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INTRODUCTION

Because of the cbmmon occurrence and extreme reactivity of the phenolic
hydroxyl group it has been the object of special study in the field of wood
chemistry. .Phenolic éroups are found in extractives, lignin precursors, proto-
lignin, and lignin degradaticn products. The oxidation of phenols is particularly
important in the biosynthesis of lignin, in studies on isolated lignins, and in

commercial pulping and bleaching operations.

Flectrochemical oxidation has been virtually unexplored by previous workers
in the field of lignin chemistry. Brauns (l, g) has reviewed the few studies
which have been conducted at uncontrolled potential. 0'Connor (3) has recently
completed work on the voltammetry  and controlled potential oxidation of 3,4-di-

methoxypropenylbenzene,

Electrochemical methods afford advantages over more conventional chemical
techniques in studying the reaction mechanisms of organic compounds. Voltammetry
and related methods give simple direct evidence for the reactive intermediate in
an electrochemical oxidation or reduction. Thus, the effects of solvent, pH, etc.,
can be studied apart from the complicating effects of specific'chemical oxidants.,
The potential at which an electrochemical reaction occurs is a direct quantitative
measure of molecular reactivity. . It should, therefore, be possible to develop
correlations from electrochemical studies which are also valid for conventional
chemical methods. Eventually such correlations should lead to a better basic
understanding of the reactions which are important in wood chemistry, and this

in turn will provide the means for more efficient chemical processing of wood.

The present study was undertaken with the objective of elucidating the anodic

reaction mechanisms of simple phenolic compounds using the téchniques of voltammetry,




coulometry, and controlled potential electrolysis. The majority of the experimental
work has been conducted in acetonitrile solutions because of the wide potential
range available for anodic study. Limited voltammetric studies in aqueous buffered
solutions have shown that the conclusions can be extended to other media. The re-
sults in acetonitrile have been obtained using platinum electrodes, while those in

aqueous systems have made use of both platinum and graphite electrodes.




LITERATURE REVIEW
PREVIOUS ELECTROCHEMICAL STUDIES OF PHENOLS

In electrochemical oxidations of phenolic compounds, at uncontrolled poten-
tial, small yields of dimeric pyoducts, polyhydroxylaﬁed compounds, and quinones
have been obtained (&). These results were generally interpreted in terms of a
free radical mechanism. Electrolyses were usually complicated by the formation
of tarlike side products. Anodic substitution of phenolic'compounds in ortho and
para positions with thiocyanate has been reported in acidic solutions, in yields

from 50 to 85% (4, 5).

Voltammetric studies of phenolic compounds have been complicated by the
formation of polymeric films on the electrode surface. These films cause peaked
waves and decreased diffusion currents at higher levels of concentration, and
inability to retrace the voltammogram withou£ cleaning the electrode even at a
very low level. of concentration. They may be removed from platinum electrodes by
burning in the flame of a Bunsen burner (6, 7) or by treatment with strong chromic
acid cleaning solution (8, 9). Reproducible results are possible only after such

pretreatment.

Voltammetric results on platinum electrodes are usually affected by the
oxidation state of the elecfrode surface. With the phenols, three auphors (1-2)
have indicated that more satisfactory results were obtained on an oxidized surface
and Ginzberg (Z) believes that the surface oxides of platinum actually participate

in the electrode reaction.

The carbon electrode has been used for a number of voltammetric studies of
phenolic compounds because its surface can be easily renewed,. and it is free from

the effects of oxide films. Apparently, it gives apprcximately the same half-wave
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potentials as the platinum electrode (7, 10). The boron carbide electrode has been
investigated briefly with -, and B-naphthol, and likewise gives approximately the
same half-wave potentials as are obtained with platinum (;;). The problem of poly-

meric films still exists with either carbon or boron carbide electrodes (lg).

Hedenberg and Freiser (6) studied the mechanism of oxidation of phenol, and
the monosubstituted tertiary butyl phenols in aqueous solutions in the pH range
from 5 to 11, using a rotating platinum anode. They were able to obtain normal
waves only at concentration levels of 8 x lO_SM or lower. On the basis of log-
arithmic plots of 3/(1D'1) Vs..g these authors interpreted their results as
indicating a one-elect;on reversible reaction with a'phenoxy free radical as the
product of the primary electrode process.* Two factors led them to believe that
the electroactive species was the phenoxiae anion rather than the nonionized
phenolic ' molecule. First, only one wave was observed, and the wave height was
proportional to the total concentration of phenol. Second, the half-wave poten-
tial showed little pH dependence when the pH was greater than pK,. Ginzberg (7)
postulated essentially the same mechanism as Hedenberg and Freis;¥ except that he

believed that the oxide film on the platinum electrode participated in the elec-

trode reaction.

Gaylor, et al., (;2, ;&) studied the voltammetry of various phenols and
hydroquinone in an isopropanol water mixture at the wax-impregnated graphite
i
electrode over the pH range from 1.2 to 10.0. By a comparison of the diffusion

current constants of the phenols with the diffusion current constant of hydro-

guinone they reached the admi%tedly tentative conclusion that the main electrode

reaction of the phenols involved a two-electron transfer. At pH 1.2 a doubling

*See pages 37-42 for the explanation of these plots.




of the diffusion current of the phenolic compounds was noted, and this was presumed
to be a four-electron process. These conclusions were based on the assumption that
hydroquinone was oxidized in a two-electron reaction. The main basis for such an
assumption was the observation that quinhydrone gave a single smooth wave at the
graphite electrode. However, in more recent work Elving and Krivis (;2), and
Morris~and Schempf (;é) have independently reported that guinhydrone gives two
waves on the graphite electrode. The latter authors interpret the anodic wave

of hydquuinbne on afgraphite electrode as a one-electron reversible process from
logarithmic plots of 1/(;D-i):vs. potential. If this is the caée; a one-electron
reaction would be indicat;a for phenolics from the data of Gaylor, et al. (;2, ;&)
except at a very low level of pH where a two-electron reactibn'would be indicated.
This would then agree with the conclusions of Hedenberg and Freiser (6). However,
the results of Nash, Skauen, and Purdy (;Z) reveal variations between different

phenolic compounds which would seem to preclude the possibility of a single, simple

mechanism.

Several investigations have been concerned with the relative half-wave poten-
tials of different phenols because it has been found that the half-wave potential
can be correlated with antioxidant efficiency (17-19). The work of Penketh (18)
and Suatoni, Snyder, and Clark (gg) has demonstrated that the effect of ortho,
meta, and para substituents on the half-wave potential of phenols is generally
additive. The latter authors were able to calculate half-wave potentials for
disubstituted phenols within 0.0l volt from the values of half-wave potentials
for monosubstituted phenols, except in the cases of the 2,6-disubstituted compounds
and dichloro compounds. They aléo demonstrated a correlation within 0.08 volt for

E

_1/2 vs., the Hammett ¢ function (g&) for the meta- and para-substituted phenols.
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In chronopotentiometric studies, Elving and Krivis (gg) hafé investigated the
behavior of the isomeric dihydroxybenzenes at the wax-impregnated graphite elec-
trode; Adams, McClure, and Morris (8) have investigated the substituted naphthols
at a platinum electrode; and Voories (9) has briefly investigated.a- and B-naphthol
at a platinum anode. The latter author reports that the apparent n value for B-
naphthol changed from 1 to 2 on going from a borate buffer (pH 9.2) to a phosphate

buffer (pH 11.2).

Voltammetric data on 2,6—di—tert-butyl—g—cresol, a compound of particular
interest in the present study, has been obtained by Penketh (18) who reports that
this phenol and 6-tert-butyl-4-methylphenol were the‘only two which he observed
to give distinct and reproducible waves on both platinum and graphite electrodes.
He points out though that the slope of this wave was very gradual and that the
diffusion current was ill-defined. Barendrecht (gé), using graphite electrodes,
observed a similar result in acidic solutions, but was able to obtain a well-

defined, evidently reversible wave in a basic solution.

The only report on the anodic voltammetry of vanillin, another compound of
speciél interest in the present investigation, was contained in the paper by
Nash, Skauen, and Purdy (ll). A half-wave potential of 0.508 volt énd an n
value of 1.03 from logarithmic analysis4was reported on the wax-impregnated graphite
electrode at a pH of 7.0. Pearl (24) has obtained a small yield of vanillil and
'1arger quantities of vanillic acid from an electrolysis of vanillin at uncontrolled

potential on a mercury ancde in basic solution.

There are no published papers on the voltammetry of phenols in acetonitrile,
but .Lund (gé) in unpublished work has observed deformed waves for certain phenols

in this medium. He reports that upon addition of pyridine the single wave is split




...7_

into two waves. Geske (26) evidently is conducting a study of phenoxide anions

in acetonitrile, particularly the picrate anion (27).
ACETONITRILE AS A SOLVENT FOR ELECTROCHEMICAL STUDIES

Acetonitrile has been a popular solvent for voltammetric investigations in
recent years mainly because of the wide range of potential between its anodic and
cathodic decomposition limits. The papers of Geske (26, 28-30) and of Lund (31,
ég) have been specifically concerned with anodic voltammetry of organic compoundé,
and adequately reQiew the previous literature. The papers of Kolthoff, et al.
(éé-éé) are especially recommended because they give a clear description of the
properties peculiar to acetonitrile which are responsible for the observed volt-
ammetric results with this solvent. These may be stated briefly as follows:

1. The relatively high dielectric constant (e = 38) promotes the dissocia-
tion of strong electrolytes such as the metallic perchlorates.v

2. Cétions have a very low solvation enefgy in acetonitrile, i.e., aceto-
nitrile is a weak lewis base;

3. Anions have extremely low solvation energies in acetonitrile, i.e.,
acetonitrile is an even weaker -Lewis acid than it is a base.

L4, Acetonitrile is a relatively good solvent for many organic species.

The first of these properties is important because it is desirable to conduct
voltammetric investigations in the presence of a large concentration of indiffer-
ent supporting electrolyte so that effects of electrical migration currents will
be minimized (3 ). The fourth property has obvious importance for the electro-

chemical study of organic compounds.

The second and third properties together with the first are responsible for
the behavior of acids and bases in acetonitrile. Thus, it has been found that,

of the common acids, perchloric acid is the only one which exhibits typical strong
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acid behavior in this solvent (36). The other acids which are considered to be
strong -acids in water have EKb values ranging from 5.5 to 8.9 in acetonitrile.
Furthermore, except in very d;lute solution they dissociate according to the
equation 2HA Zj'H+ + AHA™ instead of HA 23 H" + A7; in other words, the anion is

solvated by a molecule of undissociated acid.

Acetic acid is so weak in acetonitrile that its dissociation can for practical
purposes be neglected. The phenols then must be regarded as practically nonionized
in acetonitrile except in the presence of added base. This conclusion is very

significant in view of the results obtained in the present study.




EXPERIMENTAL
EQUIPMENT

VOLTAMMETRY

A Sargent Model XII polarograph was used in this investigation. After a few
experiments it was found that the photographic recording feature of this instru-
ment was completely unsuitable for the type of experimental work contemplated, and
the instrument was converted to chart recofding as suggésted by .Licht, et al. (2@).
A block diagram of the circuit is presented in Fig. 1. The Sargent recording
potenticmeter, on a suitable pa. range was connected into the circuit in series
with the cell. The galvanometer shunt ratio switch of the polarograph was set at
1000 at all times so that the galvanometer would not be damaged. 4The voltage zero
shifting circuit within the dotted lines could be used to displace the zero point
of the voltammogram by placing a known e.m.f. across the segment ab of the resistor,

R, in series with the cell. By suitable positioning of the sﬁitéh, S,., displace-

o2
ment of the zero point in either the positive or negative direction could be
achieved. The battery, B, was of the lead storage type, so selected becausé it
had a negligibly low infernal resistance. By positioning switch Sl to the ¢ posi-
tion and'S5 to the off position, the voltage zero shifting element of the diagram
is eliminated from the circuit. The full span potential of the polarograph could
be conveniently measured with the student potentiometer by positioning of switch,
Sh’ to the d side. When switch,.su, is positioned to the e side the zero shift
voltage could be measured. The switch, Sh, was kept in the off position when

running a voltammogram. The cell leads were disconnected when voltages were being

measured with the student potentiometer.
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In this circuit two resistances are placed in series with the cell, and these
must be added to the measured cell resistance in order to calculate the proper iR
drop for correction of recorded voltammograms. The first of these is a 1000-ohm
fixed resistance within the Sargent recorder, and the second occurs in the voltage
zero shifting circuit. This second resistance depends on the setting of the helipot,
R, and may be calculated by the familiar formula for parallel resistances, Beff =

l/Bl,+ l/(lOOO-Bl) where R .. is the effective resistance placed in series with the

cell, and Ry is the resistance setting of the 1000 Jlhelipot.

In the wiring of the voltammetric circult care was taken to use grounded,
shielded cable for allvconnections. All auxiliary electrical equipment and the
water bath control and heating elements were individually grounded. The Sargent
synchronous rotator which was used fof rotating the working electrodes was equipped
with a grounded shielded cable. .Despite these precautions some stray eiectrical
disturbances thch resulted in excessive chatter of the recorder pen were occasion-
‘ally noted and this made voltammograms on the lower concentration levels of the
electroactive species (< 5 x lO_SM) difficult to interpret. This effect seemed to

be more pronounced in the winter months when the relative hgmidity was lowest.

It is recommended that for future work consideration be given to an -improved
voltammetric circuit. ZEquipment should be chosen with two objectives in mind.
First, it would be very desirable to be able to work at lower levels of concentra-
tion of the electroactive specles.  Second,.it would be a decided advantage to have
equipment which would give voltammetric curves which are free from iR distdrtion.'

A discussion of suitable polarographic circuits is given in the recent review by

Hume (ég).

In the first experiments, a Leeds & Northrup conductivity bridge was used for

resistance measurements. It was later found that the measured resistance depended
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upon the scale setting of the bridge, probably.because of the low frequency a.c.
source (60 c.p.s.). In order to obtain a more reliable value, a General Radio
Type 1603-A impedance bridge was used in later experiments with a Hewitt Packard
Model 200-B audio oscillator set at 3750 c.p.s. as a signal generator, and a
Tektronix Type 502 oscilloscope as a signal detector. The block diagram for this
circuit is shown in Fig. 2. It was found that increasing the frequency of the
source above 3750 c.p.s. had no effect upon the measured value of resistance with
this equipment. The sensitivity of this equipment was high enough so that the
voltage output from the audio oscillator could be maintained at a value of less

than 0.1 volt. Inéreasing the voltage output had no effect on the méaéﬁred'resis-

ance.- | | (—’To CELL

GE N. DET UNKN
HEWITT T;,
PACKARD LOW »

MODEL 200-8B GENERAL RADIO

AUDIO TEKTRONIX
TYPE 1603-A

OSCILLATOR IMPE DANGE TYPE 502
BRIDGE OSCILLISCOPE

o—
O

?
=

Figure 2. Resistance Measuring Circuit
(The 1leads to the cell were shielded cable with the shield
grounded to the "LOW" side of the bridge circuit.)
Some of the data reported in a later section of this thesis were obtained
before the improved resistance bridge was in use. The maximum error which could
have been introduced into the half-wave potential for a diffusion current constant
of 40 pa./gM is estimated for concentration levels of 1, 0.5, and 0.1mM to be -0.05,
-0.025, and -0.005 volt, respectively;, This error will not affect the conclu;ions
drawn from the data, and fhe guestionable values are so indicated in the presentation

of data.
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The voltammetric cell which was used in this investigation was patterned
after the design of Kolthoff and Coetzee (ég). This cell permits the use of the
aqueous saturated calomel electrode (s.c.e.) with a nonaqueous solution in volt-
ammetric studies. The agar bridge from the reference electrode is immersed in a

cylinder containing -a small amount of the test solution which was isolated from

the sample in the cell with a grade fine frit. The level of the liquid in the
cylinder above the frit is maintained below the level in the cell so that contamin-
ation of the test solution from water and chloride ion is avoided. A detailed

diagram of the cell assembly has been given by J. J. O'Connor (2).

The calomel half cells used in this investigation were pfepared as suggested
by Meites (40). When not in use, the tip-of the agar bridge was kept immersed in
a saturated potassium chloride solution. This procedure kept the agar bridge in
good condition for extended periods of time, alleviating the problem of increased
cell resistance due to hardening of the agar after prolonged contact with aceto-

nitrile.

Prepurified nitrogen (Matheson) was used for deaeration of test solutions.
It was passed through two drying tubes, the first containing magnesium perchlorate,
and the second containing phosphorus pentoxide, and then through two presaturation
tubes containing the test solution solvent. All connections in the nitrogen line
after the presaturating tubes were made of glass. The nitrogen could be directed
by means of a two-way stopcock either into a dispersion tube immersed in the test
solution for deoxygenation or over the surface of the test solution while recording

voltammograms.

The nitrogen presaturating tubes were immersed in a water bath maintained at
25.0 + 0.2°C. The voltammetric cell and the s.c.e. were provided with water jackets

through which water from this bath was continuously circulated.
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The rotating electrodes used in this study were driven with a Sargent synchro-
nous rotator rated at 600 r.p.m. Checks of rotational speed with a tachometer
indicated an actual speed of 618 r.p.m. The cell assembly and rotator were mounted

on a specially constructed heavy duty ring stand to minimize vibrations.

In the design of rotating platinum electrodes for voltammetry it has been
noted by Geske (g@) that the best results are achieved with tiny electrodés which
give very small diffusion currents. Large diffusion currents should be avoided
because of the excessive iR drop and the appreciable~decrease in the concentration
of the electroactive species during the course of one voltammogram. The electrodes
used in this study were constructed from platinum wire sealed coaxially into the
end of a soft glass tube so that only a very small piece of the platinum was left
exposed. This exposed‘tip had been previously annealed in an oxygen flame so that
its surface was very smooth and polished. The surface areas of the electrodes
used in this study were estimated by microscopic investigation and are given in
Table I. The smaller electrodes (V-3, and V-4) seemed somewhat superior in per-
formance characteristics. Electrical contact to the electrode was achieved through
a mercury column in thé glass tube. A platinum wire was used to make the electrical

connection between the voltammetric circuit and the mercury column.

TABLE I

SURFACE AREAS OF PLATINUM ELECTRODES

Electrode Surface Area,
No. Wire Gage sq. cm,
7 18 0.02k4
8 18 0.029
V-3 | 2h 0.0058

V-4 2k 0.0031
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A carbon electrode was fabricated so that the carbon paste of Olsen and Adams
(10) could be used with a rotating electrode. The design of this electrode is
given in Fig. 3. The carbon paste was contained in a l/8—inch hole bored in one
end of ‘a teflon rod. The other end of the teflon rod was bored to fit the 1/h-
inch brass rod which made electrical contact with the carbon paste. The brass rod
was drilled through its detachable lower seétion to facilitate the repacking of the
carbon paste. The electrode was insulated from the Sargent synchronous rotator by
‘a nylon sleeve. A small cup at the top of the nylon held mercury for external
electrical connection. Contact between the mercury and the brass was achieved with

a platinum pin through the bottom of the nylon cup.

