

10,10, Instrumentation and Analytical Techniques

10,10,1. Infrared Spectroscopy

Infrared spectra were run on either a Unicem S.P.200
cr a Perkin-Elmer 457 grating infrared spectrometer.

Spectra were obtained using Nujol mulls (between sodium
cnloride, potassium bromide or polythene plates) or using
solutions in carbon tetrachloride or carbon disulphide (with
sodium chloride or potassium bromide ecells),

10,10.2. Nuclear Magmetic Resonance Spectroscopy
N.m.r. spectra were obtained using a Perkin Elmer R,10

spectrometer which operated at 60 MHz., Solutions for analysis
by this method were made up in carbon tetrachloride or
deuterochloroform solution. Tetramethylsilane was used as an
internal standard in most cases, but as an external standard in
the study of the phenylvansdates.

10,1043, Mass Spectrometry

Mass spectra were obtained using an A,EsI, MS.2 instrument,
operating at 70 eV with a probe temperature of about 120°,
10.10.4, Electron Spin Resonance Spectroscopy

E.s8.r. spectra were obtained using a Varian E,3 spectrometer

fitted with a variable temperature probe,

30,10.5. Electronic Absorption Spectroscopy

Ultraviolet and visible spectra were obtained using a

Unicam S.P.800 spectrometer.

Solutions for compounds absorbing in the ultraviolet

region were made up in n-~hexane,
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10,10,6, Elemental Analyses

Whilst some analyses for carbon and hydrogen were carried
out using a Baird and Tatlock semimicro combustion apparatus,
maeny of these elemental analyses were performed by a commercial
analyst, Mikroanalytisches Laboratorium Beller, Germany.

Likewise, some analyses for total chlorine were carried
out by a combustion process, but the majority were determined
by the above analytical laboratories.

Analysis for chromium in the complexes was achieved ﬁy
one of the two methods described below,

10.10.6.1. Gravimetric Determination of Chromium

A small sample of the complex (0.2 - 0.3 g) was weighed
into a silica crucible fitted with a 1lid, both of which had
been previously ignited to constant weight, Special precautions
were teken to prevent hydrolysis of the complex during weighing,

A small quantity of absolute ethanol (0,5 ml) was then
added to reduce any chromium (IV) to chromium (III).

The liquid was then gently evaporated and the crucible
and contents were ignited strongly for 2 - 3 hours, allowed to
cool in a desiccator and then welghed, to consfant weight, The
chromium was weighed as Cr203. |

10,10,6.2. Titrimetric Determination of Chromium

A small quantity of the complex (0.2 g) was weighed and
then transferred into a 650 ml beaker, Precautions were taken
to ensure that no hydrolysis of the complex took place during
weighing,

Sodium hydroxide solution (25 ml, O,1N) and hydrogen
peroxide (25 ml, 3% v/v) were then added, in order to oxidize

the chromium to chromium (VI), The solution was then heated to
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ensure complete oxidation end was then boiled, to destroy
excess peroxide,

After being allowed to cool, the solution was acidified
with sulphuric acid (25 ml, 0.4N), 'Analar' grade potassium
jodide (3 - 4 g) was added, and the liberated iodine was
titrated with standard sodium thiosulphate solution using
soluble starch as indicator, A blank titration was carried out
concurrently, using the same reagents,

10.10.7. Magnetic Susceptibility Measurements

These measurements were made usihg a variable temperature
Gouy balance system, manufactured by Newport Instruments Ltd.

The instrument was calibrated for a range of magnet
currents using mercury (II) tetrathiocyanato-cobalt (II),
HgCo(CNS)4253. The measurements were carried out using magnet
currents of 10A and 15A (corresponding to magnetic fields of
5.65 Kgauss and 6.59 Kgauss respectively) over a temperature

range 93 to 303°K.
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TABLE 22

The N.M.R. Data for Bis(?2,5-di-t-butylphenyl)echlorovanadate (V)

2,5=Di~t=-butylphenol

Chemical Shift Multiplieity Integrated Area Assignment
T
8,75 Singlet 9 t-Butyl Protons
8.65 Singlet 9 " "
5¢59 Singlet 1 Phenolic 0-H
Centre ~.3,05 Complex 3 Aromatic Protons

-

Bis(2,5-di-t-butylphenyl) chlorovanadate (V)

Chemical Shift Miltiplicity Integrated Area Assignment
“C
8454 Singlet 9 t-Butyl Protons
8.55 Singlet 9 " "
2.70 Singlet* 2
. Aromatic Protons
1,91 Singlet* 1

* Some splitting observed under high resolution.




The Electronic Spectra of Bis(2,5-di-t-butylphenyl)chloro=-

venadate (V)

2,5=-Di~t-butylphenol Bis(2,5-ci~t-butylphenyl)

chlorovanadate (V)

max Acsignment | mex Assignment
(nm) (nm)
275 n->n* 277 n—n\*
280 ™ — n* 281 = __>T\*
510 Charge Transfer
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TABLE 24

Magnetic Susceptibility Measurements for 2,5-Dimethylphenocl-

Chroumyl Chloride Complex

Temperature | Gram Susceptib.lity | Molar Susceptibility | Effective

(°) ( Xe x 10°6) (\/ : u* 10%) ﬁi?e?cic
(fjeff'B.M.)

113 92.99 11535 3423
133 42.55 9279 3426
163 38.34 8371 3.30
183 34.00 T433 | 330
203 30.88 6759 3¢31
233 ! 26.90 5900 3.32
253 24.98 5485 3.33
293 22,31 4909 3.39
113 53.00 11528 3.23
143 42,66 9708 3,26
163 37.83 8260 3.28
183 33499 7431 3430
203 30.98 6780 3.32
233 27.04 5930 3,32
253 25.07 5504 3434
293 22.34 4915 3.39

A: Magnet Current 10A (Field Strength = 5.65 Kgauss)

B: Magnet Current 15A (Field Strength = 6.59 Kgauss)
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IABIE 25

Magnetic Susceptibility Measurements for 2,3%3,5-Trimethylphenole

Chromyl Chloride Complex

Temperature | Gram Susceptibility | Molar Susceptibility | Effective

cr Kex 9D | OLuxw0D o™
(f4 off B.M.)

