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The electrochemical oxidation of 2,6-Ci~-tert-butyl-4-R-
egnilines (R = CgHgs D-OCH3-CgE, and B-W(CE3)5,-CgR,) at the
potentials of the second peak has been 1nvesticatec. Dicetions
coull be observeld and characterized bty electrcanalyticel angd
spectroelectrochenical means. The cyclic veoliammocram ¢ the
methcxy cempouné has been simulated by the orthogenal cecllocation
methoé. Prcducts of bulk electrolvsis have been identified. We
founéd two <different sites of zttack in the case of the methox
compound.
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INTRODUCTION

AR, VT A BT

In part I of this series on the electrochemistry of anilines
{1]) we outlined a general scheme for the oxidation of anilines

and reported on the electrochemical oxidation of sterically

. . . - . . *
hindered anilines la-d to the corresponcding radical cations 2&-3d
in a first coxidation peak.

- e
INH2 lNHz NH7 TTJHZ
© |
R R
1g:R:=H 1d 20:R =F 2¢
b:R =0CH, bR =CCHy
c:R=NI(CH3)p &R = NI[CH3)y

The radical cations 2a-c¢ have been shown to be persistent in
the time frame of electroanalytical teéhniques
(chronocamperometry, chronopotenticmetry and cyclic
“voltammetry). Thes¢ species also have been investigated by
uv/vis moduleted specular reflectance spectroscopy (MSRS).
Spectra as well as transients have been recorded. Both
transients anc open circuit relaxation experiments showed the A

persistance of 2a-c and the slow decay of 2d.

we fcrmulate intermediate species in this pepsr with charges i
ancd ccc electrons localized &t the nitrogen atom. The exact

electrcnic structure of these compounds, however, 1is not known.

Our formulaticrn thus cdoes not inmply such e leoccelization.




It hes already been mentioned in part 1, that anilines la-c
show a second oxidation peak at higher potentiel [1l}. Earlier
reports on the electrochemistry of 14 [2-4] dealing only with the
first oxidation wave of 1d, revealed, however, a small wave &t
higher potential in rotating disc (RDE) curves [4]). We could
detect only a‘very small peek close to the background oxidation.

In part II of our series on the electrochemistry of
anilines, we cdiscuss the anodic oxidation of la-c in the
second wave investigated by the above mentioned electroanalyticel
technigues and uv/vis MSRS. We also describe the differences in
the mechanisms of the three compounds giving rise to the
different patternsrevealed in 2 most obviou§ way by cyclic
voltammetry and the products of bulk electrolyses. We did not
investigate the oxidation of 1d¢ in this second wave because of

-

the reason menticned above.
TEE OVERALL VOLTAMMOGRAMS OF ANILINES lg:g

Typical cyclic voltammograms of the anilines la-c at
platinum in acetoniirile covering the potentizl range of both
oxidation waves are given in Figures la~c. Peaks I ané II in ell
vcltammograms corresponé to a reversible one-~electron transfer to
give the radical cations 2. &ll three compounds show & second
cxicdetion peak I1II at higher potential. During the seconé part
of the potentiel scan cycle, however, differences occur. While
exh.oits nc acditicnal reduction peaks, there is one peak IV

ir the

2

(¢
n

e of aniline l¢. Depending con the experimental

0
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]
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11i0ons we Ciserve one or two peans IV anré V in the case of

L




1b. These differences must be associated with the different

stability of the intermediates produced in the second oxidation

wave of the anilines.

ELECTROANALYTICAL EXPERIMENTS WITH 1lc

Cyclic veltammetric data for lc are cullected in Table 1.

All values are independent of the concentration ¢ and scan rate

V.

The difference of peak potentials in cyclic voltammetry

AEp II;/IV indicates that the radical cation 2c is further

oxidized in a second reversible one-electron step. The peak

i currents have not been evaluated, because the two formal

i potentials are very close and it proved vefy difficult to

; establish the base line for the secondé oxidation peak. Figure
5 EEJ however, shows a simulated cyvclic voltammetric curve for an
EE mechanism with two reversible one-electron transfers wnich
matches the experimental veltammogram very closely. The
simulation was performed using the orthogonal collocation

_technique and our program CYCVOLT.

The ratio of the chronoamperometric constants (itl/2) (-o.

W)
w

+ +0.85 V)/(it}/2) (-0.35 » +0.45 V) is 2.0 2 0.4. We may
conclude from this that the number of electrons transferred in
going from lc to the ‘product of the second wave is twice the
number of electreons transferred in going from lc to 2c. €Since 2¢
is a2 cne~electrcn oxidation product, the proéuct of the second
ster has to be & twe-electron oxidation product.

This is ccrnfirmed by chronopotentiometry. The ratio of the

“ e e BT SN
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transition times 1,/1y for the two waves is 3.1 * 0.2. The

theory of this electroanalytical technique [5) shows that for an

EE process

2 _ 2
T, _ (nl + n2) nl 1)
- - 2

B3 ™

where n; and n, are the numbers of electrons transferred in the
first and second step, respectively. This ratio can only be 3 if
ny = np = 1.

Thus, aniline lc is oxidized in 2 successive reversible one-
electron steps via the radical cation 2¢ to a species which may

be formulated as dication 3c.

) ¢es
IN= NH2 NH?
-e® Vszir* -e® 7T§i§TX
.ee -
@ Do Qi Q
N\ ' \
h/ \CH3 H3C/ CHy H2C CHa
ic N ZC 3C

— — ~

This result may be confirmed by a bulk electrolysis
experiment: &aniline lc is oxidized at +0.65 V. After passinc of
2.06 Faracdavs’/mcl the current has decreased to the backgrcund
value ané the solution has taken on a yellowish brown color. If

we reduce thic sclution at -0.05 V we recover £2% 0of the aniline

after pvassing 921 of the charge used curing cxicdation. Thus, the
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process lc # 3¢ is also reversible in the time scale of this bulk
electrolysis experiment.