The carbon paste was formulated with Acheson Grade No. 38 graphite kindly
donated by National Car£on Company, and mineral oil (Nujol). The paste was mixed
to a desirable consistency and stored in a stoppered Jjar. After packing the paste
into the tip of the electrode the excess was removed, and the surface was smoothed

with a spatula.
ELECTROLYSIS

The potentiostat manufactured by Analytical Instruments Inc. was used for
electrolyses. A Sargent Recording Poteﬁtiometer (8-72150) on a current range was
used to give a record of current-time curves which .could be subsequently integrated
for coulometric data. The recorder imput lugs were connected through shielded
cable to J205 on the rear of the potentiostat, and electrolyses were conducted with
the "Integrator" switch on. Contrary to the statement of the manufacturer-(L4l) it
was found that a periodic adjustment of the gain control in the amplifier chassis
was necessary in order to get a close degree of potential control under the condi-
tions of the electrolyses. The balance cdntrol on the front panel was adjusted as

prescribed in the instruction manual before the start of the electrolysis. The
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Figure 3. Rotating Carbon Paste Electrode
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gain control was adjusted after the commencement of the electrolysis to the point
where the pen of the recorder hunted slightly at all times. This control had to
be readjusted at intervals throughout the eiectrolysis. By using this procedure

the potentiostat gave very satisfactory potential control.

The cell for controlled potential electrolysis consisted of two éompartments
connécted-through a side tube with a ball and.socket Joint so that they could be
easily dismantled for cleaning. A grade finelfriﬁted glass was placed in the side
tube as close to the anode compartment.as rossible to prevent bulk flow of solu-
tion from one compartment tc another. The capacity of fhe anode.compartment was
about 600 ml. The resisgance between the anode and cathode of the assembled cell,
using ‘0.5M sodium perchlérate as a supporting electrolyte in acetonitrile, was 90
to 100 ohms. The agar bridge from the saturated calomel reference electrode waé
separated from the bulk of the sblution in the anode compartment by a grade fine
frit in the same'manﬁer as with the polarogréphic cell. This frit was Placed
close to the working’ electrode so as to minimize any iR drop in the reference
circuit. The working electrode was a rotating cylin@rical platinum gauze of 10
sq. cm. area. The guxiliary'electrode in the cathode compartment waé-a quiescent
mercury pool. Nitrogen from the same drying and presaturation system as described
for the voltammetric assembly wés introduced at the bottom of the anode compart-
ment to deaerate the test solution. The anode compartment was immersed in a small
water bath with continuous circulation of water from the large bath at 25.0 + 0.2°C.

A detailed diagram of the cell assembly has been given by 0'Connor -(3).

For the electrolysis of 2,64di-tert—butyl-g—cresol, the potentiostat was used
to supply a constant current by controlling the voltage drop-across a fixed resistor

in series with the electrolysis cell (96.9 ohms) as described in the instruction

manual of the manufacturer (41). The Sargent recorder was used for monitoring
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current. During this electrolysis it was necessary to maintain a flow of methanolic
tetraethylammonium hydroxide to the cell at a rate proportional to the current flow.
This was accomplished in a simple manner with the equipment sketched in Fig. k.

The solution to he added ﬁo the cell was stored in the 50-ml. buret and flowed
through a piece of fine tygon tubing, and then a tiny glass capillary to the anode
compartment. The tygon tubing ran through a solenoid valve from a Sargent automatic
titrating unit. This solenoid constricted the‘tygon tube except when an electrical
impulse from the Flexopulse Timer (Eagle Signal Corp.) was received. The timer was
adjusted manually at intervals throughout the electrolysis so that the desired rate
of addition was main£ained. The timing interval between the impulses varied from
about thirty-five seconds at the beginning of the electrolysié to twenty seconds

toward the end.

This method of controlling the acidity of a nonagueous solution during an
electrolysis is evidently a novel technique in the field of electrochemistry, and
should prove of value in future studies. The experimental setup, while satisfactory
for thevpurpose of the present study, could be improved by using an automatic titra-
tion device together with a suitable indicator electrode to maintain the "activity"
of hydrogen ions constant in the solution. Such an experimental setup would facili-
tate the carrying out of the electrolysis at controlled potential rather than at
controlled current,.and would enable more precise control of hydrogen ion "activity"

in the solution.
MILLICOULOMETRY

For millicoulometric determinations the main requirement is that there be an
appreciable decrease in the concentration of the electroactive species in a short

time interval (Eg). This means that the cell volume should be small in relation
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to the electrode surface area. The cell assembly used in this investigation is
diagrammed in Fig. 5.% The volume of.liquid used in the working electrode compart-
ment of this cell could range from 0.5 to 3 ml. The working electrode, one of the
rotatiﬁg platinum electrodes used for voltammetry, was separated from the reference
electrode and the auxiliary electrode by a fine grade frit. The auxiliary electrode
was a piece of platinum foil of about one square inch in area (large enough to
prevent concentration polarization). Provision was made for deaeration of the test
solution through a tiny tube of teflon and glass construction. Bulk flow of solu-
tion through the frit was minimized by adjusting the solution to the same level in
both arms of the cell. The cefi was enclosed in a water -jacket for temperature

control.

In order to use the potentiostat with this cell a shﬁnting resistor was placed
across the power terminals of the potentiostat as shown in Fig. 6. This maintained
a current loading on the instrument which was large enough so that effective poten-
tial control was achieved even at very low levels of concentration. The Sargent
8-72150 recorder was used during millicoulometric studies for recording current
time curves which could be subsequently integrated for calculation of the coulo-

metric n value.

CHEMICALS
ACETONITRILE

Acetonitrile was purified by the method of Wawzonek and Runner (Eé). Attempts

to purify the technical-grade product of Union Carbide Company by this method were

*This cell was poorly designed because the reference electrode was placed at the
same point in the cell as the auxiliary electrode. This places-a large iR drop
in the control_circuit when experiments are conducted at high levels of concen-
tration (> 107 M). A better design would place the reference electrode outside
of the direct path between the working and auxiliary electrodes.
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rather unsuccessful, but the practical-grade chemical of Matheson, Coleman, and
Bell was completely satisfactory. The acetonitrile in a four-liter bottle was
shaken for -less than one minute with aqueous saturated potassium hydroxide, stored
over anhydrous sodium carbonate for at least twelve hours, and then distilled

twice from a small amount of phosphorus pentoxide through a five-foot all glass
column packed with glass helices. The column was equipped with a two position,
solenoid operated, tilting funnel type distillation head which was operated from

a Flexopulse Timer so that precise regulation of the reflux ratié could be achieved.
The sides of the column were maintained at the boiling point of the solvent with
electrical heating coils. In the first distillation 200 ml. of solvent were
collected at 95% reflux and discarded. Then approximately three liters were
collected at 25% reflux and saved for redistillation. The residue of 200 to 300
ml. left in the distillation flask was discarded. In the second distillation 200
ml. collected at 95% reflux were discarded, approximately 2500 ml. were collected
for use, and the residue was discarded. The solvent was stored in the collection
bottle wrapped in aluminum foil to exclude light. It was displaced from the collec-
tion bottle through an all glass siphon with a positive pressure of dry nitrogen.
The water content of the acetonitrile thus prepared, after addition of supporting

electrolyte, ranged from 1 to 2mM by Karl Fischer titration.
SUPPORTING ELECTROLYTE

The method of Kolthoff and Coetzee (22) was used to prepare tetraethylammonium
perchlorate. It was found that two to three recrystallizations from distilled
water were necessary to completely remove the voltammetrically detectable bromide

ion from the product. .It was dried overnight in a vacuum oven at 80°C.

Sodium perchlorate (G. F. Smith reagent grade) was dissolved in hot water and

filtered to remove the insoluble material. The solution was concentrated on a hot
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plate until precipitation began. It was then cooled until the temperature of the

solution reached 70°C., filtered, and dried in a vacuum oven at 150°C. overnight.
J 2

-Most of the voltammetric experiments were conducted with the tetraethyl-
ammonium perchlorate as a supporting electrolyte which showed-a smaller residual
current in solution than the sodium salt, and was more convenient to handle. The

electrolyses were conducted using the sodium salt as a supporting electrolyte.

ADDITIVES FOR VOLTAMMETRIC STUDIES

‘Pyridine was purified by the method of Burdick, et al. (44). A mixture of
specfroquality and reagent-grade pyridine was stored over barium oxide for several
days and then distilled from metallic sodium through the column described previously.
Starting with about two liters of pyridine, 600 ml. were collected at 95% reflﬁx
-and discarded, the next 700 ml. were collected for use, and the remainder was dis-
carded. The pyridine was stored in the collection bottle which was covered with

aluminum foil to keep out light and was equipped with an all glass siphon tube.

Tetraethylammonium hydroxide was used as supplied by Eastman Kodak Company in

10% aqueous solution. Its titer against a standard HCl solution was O.675M.

To prepare a methanolic solution of tetraethylammonium hydroxide, thirty
grams of tetraethylammonium bromide (Eastman Kodak) in 100 ml. of reagent-grade
methanol together with 20 grams of silver oxide were placed on a shaker overnight,
filtered through a grade fine frit, decolorized with activated charcoal, filtered
again, and diluted to 100 ml. with reagent-grade methanol. This solution gave no
test for bromide when neutralized with perchloric acid and tested with silver ni-
trate solution. The solution was titrated against potassium acid phthalate
(National Bureau of Standards ) in aqueous solution to a phenolphthalein end point

and found to be 0.6096N.
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Perchloric acid was prepared in an anhydrous solution of acetic acid (Baker
Analyzed  Reagent) by adding sufficient acetic anhydride (Baker -Analyzed Reagent).
to use up the water in the 70% acid (G. F. Smith). .It was titrated against potas-
sium acid phthalate (National Bureau of Standafds) to theAhethyl violét end point
in glacial acetic acid, and found to be O.519N. ,karl Fischer -analysis showed a

negligible water content.

Tetraethylammonium nitrate was prepared from tetraethylammbnium bromide
(Bastman Kodek) and silver nitrate (reagent grade). The tetraethylammonium
bromide (105 g.) was dissolved in 800 ml. of distilled water, and heated almost
to the boiling point. Then the silver nitrate was added slowly with mechanical-:
stirring to achieve good flocculation until no more precipitate formed with further
dropwise addition. The solution was cooled, filtered, decolorized with activated
charcoal, filtered again through Whatman No. 42 paper, concentrated to 100 ml.,
and allowed to recrystallize in the refrigerator. The product’was filtered and

dried in vacuo at 75°C. The water content by Karl Fischer analysis was 0.06%.

Tetraethylammonium acetate was prepared by neutralization of tetraethyl-
ammonium hydroxide with acetic acid as suggested by Geske (30). The tetraethyl-
ammonium hydroxide for this purpose was prepared from tetraethylammonium bromide
(Eastman Kodak ) and excess silver oxide. .It was not possible to remove all the
water from the tetraethylammonium acetate even after a thirty-hour evacuation under
high vacuum in a freeze dry unit (National Research Corp.). The product was liquid

and contained 107 mg. of water per mli. This water was removed with acetic anhydride.

The reagent-grade methanol used in these experiments displayed a slight anodic
wave at +1.78 volts vs. the s.c.e. in acetonitrile. Other chemicals used in this

work were reagent grade, and voltammetrically pure.
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PHENOLS AND OTHER ELECTROACTIVE COMPOUNDS

‘Isoeugenol (Schimmel and Company) was purified by three distillations under
vacuum. The third distillation was conducted under an atmosphere of nitrogen

and yielded a colorless product (boiling point: 100°C. at 0.9 mm. Hg; refractive

index: QDEO = 1.5762). Literature values for cis- and trans-isoeugenol are
EDEO = 1.5726 and 1.5782, respectively (45). The purified product was stored

in a freezer at about -20°Cﬂ in a dark glass bottle, but developed a faint yellow

color by the time it was used.

The following compounds -were recrystallized from water or.ethanol-water,
dried, and stored over phosphorus pentoxide for voltammetric experiments (the
indicated melting points were obtained after recrystallization): 2,4,6-tri-tert-
butylphenol (K. and K. Iaboratories, m.p. 128.2 - 129.2°C. ); 2,6—di-tert—butyl-
p-cresol (Eastman Kodak, yellow label, m.p. 68.5 - 70.1°C.); 2,6-di-methoxyphenol
(Eastman Kodak, white label, m.p. 53.8 - 56.0°C.); hydroquinone (Matheson, Coleman,
and Bell); 2,4,6-trinitrophenol (Baker, U.S.P., m.p. 120 - 122°C.). For the
electrolysis of 2,6-di-tert-butyl-p-cresol the unpurified product (m.p. 68.2 -

70.2°C. ) was used.

The following compounds were used as received: vanillin (Eastman Kodak,
white label, m.p. 79.5 - 82°C., or Monsanto, U.S.P., m.p. 78 - 81°C.); 2,6-di-
tert-butylphenol (Eastman Kodak, yellow label); dehydrodivénillin (supplied by !
‘E. E. Dickey, analytical sample No. 145700). These compounds were voltametrically

pure.

The method of Cook (L46) was used to prepare 3,5,3',5'-tetra-tert-butylstilbene-
4,4'-quinone (III) by the alkaline ferricyanide oxidation of 2,6-di-tert—butylég-

cresol. .After two recrystallizations, the product melted at 305-307°C. (1lit. value
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314-315°C.). A trace contamination, probably from 1,2-bis(3,5-di-tert-butyl-L-

hydroxyphenyl )-ethane was indicated in the voltammogram of this compound.

The stilbenequinone (III) was reduced with hydrogen on a palladium catalyst
to give 1,2-bis(3,5-di-tert-butyl-k-hydroxyphenyl)-ethane (I) (m.p. 168.5-169.5°C.;
lit. value l69-l70°C:) as suggested by Moore and Waters (47). A reduction of the
stilbenequinone (III) with zinc in glacial acetic acid as suggested by Cook: (L46)
produced 3,5;5',5'-tetra-tert-butyl-h,h'-dihydroxy—stilbene (m.p. 238.5-240°C.;

1it. value 2k0-241°C.).

3,5-Di-tert-butyl-4-hydroxybenzaldehyde (V) was prepared by the oxidation of
2,6—di-tert-butyl—g-cresol with bromine in tertiary butyl alcohol by the method of
Coppinger and Campbell (48). It had a melting point of 185.2-187.8°C. (lit. value

- 189°C. ).

3,5-Di-tert-butyl-4-hydroxybenzyl alcohol (IV) was prepared by reduction of
the aldehyde (V) with lithium aluminum hydride by the method of Coppinger -and

Campbell (48) (m.p. 135.8-137.5°C.; lit. value 137.7-138.1°C.).

2,6-Di-tert-butyl-1, k-benzoquinone (VIII) was prepared by oxidation of the
aldehyde (V) with lead dioxide in the manner of Cook, et al. (L49), (m.p. 65-66.8°C. ,

lit. value 65-66°C.).

3,5-Di-tert-butyl-k-hydroxybenzoic acid (VI) was prepared by a caustic fusion
of 3,5-di-tert-butyl-U-hydroxybenzaldehyde in the manner of Yohe, et al. (50). The
.purified product melted at 205-207°C. and remelted at 215-217°C. (1lit. value 217-
218°C. ). Thié product had an infrargd spectrum identical with that of an authentic

sample kindlyAprovided by BDr. G. R. Yohe¥*,

*Dr. G. R. Yohe, Illinois State Geological Survey, Urbana, Illinois.




: -

2,6-Di-tert-butyl-u-methyl;h-methoxy—z,5-cyclohexadienone (VII) was prepared
by the bromine o#idétion of 2,6-di-tert-butyl-p-cresol in methanol, the method of
céppinger and Campbell (48). 'It had a meltiné point of 90-91.5°C. (lit. value 94°C.
and contained no impurity which could be detected bj gas chromatography or voltam-

metry. '

ELECTRODE PRETREATMENT FOR VOLTAMMETRY

Voltammetric results at rotating platinum electrodes can be influenced

profoundly by the state of oxidation of the platinum surface. A recent review of

" the literature on platinum surface oxides has been presented by Young (51), so the

present discussion will be brief. .Kolthoff and Tanaka (52) demonstrated the forma-
tion of oxide films on platinum electrodes during anodic voltammetry, and the

cathodic dissolution patterns which are characteristic of these films. Anson and

‘Lingane (53) gave chemical evidence for the formation of both platinous and platinic

oxides in the anodic treatment of platinum electrodes. .ILaitinen and Enke (2&) have
postulated a mechanism based upon chronopotentiometric data for the formation of

such films.

Anson (_é) has shown that the ﬁethod of removal of surface oxides from platinum
can result in either a lightly platinized reduced surface, or a smooth reduced sur-
facé. His results indicate that the presence of a platinized layer may have as
great an influence on the observed results aé the presence of an oxide film, He
also makes the important point‘that in- some previous studies electrode surfaces
which were reported as oxidized were in truth reduced either eleétrochemicallyvor
by some chemical reducing -agent which was present in the fest solution. The
general rule seems to be that electrochemical oxidations proéeed leés reversibly

at an oxidized platinum surface than at a reduced surface, and that reactions at

a platinized surface are more reversible than at a nonplatinized surface. In some
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reported instances an electrode reaction is completely inhibited, at least before
the decomposition of the supporting electrolyte solution by the presence of an
oxide film. . Lingane (56) observed this behavior with oxalic acid in a chrono-

potentiometric study.

While there is no direct evidence for the formation of oxide films in aceto-
nitrile solutions, Geske (28) has observed cathodic dissolution patterns after
anodic treatment of a platinum electrode which he attributed to the formation of
an oxide film formed because of the traces of water left in the acetonitrile. The
area of the dissolution pattern was increased as larger -amounts of water were added

to the system.

In the present study, experiments have been conducted on both "oxidized" and
"reduced" electrodes. The "oxidized" electrode was achieved by -a half-minute
treatment in hot chromic acid. This treatment has been found to remove polymeric
films formed on the electrode surface in agreement with the results of previous

workers (8, 9).

A "reduced" electrode was achieved by cathodically pretreating the electrode
at a potential of -0.5 volt vs. the s.c.e. for five minutes or until the residual
current at this potential dropped to zero. This potential is more negative than
the potential at which Geske (28) observed cathodic dissclution patterns for the
rotating platinum electrode in acetonitrile. In some cases where a polymer film
was indicated on the electrode surface the cathodic pretreatment was preceded by
‘a half-minute treatment in hot chromic acid, but in the cases of 2,6-di-tert-butyl-
p-cresol and its derivatives no such cleaning treatment was neeaed and the whole
series of experiments was conducted with only the cathodic pretreatment. The
reduced electrode gave excellent reproducibility for voltammograms rerun in the same

test solution.
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It was noted that with the oxidized electrodes a small cathodic current
flowed at O volt vs. the s.c.e. This current which rapidly decayed to zero as
the voltammogram was run was probably caused by partial reduction of the oxidized
surface. Total reduction of the surface from this current seems unlikely in view
of the dramatic differences observed between an oxidized and a cathodically reduced
electrode, and because this potential is more positive than the potential at which.
Geske observed a cathodic dissolution pattern for a platinum oxide. The small
cathodic current at zero volt vs. the s.c.e. was completely -absent when a cathod-
ically reduced electrode was used. It was present, however, with an electrode
which had not been cathodically pretreated between successive voltammograms. With
an electrode on which the oxide film was removed with acidic ferrous ammonium sul-
fate as recommended by Kolthoff and Tanaka_(ig) the small cathodic current at zero
volt vs the s.c.e. was greatly reduced or completely absent. However, results on
such an electrode were different from those on a cathodically reduced electrode,
and in general the cathodic pretreatment seems superior for the compounds of
interest in the present investigation. En view of the results of Anson (55) it

seems likely that the cathodic pretreatment resulted in a 'platinized," reduced

surface.