93 61.96 1391y . 3,22
123 48.15 10831 3,26
153 38.72 8730 3.27
193 31.09 7029 329
203 27.23 6168 3,32
253 23.95 5455 3432
293 21.28 | 4841 3.37
9% 61.69 13852 3.21
123 47.79 10745 3425
153 38.74 8735 3427
193 30.99 7005 3429
223 27.25 6172 3432
253 23.94 5433 3432
293 21,20 4822 3.36

As Magnet Current 10A (Field Strength 5.65 Kgauss)

B: Magnet Current 154 (Field Strength 6.59 Kgauss)
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TABIE 26

Magnetic Susceytibility Messurements for 2,3,6-Trimethyl-

phenol-Chromyl Chloride Complex

Temperature | Gram Susceplibility| Molar Susceptibility| Effective
(°K) (Y g 107%) (}AZ W 1076 ﬁgﬁgﬁtic
_p_(f/eff B.M.)
113 - 51e55 11590 3.24
143 41.94 9447 3429
173 35.27 7960 3.32
203 30,61 6921 3.35
223 26.03 5901 3.24 -
263 23.49 5322 3435
703 20.89 4755 3439
113 51.88 11665 3.25
143 42,05 9471 329
173 9538 7988 3432
. 203 30.44 . 6833 3434
223 26.58 6023 3,28
263 23.78 5399 | 3437
303 20.88 4751 ' 3,39

- As Magnet Current 10A (Field Strength = 5.65 Kgauss)

B: Magnet Current 15A (FieldStrength = 6,59 Kgauss)
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TABIE 27

Magnetic Susceptibility Measurements for 2,3,5,6-Tetramethyl=-

phenol~Chromyl Chloride Complex

Temperature | Gram Susceptibility| Molar Susceptibility| Effective

%) (Y x 108 | K10 | e
9u off BJM.)

103 59,00 12703 3.23
133 46.93 10104 3.28
163 38,61 8307 3429
193 33,34 7222 3434
203 29,02 6299 3,35
253 25.68 5587 3436
293 23,02 5018 3.43
103 56,59 12616 3,22
133 46.94 10128 3.28
163 38.89 8407 3,31
193 33.35 7223 3.34
223 20,09 6314 3,36
253 25.73 5598 337
293 22.73 4957 3441

As Magnet Current 10A (Field Strength = 5.65 Kgauss)

Bs Magnet Current 154 (Field Strength = 6.59 Kgauss)
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TABIE 26

Magnetic Susceptibility Measuresents for 2,6-Di-isopropylphenol=

Chromyl Chloride Complex

Temperature | Gram Susceptitility | Molar SusceptibilityIEffective
-6 0\ ! -6 Magnetic
(°k) ( x 10°7) /<; x 107°)  [Moment
-8 b ( B.M.)
f’eff o
A 113 51,29 12628 3438
143 40,59 10016 3.28
163 36,03 8903 3.4l
193 3049 7553 3.41
223 2€,58 €599 3443
253 23.31 5799 3443
293 20.66 5154 3447
B 113 51.13 12590 337
143 30.81 10070 3439
105 35494 8882 3.40
193 30651 1558 3442
223 26.45 6566 3.42
253 23.44 5832 3.44
293 20,84 5199 3449

As Magnet Current 10A (Field Strength = 5,65 Kgauss)

B: Magnet Current 15A (Field Strength = 6,59 Kgauss)




Magnetic Susceptibility Measurements for 2,5-di-tbutylphenole

Chroxyl Chlcride

Complex

Temperature | Gram Susceptibl%ity Molar Susceptibility | Effective

°x) (Y % 10°°) (Y x107) | Heanetio
] (/“ eff B.M.)

113 46,36 12085 3430
133 39.60 10341 3432
163 32,26 8448 3,32
203 26.05 6847 3.33
243 21,76 5740 3434
273 19.3% 5118 3.34
303 17.48 4634 3435
113 46.65 12161 3.31
133 40,02 10450 333
163 3244c 8489 3433
203 25.96 6824 3433
243 21.94 5785 3435
273 19,17 5072 3433
303 17.72 4697 3431

At Magnet Current 10A (Field Strergth = 5.65 Kgaouss)

B: Magnet Current 15A (Field Strength = 6.59 Kgauss)



Magnetic Susceptibility Measurements for 2,6-Di-t-butylphenocl-

Chroiyl Chloride Complex

:r;mperature Gram S;Jsceptibility Molar Susdf::zptibility Effecfive
%) (Xg =39 | O =206y |feemerts
M ( Hots B.M.)
113 . 50.55 12764 3440
135 43,46 10991 3.42
163 35.70 5061 3.43
193 30439 7723 3445
233 24,57 6367 3.44
26% 22.13 5657 3445
303 19.46 4989 3.48
113 5C.45 12735 3439
133 43.37 10966 3.42
163 35,78 9069 3.44
193 30.50 7750 3446
233 25.09 6395 3445
263 22f01 5629 3¢44
303 '19.65 ‘ 5039 3,49

At Magnet Current 10A (Field Strength = 5.65 Kgauss)

B: Magnet Current 154 (Field Strength = 6,59 Kgauss)




- 263 ..

TABIE 31

— e s vrnae

Magnatic Susceptibility Measurements for 3,5=Di-t-butylphenol-

Chrouyi, Chioride Complex

Temperature | Gram Susceptibility | Molar Susceptibility | Effective

Cx) g =08 | OLyxw0®) | ol
(fleff B.M.)