Electroanalytical experiments with solutions of 3c prepared
in this way show two reversible reductions with E° = +0.34 V ang
+0.13 V in good agreement with the values resultinc from
evxperiments with lc (Table 1 and [1)). Peak current data,
chronocamperometric and chronopotentiometric results prove that 3c
is reduced in two one-electron steps, if we assume that 2ll the
aniline lc has been oxidized to the dication 3c and that the
diffusion coefficients of aniline and dication are the same.

Serve [6] showed that diarylamines can be oxidized to
dications by SbClg. Aniline lc has been oxidized by adding this
agent, yielding a yellowish brown solution'which has the same
electroanalytical characteristics as a solution cf 3¢ prepared in
ﬁhe electrochemical way described above. This result zlsc can be
achieved using I,/AgClO, as oxidizing reagent, while anilines la
and lb are cxidizec only to the oxidation stege cof the radical
cation, 2a and 2b resp., by this mixture [l]. This difference
-may be explained by the low oxidation potential and the small

separaticon between the two formal potentials.
ELECTROANALYTICAL EXPERIMENTS WITH 1D

Cvclic voltammograms of zaniline lb in acetcnitrile on
platinum are given in Figures lb ané 2. &s the cCiseppearance cf
peak IV ané the appearance of peak V at smell scan rates v shows,

the product c¢f the seccendé oxicdation wave uncergoes & relatively

slow chemical reactinn, Quantitative cdata derived from cvclic




voltammograms are listed in Table 1. The peak separation AE 111/1v

P
indicates that the radical cation 2b is oxidized in a ‘
one-electron step. Obviously, we observe an EEC-mechenism, where

the oxidation cf 1lb yields 3b via the corresponding radical

cation 2b:

- @ ee
INH2 NH; NH>
@ "ei © -e® chemical
f;; ) f;; ‘;;;;‘* products
E' =042V @ E'=+086V
OCH3 OCH3 Cr—‘3 .
b 20 3p
,'/ ’

Acain, as in the case of lc, the chronoamperometric constant for

a ster into the second wave is twice as high as for & step into

the first wave. Also, the ratio of the transition times 1,/1; is
near the theoretical value of three for two successive one-
;lectron steps.

That the aniline dication 3b is produced in the second wave
can be shown by adding ébCls to the solution of 1lb and recording
voltammograms in the region +1.15 to +0.75 V (where the
backgrouné current due to SbClg reduction increases steeply):

peaks IV ané II1 show ur.

1 <e investigate the oxidation of the chemicelly preparecd

0.

™m

{2V reédicel caticn 2b, we finéd n = 1.12 * 0.07 from

chrcnce-cercretry for its oxidation, assuming D
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A guantitative analysis of the peak current data of peaks
III and IV has not been attempted, because the actual mechanism
is far more complicated than expected from the EEC scheme, as
will be shown below. Thus, a determination of the rzte constant
for this step from cyclic voltammetric data is not possible.

In C52C1é as solvent with TEAP as supporting electrelvte,
peak IV can be seen even a2t scan rates where it can not be
observed in acetonitrile (v = 0.05 V/s; see Figure 3, compar
Figure 2a): the product of the second oxidation wave 1is mo:
persistent in dichloromethane than in acetonitrile. We forr :te
the hypothesis that the follow-up reaction of 3b is a
deprotonation, which may be faster in acetonitrile because of its
slightly basic properties. Dichlorcmethane shoulé not be zble to
act as & base.

A close inspection of the voltammograms of 1lb in CH3CN leads
to the following guestions:

Why is peak II so much smaller when E, _pIII comparecd to

e, < By, < E;TIY (Figure 1b)?

P
Why does the current at v = 0.01 V/s during the second part

P

of the cycle go to 2ero and exhibit 2 "pseudo" peak (Figure 2b),
resembling the behaviour due to proton barrier effects described
for 2,6-¢éi-tert-butyl-4-(4-dimethylaminophenyl)-phencl earlier
(7172

As for the peak heicght of peak 11, ons
1s oxidized in peak 1II ané thus with I, >

catiorn is in the vicinity of the electrode tc pe reduced.

comgerison of the experimental voltammogram of lt and simulategd

i b, tam.
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voltitzmmogreams of the reversible one-electron transfer anéd the EEC
mechanisz (Figure 4), however, shows that this effect does not to-
tally eccount for the very small peak current. Llthough in the czse

of the EZC mechenism the product of the first electron transfer is

irreversibly consumed in the second oxidation weve, 1t is procduced

. L N e} . =0 .
during the second part o the cycle between E o> &ncé =7,. Since we
would heve to acdd the base line given by the current

N ci pesx V,

ol
o
I\

X,

II in en Z3ZC mechanism should not decrease compered to voltezm

~
Sl

Because 2b is stable on the time scale of voltammetry, we
have to assume that at potentials positive of peak III a chemicel
reaction is triggered which removes 2b or prevents 2b from being
produced for a certain time during the second pert of the cycle.

1

Peak II increases if the scan is stopped

41}

t a peotential
between peaks IV ané II on the secend part of & cycle and
recterted after a period of electrolysis at this potential

(Tigure 3). This strongly supports the hy

o]

othesis that 2h is
prevented from beinc produced.

we can show the reason for the observed eZfect 1f we add the
protonated form ¢ 1lb, anilinium cation Jb (we keep the numbering
of compounds consistent with part I [1]), to & solution of 1b.
We now record the voltammogram given in Ficure 6. Compared to
voltammocrams of 1lb alone, we finc severel cifferences. Peak II1l
increases considerebly, peak I1 cdisappears anc cnly peak V can be

seen during the second part of the first cyclie (peak IV 1is absent

(02

ecC

mn

3
-

[\[]

e ¢f the slower scan rate ccmpared tc the voltammogram in

-
0

icur

(]

1z¥. In the second cycle, peak I almost

[eZ}

isagpeares.