With the carbon electrode, fresh paste was usually packed into the tip before

each trial. No special surface pretreatment was necessary.
VOLTAMMETRIC PROCEDURE

Samples were weighed in a dry box maintained below 20% (usually 7 to 10%)
relative humidity. The weighed sample of phenol was dissolved and diluted with
the supporting electrolyte soclution to 10 ml. in a volumetric flask. The result-
ing stock solution was subsequently diluted with the supporting electrolyte solu-

tion to prepare the test sample.
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Two methods of dilution were used. The first was conven?ional in a volumetric
flask.‘ The second, and more convenient when several concentrations were to be
successively studied, was to add twenty-five milliliters §f supporting electrolyte
to the voltammetric cell and subsequently add the phenol stock solution, working to
successively higher concentrafions. Since the stock solutions were relatively con-
centrated (LOQS to .25@), micropipets could be used for additions and the volume
increase of the test solution was relatively small. Because the micropipets were

1"

calibrated "to contain," they were rinsed well with test solution after addition

of the sample to the cell.

Test solutions were deaerated for at least fifteen minutes before running a
voltammogram. The span voltage and cell resistance were measured frequently, the
usual procedure being to measure the span voltage before each experiment, and
cell resistance after each experiment. Residual current curves were fun frequently

to check the purity of the system.

For the experiments in 50% aqueous isopropanol, buffer stock solutions were
prepared in water with an ionic strength of one molar. Five milliliters of the
buffer, 20 ml. of distilled water, and the phenol dissolved in isopropanol weré
added to a 50-ml. volumetric flask. By diluting to the mark with isopropanol a
solution of O0.1M ionic strength was obtained. The buffers used and the meagured
apparent pH after dilution is given in Table II. In order to achieve the proper
ionic strength a neutral salt, potassium chloride, was included in some of the

solutions along with the main buffer components.

In running voltammograms the direction of polarization was - to +, and the

rate of polarization was 2.94 mv./sec. except where otherwise noted.
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TABLE II

BUFFER SOLUTIONS

Main Buffer pPH After Dilution
» Components with Isopropanol
HC1, KC1 1.4
Potassium acid phthalate 3.7
HC1l, sodium acetate 5.8
NH, OH, NH,C1 8.1
H,BO;, NaOH 9.8
NaOH, NEHPOh 11.8

ELECTROLYSIS OF 2,6—DI—TERT-BUTYL—£-CRESOL

The 2,6-di-tert-butyl-p-cresol (1.100 g.) was dissolved in about 600 ml. of
0.5M sodium perchlorate in the anode compartment of the cell. Current was held
constant at 10 ma., and methanolic tetraethylammonium hydroxide (0.6096N) was
added to the anode compartment at a rate of 0.0102 ml, per minute, one equivalent
of base per Faraday of electricity. A small stream of nitrogen was bubbled contin-
uously through the cell., The anode potential was checked periodically with the

student potentiometer.

The electrolysis was stopped after forty-six hours at which time the eleétrodg
potential had risen to 1.55 volis. A 25-ml. aliquot of the anolyte was titrated
with perchloric acid in.acetic acid-acetonitrile solution (10 ml. of the 0.519M
solution diluted to 100 ml. with acetonitrile) to the methyl violet end point.

From this titration it was determined that 3% excess base had been added during

the electrolysis.

After neutralizing the excess base with perchloric acid in acetic acid, the

anolyte was concentrated to dryness using a rotating evaporator with the temperature
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maintained below 28°C. The residue was extracted thoroughiy with ether; the ether
fraction was washed with water, dried with anhydrous magnesium sulfate, and concen-
trated to dryness to yield 1.082 g. of a semicrystalline crude product. Consider-
ing that 4.6% ;f the original anolyte had been used for preliminary experiments,

this represented a yield of 103% based on the starting-2,6—di-t-butyl-g-cresol.

A small sample of the crude product was sublimed at reduced pressure (aspir-
ator, 50-60°C.),'and the sublimate was recrystallized from methanol-water to give
pale yellow needles, m.p. 89-90°C. This product had the split carbonyl doublet
in the infrared spectrum at 6'u, and the ultraviolet maximum at 234 mp (emax =
11,200) which is characteristic of the cyclohexadienone configuration (57). The
molecular weight was determined by'the Rast method to be 265 + 5% (three deter-
minations). An elementary analysis gave C: 77.2%; H: 10.9%. This product was

shown to be identical with synthesized 2,6-di-tert-butyl-4-methyl-L-methoxy-2,5-

cyclohexadienone by mixed melting point and infrared spectra.

The following -analysis for the crude product of oxidation was obtained by
gas chromatography on a Carbowax column at temperatures of 188 and 151°C.
1. 2,6-Di-t-butyl-h-methyl-h-methoxycyclohexadienone: 65.3%.
2. Minor single constituent (single peak by gas chromatography ): lO.M%.
3. Five minor constituents (observable by gas chromatography): 8.0%. |

4. Nonvolatile (not observable by gas chromatography): 16.3%.

The 10.4% constituent gave a gas chromatographic peak on the Carbowax column
at 150°C., which was well separated from the other components of thg mixture, and
therefore was suited to a chromatographic separation. Before attempting the
separation the gas chromafograph was set at 205°C. overnight with a small flow of

helium gas to purge impurities from the system, after which the temperature was
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reduced to 150°C. Ten milligrams of the crude product was dissolved in 100 3 of
reagent-grade benzene and 20 to 40 ) portions of this solution were injected into
the chromatograph. The sample collector was connected to the chromatograph wheﬁ
the peak for the desired component:appeared on the recorder chart. The tails at
the beginning and the end of the peak were not collected in the interest of purity..
Between injections the column was backflushed with helium for é time greater than:
the elution time of the collected component. The collected sample condensed
immediately in ghe.entry tube to the collection device. The product, bright
yellow needles, was rinsed into an agate mortar and pestle with a small éuantity
of dry ether, and after evaporation of the ether a fotassium bromide pellet was
prepared for an infrared spectrum. The resulting spectrum was identical with

that of 2,6-di-tert-butyl-1l,4-benzoquinone.

No further products were isblated from the crude mixture. However, it was
noted that the nonsublimable portion of the product contained a carbonyl band in
the iﬁfrared spectrum at 5.78 p. This was shifted just enough from the carbonyl
band of 3,5-di-tert-butyl-L-hydroxybenzoic acid at 5.83 p to represent an ester

of that acid (58).
ELECTROLYSIS OF THE VANILLINATE ANION

"An initial electrolysis of the vanillinate anion was conducted in the milli-
coulometric cell on a l-ml. sample which was 1.32mM in vanillin and in aqueous
tetraethylammonium hydroxide. The supporting electrolyte-solvent system was O.5M
tetraethylammonium perchlorate in acetohitrile. The electrolysis was conducted at
+0.39 volt vs. s.c.e. for 2.5 hours with a consumption of O)O96h coulomb of elec-
tricity. At the end éf the electrolysis the anolyte was reméved from the cell and
acidified with glacial acetic acid. After standing for several days some fine

white needle-shaped crystals separated from the solution.
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A second electrolysis was conducted in the millicoulometric cell on a l-ml.
sample which was 50.4 mM in vanillin and tetraethylammonium hydroxide, again with
0.5M tetraethylammonium perchlorate as a supporting electrolyte in acetonitrile.
At the end of 4.38 hours the current level had fallen to one-tenth of its initial
value and the electrolysis was stopped. The anolyte was removed from the cell
and acidified with glacial acetic acid. The crystals from the first elecérolysis
experiment were combined with this to hasten crystal growth. .After cooling -in a
refrigerator, the precipitated product was centrifuged in a 3-ml. test tube and
the yellow supernatant liquid was decanted. The initial precipitate was washed
with two O.é-ml. portions of acetonitrile, redissolved in acetonitrile by .addition
of a few drops of tetraethylammonium hydroxide, reprecipitated with glacial acetic
acid, filtered, washed with distilled water, and dried. The product had an infra-
red spectrum identical with that of dehydrodivanillin, an& melted at 308-510°C.,

decomp. [reported value for authentic specimen 313-317°C. (59)].

In a large-scale electrolysis 0.7617 g. of vanillin was dissolved in 500 ml.
of an 0.5M solution of sodium perchlorate in acetonitrile. After this solution
was added to the anode compartment, enough acetonitrile was added to bring the
anolyte level above the frit leading to the cathode compartment. For this elec-
trolysis the rotating platinum electrode from the voltammetric circuit was set
directly into the anode compartment-so that voltammograms could be run as the
electrolysis proceeded. The rotating platinum electrode was cleaned in hot
chromic acid, and then cathodically reduced for each curve. An initial voltam-
mogram showed that the solution was voltammetrically pure in the region where the
vanillinate anion would react. 'Aqueous tetraethylammonium-hydroxide (7:5tml. of +
O.673E) was added to the anode compartment in a quantity equivalent to the vanillin

present.
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The control potential during the electrolysis was +0.42 volt vs. the s.c.e.
At intervals during the electrolysis additional tetraethylammonium hydroxide (TEAH)
was added in a quantity which was equivalent to one-half the coulombs of electricity
consumed siﬁce the last addition. The amounts of base added are given in Table III.

A small stream of nitrogen was bubbled into the anode compartment throughout the

electrolysis.
TABLE III
ELECTROLYSIS OF VANILLINATE ANION
‘Electrolysis Electricity Consumed, Base Added,
Time, min. coulombs ml. of 0.673 TEAH
1718 152.3 1.1
364 . 289 - 1.0
523 Lo2 0.8
639 551 --

Total: 2.9 ml,

The aﬁolyte was acidified with 5 ml. of glacial acetic acid, and, after
‘standing -in a refrigerator for four hours, some product precipitated. Upon
acidification with a few drops of perchloric acid and further cooling overnight
in a refrigerator more product was recovered. It was filtered and air dried
(total crude yield 0.4981 g., 65.4%). About half of this crude product was
slurried in 400 ml. of ethanol and water, and tetraethylammonium hydroxide was
added to effect solution. After filtering off a small amount of insoluble matter,
the product was reprecipitated with 0.05N HCL. Tt was shown to be dehydrodivanillin

by its infrared spectrum.

The remaining anolyte was concentrated to dryness at 20-30°C. on a rotating

evaporator. Then 100 ml. of water was added to dissolve the supporting electrolyte.
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This solution was extracted thoroughly -with ether. A small part of the product
(0.07 g., 9.2%, insoluble in either ether or water, and light brown in color) was
discarded. The ether solution was dried with anhydrous magnesium sulfate. Paper
chromatograms of the ether extract revealed a relatively heavy vanillin spot and
no other identifiable product. There was some material present, however, which
showed as a pink fluorescent spot (Bf = 0.71 in butanol, pyfidine, water, 10:3:3;

Bf = 0.72 in butanol saturated with 2% aqueous ammonia ). This substance showed

no color reaction with either diazotized para-nitroaniline or with E,h-dinitro-
phenylhydrazine hydrochloride. When the ether extract was concentrated to dryness

a black tar resulted.




VOLTAMMETRY: THEORY, AND ANALYSIS OF DATA

The basic definitions, and the equations for voltammetrically reversible and
irreversible waves are included in this section, as well as an explanation of the
method of data analysis which was used in the present investigation. Before pro-
ceeding further a note on sign conventions i1s in order. .Potentials correspond to
the so-called European convention for reporting oxidation reduction potentials
(ég); Cathodic currents are positive, and anodic currents are negative in accord
with normal voltammetric practice. Following the suggestion of Larson, Iwamoto,

and Adams (61) potentials are reported as measured vs. the s.c.e.

The equations given in this section are based on the concept of a distinct
diffusion layer -around the rotating electrocde and linear concentration gradients
within this layer. Such a treatment is notaély-lacking»in rigor, but in practice
it is found that the equations for potential, (4) and (6), conform to the theory,
and that the diffusion current is proportional to the concentration and the number
of electrons involved in the electrode reaction as predicted by Equation (2). The
diffusion layer thickness, &, however, is in reality a function of diffusivity as

well as hydrodynamic variables (ég, éé) so that the diffusion current is proportional

to the 0.66 power rather than to the first power of diffusivity as would be pre-
dicted by Equation (2). Furthermore, unless a perfectly cylindrical electrode were
used, it is not to be expected that current would be truly proportional to the

electrode surface area.

A general eQuation for ‘the electro-oxidation of an organic compound with

hydrogen ion evolved in the electrode process may be written

1%———2——)51{7”1 O+ ne” + H - (1)
ke n
)
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where R represents the reduced and O the oxidized species, n 1s the number of elec-

trons involved in the reaction, and Eb n and Ef n
22 )2

represent the heterogeneous rate
constants for the oxidation and reduction, respectively. These are formal rate
constants; i.e., they are to be used in kinetic equations with concentrations

rather than activities. The terminology is according to Delahay (Ei).

When the heterogeneous rate constants are sufficiently large, the observed
results are close to the predicted results assuming that an equilibrium exists
between the oxidized and reduced species at the electrode surface at all times.
Under those conditions the Nernst equation can be applied and the system is said

to be "voltammetrically reversible." This does not imply reversibility in the
thermodynamic sense. In this case the following approximate equations, developed

in the manner described by Delahay (L42), for stirred solutions apply:

. o
iy = -nFA Dy C R/aR : (2)
D &, T, D+
RT o RR7H RT
E , =E - 1n - pH (3)
1/2 o  nF Dp 8o Ty dy+  OF
RT N \
E = El/2 + =7 1n [1/(1D - i)l (4)
where
ED = diffusion current
n = number of electrons involved in the electrodeiprocess
F = Faraday constant
A = electrode surface area
APR = diffusivity of the reduced species
QPR = concentration of reduced species in the bulk of the solution
o) =

diffusion layer thickness, reduced species

(F=3]
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E /2 = half-wave potential

=1

R = gas constant

T = absolute temperature

QO = diffusivity of the oxidized species

6; = diffusion layer thickﬁéss, oxidized species

g; = activity coefficient{‘feduced species

g; = activity coefficient, oxidized species

Q;+ = diffusivity of hydrogen ion

6;4 = diffusion layer thickness, hydrogen ion

E_ = potential at any point on voltammetric wave referred to any
arbitrary standard such as the s.c.e.

i = current at any point on voltammetric wave

Eo = standard potential for the electrode reaction

When the rate of the reverse reaction is sufficiently slow so that it can be
neglected, the electrode reaction is said to be "totally irreversible." Equation
(2) for the current is still applicable, but Equations (3) and (L) are replaced

by (5) and (6) as follows:

o) RT

Byjp = B - BrigF 1n (kg ) 8p/Dg) (5)
RT c s .
= + -
S V=W n [3/(1p - 1)) | (6)
where

Eg = potential at which chemical equilibrium exists at the electrode
= surface
B = transfer coefficlent*

*The symbol B has been used for the oxidation reaction to distinguish this from
the transfer coefficient for the reduction reaction (l-a); i.e., B is not
necessarily the same as (1-a) (42).
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Eﬁ = electrons transferred in the rate-controlling step
o gl

En = S0P | Fr 2

Eg n = rate constant for the oxidation reaction when E = 0.

kot Bid

An interesting point to note is that the half-wave potential for a totally
irreversible electrode reaction [Equation (5)] is not a function of pH even though

hydrogen ions are evolved in the electrode process.

According to Delahay (42) the range of values for where the electrode

%s,h
reaction cannot be treated as either reversible or totally irreversible is rela-
tively narrow. This is fortunate because in the intermediate range between the

extremes of reversible and irreversible behavior the theory is considerably more

complex.

When the voltammetric wave is "pormally” shaped the treatment of data is
straightforward. After correction for the residual current and }g drop the wave
will look something like Curve 1 of Fig. 7 for the reversible case, or Curve 2
for the irreversible case. In either of these circumstances the diffusion current
is readily chosen as the height of the diffusion plateau, and the half-wave poten-

tial is the potential at which the current level is ED/E.

Figure 7. Normally Shaped Voltammograms
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With many organic compounds, however, interpretation is much more difficult
because, as shown in Fig. 8, the current reaches no distinct plateau but instead
continues to rise. In this case the selection of a diffusion current is an arbi-

/2 depend upon the whims of the investi-

trary matter, and therefore both ED and El

gator.

E

Figure 8. Abnormally' Shaped Voltammogram

A possibility for the uniform treatment of such curves comes from the fact
that for either the "reversible" case, Equation (4), or the "totally irreversible"

case, Equation (6), a plot of the function log i/(iD—i) vs. E should yield a

straight line. By the use of a trial and error calculation ED may be chosen as

the current which gives the best least squares fit to a straight line in a plot
of i/(iD-i) vs. E. This is the basis used in the development of a computer
program_(IBM 1620) to process voltammetric data. The program was useful even in
the case of the "nmormally" shaped waves because it corrects the data curves for
residual current and iR drop and provides values of n or Pn,, respectively, in

g
Equations (4) and (6).%

*In tabulations of data given in later sections of this thesis the slope of the

plot of i/(iD—i) vs. E after multiplication by 0.0591 is referred to as BEB re-~

gardless of whether a reversible or an irreversible wave is being considered.
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It is realized by the author that the trial and error basis for selecting-i_D

is not strictly applicable in the case midway between "reversible" and "totally
‘irreversible"” behavior. In this case, as well as in the case of kinetic or catalytic
waves, the computed value of n has no theoretical significance. However, since the
waves of interest in this study did fit an equation of the form of Equation (4) or
(6) quite well the calculated value of Bn, has practical use since it at least

B

empirically describes the wave form.
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PHENOXONIUM IONl MECHANISM - IN ACETONITRILE

Initial voltammetric studies with a number of phenols gave diffusion currents
which; by comparison with hydroquinoneg, indicéted approximately a two-electron:
transfer. Since the phenolic hydroxyl should be practically undissociated in
acetonitrile, iﬁ was reasonable to presume that the nonionized phenol was reacting,
and 1t was hypothesized that the primary electrode process involved the formation
of a mesomeric phenoxonium ion according to Eguation (7). The calculated values

of BEB were in the range from 0.48 to 0.72 depending on the condition of the

H
+
=0 ¢ QOH @O + Bt
+
. (7

electrode surface and the concentration for both the phenols and hydroguinone.

on %

This indicated an irreversible electrode process, The effect of an oxide film
on the surface of the platinum electrode was pronounced, an oxidized surface
giving a half-wave potential as much as 0.1 volt lower than a reduced surface.
There was also a decrease in the apparent reversibility of the reaction on an
oxidized surface, but.no significant effect on the diffusion current. With iso-
eugenol severe filming was encountered as noted in the Appendix, but with the
hindered phenols and other phenols which had two or more of the reactive ortho

and para positions blocked, no filming was encountered.
DETAILED STUDIES ON 2,6—DI-TERT-BUTYL—B—CRESOL

The hindered phenol, 2,6-di-tert-butyl-p-cresol (2,6-DTBC), was selected for

intensive study because the reactions of this compound with chemical oxidizing

Lme term, "phenoxonium ion," evidently has not been used previously in the chemical
literature. In this thesis it refers to a mesomeric onium ion of the type shown in
Equation (7).

