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*® ABSTRACT -

The idcntx’ty of . the observed par\%;gncuc spécics generated upon electrolysis of a methylene
. t . : .
chionde solution of, TMPE (thahs(p-N,N-dimcthylaminophenyl)cthylenc) and dpon

+ mixing of solutons of TMPE and TMPE? ™ (X), (X = I, QL. Br."NO,. BF,) was 1dentified
as the TMPE ¢ cation radical Its thcrmodiha_mit stability (KSE'M) in solvents of different
polanty, namely acetonitrile and methylene chloride. was determined using the EPR

continuous variation method and was found 1o follow the trend of behayour which has been

suggested previously. In low polarity solvents, e.g.. méthy'lcnc chlonde. higher con:ccmrau'ons

of the TMPE o cation radical was found in comparison to that in solvents of higher polarity .
e.g.. acetonitrile. The success 1n the applicau’bn of the method in defining KSEM was attested

¥

1o by verifying the KSE of the "I'MPEfTMPEz+ system in acetomtrile using a UV

M
absorption method. -However, the application of the conunuous vanauon method to the
lTMPDfTMPD2+(ClO4-)2 system (N N N’ N'-Tetramethyl-1,4-phenylenediamine) yieldéd
KSI:ZM which is significantly in disagreement with those previously reported. In addition, the

«epr study of the 50:50 mixture of "I”MPD/TPvﬂ’D2+ in acetonitrile (tolal concentratidn
10-3 M) tevealed that the paramagnetism decayed slowly with time and remained at a
constant level after 7-8 days. An application of the continuous variation method 0 the

2+

*  TMPD/TMPD -sySlc'rh, at lower concentration (total concentration 10_14 M) revealed that

‘the stoichiometry of the.combination process has oanged. The explanation for the decay of |’

<

4

the ﬁaramagnctisrh was assigr;cd 10 an irreversible ' radical dimerization prQcess while an
explanatioh for \the'chenge in stoichiometry at lower concentration remains unknown.

,\ ‘.,'I'h’c rcacli'oh .of the "I')v!PD2+((3104‘)2 sglt  with 2',6-di-len-§utyiphg;lol in

r' actienitrile yielded, beside products of oxidative - coppling, mainly di- and tri-phenolic

products which: ha\;e, one more earl&n"\ncwly incorporated. The experiments with labe}lcd

solvents were .ca'rricd out an_d the results gblained ruled oiu ll;e participation of the solvent in

ihis reaction. The source of the incorporated carbon was suggested as arising from a methyl

group of the TMPE> ™ (CIO, ), dication salt. —

N
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.o\
INTRODUCTION A

o

1.1 BACKGROUND

A large number-of organic compounds have bceg recognized as being electron rich and
capable of donaiing one or two electrons, in other words. serving as reducing agents. By
contrast, their cation salts are often able to serve as oxidants. Of these compounds. the most
widely studied groups are the aromatic amines and the conjugated open-chain amines, for
example,  N-substituted diaminobenzenes.  N-substituted tetraaminophenylethylenes .

«
N -substituted tetraaminoethylenes . eic.

These materials are representative of a wide variety of reducing agents of different
strengths and are drawing increasing attention from chemists in recent years.l'5 Organic
compounds capable of undergoing one-electron transfer redoa processes are comparatively
rare and were, in fact, not known until the (hirucs.6 The two-stage one-electron redox
systemns leading 10 stable radical ions were used. unrecognized. for almost fifty vears in the
dyve industr)"’/-9 The cologed salt discovered by Wu-rster in 1879 was only recognized 1in 1925

by Wcuzm'11 of having the structure of a radical cation (see equation 1).

//

" Me Me Me
Me . _Me Me \C;)/ \%/
A e _e
“~Fe I | (1)
+e te :
N L. N \ /N\
Me” D Me Me” Me Me @ Me
/
colorless biue colorless

»
) ?