This behevior is easily explained by the following

mechanism: the anilinium cation 7b is oxidizeé at potentials
similar to those where the oxidation of 2b tzkes place (pezk
I1I). It can be shown [8] that the prciucts of the anilinium
cation oxidztion are the dicetion 3b and nitrenium icn €t, where
one Or two protcns per oxidizedé molecule are relecseé. Tre

protcns are picked up by the basic amino group of aniline 1D,

producing more enilinium cation. While scanninc the potential
positive of peak III, anilinium cation 7b is regenerated in &
catalytic mechanism. The ongoing oxidation of 7b produces &
large number of protons which diffuse from the electrode out into
the solution. Here they encounter aniline molecules and

protonate these. Eventuvally &ll the aniline in the vicinity of

the electrocde i

n

transformed into 7z. While scenning back to
reach potentizls more negative then peax III, the anilinium
cation is no longer oxidizeé. In the vicinitcy c¢f the electroce,
no 1lb and thus nc oxidizable species is present. As the decrease
of peek I in the second cycle shows, the ccncentration of 1b neax
the electrode has tsen depleated consideratly.

Let us now return to the voltammograms of lb alone. Wwe
alreadéy showed that the decay of éication 3t probetly procuces
protons. These react with 1lb, yielding 7. At the potentials of
peek III this compound is oxidized, starting the c:c:telytic cycle

iscussed ebcve for the mixture of 1b and 7z. Thus, we recduce

—— —

™
<4

the emcont ©f 22 near the electroce.
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current at thnis zoint of the veltammocram drers tc zerc very fast

- befcre coins into the cathocic comein (pears V ené 1I). Ahs &
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further result peak 11 becomes smaller because the protonation of

1b prevents its oxidation to 2b. Less radical cation is present .
in the vicinity of the electrode when *he potential is negative

encugh to reduce 2b to 1lb in peak II.

1 The mechanism discussed here also explains why we can see

anilire lb penetrating the "proton barrier" at low scan rates and

observe a "pseudo" peak. BAll features necessary to exhibit this
behavior [7) are met: the protonated aniline 7b is oxidizable at
a more positive potential than 1b, the species which causes the
barrier (HY) is produced in this second oxidation and because of
the "catalytic" regeneration of 7b a large amount of protons is
generated while oxidizing at this potential. Thus, the diffusion

of lb to the electrode is totzlly depressed and the current shows

the behavior expected.

The voltammogram in Figure 2T shows this nicely: a
ccrmparison of the region marked with an arrow to the
corresponding part in our earlier paper [7]} supports this
conclusion. This is another example of a mechanism where &
‘;eaction product prevents the substrate from being oxidized by

means of & diffusion process ané & chemical reaction.

Now we hezve to identify the compound which is reduced in

peak V. This species must have been produced in the chemical J
step in which the dication 3b decays. It alsc undercoes a

chemiczl reaction itself, as shown by voltammograms at low scan

rztes (e.c. v = 0.0l V/s, Figure 2b): no peak V shows up if the
, tiTe scz.e Ccf 4“nhe experiment is slow.

I1f 3z Cerrctonates, we expect nitrenium ion €- to be

RRRTPT TR

A > —— e 1 -




We also observe peaks III and VI in these voltammograms.

Peak III corresponds to the oxidation of radical cation 2b, which

has been produced by reduction of 3b in peak IV. Peak VI

increases if anilinium cation 7b is added to the solution.

Obviously, in the presence of acid the oxidation of this species

is shifted to higher potential, thus giving rise to a peak

separate froﬁ peak III.

There zre two possible ways by which 7b mey be produced:

2) Dby recduction of 2b to aniline lb and protonaticn (reaction
path-on the right hand side of the scheme). By the follow-up
reaction this reduction could be shifted to higher potentials
+than peak II in voltammograms of 1lb.

b) by reduction of nitrenium ion 6b to nitryl racdical 5b and &
following disproportionation reaction Lnder the influence of
protons giving 1b and 6b (which may be reduced acain;
reaction path on the left hand side of the scheme). Aniline
1b is prctonated to give 7b. It is well kKnown theat the
oxygen analogs of nitryl radical 5 (phenoxy radicals)

“ disprqportionate when treated with acid [10].
We could not distinguish between these two possibilities and
both have to be taken into account.
»t verv low scan rates peak V disappears. Nitre%ium ion &b

reacts in & chenical reaction. Bulk electrolysis of lb in the

£~

pressnce c¢I water anf 2,6-lutidine shows that iminozuinole 11t

is fcrmec. ~lsc, other nucleophiles cculd be zdfed. & more de-

- <7 > . < owm < + . 5 - < S g - - -
vellel descrizticon ¢f these experiments g In preperation
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formed. In analogy to the synthesis of the phenoxenium ion 9

from cuinol 10 (9},

0
, M ~<
| | _HCI0e 2o\, /Fﬂ\_/F\\,qe
-Hz0 N\
( O-. ¢ 3“' %
(CH3)2N :
10 9

we tried to generate 6b from the iminoguinol 1llb. Voltammograms
recorded¢ in solutions of 1llb after addition of tetrafluoroboric
acid show two reduction peaks whose relative heights depend on
the amount ¢f acié used (Figure 7). At low &acid concentretions
peak V shows up, while at high concentrations peak IV can be seen
ané V decreases. Thus, we form 3b ané¢ 6b, which are in a proton

exchange eguilibrium:

°
N& NH
Q o€
He —_
-H50 -He
CCha

—a
.
tr
[¢,]
(8]
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electroanalytical experiments, traces of water are presumably
reacting with 6b.
N After having established the oxidation mechanism of 1b by

electroanalytical methods, we used orthogonal collocation to

simulate the model derived from the following reactions under

cyclic voltammetric conditions [11,12):

A
I
(]
zZ
T
w
e 1 ¢ S T RS TRIN TN~ VIV - § e, e S gt WP ™

0CH3 0CH3
) 7b gb
1
.HC,!V_HQ ‘HO/N/-HQ
i INF~ f‘\'T"!Z ?‘4:*2

®
Tk
4
-

©
O

" :

~.H®

8 .

Tre rmathematicel eguaticns usedé are derived in the




T

~ 0.5 V/s) using the numerical values EoA/B = 0.407 Vv, E°B/C =

Appendix. Figure 8 shows good agreement between simulated and

experimental voltammograms for three scan rates (v = 0.1, 0.2 and ]

0.818 V, E°yp+ pa++ = 0.800 V, E°p,p = 0.545 V, k; = 1.5 s73, .
ky = 50 s71, K5 = 25, k3 = 104 1emo1"1-s71, x, = 0.1 s71, kg = n
103 l-mol~1,s"1, kg = 0 s”1 (see Appendix for details and
symbols).