The results of ILund (31, 32) and Geske (29, 30) have indicated indirectly that the
anodic reaction of hydroquinone in acetonitrile is a two-electron process.

)
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agents are quite well known. All of the voltammetric studies in this section were
conducted on Electrode No. V-3 with a reduced surface. The supporting electrolyte

was in all cases 0.5M tetraethylammonium perchlorate.
EFFECT OF CONCENTRATION

Results of a number of voltammetric experiments at different concentrations
of 2,6-DTBC are given in Table IV. Three points of interest will be noted in
these data. First, the diffusion current constant for the main wave increases
with concentration. Second, there is a second wave which is absent at very low
levels of concentration, but occurs at intermediate levels of concentration and

becomes more pronounced at high levels of concentrations. Third, E

_1/2 for the

main wave seems to increase and then to decrease as the concentration is increased.

The values of ED/Q for the main wave are plotted against concentration in
Fig. 9. It will be ;oted that iD/g increases numerically with increasing -concen-
tration and then levels off at c;ﬁcentrations greater than 1mM. It is expected
that if the data could be extended to still lower levels of concentration the curve
of Fig. 9 would again level off, probably without reaching a significantly lower
value. The ratio of iD/g at the highest level of concentration to ED/Q at the
lowest level of concen;;ation is 1.48 from the smoothed curve of FigT 9. This
would suggest a three-electron and a two-electron limiting over-all reaction at

the extremes of concentration.

The second wave of 2,6-DTBC is shown well in Fig. 10 where i/g is plotted
against potential at representative levels of concentration. It will be noted that
this second wave does not occur at concentration levels below O.5mM, and that its
height becomes greater with increasing concentrations. The second wave was not
always observed in the concentration range from 0.5 to 1.0mM. This was probably

caused by impurities in the acetonitrile. On the assumption that the value of
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TABLE IV

EFFECT OF CONCENTRATION ON THE VOLTAMMETRY
OF 2,6-DI-TERT-BUTYL-p-CRESOL

(Electrode V-3, reduced surface)

Wave T Wave II
Conen. -;Q/g’ E) /e’ - Lyl B /20 on
mM pa./mM  volts vs. s.c.e. =8 pa./mM  volts vs. s.c.e. -8
0.0210 9.5 1.21 - -- -- --
0.0312 9.9 1.21 -- - - -
0.0416 10.6 1.19 -- -- - -
0.0518 11.4 1.20 -- -- -- --
0.0528 104 . 1.23 0.701 -- - --
0.106 12.1 1.25 0.614 -- -- --
0.211 13.7 1.27 0.5% -- -- -
0.528 13.3 1.25 0.620 1.6 1.63 0.505
0.528 12.6 1.22 0.678 2.7 1.58 0. 4ks
0.901 13.5 1.2k 0.556 2.4 1.61 0.525
0.901 13.4 1.27 0.73%0 2.5 1.59 0. Lok
1.06 146 1.26 0.545 3.0 1.63 0.605
1.58 13.1 1.25 0.660 3.7 1.62 0.491
3,64 14.6 1.2k 0.705 6.3 1.60 0.431
6.68 1k, 5 1.22 0.826 8.3 1.53 0.511

9.66 13.7 1.21 0.861 9.4 1.54 0. 467
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ED/Q for the first wave represents a three-electron transfer at the higher levels
of concentration, this second wave approaches the value for a two-electron transfer

at the highest level of concentration.

The increasing value of -ED/Q for the main wave of 2,6-DTBC and the appearance
of the second wave at high levezé of concentration, but not at low levels of concen-
tration can be explained by the reoxidation of a product of reaction after some
kinetic process which follows the primary electron transfer. Since the second wave
should be characteristic 6f an oxidation product of 2,6—DTBC, known products from
chemical oxidations of 2,6-DTBC were investigated with the results given in Table V.
These results . indicate that of the compounds investigated only the dimers, I, II,
and III, give waves at approximately the same potential as the second wave of 2,6-
DTBC at the higher levels of concentration. At lower levels of concentration the
water content of the acetonitrile was high enough so that the alcohol IV, and alde-
hyde V, might have also been formed to a limited extent and this may account for
the shift of the second wave of 2,6-DTBC to a somewhat higher potential at lower

concentrations.

The reaction sequence¥* given by Equations (8)-(12) could account for the

formation of the stilbenequinone, III, from the anodic reaction of 2,6-DTBC. In

accord with the experimental evidence this reaction scheme would give an n value
of two at low levels of concentration where Reaction (11) would not occur quickly

enough for the electrode Reaction (12) to influence the current level.

In further agreement with the observed results the limiting n value at high

concentrations where Reactions (11) and (12) would occur rapidly at the electrode

*This reaction sequence was chosen because of the work of Fujisaki (§£—§Z) who has
given evidence for the methylenequinone, IX, as an intermediate in this type of
reaction.
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TABLE V

VOLTAMMETRY OF PRODUCTS FROM CHEMICAL OXIDATIONS OF 2,6-DTBC

Compound
(+ = t-Bu)

HO @ CH,OH

HO @ CHO
HO @ COOH
0 @(CHB

OCH5

Gz;>ii

Conen.,
mM

1.23

0.77

0,17k .

1.00

1.10

0.586

(Electrode V-3, reduced surface)

Wave I Wave II
e, B WO Ry
pa./mM volts vs. pa./mM volts vs

s.c.e. s.c.e.
19.7 1.23 5.8 1.51
9.1 0.77 9.1 1.53
-- -- & 153
14.3 1.25 - -
13.2 1.24 3.2 1.72
-- -- ll.Ob l.68b
-- -- 7.3 1.68°

No wave observed

No wave observed

aThis compound was sparingly soluble in acetonitrile and its concentration

was not known with certainty.
a two-electron wave; i.e., iD/g_nJ—9 pa. /mM.

However, there 1s little doubt thét this was

bThe waves for these compounds occurred so close to the decomposition point
of the solvent supporting electrolyte system that a precise evaluation of

ED/Q and El/2 was impossible.
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surface would be three electrons per molecule of 2,6-DTBC. For the proposed re-
action sequence to be valid, Reaction (11) would have to occur at the same or a
lower potential than the main wave for 2,6-DTBC. Results with the dimers, I, and

IT, indicate that this would be the case.

(+ = t-butyl)

_pe- 54
HO@CHB ——E‘z———) %C@OJ’ > A, &) etec. (8)

oYy ———> 0=§:>=CH2 + o (9)
X

L ——

+
0@41{2 + gY —> HO@CHE (10)
HO &12 +H20aC§=o — HO@CHE-CEC}}O + ® (11)
H_ .
HO@*HQ‘CHQO ke O@%H—CHJC}O + omt (12)
| III

The one point of disagreement with the proposed reaction scheme is that from
the results with the dimers, I, II, and III the second wave of 2,6-DTBC should
represent a one-electron transfer. However, a two-electron transfer was indicated
at the highest level of concentration in Table IV, This may be the result of the
excess hydrogen ion generated at the electrode surface which is known to promote
the oxidation of the stilbenequinone, III. A discussion of the effect of excess

hydrogen ion on the stilbenequinone is given on page 52,

Altogether there seems to be good evidence for the proposed dimerization
scheme. Since no products of this reaction have been isolated and identified,

other possibilities cannot be ruled out, although it is difficult to conceive of
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other reaction sequences which will yield a net n value of three electrons per

molecule in the high range of concentration.

In Table IV, the half-wave potential for the main wave of 2,6-DTBC apparently
increases from a value of 1.20 volts at a concentration level of 0.02mM to a value
of 1.27 volts at a concentration level of 0.211mM. Referring to Fig. 10 (Curves
1, 2, and 3) it will be seen that these waves are really superimposed on one another,

and that the incfease in E

1/2 with concentration is simply an effect of the higher

numerical value of i./C.

In the high range of concentration from 0.9 to 9.66§M in Table IV the half-
wave potential apparently decreases from 1.27 to 1.21 volts. For a reversible
process where hydrogen ion is liberated at the electrode in an unbuffered solutioh

it can be shown that there will be a shift of El/ to higher values with increasing

2
concentration (37), the opposite of the effect observed here. Since a shift to
higher values did not occur, there is evidence that the electrode process is in
fact totally ‘irreversible. The observed shift to slightly lower potentials may be
explained by the consideration that the rearrangement of the phenoxonium ion to

the benzyl carbonium ion in .Equations (9) and (10) is promoted by the presence of
hydrogen ion. Such an effect has been noted by Cook in the rearrangement of 2,6-
di-tert-butyl-k-methyl-4-bromo-2,5-cyclohexadienone to 3,5-di-tert-butyl-4-hydroxy-
. benzylbromide (46). Since hydrogen ion is generated in Reactions (8), (11), and
(12), it is to be expected that at high levels of concentration there will be an
overconcentration of acid in the vicinity of the electrode, and Reactions (9) and
(10) will be facilitated. The observed effect on the voltammetric wave of 2,6-DTBC
would be to give a higher level of current at the beginning of the wave, but the

same limiting current on the diffusion plateau, i.e., an apparent decrease in El/g

as observed experimentally.
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EFFECT OF HYDROGEN ION CONCENTRATION

To further investigate the effects of hydrogen ion on the voltammetric be-
havior of 2,6-DTBC, experiments were conducted in which anhydrous perchloric
acid in glacial acetic acid was added to the test solution. Perchloric acid was
used because it is the only one of the common strong acids which is completely
dissociated in acetonitrile (36). ﬁesults of these experiments are shown in Fig.
11 and 12. The main effect on the voltammetric wéve with acid concentrations up
to 1.36M is to shift the wave to a less positive potential. This is similar to
the effect noted with increasing concentrations of 2,6-DTBC, and is attributed
to the same cause, i.e., the effect of acid on the rearrangement of the phenox-

onium ion to the benzyl carbonium ion.

When the acid concentration is increased to ll.MQM in Fig. 11 the wave shape
is altered entirely. The same effect is noted at a higher concentration of 2,6-
DTBC (Fig. 12). This indicates that the reaction path for the oxidation of 2,6-

DTBC is changed completely in the presence of excess hydrogen ion.

The voltammetric behavior of the dimeric stilbenequinone (III) is dramatically
changed in the presence of excess perchloric acid. When the acid is added to the
solution a bright red color -develops immediately. In this condition new waves are
apparent at O.77 and 1.30 volts. A reasonable explanation for this behavior ‘is
that hydrogen ion adds to the stilbenequinone as shown in Equations (13) and (1.4).
The resulting adduct,.X, has essentially the same double bonded grouping as the
stilbene, II, and this could explain the wave at O0.77 volt. The wave at 1.30 volts
could be caused by the new phenolic hydroxyl formed on one end -of the molecule in

the adduct.

o—t}cH-CH —> Jh’o@-m:w@o* (13)
IIT , '
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+ - -+ omt +OZC>—CH= H—@OH |
OZ}CH CH—@O +H XC (1%)

The dihydrostilbene (I) at a concentration level of 0.814mM shows a numerical
increase of 12% in ED/Q for the first wa&e and a slight numerical decrease in
1D/C for the second wave in the presence of excess perchloric acid. This effect,
though small, would be expected from the behavior of the stllbenequlnone (11I1)

which is the anticipated product from the electrode reaction of the dihydrostilbene.

The stilbene (II) displayed reduced wave heights in the presence of excess
perchloric acid. This behavior might be explained by -addition of hydrogen ion

to the double bond to form an electrochemically inactive species.

The results of these experiments have demonstrated that unleés the hydrogen

ion . is consumed as it is liberated in the electrode reaction and the following

‘processes, destructive oxidation of the products of reaction may be expected in

an electrochemical oxidation of 2,6-DTEC.

BUFFERED SOLUTIONS

The undesirable effect of acid on the voltammetric behavior of 2,6-DTBC and
its expected oxidation products made it desirable to develop a sultable 'buffer"
system for use in acetonitrile. Three buffers were evaluated, pyridine, tetra-
ethylammonium nitrate-nitric acid, and tetraethylammonium acetate-acetic acid.

The pyridine (O.lM) produced the unique peaked waves typical of all of the phenols

studied in this system, and discussed at greater length in the Appendix.

The report by Kolthoff, et al. (éé) that nitric acid behaves as a weak acid
in acetonitrile made the tetraethylammonium nitrate-nitric acid system seem like

an attractive possibility for buffering of an acetonitrile solution. The addition
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of tetraethylammonium nitrate (20mM) in a solution which was 1.05mM in 2,6-DTBC
reduced iD/g to a value of ;lO.h ua./gM, close to the value for a two-electron
reaction._ This may have been caused by addition of the nitrate ion to the four
position of the phenoxonium ion to form a cyclohexadienone structure. The small
second wave of 2,6-DTBC was eliminated, and the half-wave potential of the main
wave was shifted to 1.08 volts. When hydrogen ion (as perchloric acid in acetic
acid) was added to this solution at the level of 1mM the half-wave potential was
lowered further to 0.97 volt and the wave height was decreased ll%. Further
addition of hydrogen ion gave a rapid reduction in wave height until at a concen-
tration level of QhQM the wave of 2,6-DTBC was completely eliminated. Since most
of the hydrogen ion added to this solution would combine with the nitrate ion as
nitric acid, it is probable that a nitration of 2,6-DTBC occurred to give the
Y-nitrocyclohexadienone. This is a well;known reaction in other polar solvent
systems <E2: §§). Because of this side reaction the tetraethylammonium nitrate-

nitric acid system was unsuitable as a buffering agent.

The use of a tetraethylammonium acetate-acetic acid buffer was investigated
in & solution which was approximately O.1M in acetate ion and 0.05M in acetic acid.
In this solution 2,6—DTBC (l.OSM) exhibited a long drawn out prewave which, as will -
be discussed later, is typical behavior in the presence of a strong base. Since
acetic acid in acetonitrile is an extremely weak acid, it follows that its conju-
gate base, the acetate anion, will be relatively strong, and therefore, the observed
behavior is to be expected. The main wave of 2,6-DTBC, which occurred at 1.35 volts
under these conditions, was merged with the decomposition wave for the acetate anion.
Current time curves at constant potential on the shoulder of this wave revealed
abnormal current decay behavior. Thus, each of the three buffers investigated was

unsatisfactory.
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EFFECT OF WATER AND METHANOL

The effects of methanol and water on the voltammetric behavior of 2,6;DTBC
in acetonitrile are.of particular interest because both of these reagents were
present during the electrolysis which is discussed in the next section. The addi-
tion of 3.7 to 3.8% water or methanol to a test solution containing 2,6-DTBC (0.5
to lOgM) completely removed the second wave, indicating a change in the over-all
reaction mechanism, The half-wave potential was shifted to a less positive value
(1.01 to 1.05 volts). Values of iD/g ranged from -11.7 to -13.0 (average -12.L4)
pa./gM, approximately a 12% decrea;é below the average in this concentration range

in the absence of water or methanol.

A pronounced peaking was noted in the wave for 2,6-DTBC at a concentration
level of 10mM in the presence of 5.8% water, but this peaking was not observed
at lower levels of concentration (0.5 to 1.5mM). The peaks were evidently not the
result of a polymeric film because the curve could be retraced after simply treat-
ing the electrode cathodically at -0.5 volt. No peaks were observed for-2,6-DTBC

even at a concentration level of 10mM with 3.8% methanol in the test solution.

Assuming that the lowest numerical value of ED/Q from Fig. 9 (-9.6 pa./mM)
represents a two-electron transfer, an n value of ;.58 would Be indicated for the
electrode reaction of 2,6-DTBC in the presence of 5.8% water or methanol. Since a
nonintegral n value for a single electrode reaction is an impossibility, this
calculated value must represent a summation of two or more different electrode
processes. A logical explanation is that the primary electrode process gives the
mesomeric phenoxonium ion, . XI, according to Equation (15), and that part of this
reacts with the water or methanol by Equation (15a) to give the cyclohexadienone,
.XII, which is electrochemically inactive. The other part of the phenoxonium ion,

.XI, rearranges according to Equation (16) to give the benzyl carbonium ion, XIII,
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and adds water or methanol to form the alcohol or ether, XIV, by Equation (16a).
The product XIV can undergo electrochemical oxidation by Equation (16b) at the same
or a lower potential than the main wave for 2,6-DTBC to form the phenoxonium ion,
XV. This product can in turn give a cyclohexadienone, XVI, by Equation (16c) or.
rearrange and add water or methanol to give an acetal or an aldehyde by Equations

(164 et seq. ).

Ho© CE, e 0@“‘3 + H (15)

o@i}% + ROH ————3 0 B gt (152)
OR

XI XIT

OZ:XHB pa— HO@gHE (16) -~
III
H@gﬂg + ROH ——> HO@CHQOR + Ht (16a)

IV
-De- + )

H@CHEOR = > |0 CH,OR + H (16b)
Xv

o@’iHeOR + ROH ————> o@éﬁe‘m + mt (16¢)

Xv XVI

. 4

0 +H20R ___>E H@CHOR (164)

+
OR
H@CHOR + ROH ——— HO‘@‘CH<OR (16e)
XVII

>- -HCHO + R' (16F)

v
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Two voltammetric observations agree with the reaction sequence of Equations
(15) and (16): First, the cyclohexadienone,‘XiI, R = CH,, is electrochemically
inactive within the anodic ‘range of acetonitrile with tetraethylammonium perchlor-
ate as a supporting electrolyte. Although the hydroxy analog has not been investi-
gated in this study, it is to be expected that it would show the same electrochemical
behavior. .Second, the alcohol, XIV, R = H, gives a wave at about the same potential
as 2,6-DTBC (see Table V). It is expected that the methyl ether of this alcohol
would give essentially the same half-wave potential because this small change in

structure would have little effect on the electron density of the molecule.