The radical formed in the first one-electron transfer stage owes its stability to the

delocalization of the single electron over the entire monocation f ragmem.m'12

-

1



2

’

1,14 ’ .
Hunig and coworkers™ " first attempied to introgdce a general classification of
vanous structurally different redox systems into three main categories: (a) open-chain

vinvlogous redox system. (b) Wursier Tvpe Redox System. and (c) Weitz Type Redox system

Category\h); e.g.. Cdmpounds (1) and (2)

Mr,.N. NM": [ ]
M('yN. NM¢

. 2
1
> i

Category (b): e.g., Compounds (3) and (4)

M('\ /M(‘
¢

(3) (4)

~ Category (c): e.g., Compounds (5) and (6)

o
'

Mo e Meon’ e/

/N CHs N/ ST

(5) ) (6)



In principle. compounds of the general formula (A) can exist in three oxidation states that are

related by two one-electron transfer proccssesil'n' 15

e ® @ €3
X—C=——=Cy——X _— " X—C C—X —— X=—=C——C—=X
n " te n . “¥e n
y ‘
AReD ASEM ) Aox

X may be NR, "SR or OR:n = 0. 1.2 .,

Whether the radical ion ASEM can be detected or isolated depends both on 115

thermodynamic stability, which is expressed by the semiquinone formation constant -K?‘U and

on the reacuvity of each of the three components towards the medium.

ﬁ .
RED + (0) 4 2 SEM <«— Structure
H+ 2HO™
&
REDH OX(OH) (SEM)2 © e+— Medium

kK = [SEM]?/[RED][OX] / |

The greate“r value of K, the higher is the equilibrium concentration of radical cation. Some

" values of K are given in Table I.
The reactivity of the olefinic double bond can be strongly influenced by substituents.
For gxample, the four electron-attracting cyano groups in tetracyanoethylene withdraw

electrons o cffectivcly from the central double bond that this compound is strongly



Table 1. Semiquinone formation constants for the two-step omdation of electron-nich
olefins

M N NM

33 (24)

Mc,N NMe
. CH, .
N s .
(I H I\J 1000 (2
CH

H,C CH, " " .
= o ' sx10% (35)

(IR:)@ ‘ ' R (825
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L o ; - A W17 :
clcctmphihc_lé The opposite situation is fo‘nd in the "electron-rich olefins™,”  in which four
electron-donating substituents are altached to the carbons of the central double bond;
examples of such compounds are tetraaminoethylenes, parucularly

tetrakis(dimethylamino)ethvlene, TDAE, '(l)]8 and 1,1.3.3 -tetraphenvi-2.2"-

biimidazoleidinylidene (2) 9.20

“02 N NMQ2

(1) o (2)

»

Depending on the strength of the interaction between the electron donor and the electron
acceptor, Wiberg,18 Brieg]eb21 and Hoffman 22 classified the interaction into two categories:
a. Interaction By which complete electron transfer has occurred and salt -like product(s)

are formed.

-

b. Interaction by which no net electron transfer has occurred and an electron

donor-acceptor complex is formed.

N

It was also demonstrated that there exists a(xﬁFnt\bordcrlinc interaction between the two types
of processes. An examination of the interaction of tetrakis(dimethylamino)ethylene (TDAE)

with organic molecules having a lower oxidation potential than the electron acceptor,
. \ )

, letracyanoethylene '('I‘CNE),16 reveals that electron transfer from the donor TDAE to the

organic acceptor is incomplete, resulting in the formation_ of electron donor-acceptor

21

complexes.”” The TDAE (TCNE)2 complex is believed to be on the borderline between a salt

and an electron donor-acceptor complex. An esr spectral study of increasingly concentrated iﬁ

acetonitrile solutions of TDAE (TCNE)2 shows that the structure of the compound changes. ¢

3

At low concentration (10° -1o'f‘ M), the spectra shaw a nonet having line widths of 0.1 and

-



0.2 G respectively and at high concentration (10'1 M} a singlet having a line width of § szb
Wiberg. however, pointed out that TbAE (TCNE)2 also has a salt-like slructure.zﬁ/'zle By
analogv to the resul[g found upon examination of the tetramethyl-p-phenylenediamine
tetracvanoethyvlene, (TMPD) (TCNE) comple)\,29 these resu'ts indicate that the ionization of
TDAEL (TCNI&)2 1s reversible in soluuon (formauon of an 0n pair anq electron
donor-acceptor complex) and that Ti)AE (TCNE)2 probably exists in the sohid state as an
electron donor-acceptor complex of the 1ons TDAE2+ and TCNE . 1.6.. as a complex in
which a more ionic limiting structure is involved in the ground state Ihan.m the excited state
("inverse” electron donor-acceptor complcxzq). A better example of the formation of an
electron "ébnor-acccpto; complex 1s the wmteraction between. TDAE and lrmilrobenzcr;e'(TNB)

which yields a diamagnelic’30 TDAE (TNB)2 complex in égelomtrile?m

Spectroscopic studses
charactenize' it as an electron donor-acceptor complex, which is compatible with a sandwigh

arrangement of the molecules.