113 47.99 12411 : 3.35
133 41.13 12654 3431
163 32,90 8546 3434
193 28.C3 1299 3.36
233 23.90 6243 3434
263 21.56 5644 3438
303 18.39 4833 3,42
113 48,22 12470 3,36
133 40,98 10716 3.38
163 35.00 | 8575 3434
193 28.19 1342 3637
233 24,03 6276 3435
263 21.57 5646 3038
303 . 18,65 4899 3445

A: Magnet Current 10A (Field Strength = 5.65 Kgauss)

B: Magnet Current 154 (Field Strength = 6,59 Kzauss)




TABIE 32

Magnetic Susceptibility Measurements for 2,4,6-Tri-t-butylphenol-

Chrorl _Chloride Complex

Temperature | Gram Susceptibility | Molar Susceptibllity | Effective
°x) (Y, = w79 (V. =107 | penetie
| (/¢eff B.M.)
93 55454 13638 3.18
123 43.75 10767 3.25
163 33479 8350 3430
193 20,21 7237 3e34
223 25.29 6286 3455
253 22,57 5626 3437
203 21,01 5246 3.56
93 54.75 13436 3,16
123 43%.81 10780 3.26
163 33.87 8367 3.30
193 29.00 7185 3¢33
223 25.19 6261 3.34
253 22.41 5587 3.36
303 19.52 4885 3e44

At Megnet Current 104 (Field Strength = 5,65 Kgauss)

Bt Magnet Current 154 (Field Streangth = 6.59 Kgauss)
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TABIE 33

" Magnetic Susceptibility Measurements for 2,6=Di-t-butyl-4-methyl.-

phenol-Chronyl Chloride Complex

Temperature | Gram Susceptibility | Molar Susceptibility| Effective
(°K) (X, * 10 (Y g x 2078y | Jeenetic
(f‘eff B.M.)
103 56.51 13409 3.32
123 48.29 11478 3.36
153 40.18 9573 3442
183 33.94 8106 3.44
213 29.74 7119 3.48
253 26.41 6336 3458
293 22.57 5433 3457
io3 56,70 13454 3433
123 48.49 11525 337
153 40,11 9557 3;42
183 34.06 8135 3.45
213 29.79 7130 3449
253 26.42 6339 3458
293 22.60 5440 3.57
As

Bs

Magnet Current 10A (Field Strength = 5,65 Kgauss)

Magnet Current 154 (Field Strength = 6,59 Kgauss)
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TABLE 24

Magnetic Susceptibility Mecasurements for 3.5-Di-t—butylcatéchol

Chromyl Chloride Complex

Temperature| Gram Susceptibility | Molar Susceptibility| Effective
(°k) 0 %107 Oy % 20) oenetio
( Mefe B.M.)
113 41,54 11175 3,183
133 3€.34 9740 3,22
163 29,56 7989 3.23
193 25.C4 6738 3.24
223 2L.77 5918 3.25
253 19.12 5214 3425
303 15.51 4360 3.25
113 42.11 11328 3,20
133 36.28 9778 3.23
163 29.92 8086 3.25
193 25.38 6879 3426
223 2l.91 5954 3.26
253 19.15 5222 3,25
303 16.34 4475 3029

As Mognet Current 10A (Field Strength = 5,65 Kgauss)

B: Magnet Current 15A (Field Strength = 6,59 Kgauss)




A
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TABLE 35

Magnetic Susceptibility Measurements for 2,6-Dinitrophenol-

Chromyl Chloride Complex

Temperature | Gram Susceptibility| Molar Sgsceptibility Effective
(°k) (W, x 10 (M x1078) | Inanetic
(Mogs DM} -
113 33,26 11334 3.20
143 27.20 9246 3425
163 23.95 8179 3.27
193 20.45 6992 3.29
223 17.79 6091 3.30
253 15.58 5342 3,29
293 13.33 4580 3.29
113 33.58 11445 3,22
143 27.00 9215 3425
163 24,04 8211 3.27
193 20,37 6965 3.28
223 17.85 6110 3,30
253 15.74 5395 3430
293 13.54 4647 3.30

At Megnet Current 10A (Field Strength = 5.65 Kgnuss)

Bi Magnef Current 154 (Field Strength = 6,59 XKgauss)




TABLE %5

Magnetio Susceptibility Measuweuments for l-Naphthol-Chromyl

Chlorids Comalex

Temperature | Gram Susceptibility| Molar Susceptibility Effective

Cn Wexw® | X y=0 e
(f‘eff B.M.)

103 52432 11972 3.14
123 44,58 10215 3.17
153 3€.46 8373 3,20
183 30,81 7090 3,22
213 26,49 6109 3423
243 23426 5317 3.23
283 19.89 4612 3.23
103 52,39 11988 3,14
123 44,64 10229 3.17
153 36,56 8395 3.21
183 30,72 7070 3.22
213 26,53 6119 3,23
243 23.23 5370 3423
283 20,07 4652 3.24

As Magnet Current 104 (Field Strength = 5.65 Kgauss)

Bs Magnet Current 15 A (Field Strength = 6,59 Kgauss)
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TABLE 37

Mapgnetic Susceptibility of Solid derived from the Chromvl Acetate

Oxidation of 2,5-Di-isopropylphenol

Temperature | Gram Susceptibility | Molar Susceptibility | Effective

(°K) (A, x 107 (Y 5 %1076 | Mesnetic
(fJeff B.M.)