The valﬁe of EoA/B deviates from the numerical value civen

in rei. [1]), because we simulated specific cvclic voltammetric

curves while the reported value is a mean value from many

experiments. It is problematic to give velues for the accuracy
of the éate constants derived by this empirical method of
commaring experimental and theoretical curves because 11
pereameters have an influence on the csimulateé voltammocreams. The

culations for three

Lo}
[

good agreement of voltammograms &ncd ¢
different scan rates, however, shows that 2t least the order of
magrnitude shoulé be correct. It elso cives support tc the

proposeé mechanism for the oxidetion of lc.

ELECTROANALYTICAL EXPERIMENTS WITH la

Cyclic voltammetry of aniline la (see Figure le, shows that
the process occurring in the second peak it not reversitle. Even

at & scan rate of 50 V/s no reverse pearn can be observec. The

peak potential varies linearly with 1n vl/2 (Figure 9), thus

(ad

inédicating thet a fast irreversible chemica. reactiorn fcilowe the

electron transfer (EC mecharism (13'). From :the fact that

irr

ever. at 5C V/s n

o

reverse peak 1s oObserved, we can conclude that




the rate constant of this follow-op reaction k > 2000 s1,

In analogy to anilines lb and lc we can assume that in this
peak radical cation 2a is oxidized to give a dication 3a which
deprotonates rapidly. 1In fact, chemically prepared redical
cation 2a shows an oxidation peak near the second peak in the
voltammogram of la.

The occurrence of a deprotonation step is confirmeé by the
following observaticn: recuction peak 1I is smaller 1f we pass
peak III before switching the potential scan directicr.. The
protons produced by the oxidation of 2z are picked up by as yet
unoxidized aniline molecules, thus decreasing the amount of 2z
formed ;hile scanning the potential back (see discussion of the
mechénism of 1b).

In this case, we 8o not observe the effect of build up and
penetration of a "proton barrier". Becauée anilinium cation 7&
is not oxidized near peak IIl (addition of acid to & solution of
la results in the disappearance of all peaks) the blocking
protons are not produced in & "catalytic" reaction. Thus, one ©
the necessary prereguisites |7) to see the ciifusion effect is
not met.

The chronoamzerometric constant for a step to potentials

after the second wave is only 10-20% larger than for a step to

potentials after the first wave. Since 2a does not react

chemically in the time scale of electroanalytical experiments

o
e

[1], this indicates that la must at least partially be removed

prctonation. Finally, chronopotentiometric experiments result &

@ retic of transition times i,/1y < 3, depencent on the magnitud

L

n

€




of the constant current driven through the électroée,‘ieaéing'éo
the saﬁe conclusion,

The products of the deprotonation reaction of 3a are
protonated aniline 7a and nitrenium ion 6a. The anilinium ion 7a&
is not cxicdizable in the potentiel range investigated (see

above). Nitrenium ion 6a could not be detected with

electroanalytical methods (see, however, below).

UV/VIS SPECTROELECTROCHEMISTRY* OF la - 1

Uv/vis spectra obtained by the modulated speculear
reflectance technique (MSR, [15)) are given in Figure 10.

_Puising the electrode potentiazl from -0.2 to +0.55 V vs the
Ag/B5? reference electrode in a solution of lc produced the
spectrum of the dication 3c¢. The maximum at 4675 A& is shifted
only 30 A from the maximum corresponding fo the radical cation 2¢
at 4645 XL !1]. The band of the dication, however, 1is narrower
than that of the radical cation. The small shift is in
accordance with uv/vis spectra obtained from 2c and 3c preparegd
by chemical oxidation (3¢ only) and bulk electrolysis (2¢ and 3c,
vide supra, see also ref. [l]). Open circuit relaxation
experimenés show tsat the dication is stable on the time scale of
the experiments (100 ms - 1 s): no decay can be observed. From
the transient obtained by pulsing to +0.55 V we calculate {16] an

extinction coefficient of log ¢ = 4.65 * 0.01, using the mean

* . , . . ,
Part of t- oelectrochemicel investication has been

reported




B

diffusion coefficient of lc [1] and assuming that D(1lc) =

D(3c). Plezse note that for the calculation of an extinction

coefficient equation (17) in reference [16] should read:

)1/2

AR Lgc(Dt
£(t) = —
R

= 2‘303 * -~
ni/e cos @

Thus, these experiments confirm the conclusion of a reversible

electiren trensier leading from lc to 3c.

L)

gevtion o

}

For the ox 1b in the second pezk we crtserve the

MSR speciruxm given by the broken line in Figure 10. EBoth open

circuit relaxation and pulse transients show that the absorbing

. .

" species ‘decays repidly: when opening the counter electirode cir-

cult, the ebsorbance curve decays.

The MSR band is broader than the cne of 3c. It ic shifted =c

higher weveler.gth, although cne would expect a shift to lower

o3

wevelengih because the CEyO0-group is less electiron-doreting than
(CH, j,N-group. Alsc, the band exhitits e shoulder crn the high
wevelength sice. This shculder ccincides with the bend of the
nitreniuo ion (3150 £) [8]. Thus, the dand recorded in this ex-
pg{i:ent mey be a superimpsSition of the diceticn dand ancd ine
nitrenium’ ion bar: and it seems doubiful whether the maximum

at LE50 2 can be essigned to the dication 2z. Further investi-
gations will te reported [8]. .

Pulsing iIntc the second oxidetion weve in the cese of

-
4

aniline la, we obtein only & weak spectrum, which shows the Twe

T A, T N 3 T, W
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be identified as dué to the nitrenium ion 6a [8). Thus, we are
not able to:record the spectrum of dicationi}i but can observe
the forﬁation of 62 as a product of the second oxidation wave.
The weak spectrum may be explained by the fact that all
observable species {2a (by further oxidation) and 6al] are

reacting fast.
BULK ELECTROLYSES WITH la - lc

The bulk electrolysis experiments with lc have alreacy Gbeen
described (vide supre and ref. [1]). The steble species 2¢ anc
3¢ are the products of the oxidation at the first and second wave,
respécti;ely.