NO
* RN INRZ NO:
ON NO, g,N NR, ON ! NO,

TDAE(TNB).,, R = CH

N 3

L:p"
¢ B

?tronger electron acceptors such as oxygen or halogen can displace the weaker electron

3 eg.:

acceptor TNB from the complex and thus complete the oxidation of TDAE,
TDAE(TNB), + Br, » TDAE®* (Br), + 2TNB

The difference in the electronic structure of ['I'DAEZ'F][TCNE—]2 (salt) and TDAE (TNB)2 ‘
1 ‘ 27,31

(electron donor-acceptor complex)-is clear from the IR, "H-NMR, and UV spectra (see



Table I1)

The phenomenon of compiete electron transfer 1n solution can be exemplified with the
now classic example of the TMPD-chloranil rcacuon.n'}4 This pair forms a charge transfer
complex in solvents of low dielectric constant (e.g.. dioxane, m:. 1.2-dichloroethane)
without complete electron wansfer, whereas in acetonitrile the detectable, first formed
complex gives way to the separate cation and 4am’on radicals, each of which is deteclabie by
absorpuion and €sI sSpectroscopy. Foslcr38‘39 points out that factors involved in determining
the interaction between electron donor - electron acceptor are: the strength of the electron
donor .a‘nd acccﬁlor ability, and the nature of the medium in which the jnlcraction takes place.
The ground state ¢N of the complex resulung from the interaction can be described in

Mulliken s Lcrmmolog_xao'42 as:

¥y = a¥(AD) + b¥ (A DY)

where ¥ (A D) 1s the state function of the complex n whnch\ no bonding lakes place.
#(A"D ") is the state function of the complex in which one electron has been donated frohu\
D 1o A. The scalars a and b indicate the relative proportion of contribution of each of these
states 10 the ‘PN state. The¥ N function can be extended further if_two electrons have been
donated from D 16 A to give a third component of \PN: !I»(AZ'D2+ ). One typical example
for the éomplcle transfer of one electron from D to A is the case of Tetrameth$l-p-
phcnylcncdiaminc; ({TMPD) and 1,3,5-trinitrobenzene (TNB) in methanolic s%ution.” The
ground state of the resulted complex is the jonic form. For the case in which no complete
transfer of an electron takes place, the complex formed between TMPD and 2.4.6-
trjnitrotolucnc (TNT) in acetonitrile can bc taken as a good examplc.39 There are many
typical cases in which the interaction is of the borderline 1y;x and results in the detection of
paramagnetic species simultaneously witl; the observation qf the formation of a new charge-
transfer band. The complex formed between the acetonitrile solution of TMPD with each2of
the following aéecptors: p-benzoquinone (PBQ), chloro- p-benzoquinone (CBQ). ¢2.5-
dichloro- p-bt:r;zoquinone39 are cxambld of this behavior. Imer;cu'on of tetrakis( p-

dimethylaminophenyl)ethylene (TMPE) with acceptors such as 2,4-dinitrotoluene

\ ®



Tagle 11 Comparison of the spectra [TDAE’*JTCNE'), and TDAE (TNB),

~
Spectrum [TDAF’® JTCNE], [TDAEJTNB], ‘
|
L - o |
{
IR (Nujol) TDAE’™ and TCNE No TDAEZ™ bands |
bands
1, . ' 24 a b
H-NMR (CH.CN) TDAE signals TDAEF signal
: - q *ﬁ‘
UV (CHyON)S TCNE™ absorption”- 2 new CT bandsS -

[a] Considerably broadened and displaced to higher field strengths because of the

paramagnetsm of TCNE .

[b] Another signal 15 due 1o innitrobenzene.

[c] Dilute solution . v ;

[d] Charge-transfer bands at 545 (e 210) apd ;442 nm (e = 300).