103 45,92 9451 2.79
133 38.64 7966 2,91
163 33.47 6912 3.00
193 29.77 6157 3.08
223 26,34 5457 3,12
253 23,62 4902 3,15
293 21.32 4437 3.22
103 45.88 9443 2.79
133 38.88 8015 2.92
163 33.46 6910 3,00
193 29460 6122 3,07
223 26,32 5454 3.12
253 23.74 4926 3.16
293 21.33 44786 3.22

A: Magnet Current 10A (Field Strength = 5.65 Kgauss)

B: Magnet Current 15A (Field Strength = 6,59 Kgauss)




Magnetic Susceptibility of Solid derived from the Chromyl

Acetate Oxidation of 2,5-Di=t=butylphenol

Temperature | Gram Susceptibility Mclar Susceptibility | Effective
Co) (X109 | OCyxw® |t
(/Jeff BuM. ]}
A 103 47.55 9784 | 2,84
123 42,12 8676 2,92
153 35.67 7361 3,00
163 32,41 6696 2,95
203 28,58 5915 3,10
233 25.43 5273 3.13
263 23.86 4952 3.23
293 21,34 4437 3.22
B 103 47.76 9828 3.84
123 42.15 8683 2,92
153 35470 7366 3,00
163 32,71 6757 2.98
203 28,51 5900 3,09
233 25.40 5565 3013
263 22,95 4766 3,17
293 21,26 4122 3,22

A: Megnet Current 10A (Field Strength = 5,65 Kgauss)

Bt Magnet Current 154 (Field Strength = 6,59 Kgauss)
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TABIE 39

The Infrared Spectrum of the Phennl-Chronyl Chloride Corplex

Dhenol

Conmplex 1,4~Benzoquinone
o™t ot en~L
3100 broad 3300 broad
1928 w
1832 w 1755 w
1700 w 1707 w
1670 s
11640 sh 1655 sh
1612 m
1590 s 160C m 1595 m
1505 sh 1544 w
1317 w 1311 w 1306 s
1250 broad 1220 w
1165 w 1180 w
1152 w 1160 w 1110 w
1072 n 1078 w 1065 s
1025 m 1025 w
1008 w
985 w 984 n 950 n
968 w 930 w
896 n 900 w 889 s
821 m 871 w
775 sh 750 sh
758 8 728 n 730 m

691 n




- 272 -

TABIE_40

The Infrared Spectrum of the 2-t-Butylphenol-Chromyl Chloride

Complex
2-t-Butyiphenol Complex 2et~Butylel 4=
benzoquinone
— cnt on™t
3505 sh
3450 s 3300 broad 3320 w
1645 sh 1659 8
1609 u 1640 n
1580 m 1589 m 1592 m
1510 s 1530 w 1512 sh
1485 sh
1362 s 1362 sh
1330 m 1335 m
1302 m
1293 n 1283 s
1263 sh 1250 w 1258 sh
1243 n
1182 s 1195 w
1163 w
155 m 1150 m
1125 8 1109 w 1103 w
1085 s
1051 n 1028 w 1039 w
1009 n 1011 s
975 m
935 m 930 w 931 w
908 m 912 8
860 s 830 w
817 s 835 m 837 8
751 s 783 m
722 sh 717 nm

682 sh




The Infrared Spectra of the Complexes derived from 4-t-Butyl-

phenol end 3«t-~Butylphenol, ead Chromyl Chloride

4-t«~Bu‘uy1phe{.v.ol Complex 3-t=Butylphenol Complex
wl -
cm cm
3325 broad 3300 broad
1640 m 1639 m
1598 broad 1597 n
1560 sh 1560 sh
1540 sh 1540 sh
1316 w 1317 w
1270 w 1250 w
1220 w
1175 w 1190 w
1158 w 1158 w
1080 w 1148 w
1023 w 1016 m
981 w 915 w
952 w 930 w
928 w 910 w
891 m 891 w
850 w 870 w |
725 m 832 w
720 m
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TABIE 42

The Infrared Spectrum of the 2,5«Dimethylphenol-Chromyl

Chloride Complex

2,5=Dimethylphznol Conmplex 245=Dimethyl=l,4=-
benzoquinone
o™t et ont
3520 w 3325 w
3250 broad 3250 broad
1708 w 1684 sh
1664 s
1644 sh 1639 m
1621 m 1610 broad 1618 m
1585 m
1530 m
1310 w 1342 s
1295 m
1275 m 1270 w
1243 m 1245 s
1220 sh
1209 w
1170 w 1170 sh
1153 m 1160 n 1150 s
1121 s
1110 sh
1080 w
1042 m 1040 w 1037 w
1004 m 1011 w 1000 s
98C u
942 m 820 w 911 s
\ 872 s
810 s
763 m 775 sh
730 m 727 s
11T w 661 m
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TABTE 4%

The Infrared Spectrum of the 2,6~Dimethylphenol-Chromyl Chloride Complex

| 2,6-~Dimethylphenol Complex 2,6«Dinethyl=1,4~
i ! benzogquinone

em™t et o™t
3520 s 3350 broad 3315 w
3400 dbroad

1658 sh 1665 s
1650 w 1651 s
1618 s 1618 m
1593 s " 1598 8

1559 sh

1542 sh
1324 a 1317 w 1310 m
1280 sh 1285 w 1284 m
1267 s
1220 m 1221 m
1195 s 1196 w 1196 w
1158 m 1178 1176 n
1090 _ 1050 nn 1040 w
1025 m 1023 sh 1019
993 w 980 w

942 n 935 m
919 m 920 8 ‘ 918 s
835 m 860 898 w
768 s
37T o 123 8
675 w 651 m
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TABLE 44

The Infrared Spectrum of the 3,5«Dimethylphenol«Chromyl Chloride

Complex
3,5«Dimethylphenol Complex 2,6~Dimethylel,4=~
benzoquinone
ont el on™ >
3175 broaed 3325 broad 3200 w
1645 s 1660 8
1618 s 1610 broad 1620 m
1500 =
1310 sh 1300 w 1311 m
1298 sh 1281 m
1230 m 1260 w |
1193 w
1179 1175 n
1150 s 1145 w
1038 sh 1040 w
1023 m 1020 m 1019 m
990 w
985 w
950 m 950 w 938 m
90T m 918 8
839 s 080 w
785 m
156 w
720 w 7 w
680 w
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TABIE 45