In the reaction scheme postulated by Egquations (165 it will be noted that the
first step is the rearrangement of the phenéxonium ion to the benzyl carbonium ion.
Recalling the discussion on page 51, this shift should be catalyzed by fhe\ﬁregeﬁce
of hydrogen ion. Therefore, as the concentration of 2,6-DTBC is increased and more
hydrogen ion is generated, it should be expected that this shift would be facili-
tated and as a result that Equations (16) would account for more of the reaction
of 2,6-DTBC than Equations (15). The result should be an n value from ED/Q approach-
ing 4 at high levels of concentration. Over the concentration range stu;ied, how-
ever, (0.5 to lOQM) no significant trend of ED/Q was apparent with either water or
methanol. The explanation for this behavior ;éy lie in the ability of water or
methanol to solvate the liberated hydrogen ion, thus decreasing its activity and
therefore its relative influence on the rearrangement. This view is supported by
the report of Kolthoff, et al. (36) that water is a "fairly strong base" in aceto-
nitrile. It therefore appears that watef or methanol acts to a degree as a '"buffer-
ing agent"” in the vicinity of the electrode, as well as participating in the

electrode reaction.
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From the apparent n value of 2.58 for the electrode reaction of 2,6-DTBC in
the presence of 3.8% water or methanol it is possible to calculate the percentage
of products to be expected from Equations (15) and (16), ‘respectively, assuming
that these are the only reactions which occur at the electrode. Thus, if x repre-
sents the fraction of 2,6-DTBC reacting according to the two-electron process of
Equation (15), and 1-x the fraction reacting by the four-electron process of ‘Equa-
tion (16), the net n value will be given as n = 2x + 4(1l-x) = 2.58. Thus, x = 0.71.
In other words, it would be predicted that if a controlled potential electrolysis
in the presence of excess water or methanol were carried out on the diffusion
plateau, that 71% of the 2,6-DTBC would react to form the cyclohexadienone,.XII,
and that in the other 29% the para methyl group would undergo successive oxidations

to give an acetal or an aldehyde.
ELECTROLYSIS

Although the results in the previous section indicated that water or methanol

.in the solution acted as a partial buffer in the vicinity of the electrode so that
no appreciable trend of ED/Q with concentration was observed, the cyclohexadienone
(VII) at a concentration Iével of 0.159mM was known to give a voltammetric wave
(El/2 = 1.35 v, ED/Q = -8.8 pa./mM) in the presence of excess hydrogen ion (8.1mM).
The origin of this wave was unknown, but its presence indicated that the primary
product of electrolysis would be destroyed if the electrolysis were conducted in a
solution where the liberated hydrogen ion was not neutralized. On the other hand,
the presence of excess strong base could not be tolerated since this would cause
ionization of the phenol, and consequently a free radical reaction as discussed in
a later section. Since no satisfactory buffer system had been devised, an alterna-

tive apprbach was indicated.




- ]

-61-

For each electron removed from a neutral organic molecule in an anodic re-
action there is left in solution cone positively charged ion, either a hydrogen
ion or-a carbonium ion. The carbonium ion is in most cases very unstable, and
may be expected to combine rapidly with other molecules in the solution to give
& neutral molecule and a hydrogen ion in reactions of .the sort which have been
described in the previous pages. Ultimately, therefore, there should be a net
generation of one hydrogen ion in the solution for every electron which is trans-
ferred at the electrode; i.e., one equivalent of hydrogen ion per Faraday of
electricity. This principle, once conceived, offered a practical way out of the
buffering dilemma. .While the electrolysis was being conducted a base could be

added continucusly at a rate which was exactly equivalent to the current flowing.

An electrolysis by this method was coﬁducted on a lO_QM solution of 2,6—DTBC.
in acetonitrile with 0.5M sodium perchlorate as a supporting electrolyte. To
minimize any overconcentration of hydrogen ion in the vicinity of the electrode
the electrolysis was conducted at a constant low current density of 1 ma./sq. cm.,
corresponding approximately to the current density at.a concentration of 0.5mM in

the voltammetric studies.

The base added was tetraethylammonium hydroxide dissolved in methanol. The
solution originally contained no methanol, but the rate of—addition was such that
by the time electrolysis was carried to 1% completion the methanol concentration
was 16EM: and at the end of the electrolysis the methanol concentration should
have been-l6OOQM. Originally, the solution was prgbably only 1 to 2mM in water,
but as the electrolysis progressed more water wés presumably formed at the rate
of one equivalent per Faraday, and therefore its concentration at the end of the

electrolysis would have been in the order of 4OmM.
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The plot of anode potential vs. time for this electrolysis in Fig. 15 shows a
small decrease in potential during the first 600 minutes which was expected from
the observed shift in half-wave potential for‘2,6-DTBC to a less positive value in
a solution containing-ﬁater or methanol. For the next 700 minutes the potential
remained relatively steady and then for 700 minutes it rose gradually as is expected
in an electrolysis at constant current. Then for a period of 500 minutes the anode
potential varied very erratically and some extremely low potentials (< 0.4 volt)
were observed. This behavior is significant, indicating the formation of electroly-
sis products which had a very low half-wave potential. The anode potential rose
rather sharply during the last part of the electrolysis to a final value of 1.55
volts. At the low current density the original 2,6-DTBC should have been more than A

95% consumed for the potential to reach this level.

The coulometric n value calculated for this electrolysis was 3.45. By titra-
tion the anolyte was shown to contain excess base equivalent to 3% of the total
hydroxide ion added during the electrolysis. A crude product was separated from

the anolyte in 103% yield based on the starting 2,6-DTEC.

2,6-Di-tert-butyl-h-methyl—h-methoxycyclohexadienone, VII, was separated from
the crude product and positively identified. By quantitative gas-chromatography
this compound was known to represent 65.3% of the crude product, a remarkably good

agreement with the 71% predicted from the voltammetric studies.

No evidence was found for the aldehyde or acetal predicted as secondary
products from this electrolysis. However, another product, indicated as 10.4% of
the crude product by quantitative gas chromatography, was separated in a large
enough quantity for an infrared spectrum by collection from the gas chromatograph.

Its spectrum was identical with that of 2,6-di-tert-butyl-1,L4-benzoquinone.
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No other products were separated from the reaction mixture. Altogether 85.7%
of the crude product was volatile enough to pass through a Carbowax column on the
gas chromatograph at temperatures of 150 to 190°C. An infrared spectrum carbonyl
band at 5.78 u in the product which would not sublime at 50 to 60°C. under vacuum
(aspirator pressure) could possibly have been caused by an ester of 3,5-di-t-butyl-

h-hydroxybenzoic acid, which gives a carbonyl band at 5.83 .

The question arises as to the origin of the 2,6-di-tert-butyl-1,L4-benzoquinone.

Cook, et al. (49) believe that in the chemical oxidation of 2,6-DTBC this product
is formed via the "oxidatively induced decarboxylation of 3,5-di-tert-butyl-4-
hydroxybenzoic acid" presumably via the corresponding free radical. It would seem

reasonable that the electrochemical oxidation should follow a similar path.

The formation of the aldehyde, V, is readily explained by the reactions of
Equations (16) or by hydrolysis of the acetal, XVII, but oxidation of the aldehyde
to the acid, VI, by a two-electron process would not have been possible because
this reaction occurs at a potential considerably higher than existed at the anode
during the electrolysis (see Table V, p. 49). However, it is known that an excess
of base was present in the anode compartment during the latter stages of the elec-
trolysis. This would lead to ionization of some phenocls in the reaction mixture.
As discussed in more detail in a later section, the phenoxide anion reacts via a
one-electron free radical mechanism at a much lower potential than the nonionized
phenol. Furthermore, because acetonitrile is a "differentiating" solvent, the
aldehyde, V, should be ionized preferentially before the unreacted 2,6-DTBC*. A

possible reaction sequence for the aldehyde, V, to yield the acid, VI, or an ester,

*Acetonitrile is a differentiating solvent because phenols with slightly different
“acidities in water have greatly different acidities in acetonitrile. This is
demomstrated by the voltammetric studies on vanillin and dehydrodivanillin in the
presence of hydroxyl ion, p. 87.
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XVIII, by a one-electron primary reaction, but an over-all transfer of two electrons
is given by Equations (17). The occurrence of XVIII in the reaction mixture would
explain the unidentified carbonyl band at 5.78 p in the infrared spectrum of the

crude product of electrolysis.

‘ - )
.‘@CHO y— {OQCHO] +e” - (17)

2 o@cz&o ——)E o@w:o + H@CH@ (17a)
VI

x H20

o@c:o —]
CH, OH
b,

0
L3237y g N "-OCHB, XVIII (17v)

The acid, VI, in an ionized form could react at the electrode in the manner
of "Equation (18). This reaction is evidently the first step in the Kolbe synthesis
(4). Geske has observed further that the acetate ion reacts in a one-electron re-
action at 1.58 to 1.63 volts in acetonitrile (26) at concentrations from 0.3 to
L.OmM. In the present study a brief investigation of the acid, VI, (0.586mM) in
the presence of an equivalent amount of tetraethylammonium hydroxide and 5,8%
methanol showed a one-electron reaction (ED/Q = —M.8lpa./gﬂ). The wave was very
drawn out, extending over the range from O_ko 0.91 volt, a behavior which is
readily explained by partial ioﬁization of the phenolic group. Upon addition of
a second equivalent of tetraethylammonium hydroxide the one-electron wave for the
phenoxide anion (ED/Q‘= —h.é pa./mM) appeared at -0.14 volt. These experiments
establish the sing;é electron transfer of Equation (18)., Whether the phenoxide
group or the carboxylate group is attacked first would make no difference since
these are resonanée forms of the same free radical. A decarboxylation reaction

to yield a new free radical can occur by Equation (19).
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Ho@co —_ HOQ‘ + O, | (19)

The manner of reaction of the radical, XIX, is uncertain. It would probably
rearrange to form the phenoxy free radical which Cook (L9) suggests forms 2,6-di-
tert-butyl-1,l4-benzoquinone by reacting with oxygen. In the present case, however,
it is presumed that the solution was oxygen free, since a stream of nitrogen was
bubbling through the cell througﬁoqt the eleétrolysis. Therefore, it would seem
that water or methanol from the reaction mixture must have combined with the
radical, XIX, in an over-all reaction which involved the removal of another electron
in the manner of Equation (20). The hydroquinone, XX, could then react in a two-

electron reaction to give the quinone, VIII, by a two-electron transfer, Equation

° + -
HO@ + H,0 ——-—)E H@OH + H + e (20)

X

XX
- + ’ -~
HO@OH —-—)E o@w + 2HY + 2e (21)

VIII

(21).

The over-all reaction represented by Equations (16) through (21) is a ten-
electron process. This does not represent a proven mechanism, but'merely an
attempt to éxplain logically the occurrence of the quinone, VIII, in the crude
product of electrolysis. It is, however, quite certain that free radical mechanisms
were involved because of the extremely low potenfials observed'during the later part
of the electrolysis. Furthermore, thg profosed mechanism could account for the
observed coulometric n value. Thus, if the cyclohexadienone, VII, is the result of

a two-electron transfer, the quinone, VIII, the result of a ten-electron transfer,
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and the unidentified portion.(eh.B%) of the crude product is assumed¥* to have rep-
resented an average five-electron transfer, the calculated coulometric n' value for

the electrolysis is 3.55 in close agreement with the observed value of 3.45.

The most significanﬁ result of this electrolysis is the relatively high yield
of the cyclohexadienone, VII. Since, in chemical oxidations of 2,6-DTBC, this type
of product results from the use of ionic reagents such as bromine or nitric acid
in polar media (48, 68, 69), the occurrence as an electrolysis product is confirm-
ing evidence for the phenoxonium ion mechanism in the electrode reaction of the

nonionized phenol.
DISCUSSION

ihe electrochemical reactions of 2,6-DTBC in acetonitrile which have been
indicated voltammetrically are summarized in Fig. 14. Each of the electrode re-
actions in the figure should occur at the same or a lower potential than the
primary reaction of 2,6-DTBC so it is quite certain that if the indicated initial
products are formed in an electrolysis at constant potential, the secondary elec-
trode reactions will also occur. The primary electrode reaction is the loss of a

hydrogen ion and two electrons to form a mesomeric phenoxonium ion.

*There are three intuitive reasons for assuming an average five-electron transfer

in the unidentified portion of the crude product. First, at the low current density
used, the original 2,6-DTBC should have been nearly all consumed, i.e., at least a
two-electron transfer. Second, the unidentified carbonyl band in the infrared spec-
trum of the crude product at 5.78 u indicated, the possibility that an ester of 5,5-
di-tert-butyl-4-hydroxybenzoic acid was present. This would be the result of an
over-all six-electron transfer. Third, the identified portion of the crude product
(75%) did not indicate that extreme degradation reactions, representing more than a
ten-electron transfer, had occurred. These factors, together with the correlations
on p. 72 et seq., when viewed with the objective of determining what reactions could
have occurred, indicate that the average electron transfer should have been in the
range from two to ten.
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If no nucleophilic reagents are present in the reaction mixture it is believed
that the phenoxonium ion stabilizes itself by dimerization through the para-methyl
group and the loss of hydrogen ions. The dimeric product so obtained can be further
oxidized to a stilbenequinone. Because of difficulties in providing a suitable
buffer for the reaction mixture, this reaction sequence was not verified by coul-
ometry and controlled potential electrolysis. Tt would be of considerable interest
to investigate this reaction further, because there appear to be very few cases
mentioned in the literature of phenolic dimerizations or polymerizations occurring
by ionic processes. The electrochemical technique offers the unique advantage of
providing direct evidence that the phenoxonium ion intermediate is indeed formed as
the first reaction. Two possibilities suggest themselves for further study. First,
it may be possible to conduct an electrolysis by the method used in the present
study, only using a weak base which will not react with acetonitrile. The base,
which it is presuméd would act as a proton acceptor, could theﬂ be dissolved
directly in acetonitrile rather £hén in a nucleophilic reagent. Second, if a
phenol which has blocking groups other than the "hindering" tertiary butyl groups,

“in two or more of the reactive ortho- and para-positions, it is likely that the inter-
mediate -phenoxonium ion would react preferentially in a dimerization-reaction rather
than in an addition reaction with methanol or water. In this case a strohg base

could be used in the manner of the present study.

The addition of methanol to the phenoxonium ion of 2,6-DTBC was confirmed by
a large-scale electrolysis. The hydrogen ion liberated in the reaction was neutral-
ized by the addition of methanolic tetraethylammonium hydroxide to the anode compart-
ment at the rate of one equivalent per Faraday of electricity. The yield (65%) of
the cyclohexadienone, VII, agreed very well with the yield predicted by voltammetry

(71%). This is an example of an anodic substitution reaction. It is of interest
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to note that the reported anodic substitution of phenolic molecules with the thio-
cyanate group occurred in a strong acid solution (E, 2). . It may be expected that:
under these conditions the nonionized phenol would react at a lower potential than
the phenoxide anion*--hence a phenoxoniﬁm ion mechanism would be anticipated from
the results of the present study. It should be possible to add nucleophilic re-
agents .other. than methanol or water to phenoxonium ions generated from phenols in
acetonitrile. The study of such reactions would be a logical extension of the

present work.

Neither the aldehyde, V, the acetal,. XVII, nor the cyclohexadienone, XXI, in
the reaction scheme of Fig. 1L were isolated from the crude product of the 2,6-DTBC
electrolysis, but 2,6-di-tert-butyl-1,4-benzoquinone was indicated in 10.4% yield.
It is suggested that this product could have occurred via a stepwise oxidation of
the methyl group of 2,6aDTBC with a decarboiylation of 3,5-di-tert-butyl-L-hydroxy-
benzoic acid in the over-all reaction of Equation (18). .An exact mechanism cannot
be detailed for this reaction, but it seems certain that free radical processes of

the intermediate phenoxide anions were involved.

H@C% + 3H,0 —— o%i):o + €0, + 10H + 10e (18)

The progressive oxidation of a side chain on a phenolic molecule is of consider-
able interest to the wood chemist, and is deserving of further study with extension

to more complicated side chains.
OTHER HINDERED PHENOLS

In Table VI data are presented for hydroquinone, 2,6-DTBC, .2,k4,6-tri-tert-

butylphenol, and 2,6-di-tert-butylphenol. There are two differences between the

-*A discussion of .the electrode réactibns of phenols*as-a.fﬁhétioﬁ ofﬂﬁﬁiih dquecus
systems will be found on page 99.
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TABLE VI
VOLTAMMETRY OF HINDERED PHENOLS

(Electrode No. 8, reduced surface )"

Concn. , _i; g E-l/2
Compound mM pa. /mM volts vs. s.cl.e. P Og
Hydrogquinone 0. 0285 39,6 0.98 0.58
0.0570 4 s, 4 0.99 0.64
0.113 49.9 1.00 . 0.65
2,6-DTEC 0.0266 35.4 1.28 0.48
2,4,6-Tri-tert- :
butylphenol 0.0235 43.9 1.29 0.57"
0.0472 36.7 1.26 0.60
0.093%9 38. 4 1.23 0.60
2,6-Di-tert-
butylphenol 0.0285 - b6.9 1.47 0.51
0.0570 b3,k 1.45 0.49
0.114 46.3 1.49 0.48

gIn these experiments cell resistance was measured with a Ieeds & Northrup bridge..
Because of the low current level in the concentration range covered by this table,
this would introduce no significant error inte the calculated results.
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experimental conditiéns for these data and the experimental conditions for the
voltammetric data in the previous section. The first is that 0.1M instead of

0.5M tetraethylammonium perchlorate was used as a supporting electrolyte. This

is not believed to have resulted in any significant change in the observed results.
The second is that an oxidized rather than a reduced platinum electrode was used
(Electrode No. 8). .As pointed out previously an oxidized surface results generally
in a higher half-wave potential than a reduced surface. Thus,.El/2 for -2,6-DTBC

in Table VI is 1.28 volts as compared to 1.20 volts in Table IV. Similarly,
hydroguinone was found to have a half-wave potential of 0.89 volt on an electrode
reduced with acidic ferrous ammonium sulfate as compared with 0.99 volt on an

oxidized surface in Table VI.

The compounds in Table VI all give diffusion currents in the range from -35
to -50 ua,/gM indicating by comparison with 2,6<DTBC a primary two-electron elec-
trode reaction. The differences observed between compounds may be attributed to
differences in molecular weight as well as secondary reactions of the sort described
in the previous section for 2,6-DTBC. The data of Table V, p. 49, on the oxidation
products of 2,6-DTBC indicates that these hindered phenols also were oxidized by a
primary two-electron electrode reaction. An exception is, as might be expected,

the dimer, I, which evidently undergoes a four-electron transfer.
CORRELATION OF HALF-WAVE POTENTIALS

Since a number of phenols of the general formula HO have been investi-
gated in the course of this study, it was logical to attempt a correlation of half-
wave potentials using the Hammett equation (gl) which .in the case of a totally ir-

‘reversible electrode reaction at-25°C. may be stated¥*

*The derivation of this equation is given in the Appendix.
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° _0.0591
E]_/g - El/g = B n. OP (19)
=B
where

Ei/g = half-wave potential of the compound with hydrogen in the

para position
‘Eﬁ/E = half-wave potential of a compound with another substituent

in the para position
o = Hammett substituent constant
p = Hammett reaction constant.

In accordance with Equation (19), a plot of“gl/2 vs. o in Fig. 15 is a straight-

line function. Actually, two parallel straight lines are obtained, one for an
oxidized and one for a reduced platinum surface. The correlation fits within the

precision of the experimental data. The average value of B from Table VI is

n
-
0.5, and the slope of the lines in Fig. 15 is 1.16, so from Equation (19) the value

of p is calculated as -9.8.