(DNT): 2.4.6-trinitrotoluene (TNT). 1.3.5-trinitrobenzene (TNB) 1n methanol results 1n a
B
double electron, transfer to fofm a diamagneuc dicalnon.39 The medium in which the

mteracnon ukes place also plays a critical role in determining whether the clcctron transfer

process gneurs In non- 1omung solvent, cyclohexane, the mteracuon between clcctron donor :

TMPD, and electron acceptors : DNT, TMB and TNT all resulted ‘in the formation of
|

38.43-43 However, in aqueous solution only those

2

intermolecular charge-transfer complexes.

systems dissolve which, because of the high electron affinity of the electron acceptor, can
- <+

form the radical ion pair AeTMPD e . The cation is sufficiently stable in water to be detecied

experimentally, whercas most other radical anions react 100 rapidly with the water for their

-

absorption spectra to be recorded. SN

Kuwata and Gcske2 obtained the radical cluon TDAE e by the comproportionation

reaction (2). {



3 4+,
Me, N NMe, Me, N NMe, Me, N N Me,
. >/_< — 2 /\___\/ (3
Me, N N Me, Me, N N Me, Me,, N N Me,
¢ -
TDAE TDAE ® : TDAE ~

CH,CN

+
The orange solution of the catuon TDAF e ()‘max = 385 nm) obtained from TDAE

(C104)2 and TDAE 1in dimethviformamide gives an ESR spectrum consisung of 300

observable lines. The equilibrium constant K for reaction (2) 1s 230. 1.e.. 89% of TDAL o

exists in equilibrium with 5.5% of TDAF and 5.5% of TDAF2+ .46

24
The halfwave potentials, E‘l' EQ are:

TDAE « TDAE" + ¢ By =075V

+ - 2+ - . .
TDAEe « TDAEL + e I:z_ 061V

The electrochemistry has been done on this system allowing the calculation of the radical
formation constant K for the reversible processes. The distinctly negauive potential of TDAF
(whigh roughly correspords to the standard potential of zinc: Zn ‘-’ an,, + 2 : EO =
-0.76 V) is a quantitative indication of the electron-doror character of the tetraaminoethylene
“system. The surprisingly low appearance p'gtcntial of TDAE in com'parison with those of*
other tetrasubstituted ethylenes also confirms that the atomic grouping ( = N)éCzC(N: )2 15
an “electron-rich” system. The appearance potentials of ethylene, tetramethylethylene, and
TDAE are 10.5, 8.4 and < 6.5 eV 1't:spectively.18 For this structural type the only compdund
that has been studied in any detail is tetrakis(dimethylamino)éthylcnc. The foregoing
discussion shows that TDAE is a strong electron donor. This ;s substan_tiatcd by sim;jle HMO
calculations.‘17 |

The HMO scheme permjts the comparison of the electron donor TDAE with other

donors of similar structures. As the size of a carbon 7-system increases, the energyof the
S

L]



first anti-bonding orbital decreases. and the electron donor abiinv  shouid decrease

Compounds denived from TDAF by inseruon of organic groups which extend conjugaton

(eg 2.3.7 )18 wiil bt poorer reducianis

M M.
= < M'_P" ?:—M(
1 | . \ /
j : [T < Yoo o S
N N = N
AN J | >
4 / ‘\ . -~
N N N N T
/l J ( \‘\> X > N
:,'// (\‘ [‘\*i / // § // M - \"
t ! _ V
N i -
'
M. M.
(2) ’ 7 (3)

Sandin er al. pointed out that the insertion of the four p-phenylene groups nto the structure

of the electron r1ich N N N’ /N'-octamethylietraaminoethylene (TDAF) gives rise 10 a

structure, compound (7). which has a lowered electron donor strength (El/2 = +0.160 V vs .
SCF)_48 atlested - 1o by its ability to be reversibly oxidized by iodine in non-aqueous
solvenls,49_51‘This interpretation, however, will be elaborated further in the discussion.

Compound (7) also exhibits a certain acceptor character, and reacis with t(wo equivalents of

52.53 (TDAE does not react with lithium in diethylamine.28) The

sodium to yield a dianion.
monoiodide of (2) can in faet be reduced even with silver54 (Zn is required for TDAE); the
half -wave potential of (2).is only 0.3 V24 (TDAE: -0.75 V). The lowered electron donor
ability is also evident in the readily reversible electron transfer process observed for the

29.55 + -
(TMPDe TCNE - TMPD + TCNE).