The Infrared Svectrum of the 2,3,5-Trimethylphenol-Chromyl

Chloride Complex

2,3,5-Trinethylphenol Complex 2,3,5-Trinethyl-1,4~
: benzoquinone
em™t ont o
2550 n
3330 broad 3250 broad 3250 w
1780 w
1707 w
1641 n 1652 s
1620 m 1609 sh 1620 m
1582 © 1582 w
1348 sh 1361 w
1309 n 1306 w 1320 m
1262 s 1275 sh 1263
1196 n 1226 w
1180 w 1172 w 1190 m
1157 o 1155 w
1137
1119 w 1117 m
1040 & 1002 w
1019 w 1018 m
978 m 982 m 991 sh
918 w 925 w 922 w
901 w 895 m
840 m 862 w
8730 s
710 m 725 8 702 w
682 m

675 w
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TABIE 46

The ' Infrared Spectrum of 243,6-Trimethylphenol-Chromyl

Chloride Complex

2,3,6-Trimethylphenol Complex 2,3,5=Trimethyl-1,
4-benzoquinone
om~? o™t ot
3550 w
3350 broad 3250 broad 3250 w
1700 w
1718 w 1707 w
1641 m 1652 s
1620 m 1610 n 1620 m
1580 m 1582 m
1495 s
1350 sh 1361 w
13.0 m . 1320 m
1270 n 1275 n 1263 w
1224 m 1226 w
1196 w 1168 m 1190 m
1141 w 1157 w
1119 w 1117 m
1082 s 1072 w
1030 m 1019 w 1018 m
1006 m
990 m 983 w 991 sh
946 m 963 w
928 w 922 w
892 m 895 m
806 s
31l m : 725 m
706 w 702 w
692 m
675 w




The Infrared Spectra of 2,4,6-Trimethylphenol and Complex

with Chromrl Chloride

24446 Trincilylphenol \ Complex
em™t et
3550 m
3480 b_ro'ad 3270 broad

1630 sh
1600 sh | 1590 broad
1575 sh No
1485 s distinct
1372 w bands in
1316 o , thls region
1300 s 1308 w
1258 m 1255 m
1226 s
1218 w 1200 w
1185 1178 w
1143 1150 m
1059 1080 w
1038 sh
1003 s 1019 m
978 w
952 m 958 w
921l m 915 w
890 w
782 m
760 w
718 s N7 m
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TABLE 48

The Infrared Spectrum of the 2,3,5,6-Tetramethylphenole

Zhromyl Chloride Compiex

2,3.5,6«Tetramethylphenol Cemplex 2,3,5,6=Tetramethyl-
1,4=benzoquinone
o et on™1
3580 w 3300 broad 3220 w
3400 broad 2900 m
1620 w 1638 sk 1685 m
1600 broad 1644 s
1503 w 1503 sh
1470 m
1453 m
1419 n
1385 w 1350 m 1383 s
35 m 1318 w
1299 n 1308 s
1244 n 1260 w 1265 s
1208 s
1165 w
1156 w
1094 s 1122 w
1030 m 1025 w
1000 w
983 w
920 w 925 w
856 m | 879 w
195 w
762 w
724 w 707 w
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TABIE 49

The Infrered Spectrum of the 2,5-Di~-isopropylphenocle

Chromyl Chiorice Complex

2,5~Di~-isopropylphenol Complex '1245=Di=isopropylel,
4=benzoquirone
cnt ont cnt
3505 w
3400 broad 3305 broad 3265 w
1620 n 1637 s 1654 s
1581 8 1603 s 1607 s
1523 w
1509 m
17289 m
1369 n
1344 m 1320 w 1310 m
1297 o 1291 sh
1250 m 1230 8
1218 m 1217 s
17T m 1170 w 1180 w
1151 s
1111 w 1100 m
1095 w 1086 w
1080 w 1065 m 1063 s
1072 m 1050 sh 1047 w
1008 w 1010 w
980 w 980 w
949 m 818 m 920 s
896 w 890 w
864 m
790 w
120 w

708 w
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TABIE 50

The Infrarcd Spectrum of the 2,6af1_):_t_-_-isopropyl'phenol-o

Chromyl Chloride Complex

2,6-Di-isopropylphenol Complex 246=Dieisopropyl=l,4=
benzoquinune
ot et on™t "
3500 m
3400 broad 3250 troad 3313 w
1657 m 1642 m 1655 s
1606 sL 1610 s
1592 m 1581 m
1525 n
1349 kn 1350 w
1317 s 15310 w 1310 s
1260 s
1259 s 1275 m
1200 s 1209 w 1195 s
1170 s 1175 w
1147 s 1159 w
1109 o ! 1105 w
1061 n 1071 w 1067 s
1046 n 1050 w
1022 w
915 w
961 w 941 w
934 s 930 w 931 sh
892 m 900 sh
830 s 826 s
197 s
775 sh
730 m T700 w
670 w ' 603 w
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TABIE 51

- ———

The Infrared Spectrum of the 2,5-Di-t-butylphenol-Chromyl

Chloride Cornlex

2,5=Di=t=butylphenol Complex 2,5=Di=t=butyl-1,
i 4«benzoquinone
o™t ent o
3548 m 3300 broad 3250 w
“ 1650 sh 1650 s
1616 m 1625 s 1636 sh
1600 sh 1596 s
1564 m 1585 s
1550 sh
1417 s 1410 w
1342 8
1710 sh 1315 v
1301l m
1258 s 1243 s
1224 m
1202 s 1198 w
1185 s 1185 m 1179 s
1146 8
1070 s 1079 s 1079 s
1020 w 1023 =8 1020 8
984
940 s 9638 w
911 m 919 s
890 sh
859 m 855 sh 841 s