‘Dication 3b reacts chemically, anc we find products of this
reaclion efter bulk electrolysis. 1f we electrolyse 1lb at +1.4%
V, the sclution turns f{rom colourless to green, yvellow-green and
finelly, after 2.5 Faradays/mol have been passec, to a brownish
orange. Wwe were nct able tc isolate products from this
mixture. If we reduce the solution at -0.35 V, however, 1.¢

Faracays/mol (calculatec for 1) zre rassed, ancé we 1solate three

compounds after preparative TLC: aminophenol 12, o-

dihyéroxvbenzene 13 and benzoxazcle 14.
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éompopnds 12 and 13 may be oxidized by K, [Fe(CN)¢]to
strongly coloured species. The oxidation product of 132 could be
shown to be the bivhenyl-o-quinone 15 (by compariscn to an
authentic sample), while 12 is presumebly oxicdized to
quironeimine €. Comparison of the Ry values in TLC tc the ones
5 resent in the

cf zuthentic samples suggestis that 15 and 16 zare

T4

it.

brownish orahge sclution after cxicetion o
The electrcanalyticel ana speciroelectirocnemicel evidence

given in the prece d ing chapters ané ref. [1] hes shown that lb

is oxidized to 2b via 2b. Solutions of 2b in aceionitrile are persi-

stent for several hours. Thus, 2b cannot be the reactiing specie

in

+

and the products must be derived frem 3b or its fellow-up products.

‘s

We 2lso have shown that the reactions irnvolive ceprotcnetions.

ne possibility for the reaction of lbd tc 12, 22, zné 1L s

givenr in the foilowing schemne.
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of protons in the sclution (produced by the deprotonation 3b —

£b). In the case of the water attack, a series of oxidation and
hydrolysis reactions finally leads to l15. The zcetonitrile adduct,
after hydrolysis and ring formetion, yieids l4. The ccrrect se-
quence of the individual steps leading frem 6b to 18 end 1L is

not known.

Irinoguinone 1€ seems to have teen formed vies the attack of
wetier cn the cdiceation 3b iiself. In thic species, the positive

cherge density in the para-position ¢of the second ring bearing
the methoxy group must be consilerably lerger thar in the nitre-
‘nium ion.ég. Also, the diceation mezy heave the higher energy and
may more easily rezch a transition state where the zrometic
systém in beth rings has been distorted. Cieevege ¢f the metho-

Xy group as methancl would result in the formation of 1£. Oxi-
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well-knowr: reac-

It is &lsc mecssitlie, however, o fecroulete trne reactions
lesding <o 1= eand 22 via the diceticn 3t cor ic 1&€ vie the nitre-
W

rivm ion £%. Also, hydrolvsis cf the cdication itself or tre

ry

- ritreniunm -ion at the nitrogen moiety may occur to produce the

correspending ohencxenium ion, wnich could react tc give l& end

22. krelogous reactions of phenoxeniurm icns with acesoniirile,

b3

eter, encé other nucleophiles keve been coserved previously

(26 - 280,

n
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Thét_lé and 16 may be reduced at -0.35 V can be shown by
cyclic voltammetry of these species, produced by chemical
oxidation of 13 and 12. o-Quinone 15 is reduced in two waves at
~0.45 Vv and ~-1.0 V in neutral solution. Addition of acid shifts
these potentials to values positive encugh to &chieve the
reduction atl—0.35 V. In the bulk electrolyses, protons are
rroduced during the oxidation step. Compounc 16 shows twcC
reduction peaks ai +0.5 end -0.45 V in nevtrel sclution. kcac
also causes & shift to more positive values.

‘Bulk electrclysis of la results in the fermation of
iminoguincle lla with & yield of 40%. Here we only observe the
procduct of water attack on the pera-position of the nitrenium ion

— ——

&. The dicetion 32 cdecays too fast by deprctonation for




products of. its reactions to be formed.
CONCLUSION

Anilines le-c are oxidized in tw: waves to the corresponcing
dicetions 3a-c via recdical catiocons 2a-c [l]. The cdifferent
persistance of the dications gives rise to cdifferent responses +0

electroanalvtical and spectroelectrochemical technigues: while

3¢ is persistent and the oxidaticn cf lc fcllows an ZE mechenisw,

3b decays moderately fast in & complicated reaction and we can

observe the reduction of a further intermediate, niirenium ion

6b. Alse, protonation of the parent aniline occurs.

Intermeciate 3a, however, decays extremely fast and coulcd be
detected neither electroanalytically nor
spectroelectrochemically.

Bulk electrolysis yielés products defiveé from diceations
»itrenium ions (la, 1lbj. Starting with lc th
ication 3¢ is observed.

To ocur kncwledce this 1s the first reported observation cf

-

YON. Primary aromatic emines.
EXPERIMENTAL PART

and vurification of the anilines la-c¢ ,

the supperting electrolytes (TEAF, commercieal

4 heve beer used after drying) has been describec
Dicticromethane was purified by passing through a column of

The electroanalivtical technigues were stancarc,

exveriments followed the directions




outlingd in earlier papers [1,15,16]. Potentials were measured
Vs a saturated calomel electrode or vs an rg/ag*t (0.01 ¥ oin
CH3CN) electrode. r1ll potentials in this paper are given vs the
latter reference electrode. Values measured with the SCE were
converted as described in [1}.

Simulations were rerformed on the TR440 o0f the Rechenzentrum

der Universit&t TUbingen using the dlalocue progren

3

CYCVCLT (see Aappencix) written in FORTRAN IV.

Mass Soectra were teken with &FEI MSQ or Varien MAT 711

spectrometers (ionization energy 70

ev). . 14 nmr spectra were recorded with Varian EM360 or Bruker

HFX S0 spectrometers (¢é-scale, TMS as internel stendard).