~ complex formed between TMPD and TCNE

Foster et al.38 commented that the medium can significantly affect the electron dofior
ability of TMPD and TMPE and that their effective order can be reversed by changing from
one solvent to another. In cyclohexane TMPD is the stronger electron donot while the reverse

holds true in both methano! and acetonitrile. Bard et al.5 6 reported the equilibrium constants

/



s

of S5 and 1¢ for TAF in methyviene chionde and acetomnile. respectiveiv. for the

s

comproporucnation reaction (3)

*
e
Me O OMe me, Ome we O Ome
a - L. - N ! .
C=—( ~ - - .
) N 4+ o< - 2 C—¢ (3)
A B “ . . .
Me O OmMe MeO . Ome Me O ' Ome

b}
v

an¢ suggested that the dicadon s more solvatec in acetonitnle than in methyvlene chionde
thus shifung the equiltbrium to the left. leaving a lower concentration of radical cation 1o be
detected by esr The reaction of type (4) 15 usually detected
K
-
RED + OX « 2SEM (4)
spectroscopically . o1 by electrochemical techniques Not manm examples are known outside the
. ! 4
violenes These have been explored mostly 1n Humg's laborator),l The violenes are often
made by oxidauion of M by MZ" and the comproportionation constants K have been obtained
v ,
for a number of compounds from the one- and two-electron oxidation potenuals, El and E,.

obtained electrochemically, eq. (5)_14‘5"58

log K = (E, - E;)/b.06 (V. 25C) (%)
In a large number of cases. the constants are quite large, indicating that the violene radicals
are the pfcdominam species. The comproportionation constants have also been emploved in
combination with other phyéical lcchniqucs to obtain the forward and rcv‘c"rse rate constants
of compouna (8 )59 and (9)‘60 Not all violene systcnls exist so far over on the radical
" cation side. Thus Kc omp for compound (10) is 16 in acetonitrile solulion‘w'57 indicating that
ay

comp for (11) could

not be obtained enlirély by electrochemical methods and was estimated to be about IO]4

the equilibrium mixture contains 80% of the cation radical. In contrast, K

(the value El 1s not clearly dcﬁncd).62.64

S—
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M
Ps

SO

2 N N—N N
Me Me
g
= 214 .10 . 2
comp Kcomp~ 8-10
(8) (9)

Using opuically transparent electrodes and rapid scan spectrophotometer Gruver and’
l'(uwana65 obtained K :3)‘1012 for dimethyldihydrophenazin (12) and K = 6 x 106 for the
methylviologen -( 6 ) Nizuma er a/ 66 reported syvstern (13) 1in ethanol lies far (o the left, thus

disproporuonation of the biacrideninium cation radical is extensive. The inherent structure of

the parent molecule can also play a decisive role in governing K, I:l and tZA Hllmgls‘()2

reported that elongation of the vinylene chain as in (14) rapidly reduces Kcomp' but the
vjnylene bridges in (15) and (16) have hardly any influence. The general structural prmcxple)
presented in systems A to C (Scheme I) would thus generally be aét:cssib.le 1o systems that
differ strongly in respect of the position of the fed'ox potentials E] and EZ' the

thermodynamic and kinetic stabilities of the RED, SEM and OX partners, the sensitivity 1o

acids and bas':s,67 and the solubility in different solvents. Further, taking into account that

the SEM form always shows absorption at by far the longest wavelength and that

67.68 then these redox systems can be considered for

I s ‘ " 70-7 ‘ .
utilization as redox mdxcators,69 as electron donors and acccptors.70 2 as catalysts for

13-75 76-77 4nd as electronic conductors.78'84 of

electron-transfer is diffusion-controlled,

electron transfer, as light-sensitive systems,

these possible épplications some have already acquired industrial importance and others seem

highly promising.
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1.2 PROPOSAL
Sandin er al. atlempted 10 rationalize the epr acuvity of the diodide salt of TMPE 1n

solution 49.50 The observed featureless epr signal was suggested (o onginate from a reversibie

electron transfer process between the 1odide amon and the TMPY2+ dication fragment
Although Sandm51 subsequently reported the existence of the TMPE: cauon radical 1t
remains unciear as to whether revetsible electron transfer did occur between the counterions
of the diiodide salt and whether disproportionation occurred between thgee molecules of the
diiodide salt_to give rise to two molecules of the TMPE ditriiodide salt and }onc molecule of
TMPE . Furthermore, Bard er a/v56 observed a broad featureless epr signal upon parual
oxidative electrolysis of an acetonitrile or methylene chloride solution of TMPE. An attempt
to define the K of the generated TMPE+0 radical species led only 10 an célmalc of the

SEM

value. The idenuty of the paramagnetic species and the value of K sull remained

SEM
unsettled. The chemical reacuvity of RED/OX systems such as TMPE/TMPE2+ 15 also of

fundamental interest, since very httle chemistry of these systems has been reported.