795 s
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TABIE 52

The Infrared Spectrum of the 2.5-Di-t=butylphenol«Chromyl

Chloride Complex

2,6=Di=t=butylphenol Complex 246aDimt=butyl=l,l=
benzoquinone
en™t cnt  ont
3500 s 3280 broad 3300 w
3040 sh
1661 sh 1654 s
1630 s 1€48 sh
1580 w 1578 s 1599 m
1529 w
1485 s 1493 m
143C s 1420 w
1596 m
1363 s
1318 s 1320 w 1310 s
1275 w
1249 8 1250 n 1243 8
1230 s
1196 w 1198 w
1176 s 1160 m 1155 s
1121 s
1112 m
1115 m
1095 m 1094
1030 n 1076 m
1024 w 1020 w 1028 w
’ 982 w
964 w
938 n 940 w 931 m
920 m 920 s
885 s 666 n 830 s
850 8 794 m
723 w €02 w
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The Infrared Spectrum of the 3,5-Di-t-butylphonol-

Chromyl Chlorjde_Complex

3,5=Di=-t-butylplenol Compliex 2,6uDi=t=butyl=1,
4-benzoquinone
. cn™ on™ L
3500 w 3300 broad 3700 w
3300 broad
1660 sh 1660 s
1608 sh 1633 s 1600 s
1600 s 1585 ¢
1550 sh
1482 n 1480 w 1493 m
1430 s 1400 m
139T m 1395 m
1302 s 1243 s
1249 s 1245 n
1220 w
1200 s 1200 w
1180 sh 1160 m 1155 s
1120 n 1122 w
1078 n 1078 m
1037 sh
1025 n 1030 m 1028 w
1000 w 1000 sh
982 w
960 s 960 w
938 sh 938 n
903 n 920 m 924 s
892 n 885 s
869 s 840 w
795 n
707 s 710 w 662 w




TABIE 54

The Infrared Spectrum of the 2,6«Di=t-butyl-d-methylphenole

Chromyl Chlnride Complex

2,6~Diwtebutyl-4-methyl- Complex 3y5=Diwtebutyles=
phenol hydroxybenzaldehyde
et ont on™ Y
3550 s 3350 broad %358 broad
1735 w
1660 sh 1665 s
1640 sh
4605 w 1619 broad
1580 s 1592 n
1575 m
1317 n 1313 m 1300 m
1264 w 1262 m 1262 m
1248 n 1250 sh
1216 n 1211 m 1200 m
| 1190 sh
1153
112, 1103 m
1075 w
1030 n 1030 w 1034 sh
980 w
940 w 941 w 942 w
922 w
892 n 897 w 901 n
866 s 828 m
818 w 818 w
780 s 790 m 790 w
775 s 760 sh
728 w 721 n 730 m

688 m
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The Infrared Spectrun of the 2,4,6-Tri-t-butylphenol~Chronyl

Chleride Cormplex

2,4,6-Tri~t=-butylphenol Conplex 345-Di~tebutyl-1,
cm"l cm"l 2~benzzgl_1inone
3575 s
%2320 broad 3250 broad 3270 w
1755 w 1758 w
1751 w 1680 w
1662 sh 1663 s
1641 m 1621 w
1582 = 1570 m
1524 m
1310 w 1319 w
1270 w 1270 8
1235 s 1249 n 1242 s
1200 m 1205 w 1207 sh
1170 w
1157 s 1157 w 1152 w
1118 m
1070 w.
1030 n 1021 m
1010 w 1010 n
993 w
984 w 980 w 980 w
BT w 941 w 960 w
| 923 w 931 w
892 sh €94 n
884 m 874 n
775mn 810 w ‘
725 n 723 8
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TABIE 56

The Infrared Specira of the Complexes derived from 3,5-Diet-

butylcatechol and 4;6-Di=t~buiylpyrogallol, and Chromyl Chloride

3,5-Di-t-butyleatechol 4,6-Di-t-butylpyrogallol
Complex Complex '

oL I
3300 broad 3300 broad
1755 sh 1755 m
1618 sh 1690 sh
1588 g 1660 sh
1558 sh 1610 broad
1540 sh 1310 w
1318 1270 w
1265 w 1205 w
1250 m 1173 m
1208 w 1158 m
NS w 1080 w
1158 w 1030 w
1095 w 980 m
1075 w 940 w
1037 m 928 w

998 w 900 w

945 w 880 sh
902 w 795 s

880 w : 772 m

840 w 728 8

798 s

7C w

729 s
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TABIE 57

The Infrared Spectra of the Complexes derived from Nitrophenols

md Chromyl Chloride

3.Nitrophenol A-itrophenol 2,6<Di=nitrophenol
Complex Complex Complex
on™ > o ent
3350 broad 3250 broad 33280 broad
1678 m 1645 sh 1670 sh
1618 broad 1615 broad 1619 s
1555 sh 1570 sh 1560 sh
1535 s 1518sh 1559 o
1361 n 1348 s 1517 sh
1306 w 1748 w 1316 w
1278 w 1170 m 1220 m
1220 m 1130 sh 120C sh
1110 w 1119 1155 n
1087 w 1080 m 1100 w
1061 w 1031l n 1030 w
10%0 m 987 m 983 w
1007 w 930 w 968 w
982 sh 900 w 940 w
955 m 881 w 921 w
900 w 800 sh 885 m
885 w 727 s 849 w
830 m 824 w
302 m 800 w
750 m 760 sh
728 w 743 sh
730 sh
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TABIE 50

The Infrared Spectrum of the l-Naphthol-Chromyl Chloride

Complex
1-Naphthol complex 1,4-Napthoquinone
et o> om™t
3500 w 2420broad
32C0 broad
1775 w
1762 w
1660 sh 1660 s
1626 n 1630 s 1603 m
1595 s 1590 n
1578 s
1518 s
1403 s
1390 s 138% s
1558 m 1320 m 1334 s
1275 s 1304 s
1240 8 1266 w
1230 s 1224 w
1208 w
1195 m
1172 m 1165 o
1150 m 1158 m
1139 n 1122 w 1143 m
1112 m
1078 s 1075 w 1089 w
1037 s 1030 w 1057 n
1017 s 1C19 m
985 w 998 w
968 w 985 w
880 m 86T w 868 w
792 8 797 s 773 s
175 770 s 719 sh
707 m 725 m 684 m