Oxicetion of lc with AgClO,/I,

.05 ¢ (0.15 mmol) of the aniline lc were dissoived in

ebsolute ether anéd 0.08 g (0.32 mmol) of Ii- in ether and

th

subsecuently (.12 (G.58 mmel) o in ether were &zacel. &

[1e]

kcClC

#
-

3
rh

nixtu

La

e (0.1 g) cf AgI and 3b {as perchlorate) precirlitated, was

ct

»)

filcered off and washed 3 times with 10 ml ©f cksolute ether.

v3
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could not be segparetec Irom Acl.

Electrochemical oxidation of 1lc

0.2 g (0.€5 mmol) of lc were cissolved in 200 ml cof

CH,yCN/0.1 M waClOo, ané-oxidized at & Pt enode at <C.0% v, Rfter
126 C heave been passed (theoretical for n=2: 123 C } the
sclution has turned to an orange brown colour. A volume of 25 wml

so.ution wag teken out oOf the cell tc record cv 'vis spectre &nd
to tzricrn e.ectroaneiviicel experiments. Tre YemElnIng 4aicétion
e CE—————d

O vﬁ z .A-‘m fﬁ}l’-:"

e e A




was reduced at -0.05 V. Now 104 C (theoretical for n =2: 109

C ) could be passed and the solution turned colourless. After
evaporation of the solvent, extraction with petroleum ether, &nd
crystallization, 0.15 g (82%) of the aniline lc could be

recovered.

Electrochtemical oxidation of 1b

0.25 g (0.80 mmol ) of aniline lb were dissolved in 200 ml ¢
CH3CN/0.1 E_TEAP an§ oxlcéized at & Pt anode &t =+1.45 V. Tre
solution turned purple for a couple of seconds, then greer,
yellowish green and finally yellowish brown. A charce of 200 C
(theoretical for n = 2: 155 C ) passed. We coulé rot isclate any
products from this sclution. Reduction of the products was
performec in the same cell at -0.35 V. &after pessinc 13C C ' the
solution heé lost its colour and was pouredé intc 1 liter of
distilled weter. Extraction with ether, éfying of the crcenic
phase with Ne,SO, and eveporating the solvent yielded an oil,

which couvldé be separated into three fractions (12, 13, 14) by TLC
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cel PUV,g, silic

cm, layver thickness 2 mm) with petrcleum ether/ecetone, (5:2), as
solvent.
Characterizazrion of 4'-amino-3',5'-cdi~tert-butyl-biphenyl-4-
ol 12 |[yielé: 50 mg (21%), m.r. 176-17€°C (from methancl)!:

, C-H, N-H), 296¢

[o])

I.vr. (XZBr): 3550-3150 (broac, structured ban

cm™1 (C-z). lz-nmr (d®-zcetone): ¢ = 1.43 {s, 18 B, tert-
betyll, 4.27 (s, broad, ZH, NHy), 7.12 (g, h5Bo, J ca. 9 Hz) &nd
7.3 (8" (6?, grometic protens), £.16 (s, brged, lH, diserpeaers
efter additicn of D0, OH). Mus.: e = 297 (TEx; M), I&2




(100%; M*-CH3), 271 (25%). Analysis: C,gHsoNO (297.4) Calc. C
80.76, H 9.15, N 4.71; Found C 80.58, H 9.15, N 4.83.
Characterization of 5-tert-butyl-4'-methoxy-biphenyl-3,4-
diol 13 [yield: 40 mg (18%); m.p.: 128-130° (from petroleum
ether with addition of little acetone)):
I.r. (KBr): 3600-3150 (broad, 2 bands, OH), 2950 (C-H), 1235
em™! (c-0). 1B amr (CDCl3): & = 1.46 (s, 9H, tert-butyl), 3.84
(s, 3K, OCH3), 5.64 (s, broad, 28, OH), 6.98 (G, A3, 1 ca. 28z)

anad 7.19 (g, AyB,, J ca. 9Hz) (6H, aromatic pfotons). M.s.: m/e

= 272 (100%; M¥), 257 (54%; M*-CH3). Analysis: CyyHpq03 (272.3)

Calc.. C 74.97, B 7.40; Founéd C 74.81, K 7.28.

Chearacterization of 7~tert-butyl-5-(4-methoxyphenyl)-2-
methylbenzoxazole 14 [yield: 20 mg (8%); m.p.: 95°C (from
petroleum ether)]:

I.r. (KBr): 2960 cm™® (C-H). 1H nmr (CDClg): & = 1.49 (s, 9%,

tert-butyl), 2.65 (s, 38, CH3), 3.84 (s, 3H, OCH3), 7.25 (g,

A,B5, § c&. 9 Hz) and 7.46 (g, AB, J ca. 2 Hz) (aromatic

-

295 (100%; M7), 280 (73%; MT-CHj3).

protons}. M.s.: m/e
Analysis: CygH,yNO, (295.4) Calc. C 77.26, E 7.17, N 4.74; Found

C77.01, H 7.03, N 4.62.
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N=1 ' |
* ' — * % !
jizsi'jcg (Xj,T )} 2agcptch+ (140) |
dca+ Bi 1 N+1 N+1 .
= g8i- ' LA, LCX+(X.,T') + & B. .CX+(X.,T')}
et |, Ay 3=z Me3ETTY joo 13RI
X4 1,1
Q
+ a@,C *-a,C,¥Ch+ + —= Cch,+ + a,CX,.++ - g.C *c*, + + q,Cc *
1°C 2 A TH K HA 37HA 5-g H 47D (h41)
2
gcr .+ BE. ,6,,+ LA S (T N+1
1 »
HA = S{_ l,_ Hﬁ /HA >\ z Al ][C;AT(XJIT')+c§A'++(X3IT|)]
' . m <= [; s
aT X Al,l[l+eHA+/HA'++ $, (T )] 3=2
N+l 1 Q2
* 1 : * ~ K - * . A
+.E Bi,jCHA+(Xj’T Yo+ a,C, CE+ — Cfp7 (R42)
]=2 K
2
dcX, . ++ B. | N+1
A = gi{- i Ioay jlefrXgTY)
ar! Xi Ll,l[*-CHA‘/hA 4 - SA(Tl)) 12 -
N+1
* . . m k o* i Y . x
TS +(xj,1 )) +j£2 Bl,chA ++(X3,T )} GyCha .t (A43)