In the correlation of Fig. 15 the o values for para aldehyde and carboxyl
groups fitted the observed data rather than the o© vaiues which are normally used
for these groups for reactions involving the phenolic hydroxyl (21). The best
explanation for this is that the phenolic hydroxyl is not directly involvéd in
the electrode reaction. Two other factors argue that this is the case. First,
in the nonionized phenol the centers of electron density are in the positions
ortho and para to the phenolic hydrdxyi, and one should expect that the point of
electrode attack should be at one of these electron-rich centers. Second, the

cyclohexadienone, VII, isolated as a product of electrolysis is also obtained in

chemical oxidations with molecular bromine (Eﬁ), a reagent which evidently reacts

with aromatics through the electrophilic attack of the bromonium ion on the aromatic

ring (21).
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If the hypothesis advanced in the previous paragraph is correct, a correlation
similar to that of Fig. 15 should also be applicable to aromatic compounds which do
not contain the phenolic hydroxyl. .ILund (31, 32) has tabulated voltammetric data
in acetonitrile for a few monosubstituted methoxyl compounds which he believes lose
two electrons-in a primary attack on the aromatic ring. His half-wavé potential
data are plotted as a funétion of o in‘Fig. 16. It was assumed for this plot that
the o value for para or meta —CHEOH was the same as o for para or meta.-CHs, respec-
tively, a reasonable assumption in view of the small difference'ing_l/2 for those-
substituents in Table V. Again the correlation fits within the limits of experi-

mental precision, and the ¢ rather than the oc value fits the para aldehyde group.

The value of p for this plot is -8.9 assuming that B Eﬁ is 0.5.

At this point one may well ask why the correlations of Fig. 15 and 16 fit so
well if the electrode mechanism -involves an electrophilic attack on ﬁhe aromatic
nucleus rather than attack on the phenolic hydroxyl or thé methoxyl group. The
answef-to this is that the phenolic hydroxyl or methoxyl is the main polarizing
group on the molecule, and that the other substituents may be regérded as adding

or subtracting from the o values for this group.

If the electrochemicalonidation-involves an‘electrophilic attack on the
aromatic nucleus for both methoxyl and hydrbxyl éubstituents it should be possible
to develop a more general correlation using ot values for electrophilic substitution
(gi), An attempt at such a correlation .is given in Fig. 17. The values for this
rlot were calculated in the following manner: |

1. It was assumed that in each case the point of attack was-ertho
or para to the hydroxyl or methoxyl substituent, and that ot for a sub-

stituent ortho to the point of attack was the same as ot for a substituent -
para to the point of attack.

2. Tt was assumed that ot for a substituent at the site of attack was
the same as ot for a substituent meta to the site of attack.




0Ol

80

[(3CTS) punT Jo ejeq]
spunodwo) TAXOUISW JI0J 10Td 271 oumreq

(0Z) 3ON3IY34W O

90

LAY

2’0

*gT 2andtd

N
</

(bv «(Ws0) YoIDoN ‘(W 1'0) Y0126y sA sL0A) ¢ 13

1|

A

Sl

9’

Ll

O




_"(7_

10Td 0 23dumrey LT 9an3Tg

(i) 30N3Y3434 ‘o
80 9’0 0 co 0 . 20- ¥'o- 9°0-

| | 1 ' o I I I

TOHODIV  TAZN3GAXOHL3IN-d

TTOHODIV  TAZN3GAXOHL3IW -0

OHODIV  TAZN3IGAXOHL3IW-W
3N3IZN3GAXOH L3N

3QAH3QIVZNIGAXOHLIN-d

TTON3IHJAXOH 1 3INIAQ-9 2

TON3HIIALNG - 1931~ 1¥1-9 ‘b 2

10S34D -9 -ALNE-1431-10-9 2

_ AON3HdALNG-1431~-10-9 2
30AH3QIVZNIGAXOHAAH- ¥ -ALNG-1H3L-10-G ‘€
QioV DIOZN3GAXOHAAH-t-TALNG-1H¥3I1L-1a-G ‘€

—NmgtunoOor~o0» O

(i€ ‘Of) ONNT 40 Vviva +
AGNLS 1IN3S3¥d O

80

o'l

9l

2
32 'SA sI10A ¢ 13




_78_

3. The half-wave potential data of Lund vs. the Ag/Ag+ electrode
was converted to the s.c.e.-scale by adding a factor of +0.30 volt (é;).

k, From Iund's discussion of his experimental method it was
believed that his platinum electrodes were probably oxidized. There-
fore half-wave potentials for compounds of the present study were those
for oxidized electrodes as estimated from Fig. 15.

Furthermore, since no o value was available for the para or ortho hydroxyl

substituent (21), this value as well as o' for the para or ortho methoxyl substit-
uent was taken as zero. It was expected fhat, by using this procedure, two parallel
lines, one for methoxyl and one for hydroxyl compounds would be obtained. Actually,
in Fig. 17 all thé points seem to scattér around the same line. Therefore, it
appears that there is 1little difference between o" for a hydroxyl and o-+ for a
methoxyl substituent. Since o" for the para methoxyl group is given as -0.76

(gl), the plot of Fig. 17 is displaced by this amount.

Considering the assumptions which were made in the calculation of 0* values,
the plot of Fig. 17 fits the observed data amazingly -well. This is further con-
firmation of the theory that the electrode reaction involves an electrophilic
attack on the aromatic nucleus. It is believed that by a systematic study of
other simple aromatic compounds a more precise general correlatibn can be achieved
using adjusted values of ¢* in the manner described for the free radical reaction

of the phenoxide anions in later sections of this thesis.

The utility of the correlation in Fig. 17 is demonstrated by the cases of 2,6-
dimethoxyphenol and vanillin. For the former compound, as discussed in greater
detail in the Appendix, an apparent four-electron wave is observed at 1.08 volts,
but it is believed that the primary electrode reaction involves two electrons as
do the phenols and methoxyl compounds of Fig. 17. The most negative g+ value for

2,6-dimethoxyphenol, and therefore the highest electron density occurs in the meta
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position to the phenolic hydroxyl. Using a ot of -0.76 for the meta position, the
half-wave potential for 2,6-dimethoxyphenol fits the correlation of Fig. 17 very
well. This may be taken as an indication that the proposed primary electrode
reaction is correct. For vanillin, which gives a two-electron wave at 1.43 volts,
no ot value calculated for an attack on the aromatic nucleus fits fhe correlation
of Fig. 17 at all. This is believed to be an indication that the position of

primary electrode attack.for vanillin is the carbonyl oxygen.
MECHANISM OF THE ELECTRODE REACTION

‘For the reasons advanced in the previous section it is believed that the
electrode reaction of the nonionized phenol involves an initial,elgctrophilic
attack on.the aroﬁatic nucleus at a position either ortho or para to the phenolic
hydroxyl. It is known from the'value of B n,, and the insensitivity-of the half-
-wave potential to added hydrogen ion that the reaction may be classified as totally
irreversible., The average value of B 95 at low levels of concentration og an
oxidized electrode is about 0.5. It is impossible from the evidénce at hand to
separate B, the transfer coefficient, from EB’ the number of electrons transferred
in the potential determining step of the electrode process.  Iund (31, 32) favors
the theory that one electron is removed at a time (i.e., EB ; 1). The present
author, by further analogy with the electrophilic attack of chemical oxidants,
favors the simultaneous removal of two electrons. Thus, when the bramonium ion

attacks an aromatic ring and is subsequently cleaved as brbmide, there has been a

simultaneous removal of two electrons from the original molecule.

A schematic representation of this viewpoint for the electrode reaction of a
phenol is presented in Fig. 18. . In Step 1 the molecule becomes polarized under
the influence of the electric field. As a closer approach to the electrode surface
is realized in .Step 2, two electrons are attracted from the molecule to the elec-

trode surface with the transitory formation of a bond having some covalent character.
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These electrons are further withdrawn from the molecule until actual cleavage

occurs to give the phenoxonium ion and a hydrogen ion.
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Figure 18. Schematic Representation for the
Electrode Reaction of a Phenol
This concludes the present discussion of the electrode reactions of non-
ionized phencls in acetonitrile. A further discussion concerning the voltammetry
of 2,6-dimethoxyphenocl, isoeugenol, and the effect of pyridine on the voltammetry

of phenols in acetonitrile is contained in the Appendix.




FREE RADICAL MECHANISM OF PHENOXIDE ANIONS IN ACETONITRILE

The phenoxide anions ﬁere obtained by adding tetraethylammonium hydrdxide
(10% agqueous solution) in an amount approximately equivalent to the concentrétion
of the phenolic hydroxyl. . Excesses of hydroxide ion were avoided since this will
cause hydrolysis of the acetonitrile. The phenoxide anions in acetonitrile are
sensitive to atmospheric oxidation. The rate of oxidation depends to some extent
on the phenol. Vanillin is relatively stable, while 2,6-di-tert-butylphenol gives
a pale green coloration in a half hour which deepens to a dark blue-green in
twelve hours. In the latter case 2,6,2',6'-tetra-tert-butyldiphenoquinone was

formed.
HINDERED PHENOIS

In an initial series of experiments with 2,6-di-tert-butylphenol a stock
solution of the phenoxide anion wés*prepared, and this was appropriately diluted
in the voltammetric cell. The results are shown in Table VII, Experiments No. 1
%hrough No. 4. The values for -ED/Q in these experiments were significantly lower
than would be expected for a one—;iectron transfer because of the atmospheric
oxidation of the phenol. In Experiment No. 5 of the table the tetraethylammonium
hydroxide was added directly to the deaerated scolution of the phenol in the volt-
ammetric cell Just before the curve was recorded. Here the recorded value of
ED/Q is -21.1 pa./mM which is approximately the expected result for a one-electron

transfer on electrode No. 8.%

Curve No. 6 of Table VII was recorded after the solution used for Curve No. 5

had stood in the cell for one hour under a nitrogen atmosphere. A significant

*The diffusion current constants of the nonionized phenols on this electrode
ranged from -35 to -50 pa,/mM in Table VI.




-8o0-

decrease in -iD/g is noted. This is not surprising since.the phenoxide anion
itself is a strong base in acetonitrile and might be expected to promote hydrolysis

reactions of the solvent.

TABLE VII

VOLTAMMETRY OF THE ANION OF 2,6-DI-TERT-BUTYLPHENOL
IN ACETONITRILE

(Electrode No. 8, supporting electrolyte 0.1M
tetraethylammonium perchlorate )

. Conen. , -1/, EByjps Electrode
Expt. No. mM pa. /mM volts vs. s.c.e. B ng Surface®
1 0.122 14.8 -0.30 0.98 R
2 0.122 9.08 -0.29 1.0k 0
3 0.717 14,5 -0.29 0.72 R
4 1.29 1.6 -0.28 0.60 R
5 1.06 21.1 -0.26 . R
6 1.06 17. 4 -0.25 -- R

aR = reduced platinum surface.
0 = oxidized platinum surface.

The effect of an oxide film on the electrode surface in the reaction of the -
phenoxide anion is shown in Experiments 1 and 2 of Table VII. There is a 39%
reduction of the diffusion current but no effect on the half-wave potential or
apparent reversibility from‘logarithmic analysis. This is probably a general
effect for the phenoxide anions, as similar behavior has been noted in basic
aqueous solutions with the vanillinate anion (see page 106). The decrease of the
numerical value of ED/E on an oxidized electrode suggests that specific active
adsorption sites on ghe platinum surface are necessary for the reaction of the

phenoxide anion to occur.
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Since the effect of an oxide film is totally different for the electrode re-
action of the phenoxide anion than for the electrode reaction of the nonionized

phenol*, a different electrode mechanism is indicated.

It will be noted in Table VII that the value of B approaches 1.0 as expected

%
for a reversible reaction at a low level of concentration, but decreases at higher
levels of concentration. This behavior might be the result of rapid dimerization
and reoxidation reactions of the phenoxy free radical formed as the product of the
initial electrode reaction. The trend toward a limiting value of 1.0 at the lower

level of concentration indicates that the primary electrode process is probably a

reversible reaction.

The anions of 2,6-DTBC and 2,4,6-tri-tert-butylphenol were not studied in
detail because abnormally ‘low current levels were observed for these phenoxides
without the addition of excess tetraethylammoniﬁm hydroxide. For the latter
phenoxide the half-wave potential was approximately -0.36 volt in the concentra-

tion range from .05 to O.1 mM.

VANILLINATE ANION

VOLTAMMETRY

The phenoxide anion of vanillin was selected for moreAdetailed study because
it is relatively stable in acetonitrile solution, and because it gave little
evidence of film formation at lower levels of concentration. It was found, how=
ever, that at higher -levels of concentration (E§° l@M) that it was not possible

to perfectly retrace a voltammogram without cleaning the electrode in hot chromic

*See p. 43 and p. 71 for a discussion of the effect of an oxide film in the
reaction of the nonionized phenol.
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acid although severe filming as evidenced by peaked waves did not occur. All of

the voltammetric results in this section were obtained on a reduced electrode.

A series of voltammograms with a solution 1.09mM in vanillin, énd with
successively increasing concentrations of tetraethylammonium hydroxide are shown
in Fig. 19. It will be noted that before addition of base the vanillin displays
a wave at 1.43 volts with iD/g = -13.2 pa./mM on electrode V-3. This represents
the two-electron transfer-i; unbuffered acetonitrile which was discussed for other
phenols in the previous section.  From the experiments with 2,6—DTBC on this elec- .
trode the value of iD/g for a two-electron transfer should be approximately -9.6

pa./gM, so in the case of vanillin a net n value of about 2.7 is indicated.

With the addition of tetraethylammonium hydroxide to the solution of vanillin
a new wave representing the vanillinate anion occurs at 0.25 volt. This wave
reaches a limiting value for ip/C of -L.U5 pa./mM with the addition of 1.2 to.2.5
equivalents of hydrogen ion, tgﬁs indicating a one-electron process. At the same
time, a second, smaller wave, has occurred at ca. +0.56 to 0.59 volt. The first
wave represents the primary electrode process, which is believed to be the removal
of one electron from the phenoxide anion to give a phenoxy free radical. The

origin of the second wave is uncertain.

.With the addition of further excesses of tetraethylammonium hydroxide to 3.7V
and 5.0 times the equivalent weight of vanillin present an entirely different re-
action is evidenced in Fig. 19. The half-wave potential for this process is 0.4
to 0.47 volt which is considerably more positive than the reaction for the vanillin-
ate anion at 0.25 volt. A possible explanation for this shift is that the excess
hydroxyl ion combines with the aldehyde group of wanillin to give the adduct, XXII,

according to Equation (20), and that XXII reacts according to Equation (21) in a
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two-electron reaction to give vanillic acid. The adduct, XXII, is believed to be
the intermediate in the Cannizzaro reaction (g;), and it has been suggested by
Pearl (Z;) that a similar mechanism is responsible for the high yields of vanillic
acid obtained from vanillin by silver oxide oxidation in the presence of excess
sodium hydroxide. It is quite logical that XXII would form readily in acetonitrile
solution since the solvent itself has very little ability to solvate hydroxyl iomns.
The height of the waves in Fig. 19 would indicate that considerably more than a
two-electron réaction occurred when excesses of hydroxide ion were present in the
solution. Tt is, however, quite certain from the correlation on page 95, and
from the brief studies with 3,5-di-tert-butyl-k-hydroxybenzoic acid (page 70), that
the vanillinate . anion would react at a lower potential than that of the primary
electrode process. Very probably a decarboxylation would occur as was postulated
for the formation of the quinone in the electrochemical oxidation of 2,6-DTEC.

Thus, it is not surprising that the apparent n value is greater than two.

H
o HOB-0-
+ OH~ _—
N = XXII (20)
OCH; , OCHB’
- 0.

HO20
-2e-
XXII - > (21)
-H ~OCH,
o

The reaction of vanillin in the presence of excesses of base was not further

investigated because it did not represent a reaction of the phenoxide group. It
would, however, be of considerable interest as an extension of the present study

to observe the electrochemical behavior of other aldehydes in the presence of excess

hydroxyl ion.
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The two waves of the vanillinate anion (no excess hydroxyl ion) are given for
concentrations from 0.05 to O.6mM in Table VIII. The first wave at these concen-
trations represents approximately a one-electron transfer because the values of
ED/Q range from -19.5 to -22.6 ua./mM on electrode No. 8.% The second wave becomes
.s;éller with increasing concentration.. Thus, the ratio of ED/Q for the second wave
to ED/Q for the first wave decreases from 0.6L4 to 0.31 in th; concentration range
of Tgﬁle VIII. With further increases in concentration the height of the second
wave continues to decrease. From Fig. 19 the ratio of wave heights is 0.24 at a
concentration of 1.09mM, and from Fig. 21 the second wave is completely absent at

a concentration of approximately 8mM.

TABLE VIIT
VOLTAMMETRY OF THE VANILLINATE ANION

(Electrode No. 8, reduced surface; supporting electrolyte = 0.1M
tetraethylammonium perchlorate )

» Wave I Wave IT

Conen, i/ Ey /oo -1p/C, Ey /o

M ja./uM volts vs. s.c.e. P 33 pal/mM volts vs. s.c.e. " %8 Ratio®
0.0530  20.0 0.22 1.01 12.8 0.49 0.55  0.64
0.106 19.5 0.22 1.05 12,4 0.53 0. k47 0.6k
10.368 19.7 0.25 1.02 8.1 0.53 0.51 0.4

0.619 22.6 0.22 1.02 7.2 0.56 0.61 0.31

a . _ . - i
Ratio = (ig/g)wave T * (ig/g)wave II

*Compare with the two-electron reactions of Table VI.
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The first wave of the vanillinate anion may be explained és the reversible
(B ng = 1) removal of one electron to give the phenoxy free radical by Equation
(22). One of the reaction products from this free radical, shown by the electroly-
ses which are discussed in a later section is dehydrodivanillin. This could form

from the coupling* of two free radicals by Equation (23).

o 0oC _
c s i OCH5 0 _CHs
H 0 ) H @ HC = &> ete. | +e” (22)
He 0 -
o CHO  CHO HO  CHO
'@ J— — A0, @

Since dehydrodivanillin was knéwn to be a product of the electrode reaction,
its voltammetric behavior was investigated briefly "in the presence of vanillin.
The results are given in Fig. 20. Curve 1 of the figure represents the diphenoxide
of dehydrodivanillin,.XXIII, at a concentration level of O.7h8gM. The first wave
for this species occurs at approximately -0.01 volt with ED/Q = -4.6 pa./mM which
would suggest the removal of one electron to form the radigél anion, XXIV. A second
deformed wave occurs at approximately +0.32 volt which could represent the removal

of a second electron from the phenolic hydroxyl of XXIV.