RESULTS

i
1.1 ELECTRON SPIN RESONANCE, ELECTROCHEMICAL AND UV ABSORPTION

STUDIES OF THE TMPE/TMPEZ Y SYSTEM

The resolved epr spectrum of the 5050 muxture of "'FMPEfl'MPE“u(Cl_)2 svstem
was ‘obtamcd at 25°C in mcmyl;ne chloride by muxing equal volumes of degassed (l()_3 M)
solutions of TMPL and' TMPE2+(CI‘)2_ A moderately resolved spectrum consising of at
least 190 observable lines with the spacing between two adjacent groups of hnes of
approximately 0.71 Gauss was recorded. g 2.00328 (see Figure 7). The 50:50 mixtures of
TMPI-,/TMPF24(I_),; TMPh/TMPFQ+(NO,‘_)2 in methvlene chloride under degassed

condition at 25°C, both gave resoived spectra identical 1o that of the TMPE/TMPE®™ (CI_)3
system _
‘ The 50:50 mixture of TMPE/TMPEZ+(BF‘{)2 in degassed methylene chloride at 25
gave an epr spectrum, which was not as well resolved (74 observable lines) with the spacing
between two adjacent groups of hines of approximately 0.7 Gauss, g 2.00336 (see Figure §)
The intensity of the overmodulated epr signal (area uhnder the curve) of the

e \
TMPE/TMPE* ™" (Cl )2 system 1n methlene chioride and acetonirile wds plotied against the

2+])_

(see Figure 1 and 2). A series of proportionality constants were determined and an average

variation of the absolute percentage of TMPE (ie. % of [TMPE)/[TMPE] + [TMPE

value was calculated. The average proportionality constant was subsequently employed for t‘he )
formation constant derivation (see Tables I, II, IIl and IV). The _semiquinc::c formatizm
constants found for TMPE/T MPF.2+(C1‘)2 system in methylene chloride and acetonitrile are
8.64 and 0.036 respectively (entries 2 and 1, Ta.blc IX). |

_The percentage of the TMPEt at equilibrium in methylene chloride and acetonttrile

was found to be 60.75(1otal concentration 10_3 M) and 9.78(total concentration 2 x 10—3 M)
respectively. Calibration against 2,2-diphenyl-1-picrylhydrazyl (DPPH) indicates that 13.9%
+ +
of TMPEe exist at equilibrium in methylene chioride and 2.6% of TMPE e exist at

equilibrium in acetonitrile (entry 1 and 2, Table 1X).



The radical cauon TMPE: was generated electrochemically at 25°C under degassed
condiuon from the methviene chlonde solution of TMPE (10_3 M) and EI4NC1 (011 M)
(see Figure 13) The intensity of the overmodulated signal was piotied against time (sec Table
V. Figure 3) The length of ume employed for the electrolysis was precalculated so that with
a constant current of 136 4 oA passing through, an overall average of one cl:c)uon.pcr
molecule 1s removed when the electrolysis time reaches 2 hours The electrolysis was carned
out for 4 hours. duning which the cell was occasionallv removed from the epr cavily.
thor‘oughl) mixed. and reinserted into the cavity. The intensity (area) of the ovcrmodulat;d
signal was plotted against ume {see Figure 3). The unit on the abscissa of the plot was
correspondingly  converted nto the absolute percentage of TMPE and a senes of
proporuonality constants were obtained (see Table V). The average proporuionality consiant
was subsequently emploved for the calculation of the semigquinone equihbrium constant. The
equilibnium constant found by this approach 1s 6.00.and the corresponding percentage of
TMP}: at equilibnum in methviene chlonde 15 53.3% (see Table VI). ‘