TABIE 59

. Infrared Spectra of the Solids resulting from the Treatment

of the 2,5-Di~-t-butylrhercl-Chromrsi Cnloride Complex with

Donor. Solvents

S01id obtained 1,4-Dioxan 'Solid obtained Tetrahydro=
from 1,4-Dioxan from Tetrahydro- furan
furan
on™t o™ ot cn™t
3250 broad 3030 8 3250 broad 2994 s
2747 w 2747 w
1988 m 1980 w
1719 broad 1730 w 1651 w
1640 broad 1600 broad
1577 w 1460 s
1451 s 1310 m 13266 m
1366 s 1250 n 1290 w
1319 w 1179 n 1182 s
1292 s 1077 w 1076 s
1257 s 1255 s 1050 n
1119 s 1124 s 1020 s
1061l m 1085 s 980 nm 978 m
1050 m 1049 s 963 m
1020 w 925 m 909 s
981 m 865 s
961 n T24 s
901 m
879 s 879 s
830 m
725 m

Spectra of solidss Nujol mulls; Spectra of liquidss thin £ilm,
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TABIE 60

Infrared Spectra of the Solids resulting from the Trcatment

of the 2,5-Di-t-butylphenol-Chromyl Chloride Complex with

Donor Solvents (cont)

Solid obtained Acetone Solid obtained Ether
from Afitone N from f’{her 1
cm cm cm cn
3200 broad 2960 s 3200 broad 2910 s
1725 8 2790 s
1688 sh 1650 w
1651 s 1618 w 1610 w
1599 w 1495 w
1578 w 1442 m
1552 w 1384 s
1431 s 1310 1350 m
1312 w 1364 s | - 1297 w
1262 w 1157 o 1150 sh
1202 m 1220 s 1126 s 1120 s,broad
1176 m 1080 w 1078 m
1138 n 1025 m 1042 w
1079 w 942 w
102% w 930 w 940 w
980 1092 s 900 m
940 w 850 m 855 m
922 m 909 s 780 m
881 w T24 8
827 m 675 w
15 w
T22 8 675 w




Infrared Spectra of the Solids resulting from the Treatment

of the 2,6~Di-t-butylphenol-Chromyl Chloride Complex with

Donor Solvents (gcont,)

Solid obtained Acetonitrile
from Acetonitrile
cn™t on™?
2200 broad 2900 w
2320 8 2294 m
2290 s 2256 B
2250 sh
1650 m
1610 w
1575 w
1443 dbroad
1310 w 1336 s
1220 w
1158 w
1119 w
1077 w
1041 m 1047 s
1018 m
960 m 917 s
795 s
770 m 749 m
725 m
T00 w
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TABIE 62

Infrared Spectra of the Solids resulting from the Treatment

of the 2;5~Di~twbutylphenol. Chromyl Chloride Complex with

Donor Solvents

Solid obtaining Pyridine Solid obtained Piperidine
from Pyridine ' from Piperidine
-1 -1 -1 -1
cm cm cn cm
3380 broad 3350 8 3380 broad 3290 broad
3004 s 3230 broad 2670-2850 8
1987 w 2500 s
1650 w 1599 s 2420 -m
1607 ¢ 1583 s 2150 w
1577 w 1595 s
1542 w
1482 s 1475 m
1441 8 1443 s
1244 w 1387 w
1218 s 1217 s 1330 m
1157 n 1148 8 1322 w 1319 s
1375 s 1068 s 1280 w 1255 m
1049 m 1030 s 1190 m
1620 m 1165 m 1162 s
991 s 1146 m
980 w 1116 s
900 w 1081 m 1055 m
860 w 1038 s 1038 n
788 w 101l m
768 s 958 8
725 w 703 s 950 s 9AT w
695 s 675 w 909 m
887 m 863 &
872 m
725 8
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TABIE 63

The Tnfrared Spectra of Chromyl Acetate and its Reduction

Product;

Chromyl Acetate(a)

-1
cm

Reduction Product of(b)
Chromyl Acetate

-1
cm

3100 - 3000 broad
2620 w
1713 s

1500 w
1415 sh
1382 m
1335
1290 s
1051 w
960 s
93T m

709 m

628 m

480 m

3500 = 3000 broad

1701 sh
1652 sh
1620 ~ 1530 broad s
1308 w
1161 sh
1148 w
1042 sh
1030 m
972 m
956 sh
845 w broad
T20 w
675 m
630 w broad
490 w
430 w

(2) In carbon tetrachloride solution

(b) As a Nujol mull




Table 64\
Mass Spectral Data for B_is(2,S%di-t-bu‘cylphenyl) chlorovanadate(V’