From the concentration profiles generated by solving this system of

eqguations, we cen calculate the current function

- S 'y 2
ey o fE e LTz /8% 25, (T) .
2 - ) b ? |- - . o . - \ 2
nl Kl+62/csk(* ) UA/S‘E/Cb (T')%]

{7 3ot 3 0 e St S

wtain b gt c s




- ) N+1 ;
'.' * ' * ' * [ h ;
3 (ALN+2 + jizAl'j[cA (xj,'r ) + cp (Xj,T )+ e (xj,'r )] |
1
N+1 0. , .S, (T") ,
, +hyweg * D Ap SC(XGTY) - B/C A — :
t ’ T 8= ' 11+ ' : vy ¢ 1
% j=2 [1+05 .S, (T") + © /8% /¢S, (T ")
! N+1 E
. . ~ % ' * (y ' * ’ 3
) (Al,m_z + izAl.j[‘A (XJ0T') + cg* (X uT") + e * (X T)] )
N+1 n3 1 N+1
+ L A, .c *(X.,T')] + — | - ( £ A, .cX,+(X.,T")
-5 2/3B ") - , 25 1.3 HA 'T)
3=2 ny l+OHA+/HA'++ SX(T ) 3=2
: N+l
al —1 < * ]
n, 1 N+1 N+1
- = T Ay Lo * (XL, TY) = €., S, (T') & &, _c *(X.,T'})}])
g ry 1sGg S, (T =2 O E SO A
j ' (R44)
!

£s hes been shown [12], it 1s necessary to cptimize the value of the

dimensi.cnless parameter 8. Using the method given in ref. [12], we arrive
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’ : 0.65 - h a3 '

| 5 “1=2, J.., N+1 (Ah45h)
' ) i, 1 .
: h| - ! A, . + B,
++ 5,(T")]

+ .

By, 11340t pa
where h is the integration stepwidth.

We used the dialogue program CYCVOLT (& list cf FORTRAN statements and-

a program description 1is &availeble from B.S.) to sclve the system of

[ e

eguations (A36)-(A43) and generate theoretical voltemmograms.
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APPENDIX

The mechanism for the oxidation of aniline lb may be described by

\ the following model, where A stands for 1lb, B for 2b, C for 3b, D for 3
' 6b, HAY for 7b, HA'*¥ for 8b, E for 5b and Py and P, for products of 1
chemical rezctions of the nitrenium ion and the radical cation: 1
{
5
4
3 32 C EoB/C' no (R2) 4
C + D+ HY X4 (A3) F
|3
H
. ¥
A + vt , apt k5, Ko = ko/k (A4) E
ST ox AR 20 K2 = Xp/k_p }
é
H,Z-_+ 2 A tT EOHA+/HA'++' n3 (R5) ;5
!‘I
HR'TT . B o+ ET k3 (£ |
4+ Pl + }':+ k4 (A7)
E b4 D E°E/D’ n4 (}:,S‘.
2E + H* - D+ A kg (RS
(A1G)




.. —droa

Reaction (210) does not necessarily have to be included

because we do not see this reaction in our experiments.

simulation kg has been set to zero.

We can formulate the Xkinetic giffusion egueations for thisz rnzdel b
) Y .-
3aC. azc;
2 - p— % - k,c,c.+ + k_,C,, ¥ * KC.C.¥ 211)
- 7 22K 287 5CECh (Alid
¢ oX
2oy E‘CB .
= + k.C,,..++ = k_C L12)
T b—r 3%HA 6B thrdd
¢tT oX
acc 32cc
. = - klcc (:.13>
ot eX
e ach
= v kK,C. - kK,C. + k.CcnC,* (714
—7 ¥ %1% 1D 5CECh v
et ox
tC e2ca
‘-.. = D_T_Z - 2}(5 CECH+ (212
c T e X ¥
ec.+ s‘cF+
= [O— ‘- 4+ k.cC XK.c.c.+ + koc,.,,.++ {m2%
o L2 1°C 2°AE 3TEA Lo
C - cX
- - k.c_c,.+ + k,c. + k c.,.*
) 5"EH 47D 2 "HA
.2
¢C + ¢ C +
bl HA .-
g2A = D H +}:CC""‘)( C,.. T . th17
.. L2 Z RTH -2 KA
¢ - cX
A SR
sl = D _‘ - k C,.. .++ (;‘.18\
. 2 3 HBA ‘ )
cC daX
wrners the rzzction tetween T =nd B hazs teen formuleated as = )
s eEY. ITrTa.eT€l &8 =
seCcini orizr reescticrn, which geve Tetier agreemert wizth e ex-
LeriTent . Tne model lsg subldect tC tne Itllowing inmiziel (ALE
- - - ~ - - - meee - [ -
art Toliniares LgU-AICT condiTicns:
*
~ e =5 - -
Ry N o G ' oy e g s T ot i

For

here

he




x » 0, t =0: c,=c % c_=c.=c_=c_=c +=c, ,+=C_ .++ = 0 (B19)

Pn
cC, ?RC 5C,-\
x =0, £>0: (—=) = -2} o+ (%) ) (B21) !
oX %x=0 cX %=0 ex <=0
8Co 3c
(—) s (?—9) (h22)
, ox x=0 X x=0
| ' .
' “Chat AT
g (ﬂ ) - —\ . / (‘_“J)
$ c¢X %=0 ax %=0
'
ECF+\
) =0 . (B24)
ex  x=0
2
| €x/cp = Gasp Si(%) (225)
H
; °g/cc = psc SilH) (526)
5
Cg/Cn = Opyp S,(t) (B27)
Cup=/Cyp*™ = Spat/pnt>- S, (%) (h28)
4
i
;




= nF o -
Oxsy = exp[—=(E% v - E i ) ] (A29)

RT 4

and for ny = ny =/n3 = ng = n ?
. |

S.(t) = exp{-at) (&30a) !