OC“B B, @ —@ (210.

co
SUL L

XXITI XXV

*It is not certain that the dimer forms by coupling of two free radicals.
Authorities on the oxidative dimerization of phenols seem to differ in opinion
as to whether the coupling involves two free radicals or a free radical and a
monomer (ZETZE)' The present author favors the former mechanism.
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After the solution had remained in the cell for 1.5 hours the wave height was
reduced as shown in Curve No. la. The addition of vanillin at a concentration
level of O.5l6gM to this solution produced the result shown in Curve No. 2. Here
the waves of the diphenoxide anion of. dehydrodivanillin are completely absent, but
the wave for the vanillinate anion at +0.25 volt is present; and a new wave caused
by the monophenoxide, XXV, of the dehydrodivanillin is present at 0.59 volt. This
behavior indicates that in acetonitrile the ionization constant of vanillin is
sufficiently greater than the second ionization constant of dehydrodivanillin so

that the equilibrium of Reaction (25) lies far to the right.

CHO CHO CHO cgo CHO CHO

ocH5 H3COOCH3 + @OCHS (25)

H

The’wave caused by XXV is shown without added vanillinate anion in Curve No.
3. The value of ED/E for this wave is -5.07 pa./mM indicating a one-electron re-
action to give the_free radical, XXVI, by Reaction (26). When vanillin (O.5k2mM)
was added to this solution (Curve No. 4) there was no significant change in the

voltammogram. This indicates that the vanillin was not ionized--hence the equil-

ibrium of Reaction (27) must lie far to the right in acetonitrile.

CHO CHO HO GHO

o \OCHB HBC CHB 26)

XXV

HO  GHO (HO HO
. XXV o+ 27
oc L OCH OCH, (27)
- OH

HBCO

50 T H OO
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Since the second wave of the vanillinate anion occurred at about the same
potential as the wave of XXV, and since XXV would be expected in the solution from
Reactions (23) and (27), it would be reasonable to think that the origin of the
second wave of the vanillinate anion was Reaction (26). However, five factbrs
argue against this hypothesis.

1. There is a significant difference between-.@_l/2 for the second wave of the

vanillinate anion at a-low level of concentratibn'and'g

1/2 for Reaction (26), +0.50

volt as compared to +0.59 volt.

2. The current ratio of Wave II to Wave I for the vanillinate énion is highest
at the lower concentration levels (< 0.1mM). Since one would expect Reactions (23),
(27), and (26) to go more readily at high concentration levels, this is the reverse
of the predicted trend.

3. The maximum current ratio of Wave I to Wave II predicted from Equations
(23), (27), and (26) is 0.5. The;éfore, the observed value of 0.6 at concentrations
less than O0.1mM is too largé. : |

h; For the monophenoxide of dehydrodivanillin, B was calculated as 1..47.

n
B
Yet the values for the second wave of the vanillinate anion range from 0.47 to 0.51,

2. The experiments in aqueous media indicated that the second wave of vanillin

is pH independent. This would not be the case with Reaction (26).

Thus, the origin of the second wave of vanillin remains unknown. The case is
complicated because the reaction sequence represented by-Equations (25),A(27), and
(26) will lead to a decrease of the apparenﬁ n value for the first wave to 0.66
because the vanillinate anion is used up by. (27) as well as by the primary electrode
process. It wili in fact be noted that in Fig. 19 a current level corresponding to
a one-electron process was not reached until aﬁ excess of hydréxyl ion was added to

the system. In the 8&@ solution used for the electrolysis, Fig. 21, the current
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level was much lower than would be predicted from the loss of.the vanillinate anion
by -Equation (27). This may have been caused by the insolubility of dehydrodivanillin

in a nonionized form, and by side reactions- leading to polymeric ‘products.
ELECTROLYSIS

Initial electrolyses in the millicoulometric cell revééled déhydrbdivanillin
as the main reactién product. From the voltammetric studiés it was kﬁown that the
reaction could only be carried to 66.7%4compleﬁion with addition of enough hydroxyl
ion fo neutralize the original vanillin in the solution because the vanillinate
anion would be used up by Reaction (27) as well as by the electrode reaction. An
excess of hydroxyl ion, on the other hand,:could not be tolerated because of the
reaction of vanillin in the presence of excess hydroxyl (Fig. 19), and because of

the reaction of the diphenoxide ion of dehydrodivanillin.

It was reasoned that these difficulties could be overcome by adding enough
hydroxyl at the beginning of the electrolysis to neutralize the vanillin, and
periodically -adding -additional hydroxide ion during the electrolysis at a rate of
0.5 equivalent per Faraday of electricity. Voltammograms run at intervals during
the electrolysis are given in Fig. 21. Curve No. 2 at the beginning -of the elec-
trolysis shows an approximate diffusion current constant of only -1 pa,/gM,,a con-
siderable decrease from the value at lower concentration .levels. The reasons for
this decrease are discussed in the previous section. The second wave of the vanil-

linate anion is not-apparent under these conditions.

The other curves were obtained at intervals through the electrolysis as dis-
cussed in the experimental section. It will be noted that a second wave corre-
sponding to the monophenoxide of dehydrodivanillin is apparent in these curves,
and becomes larger at longer periods of electrolysis. Apparently, this wave is not

inhibited at high concentration levels as is the wave for the vanillinate anion.
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The electrolysis was stopped after 956 minutes when, as will be noted in Fig.
21, the addition of excess base beyond the calculated total requirement of 1.5
equivalents per equivalent of vanillin did not produce a distinct wave for the
vanillinate anion. From the current level for the diphenoxide of dehydrodivanillin
in Curve No. 6, the yield of dehydrodivanillin should have been approximately 62%.
The recovered crude yield of dehydrodivanillin was 65.4% in close agreement with

this figure.

The calculated coulometric n value for the reaction based on the recovered
dehydrodivanillin was 1.77. Since the true n value for the formation of this prod-
uct should be 1.0, there must have been some side reactions-which consumed additional
electricity. A logical course for such a side reaction in view of the results from
the electrolysis of 2,6-DTBC would be oxidation of vanillin to vanillic acid, and
decarboxylation of the acid to form, eventually, quinoidal structures. Such a re-
action would represent a net oxidation of six electrons. A rough calculation shows
that only 8% of the original vanillin would have to be oxidized by such reactions
to give an increase in the apparent coulometric n value from 1.00 to 1.77. In

addition to this side reaction, some polymerization processes may have occurred.

It is believed that an improved yield of dehydrodivanillin could be achieved
in this electrolysis, because by paper chromatography the presence of unreacted
vanillin in a fairly large amount was noted in the ether soluble fraction of the
crude product of electrolysis.

The obtaining of dehydrodivanillin as the major product of electrolysis

verifies the one-electron nature of the electrode reaction as postulated from the

voltammetric studies.
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CORRELATION OF HALF-WAVE POTENTIALS

"Equation (28) which is developed in Appendix A predicts the variation of El/g

with the Hammett o function for a reversible reaction at 25°C. A plot for the
phenoxides is giyén in Fig. 22.1 In this plot, oc rather than g fitted the observed
data for the para aldehyde substituent in vanillin. This is annindication that the
electrode reaction in this case involves an attack on the oxygen atom of the ionized
phenol. - ﬁi:

= -0.0591 op | (28)

-

. E

A.l/e - E

1/2
The point for the doubly ionized form of‘5,S-di—tert-butyl—h-hydroxybenzoic

acid does not lie on the same ‘line with the other three points. It is believed

that the reason for this is that a o rather than a cc value was used for the para

-

carboxylate, because no literature value for cc was available (g&). Yet, since

this group is directly conjugated with the phenolic oxygen, one would expect a gc

value to apply.

The value of p calculated from the slope of the line in Fig. 22 is -6.63.
This is quite close to a p value of -7.35 which was calculated from the data in
50% aqueous isopropanol at pH 5.6 of Suatoni, et al. (20) using Equation (34), and
assuming that p' for 50% aqueous isopropanol is the same as p' for 50% aqueous

ethanol; i.e., p' =2.55 (70).

Although very few data points were available for the correlation of Fig. 22,
completely'different types of compounds are represented. Because of this and the
excellent correlation which is evidently possible in aqueous mediag,.it is believed

that the present correlation is quite general.

lThe o values for the ortho methoxyl and 2,6—di-tert-butyl'substituents were calcu-
lated from the data of Suatoni, et al. (20) in the manner described on page 100.

2See discussion of aqueous buffered systems on pgge 99.
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MECHANISM OF THE ELECTRODE. REACTION

The results obtained with the vanillinate anion in particular, and with the
other phenoxidés which were investigated have indicated the following character-
istics for the primary electrode reaction:

1. One electron is transferred.

2. The reaction is voltammetrically reversible.

3. Diffusion currents on an oxidized platinum surface are much lower than
on a reduced platinum surface.

4, In a Hammett-type correlation of half-wave potentials for a limited

number of compounds o values rather than o values fit the observed data.

It has alréady been pointed out that the fourth characteristic indicates that
the electron is remo&ed from the phenolic oxygen. The third characteristic may also
be interpreted as indicating the same thing. The reduction in current level on an
oxidized surface must mean thét specific active sites on the platinum surface are
necessary for the reaction of the phenoxide. Since the small oxidation wave for
hydroxyl ion is absent on an oxidized surface (52), it is reasonable to assume
that the same surface sites are required for the oxidation of the phenoxide anions
as fpr hydroxyl ions. The initial oxidatioﬁ of hydroxyl ions evidently'involyes
the removal of an electron from the oxygen atom and with the adsorption of the re-
sulting free radical on the platinum surface (54)% according to Equation (29).
When the platinum surface is covered with an oxide film.Reaction‘(29).does not
occur. Since the phenoxide anions also contain an oxygen atom with a localized

negative charge the electrode reaction might well be expected to be similar to that

of the hydroxyl anion., Carrying this analogy one step further, one wonders whether

*In the discussion of Laitenen and Enke only the reaction in acidic media is con-
sidered; hence, his equations discuss the formation of the intermediate Pt...OH
from water rather than hydroxyl ion. However, in basic media the hydroxyl ion
is believed to be the reacting species (60).
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the resulting phenoxy free radical is temporarily adsorbed on the platinum surface.
This would seem probable, although the results of the present study do not permit
any definite conclusion in this respect. It may be reasoned that, because of the

resonance possibilities in the phenoxy free radical, a weaker adsorption would

gesult than in the case of the hydroxyl free radical.

Pt + OHF ——~ Pt...0H + e~ (29)
—

A schematic representation of the proposed electrode reaction is given in
Fig. 23. As the phenoxide anion approaches the electrode it becomes preferen-
tially polarized so that the negative charge is located on the phenolic oxygen
atom. A temporary bond with the positive electrode surface is formed and broken
with the removal of one electron. The resulting phenoxy radical is stabilized

through resonant structures as 1t leaves the electrode surface.

+ +
1 T i
+ + . +
+ i le- 3
IR > o) : > i+ | oD

+

1 1 g
+ ¥ +
+ + +
+ + +
1 i 1
+ + +
*
Electrode
1 2 3

Figure 23. Proposed Reaction Mechanism of Phenoxide Anions
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AQUEOUS BUFFERED SOLUTIONS

From the prévious results in acetonitrile it may be expected that the volt-
ammetric behavior of phenols in aqueous solutions will vary depending on the pH
of the media. Three distinct cases may occur.

1. At a sufficiently low level of pH the phenol is not appreciably ionized

and an electrophilic attack on the.aromatié nucleus should occur to give a meso-
meric phenoxonium ion, providing.that the supporting electrolyte solvent system

has a sufficient anodic range for this réaction to occur. In this case the volt-
ammetric characteristics should be similar to those observed for nonionized phenols
in acetonitrile--(a) an irreversible two-electron, pH independent wave; (b) higher
potentials and a lover apparent reversibility on an oxidized than on a reduced
platinum electrode; and (c) a correlation of half-wave potentials for various para
and meta substituents by the Hammett relationship using ¢ rather than Gc values for
aldehyde or carboxyl groups in the para position to the ﬁhenolic hydrokyl.

2. When the pH is sufficiently high the phenol is totally ionized, and a

reaction to give a mesomeric free radical may be expected. Voltammetric character-
istics should in this case be the same as were observed for the‘phenoxide anions

in acetonitrile--(a) a reversible, pH.independent, one-electron wave; (b) a lower
diffusion current on an oxidized than on a reduced rlatinum electrode; (c) a
correlation of half-wave potentials using cc for carbonyl or carboxyl groups in

the para position.

3. At intermediate ranges of pH both the ionized and the nonionized forms

of the phenol are present. If as proposed by Hedenberg and Freiser (6), the rate
of ionization of the phenol is very fast in comparison to the rate of the electrode
reaction, the phenoxide anion should be preferentially oxidized. Except for pH

dependence the observed voltammetric wave should have the same characteristics as
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the totally ionized phenol. The variation of half-wave potential with pH is given

by ‘Equation (30) at 25°C.

K‘D + [H+]
El/2 =E + 0.059l<{iog K:l/K2 + log ——_Kg__—_ (30)

where 51 and Eé are constants from the approximate treatment of the diffusion

problem at the electrode, and ED is the dissociation constant of the phenol.

At a high level of pH, where ED >>[H+], this equation can be simplified to

-El/2 = E_ + 0.0591 (log-Ki/Ke) (31)

In terms of the Hammett relationship this becomes

E

1/2 - El/2 —0.0591 op | (52)

which is the equation previously given for the phenoxide anion in acetonitrile.

At a level of pH where [H*] >5§b, Equation (30) simplifies to )
El/2 = E_ + 0.0591 (log Ki/Ké - pH + pr) (33)

1.
with a slope of 0.0591. The Hammett relationship for this case as developed in

/2 vs. pH should become a straight line

the Appendix is

Eyjp - Ei/e = -0.0591 o (p+p') | (34)

where p' is the Hammett reaction constant for the ionization of phenols in the

media used for the voltammetric studies.

Suatoni, et al. (20) have tabulated half-wave potential data for a variety
of ortho, para, and meta-monosubstituted phenols at pH 5.6 in 50% agueous isopro-

panol. Their plot of 'E

1/2 vs. 0 fits the observed data with a maximum deviation
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of 0.08 volt. .More important, however, is their finding that AEl/2 values¥* are

1

to a precision of 0.01 volt are possible. This indicates the validity of a Hammett-

additive so that predictions of 'E. /2 for disubstituted compounds at the same pH
type equation.” Thus, where discrepancies exist in the Hammett correlation it should
be possible to calculate adjusted o values for voltammetric purposes from knowledge'

of Agl/ and the slope of the plot of'_E}_l/2 vs. o. This same procedure can be used

2
for ortho substituents where no 0 values are available. In the case of the 2,6-

disubstituted phenols where the additivity of AEl/Q values does not hold, a special
value for -the 2,6-disubstitution can be calculated. For example, for the cases of

2,6-di-tert-butyl, and ortho methoxyl substitution o values can be calculated as

follows:

Slope of plot of" E

1/2 vs. o = 0.0591 (p-p') in Equation (3.4)

= -0.284 (20).

For 2,6-di-tert-butyl substitution, AE]_/2 = 0.255 v. (gg)

'_é2,6—di—t—Bu = -0.255/0.284 = -0.898.

= 0.177 v.

For ortho methoxyl substitution, AEl/E

Oortho-oMe = -0.177/0.284 = -0.623.

These were the values used for the correlation of the phenoxide anions in aceto-

nitrile, Fig. 22.

The calculated o values can then be used together with Equations (31), (32),(33),

and (34) to predict E

valid except at a low level of pH where the El/g value predicted by -Equation (33)

/2 values at any level of pH. This correlation should be

for phenol - E for substituted phenol.

OBy o = E 1/2

2 =1/2
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becomes so high that the two-electron electrophilic attack on the aromatic nucleus
of the nonionized phenol occurs before the one-electron reaction of the ionized
phenol. Reactions of other functional groups may also occur under special condi-
tions--for instance, the direct attack of an aldehyde group in strong basic solu-
tion, as was evidently observed for vanillin in the presence of excess base in

acetonitrile.

In order to test the hypotheses advanced in this section, some brief experi-
ments were conducted in agueous systems using two compounds, 2,6-DTBC, and vanillin.
So that the results would be comparable with those of other authors (lé,;&,;l,gé)
the solvent system used was a 50% mixture of isopropanol and water. The buffer
mixtures were prepared at a constant ionic strength (0.1M) as recommended by

Elving (75).
2,6-DI-TERT-BUTYL-p-CRESOL

Voltammograms using 2,6—DTBC at a concentration level of 0.530mM are given in
Fig. 24. The rotating carbon electrode was used in this work because of the extreme
effects of oxide films on a platinum electrode which were noted with vanillin (zigg
ig{zg). At pH levels of 1.4 and 3.7 a pH independent irreversible wave is observed
which presumably is the electrophilic attack on the aromatic nucleus of the non-
ionized phenol.’ The half-wave potential for this reaction is +0.98 volt vsS. s.c.e.
as compared to +1.23 volts at the same concentration level in the acetonitrile
solvent. The direction of this shift is the same as was observed upon addition of
L% water to the acetonitrile but the magnitude as expected is somewhat greater.

This shift repreéents primarily a change in the activation energy for the irrevers-

ible electrode reaction.*

*Changes in the liquid junction potential, and hydrodynamic and diffusivity variables
are also included in the change of half-wave potential between different solvents,
but these effects are generally of a lower order of magnitude than observed here.
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The diffusion current constant for the reaction at pH 1.4 and 3.7 is about
-20 ua,/gM. By comparison with the results in acetonitrile in the presence of 4%
water one would expect that this should represent something greater than a two-
electron process (2.58 = average n value with 4% water -in acetonitrile, .page 57).

Yet the ED/Q value for vanillin on the carbon electrode in the isopropanol water

-system, an obvious one-electron reaction, was also -20 pa./mM (vide infra). On

the basis of the figure for vanillin, the diffusion current constant for -2,6-DTBC
should have been approximately -52 ua,/mM, assuming a net n value of 2.6. In

other words, the observed n value is low by a factor of 2.6.

A similar result for other hindered phenols has been reported by Nash, et al.

(;Z) at pH 7.0 where a one-electron reaction should occur. In this case, current

levels for vanillin and phenol, respectively, were 2.4, and 3.0 times as high as

the current level of 2,6-di-tert-butylphenol. For 2,4,6-tri-tert-butylphenol
these factors were even higher (3.1 and 3.8). Similarly, Suatoni, et al. (20) at
PH 5.6 report the current level for phenol as 2.5 times the current level of 2,6-

di-tert-butylphenol.

The repeated reports of abnormally low current levels for the hindered phenols
in the isopropancl water system must be attribuféd to a difference in diffusivity
between these and other phenols. The change in diffusivity for this change in
diffusion current can be approximated from the relationship iD/g'a 29'66 (62, 63).
Thus, a 2.6-fold change in the value of ED/Q requires a M.B—f;id difference in
diffusivities. This great a change is an—grder of magnitude greater than would be

expected on the basis of molecular -size or sclvation effects*, and must therefore

indicate that the hindered phenols are to some extent aggregated in 50% aqueous

*Note that in acetonitrile no very significant dependence of limiting currents on
molecular size was ever observed. Refer to Tables V and VI.
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"isopropanol. This result points out the need for diffusivity studies in conjunc-

tion with electrochemical investigations.