RELATIVE o | RELATIVE RELATIVE
M/E INTENSTTY || © E o | INTENSITY M/E INTENSITY
12000 2.14 101.00 1,68 1174000 4,86
15,00 1.36 102.00 | 41p.62° 175.00 24,68
27.00 4,02 103.00 8.23 176400 4.99
29.00 13.54 104,00 | - 4,21 177.00 - 1.75
35,00 16,52 105.00 4 14,31 179.00 0,97
36.00 58,61 106.00 2,66 182.00 1.17
37.00 5,31 107.,00. 9,52 18300 0.97
38,00 19,17 108.00 1,23~ 186,00 1,81
39.00 8.61 109.00 S 0.97 189,00 | . 6.35
41,00 35,75 115,00 12,89 190,00 14,96
42,00 1,55 116,00 5,18 - 191,00 37.69
43,00 6,02 117.00. 14,44 192.00 5,89
47.00 10,10 11800 1.55 193,00 2,72
49,00 3,49 119,00 13,47 195,00 1.10
51.00 4,59 120,00 2.78 196,00 1.10
52,00 1,42 121,00 6.54 197,00 1,42
53.00 4,73 123.00 1,42 198.00 1.17
55,00 8,49 127.00 2.91 199,00 1.42
57.00 100,00 128.00 6.09 200.00 2,20
58,00 | = 4.47 129,00 5,12 201.00 1,88
59,00 1,49 130,00 3.24 204,00 1.36
63,00 2.59 131.00 6.28 205,00 2,98
64.00 1.75 132,00 2.78 206,00 6.54
65-00 4-02 133000 7012" ‘207000 4'59
66,00 1,75 134,00 1.49 " 208,00 1,29
67.00 4,02 135,00 3,69 209,00 b1,23
68.00 0,97 137,00 4,92 212.00 " 1,55
69.00 ! . 1017 >138000 2.39 213000 1388
72.00 1.49 139,00 4,02 214,00 2.46
73.00 7084 140000 1;041 \ 220'00 ' 4027
74,00 2.85 141.00 J.11 221.00 2.53
75.00 2,07 142,00 | = 2.27 222,00 1,49
77.00 9,78 143,00 | .. 2.46 223,00 2,33
78,00 2.78 144,00 1.29 224,00 1.74
79,00 5.64 145,00 3,95 225,00 6,02
80,00 115,28 146,00 2,07 226,00 1.55
21,00 14,05 147,00 9,59 227,00 2,53
82.00 49,29 148,00 2.66 228,00 1,55
83,00 17,36 153,00 1,04 233,00 1,17
84,00 23.51 155,00 1,49 235,00 - 1,55
85,00 2.27 156,00 1.04 236,00 2.33
86.,N0 25,84 157.00 2.01 237.00 1,55
87,00 ' 3,43 158,00 1,81 238,00 1.88
88,00 .~ 11.59 159,00 2,98 , 239,00 1.88
§9.00 | 9.65 160,00 1,88 240,00 3489
90.N0° 4,40 161,00 3,63 241,00 1,36
91,00 53,04 162,00 1.29 245,00 1,36
92000 1'68 163000 ; 4079 250000 3'89
93'00 1'29 169000 1068 251'00 3'37
94,00 1.68 170,00 1,29 252.00 1.88
95.00 5.69 171.00 1.17 253,00 1,36
96,00 1.49 172,00 3.89 255,00 4,86
98,00 1.62 173,00 6.74 256,00 5.44
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Table 4 (cont.)

RELATIVE

1,49

INTENSITY "INTENSITY
257,00 "1,62 363,00 | 1.42
258,00 1.88 368,00 | 1.29
259,00 2.46 369,00 | 5.77
260.00 2.91 370,00 | 2.59
261,00 1.55 371,00 | 3.24
265,00 0.97 372,00 | 1,10

. 267,00 1.17 384,00 1,42
269,00 2,46 © 386,00 0.84"
271,00 2.14 399,00 |.7.77
273,00 0.97 400.00 2.65
274,00 2,85 401,00 |: 4.08
275,00 2,39 402,00 | 1.23
276,00 2.78. 403,00 0.85
280,00 2,46 428,00 | 0.39
281,00 4,08 429,00 |. 0,32
282,00 2.14 430,00 [, 0,19
283,00 4,08 439,00 | 0426
284,00 1,04 . 440,00 | 0,26,
286,00 1,42 441,00 | 1.23
288,00 1.04 442,00 | 0,53
290.N0 0.91 443,00 0.71
291,00 21,37 444,00 0,32
292,00 4,27 445,00 0.19
263,00 7.06 456,00 | 0.32
294,00 2.07 458,00 0.13
295,00 7.19 459,00 | 1.36
296,00 2.07 460,00 | 0,45
297,00 3,37, 471,00 | 2.27.
307.00 2.20 474,00 | 0,45
309.00 1.17 475,00 | 0.26
310400 10.68 494,00 0,26
311.00 S 2.91 496,00 | 1.75
312.00 15,25 497,00 | 0,52
313,00 1.94 498,00 | 0,52
314,00 1,17 512,00 | 3.43
318,00 2.01 513,00 | 1.17
323.00 14,77 514,00 | 1.29
326,00 4.27 : . .
327,00 81,61

328,00 13,60 “

320,00 48,58

330,00 7477

331,00 8,74

332,00 1.75

333,00 1.36

341.00 12,24

342.00 2,33

343.00 8.16

344.00 1.26

345.00 . 1.75

354,00 1,94

355,00 1.42

356,00 1.29

361,00
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Short courses attended during the neriod 1967 - 1970 in

fulfilment of C.N,A,A., regulations,

1967 ~ 1968
tApplications of Mass Spectrometry,! (6 lectures)

'Aspects of Organic Reaction Mechanisms,! (1 day symposium at the
Middlesex Hospital)
1968 - 1969
'Spectroscopic methods in Orgarometallic Chemistry,!?
(2 day symposium at Kingston Polytechnic)
Infrared Discussion Group Meeting (1 day)
tDevelopments in Transition Metal Chemistry,!
(1 day symposium at U.C., London)
1969 - 1970
'Recent Advances in Gas ~ liquid Chromatography,!
(1 day symposium at Kingston Polytechnic)
10xidation in Organic Chemistry,! “ (2 dey symposium at U.M.I.5,T.)
tSome Recent Developments in Free Radical Chemistry,!
(1 day symposium at Kingston Polytechnic)
"Reaction Mechanisms,' (1 day symposium at the Middlesex
Hospital)
During the period 1967 - 1970, the author has presented one
research colloquium and has attended regularly various research

colloquia given by internal and external lecturers on topics in

various fields of chemistry,
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