A explat-2at,) (£30Db) :

These eguations ané conditions have to be transformed into

B Y.

dimensionless expressions {11,12] using

T' = at = %;_V t (£31)
X= x/L (A22)
cy* = cy/cy? (#33) :
s = pyav? (234) g
i
oy = kj/a for i =1, 3, 4, 6 (2352)
o = ki 0/z2 for 1 =2, 5 o A35D)

Discretization of the spatial coordinate finally cives a system of

ordinary cifferential ecuations (A36)-(243) (for cetzils see {[1l1}) which

can be integratecd easily:




*
9cy S sy 3i,1%/8%,c5, (T )
~ L]
A T x, Ay, 117055, (T1)+0, /p0g S, (T1) )
N+1 . )
) t * 1
(2, \+2+3zzpl'jch (X50T') + cg™(XguT') + e ™ (X, T)] ]
L] ‘q+l
* L} *x *
* By n+2? 3228 P,9CAT (X T} - apep el
- 3 * '
acy - si- Bi,1%,c5,(Th) )
: l : 2
aT' X, By 11905 S (T) + 0, 20, S, (T')7)
N+1 . .,
* ) 1 [
[ Af,Nf2+j£2 A), 3 lep " (XguTh )+ g (X T) + e " (X5uT')] ]
N+1
* [} * *
- T Bi 4% (XJ,T )} o+ ayChp-t Qo
3=2
gc . * B.
c = 8{-— l'l = x
3m 2 o [} ~ - vy <
ér! % Ay g H1%eg 08, (T7) + &y 50g 0 (T")7)
. N=+1
Py N2 Zzhl’ (S ¥ (XL Th) + cp™ (X, TY) = cc*(xj,T‘)]
N+1
. o * 1) - *
_E bl,jcc(xj'T ) } @) e
- 3=2 .
éc * B, . N+1
2 = gl- 11 DRy leptN T 4 et (R T
' ' ‘= ’ J -
éT 9 By y(1%0g 1S (T')] 3=2
N+1
7 - - - . ] ‘. * _ * o * ok
' * j;2Ei,jco (R TH)) * @yCe™o,Cp magCp O
de_*! By 16z 55,(T") N+1
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Table 1: Cyclic voltammetric data®) for the second oxidation - ;

wave of 1b and lc.

4 —

4
b . .
} E 11X (V) E IV (V) AE I111/1IV (V) Eo(III/IV) (vl
3 p P P

1bP)  0.90 + 0.02 0.82 % 0.01 0.08 * 0.0l +0.86 * 0.02
{ ic 0.38 + 0.02 0.32 * 0.02 0.056 * 0.005 +0.35 # 0.02 .

2)Mean values from several experiments with different

concentrations, averaged over all v and c.

Plv 5> 0.1 lv/s].
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FIGURE LEGENDS

Figure 1: Cyclic voltammograms of anilines la - ¢ at platinum

. in acetonitrile; a) le, v = 0.5 V/s, 1.3 mM; b5) 1b, v

= 0.5 V/s, ¢ = 1.5 m¥, c) 1lc, ( ) experimenta

voltammogram v 0.0%5 V/s, ¢ = 1.5 md, (---)
simulated voltammogram, EEZ mechanism, situlztion

parameters: E°; = +0.162 V,

tn

°5 = <1.356 V, ny=n,=1.

Z
: Cyclic veltammograms of 1k, &) ¢ = 1.5 m¥, v = 0.05

)

Ficure

V/s; b) v = 0.01 V/s, the arrow indicates the
~occurrence of proton berrier effects (see text).

_Figure 3: Cyclic voltammogram of 1b in CE,Cl,; ¢ = 0.97 m¥M, v =
0.05 v/s.

Figure 4: £xperimental cyclic veltammogram cf 1b [,
conditions as in Figure 1%} ané simulated
voltammogfams of an ££l mechanism (~.-.- simulation
parameters: E° = +0.407 vV, E®°y = +0.407 Vv, E°5 =
+0.€580 v, ny=np=l, k= 2 s7*4) and a reversible
electron transfer (..., simulztion perameters: E£° =
+0.4C7 VvV, Ey = +0.650 V, n = 1).

Figure 5: Experiment to show thet & reection preventing
oxida<ion of 1b for a certain time occurs in peak
III. &) potentiegl-time program; b) (...) cyclic

.

+0.650 V; | ) evelic

voltammogram of 1lb, E,

veltammogram of 1b, E, +1.15 V; (-.-.-) cvclic
voltammogram of lb witn electroiveis acccréing to the

poctential-tiime program in Ficure 32); v = 0.3 V/e, ¢

= 3082 mM.




Figure 6:

Figure 7:

Joz

Ficure §:

Figufe 9:

43
Cyclic voltammogram of a solution containing 1lb and
Tb; v = 0.2 V/s.

Cyclic voltammograms of iminoguinole 1l1lb in CH3CN:
(...) without acid; (-.-.-) after addition of 30 yl oI
HBF, (54% in diethyl ether), () efter addition of
530 wl[HBF, (54% in diethyl ether); ¢ (11b) = 1.2 my,
Experimental () and simulated (...) cyclic

voltammograms of lb; experimental perameters as in

Figure 1lb; simulation parameters are given in the
text; a) v = 0.5 V/s, b) v = 0.2 V/s, ¢} 0.1 V/s.
Variation of EpIII in cyclic voltammegrams of la with

in vl/zj the points represent mean values from seven
independent experiments with different concentrations

of 1le.

Uv/vis MSRS results for the oxication c¢i la-c in
the secondé wave; (...) l&, (---) 1o, | ) lc, € =
1.0 mM.
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ABSTRACT

TS%-electrochemical oxidation of 2,6-di-tert-butyl-4~R- F
anilineé (R = CgHg, p—OCH3—C6HQ and p-N(CH3),-CgHy) at the
potentials of the second peak has been investigated. Dications
could be observedAand characterized by electroanzlyticel and Y

spectroelectrochemicel means. The cyclic voltammogram of the

methcoxy compound has been simulated by the orthogonal ccllocation
method. Products of bulk electrolysis have been identified. We

found <Two dJdifferent sites of attack in the case of the methoxy

N Tyt o g0 O &

compoundé.
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