In Fig. 24 it will be noted that, as the pH is increased, a.deformed wave
at lower potentials occurs for 2,6-DTBC. This wave evidently represents the one-
electron reaction éf the ionized phenol. Other workers.(;@, gé) have also reported
poorly formed waves for -2,6-DIBC on both platinum and carbon électrodes, particu-
larly -at lower pH levels, although they evidently did not observe the two-electron

wave at pH 1.4 and 3.7.

A similar result in a single trial at pH 8.1 was observed in the present study
for 2,6-di-tert-butylphenol, yet neither Nash, et al. (17) nor -Suatoni, et al. (20)
report any particular difficul%y‘in obtaining voltammetric curves for this compound.

Indeed, the former author reports a B8 value of 1,09 which would indicate an

8
essentially reversible wave. Since these authors prepolarized their wax-impregnated
carbon electrodes at an anodic potential, the same method was tried in the present
study with no significant improvement in results. It was noted, however, that if
the carbon electrode was cathodicallyAtreated at a potential beyond the point of

hydrogen discharge, a normal appearing wave could be obtained at pH 11.8 which was

superimposed on the peak for adsorbed hydrogen.

The exact reason for the poorly fofmed waves ‘with the hindered phenols in the
present study 1s unknown. Since in acetonitrile a fully developed one-electron
wave for 2,6-DTBC could not be observed without the addition of considerable excess
base, there is a reason to suspect that this phenomenon is related to the ease of
ionization. Specific adscrption effects of the phenoxy free radicals may also be

important.
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VANILLIN

Voltammograms for vanillin at a concentration of O.12mM were obtained on both
a platinum and a carbon electrode. The curves for the carbon electrode are pre-
sented in Fig. 25. The following effects of platinum surface oxide were noted:

1. At a pH of 5.8 the current level was lower on an oxidized than on a
reduced electrode, and the second wave of vanillin noted on the carbon electrode
in Fig. 25 could not be obtained even on a reduced platinum surface.

2. On a reduced electrode at pH levels of 8.1 and higher the current level
was lower than at pH levels of 5.8 and lower because the surface oxide formed
before the wave for vanillin.

3. At a pH level of 11.8 no wave for vanillin could be obtained even on a

reduced surface.

The half-wave potentials were essentially the same for both platinum and

graphite electrodes indicating that the same electrode process was occurring.

In Fig. 25, it will be noted that the second small wave is clearly defined
only at a pH levei of 5.8. At a lower pH it is blended with the first wave, and
at a higher pH it evidently occurs beyond the decomposition point of the solution.

It, therefore, appears to be pH independent.

A plot of half-wave potential'zg. pH for the first wave of vanillin is given
in Fig. 26. The limiting slope at low pH is -0.0591 as predicted by Equation (33).

The limiting potential at high pH 'is +0.536 volt vs. s.c.e. Thus, from .Equation

(31)
E +0.0591 log (K /K,) = +0.536.

From Equation (33) the intercept at zero pH is
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E_ +0.0591 [log (gi/gé) + 259] = 0.5%6 + 352.

Since the intercept at zero pH is +1.028 volts, Eﬁb is calculated as 8.33. The
literature value for Eﬁ@ of vanillin in water at 2;20. is 7.396. The difference
between .literature and ;élculated values is approximately what one would expect
upon changing from water as a solvent to 50% aqueous isopropanol. Thus, ng for

phenol is 9.99 in water at 25°C. (76) and 11.28 in 49.8% ethanol at 20°C. (77).

Using 8.33 as ng for vanillin, Eguation (30) fits the experimental data
within a precision of 0.003 volt. This agreement of the experimental data with
the theory leaves little doubt about the one-electron reversible nature of the

electrode reaction of vanillin.

The limiting value of-El/g at high pH in Fig. 26 is 0.536 volt which is about

0.31 volt more positive than El

difference reflects primarily the difference between-go in acetonitrile and Eo in

/2 for the vanillate anion in acetonitrile., 'This

water and therefore a change in the free energy for the reversible electrode re-

action¥*,.

*Changes 'in liquid junction potentials, hydrodynamic variables, and diffusivity
are also included in the change of 'E; /o between solvents, but these are generally
of a lower order of magnitude than observed here.
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SUMMARY

This investigation has shown that two entirely different anodic reactions are
possible with phenolic compounds. The first is an electrophilic attack on the
aromatic nucleus of the nonionized phenol with the irreversible removal of two
electrons to give a mesomeric phenoxonium -ion. The second is the reversible re-
moval of one electron from the oxygen atom of the phenoxide anion to give a free

radical.

In a detailed investigation of the phenoxonium ion mechanism in acetonitrile
using the hindered phenol, 2,6-di-tert-butyl-p-cresol, voltammetric evidence for
-a dimerization reaction was obtained. It was demonstrated, however, that during
an electrolysis conducted in unbuffered media, the hydrogen ion liberated at the‘
anode would lead to a destructive oxidation of the dimeric product. Attempts at
buffering the reaction mixture were unsuccessful. Therefore, a different approach
to the problem of liberated hydrogen ion was indicated. An electrolyéis was
successfully conducted by the continuocus addition of tetraethylammonium hydroxide
to the anode compartment at the rate of one equivalent per Faraday of electricity.
Because the tetraethylammonium hydroxide was dissolved in methanol, the dimeriza-
tion reaction of 2,6-di—tert-butyl-£;cresol did not occur. Instead the principal
reaction of the phenoxonium ion intermediate was the addition of methanol to form
2,6-di-tert-butyl-4-methyl-4-methoxy-2,5-cyclohexadienone in 65% yield. This
compared favorably with the theoretical yield of 71% predicted from voltammetric
studies. .A second product of electrolysis was 2,6-di-tert-butyl-1,4-benzoquinone
in .10% yield. This product is believed to be'the result of the stepwise oxidation
of the para methyl group of 2,6-di-tert-butyl-£-cresol by a free radical mechanisn,
The free radical process occurred because a slight excess of base was present during

the latter part of the electrolysis.
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Since a number of hindered phenols with different para substituents had been
investigated in the study of the phenoxonium ion mechanism, the half-wave potentials
were correlated by means of the Hammett sigma function. It was found that not only
phenols, but also the methoxyl compounds for which Lund (2;, ég) has reported data
could be correlated on the same plot by considering the electrode reaction as an

electrophilic attack on the aromatic nucleus.

A detailed study of the free radical reaction in acetonitrile using the
vanillinate anion indicated a one-electron, reversible, primary electrode reaction.
Dehydrodivanillin was obtained as the major product of electrolysis at controlled
potential. It was shown by voltammetry that the monophenoxide of dehydrodivanillin
would form preferentially to the vanillinate anion in acetonitrile solutions.
Therefore, during the electrolysis it was necessary to add hydroxyl ion at the rate
of one-half equivalent per Faraday of electricity. The yield of dehydrodivanillin
was only 65%, but because some unreacted vanillin remained in the solution after
electrolysis it is believed that higher yields could be obtained. Since the calcu-
lated coulometric n value for this reaction was 1.77 on the basis of the recovered
dehydrodivanillin as compared to the theoretical value of 1.00, side reactions of

the initial free radical were believed to have occurred.

In a Hammett-type correlation of half-wave potentials for the phenoxide anions
both vanillin and the hindered phenols could be correlated on the same plot within

the precision of the experimental data.

Experiments in buffered 50% isopropanol have indicated that the results of
the present study are applicable to other media. Thus, either the phenoxonium ion
process or the free radical process can occur depending on the pH of the solution

and the ionization constant of the phenol. With vanillin the variation of‘I_E}_l/2 with
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PH was exactly as predicted for a fast ionization of the phenol followed by a one-

"electron reversible reaction of the phenoxide anion, the mechanism originally

proposed by Hedenberg -and Freiser -(6). From the experimental data,ggD of vanillin

was calculated as 8.33 in 50% aqueous isopropanol.

A voltammetric wave representing the phenoxonium ion process was observed at
pH levels below 5.8 in 50% aqueous isopropanol for 2,6-di-tert-butyl-gfcresol.
Because the current level for this wave was abnormally low it is believed that
this compound is aggregated in solution. The one-electron wave for this compoﬁnd
was very poorly defined at all levels of pH as indicated from the results of

previous authors (18, 23).
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APPENDIX

FURTHER EXPERIMENTS WITH PHENOLS IN ACETONITRILE
2,6-DIMETHOXYPHENOL

This compound was notable because it was the only phenol investigated which
gave a diffusion current that would indicate a four-electron reaction. Thu , in
the concentration range from 0.0258 to 0.103mM (electrode No. 8, oxidized; 0.1M
tetraethylammonium perchlorate ) ED/Q was -Th to -81 pa./mM which is about twice
the level of lD/g in Table VI on ghe same electrode. The half-wave potential was

1.08 volts with B ranging from 0.61 to 0.72.

n
]

It seems very improbable that the electrode reaction of 2,6-dimethoxyphenol
involves the simultaneous transfer of four electrons. .More logically the primary

" process involves two electrons as with the other phenols, but this is followed by

a fast rearrangement, and a second two-electron transfer.

When ot values are calculated for the meta and para positions to the phenolic

hydroxyl for this compound, it is found that the most negative ot

value is obtained
at the meta position. .In other words, the two méthoxyl groups both contribute
significantly to the increased electron density in this position, and this should

be the point of the electrode attack. In agreement with this reasoning, the point

for f2,6-dimethoxyphenol in Fig. 17 falls on the same line with the other compounds.

One possibility which would explain the high value of iD/g for 2,6-dimethoxy—
phenol is a demethylation followed by a further electrode reaction and ring cleavage.

The present data are, however, too limited to warrant drawing any definite conclusion.
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ISOEUGENOCL

The data in Table IX were taken on Electrode No. 7 with an oxidized surface.
The supporting electrolyte was 0.1M sodium perchlorate. At concentration levels
of 0.2mM and lower the value of ED/Q for isoeugenol in Table IX represents a two-
electron transfer by compariébn w;£h hydroguinone. AAt-higher>levels of concentra-
tion a sharp decrease of ‘ip/g is noted in Table IX. Furthermore, it was not
possible to retrace a volta;ﬁogram even at very low concentrations without clean-
ing the electrode with hot chromic acid. This behavior is typical of film-forming

phenols (6-8).

TABLE TX
VOLTAMMETRY OF ISOEUGENOL?

(Electrode No. 7, oxidized surface; O.1M sodium perchlorate;
rate of polarization = 2.2 mv./sec.)

Conen. -1py/C, E /o0

mM pa. /mM volts P ng
0.0235 32.7 0.90 0.6k
0.0470 37.2 0.94 0. k47
0.0705  34.9 0.94 0.51
0.0940 39.7 0.96 0.4k
0.118 38.7 0.98  0.34
0.188 30.1 0.96 0.41
0.470 27.6 0.96 0.45
0.9540 17.6 0.97 0.51

aCell resistances for this data were measured with the Ieeds
& Northrup bridge. Therefore, an error in‘gl/2 and B EB may

have resulted as noted in the experimental section.
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EFFECT OF PYRIDINE

With the nonhindered phenols, pyridine is a strong enough base to cause
partial ionization of the phenolic hydroxyl, and this results in a prewave
which precedes the main two-electron wave in unbuffered acetonitrile. This be-
havior has been noted previously by Lund (25), and was observed in the present
study for isoeugenol and vanillin, Picric acid gives a nicely formed, apparently

reversible one-electron wave at 1.49-1.50 volts on an oxidized electrode at con-

centration; levels from 0.1 to 1mM in the presence of equivalent pyridine.

Hydroquinone in O.1M pyridine on an oxidized electrode displays a consider-
ably less positive half-wave potential than in the absence of pyridine.‘ However,
§1/2 is strongly dependent uﬁon concentration, varying from 0.47 volt at O,06mM
to 0.59 volt at 1.2mM, an effect not observed in the absence of pyridine. This
behavior is characteristic of a "reversible" electrode process in an unbuffered

solution when hydrogen ions are liberated at the electrode; yet the B value

| =8
of 0.3 to 0.4 indicates a high degree of irreversibility. The value of ED/Q is
approximately the same as is observed without added pyridine. It seems lzkely
from these observations that the reaction mechanism in this case is not the car-
bonium ion process, but rather involves a free radical reaction of the nonionized

form of hydroquinone to give transient semiquinone formastion with rapid stabili-

zation and reoxidation.

In the presence of an equivalent concentration of pyridine, 2,6-DTBC at

concentration levels from 0.1 to lQM behaves in much the same manner as in the

"absence of pyridine, a two-electron process being indicated. The main difference

with the addition of an equivalent amount of pyridine is that the half-wave

potential is shifted to a more positive value, and B for the reaction is

%8
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decreased. This effect is pérticularly pronounced on oxidized electrodes as depicted
. in Fig. 27. The shift to a higher fotential in the presence of equivalent pyridine
is not explainable on the basis of any inductivé effects the base might have on the
phenolic molecule. These effects would instead be expectgd to lower the half-wave
potential in the manner of added water or methanol. No other explanation for this
behavior can be advanced at the present time unless it reflects a change in the
condition of the electrode surface in the presence of pyridine. It seems likely

that the pyridine at these low concentration levels functions mainly as a proton

acceptor as noted by Lund (2;) in the oxidation of phenylcarbinols.

With an increase in the pyridine concentration to 0.1M, 2,6-DTBC and the other
phenols studied. give the peculiar peaked waves shown in Fig. 28. Vanillin and
picric acid are not shown in the figure,.but are also known to give peaks in the
same potential range as the compoﬁnds of Fig. 28. The occurrence.of peaked waves
in the presence of pyridine has been reported previously by Geske (28) in the
oxidation of halogen species, and by O'Connor (2) for B,M-dimethoxypropenyl
benzene, but in these cases the extremely rapid fall-off of current to nearly zero
as indicated in Fig. 28 was not observed. Several points of particular interest
were noted for the phenols.

1. The peaks occurred in a narrow range of potential for éll the phenols
studied (1.55 to 1.70 volts) despite the wide range of half-wavé potentials for
these same phenols in the absence of pyridine. (1.08 Volts for 2,6-dimethoxyphenol
to > 2.0 volts for picric acid.) Furthefmore, although the peak heigh£ was con-

" siderably lower on an oxidized than a reduced electrode, the condition of the
electrode surface had no significant effect on the peak potential. This behavior
indicates that a normél electrode.reaction occurs up to a cerfain'poteﬂtial, where
a new reaction results in a film formation on the electrode surface; and that the

same reaction is responsible for the peaks with each compound.
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2. Practically no current flows in retracing the voltammogram in the
opposite direction (+ to -), again indicating a surface film on the electrode.

3. The film is evidently not polymeric in nature because the voltammogram

can be retraced perfectly after cathodic treatment of the electrode. Also, the
peaks occur even at extremely low levels of concentration (0,022§M) where one
would expect that, if a polymerization were occurring, the rate of covering of the

electrode surface would be reduced.

A possible explanation for this behavior is that the platinum surface atoms
of the electrode form some type of insoluble complex with the products of oxida-
tion, and that this complex effectively blocks the surface for the further trans-
fer of electrons. Such a complex might be associated with a definite change in
the oxidation state of the surface platinum atoms--~hence, the very rapid drop in

current level.

Nothing definite can be said regarding the nature of such a surface complex

- from the results of this study. The first possibility that comes to mind is that the
mesomeric phenoxonium ion from the two-electron oxidation of a phenolic molecule
might be stabilized by addition of pyridine to form a pyridinium salt which then
complexes with the platinum. There is a precedent for the obtaining of pyridinium
cations from electrochemical oxidations in acetonitrile in the results of Iund
with anthracene (32) and O'Connor with 3,5-dimethoxypropenylbenzene (3). However,
in the case of 2,L4,6-tri-tert-butylphenol, steric considerations make such a
possibility unlikely. Furthermore, the extremely high peak current obtained with
picric acid (-112 pa./mM on electrode No. 8) cannot be explained on this basis.
The peak height of picric acid would represent approximately a five-electron
transfer by comparison with the results of Table VI. Yet, it seems likely that a‘

reaction of the picrate anion is being observed, since in the absence of pyridine,
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picric acid is voltammetrically inactive, and with the addition of equivalent

pyridine an apparently reversible one-electron wave is observed.
THE USE OF HAMMETT CORRELATIONS WITH HALF-WAVE POTENTIALS

TOTALLY IRREVERSIBLE ELECTRODE REACTION

Another form of Equation (5).for a totally irreversible reaction at 25°C. is

E-, = - 2001 [log kob

1/2 N + log (5p/D )] (35)

,h

The Hammett relationship (21) states that the rate constant for a phenol with any

substituent, Eob n’ is related to the rate constant for a hydrogen substituent,
2
(Eéb,h)o’ by Equation (36), where o, and o are the Hammett substituent and re-

action constants, respectively.
o o o)
log [k b,h/(k b,h) ] =0p (36)

From Equation (35) the relationship between the half-wave potential for a

phenol with any substituent, E

_1/2, and the half-wave potential with a hydrogen

. o .
substituent, 51/2’ is

o 0.0591 kobzh L /Dy
E1/2 ) El/2 - é n |18 T Y (37)
B (x b,h) B/ Py

Assuming that log & Q;/g; Dy is essentially zero, a combination of Equations (36)

and (37) gives the required relationship, Equation (19).

o _ _0.0591
El/2 ) E1/2 B ng




=126~

REVERSIBLE REACTION

For a reversible one-electron reaction in which hydrogen ions are not involved,

Equation (%) becomes at 25°C.

D §. f
o "R "R
E ., =E - 0.059 log|—~——| , (37)
1/2 o Dp 8, T,
but by definition
E, = -0.0591 log(1/K), A (38)

where K is the equilibrium constant for the electrode reaction when written as an

oxidation. Therefore

. Do 8R fR
E = -0.0591 |log 1/K - log ————— (39)
1/2 D,§ f
R Yo "o
The Hammett equation for an equilibrium reaction is stated as
log K:/KO = op (40)

where K is the equilibrium constant for a phenol with any substituent, and Eo is
the equilibrium constant for a phenol with a hydrogen substituent. By combining
Equations (39) and (40) in the same manner as for the irreversible case and making

the same assumption, the required expression, Equation (28), is obtained.
E ,, - B, = -0.0501 ¢
22 T 2o T T P

REVERSIBLE REACTION OF PHENOLS, BUFFERED MEDIA‘

For a pH high enough so that Eb >>[H'] the case is identical to that previously

discussed, and Equation (28) applies.
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/2 is given by

At a pH low enough so that [H+]>>_I§D the expression for Ei

Equation (33),
By, = By +0.0591 (log X /K, - pH + DPK,).

Here Eo is again given by Equation 58), and the Hammett relationship of Equation
(LO) applies. The dissociation constant of ‘the phenol can also be expressed in a

Hammett-type expression,

log KD/KB = gp' (L1)

where Kb is the dissociation constant for any phenol, 5? 1s the dissociation
constant for phenol, and p' is the Hammett reaction constant for the dissociation
constants of phenols. By combining Equations (33), (40), and (L41) the required

expression is Equation (34).

1/2 ~ El/2 = ~0.0591 ¢ (p+p')