The identity of TMPEt was established by obtaining a rc"solkd epr spectrum when
the electrolysis reached one equivalent. The spectrum was found to be idenuical to that in
sgure 7, g 2.00330. The UV absorpuon spectrum of the TMPE: was obtained by subtracting
lhl;ctra of TMPE and TMPE2+ from the overall spectrum of the TMPET/TMPEIt
system at equilibrium in acetonitrile (see Figure 16 and 17). The concentration of TMPE and

TMPE2+ at equilibrium was calculated from the equilibrium constant (K = 0.089) 10 be 2.4]

2+

X 10_4 M(the total iniual concentration of TMPE and TMPE is Sa 10_4 M).

1.2 ELECTRON SPIN. RESONANCE STUDY OF THE TMPD/TMPDZ+(C104_)2
SYSTEM 0 |

The resolved epr spectrum of the 50:50 mixture. of the TMPD/TMPD (ClO °)2
system in acelommle was obtamed at 25°C by mixing equal volume of L@dcgassed 10 3
solutions of TMPD and TMPD (C104 )2. A resolved spectrum consisting of at lcas1 78

observable lines with the spacing between two subsequent lines of approximately 2.0 Gauss

was rtecorded, g 2.00395, scc Figure 10. The identity of the paramagnetic species was



eslablished by 1ts companson with the reported g factor and epr spectra of the TMPD e

radical

r

The mntensity (area) of the overmodulated epr signal of the
TMPD/TMPD?*(C]OA_)2 system in acetomtrile as plofted against the vanation of the
absolute percentage of TMPD (1e. % [TMPD})/[TMPD] + [TMPD +]) (the toual
concentration 1s l()*3 M) (see Figure 5). A senies of proporuonality constants' was obtained
and their average value was subsequently employed to calculate the formauon constant (see
Table VII). The semquinone formation constant found for TMPD/'I'MPD?‘(CIOA_)2
system 1n acetonitrile 1; 34 28 which corresponds to an equilibrium concentration of 73 30
radical (see Table VIII) with respect to the total concentration of the TMPD and
TMPD24(C104')2. Calibrauon against DPPH was 1n close agreement - with tﬁc calculalcdl
‘value and indicates that the percentage of TMPDz 15 85 9% at equilibrium

When the intensity of the overmodulated epr signal of the TMPD/TMPD:‘ (CIOA_ )2
svsiem in acetonitrile was ploueq against the vaniaton of the absolute percentage of TMPD -
(the total concentration 1s lO_4 M) a skewed curve was obtained (see Figure 19) indicating
the stoichiometry has changed. The UV absorptions of TMPD and 'I'MPDT‘,)J(C]O‘{)2 in
5 "3 M) indicate the Beer-Lambert Law is obeyed up 10

acetonitrile solution (5.10°° - 10

-3

10 " M.

The intensuy of the epr signal decreased with ume. The decreased intensity of the epr
signal represented a comparatively slow decay (see Figure 14). After approximatelv 7-% davs
the intensity of the ep: signal remains unchanged. Assuming the decay of the intensity of the
epr signal is due 10 a bimolecular process and a dimeric product is formed, ~Lhe kinetics 1s
found 1o be of second order with respect to the paramagnetic spcéics and the half -life of the
| paramagnetic species is estimated to be' 3 days (see Figure 15). J

' Mass spectrometric examination of the solid material, recovered af ler; several
,half’-lives. indicated the existence of the monomeric TMPD fragment (Chemical Ionization,
MH* = 165). The Mass Spectrometry - Fast Atom Bombardment (MS-FAB, M'H™ = 327
(M is the molecular weight of the dimeric produ‘ct), MH" = 165) indicated simultaneous

existence of both the monomeric and the dimcn’c product of TMPD.



1.3 THE RL.A&!\'IT\ OF TMPD2+(CIO4_) TOWARDS 2.6DI-TERT-BUTYL-

2

PHENOL

Prehiminary studies of the reaction between TMF’DZ‘(CIO“T)2 and 2,6»d:»le:{
butylphenol in acetoninle showed that the reaction yielded a2 number of oxidauve products
The products 2.6-di-tert-butvi-4-methyiphenol! (1), 2,6-d1-len-l_d-bcnzoquinonc (i), 3.
dx-ter,l-buxyl-‘t»hydrox) benzaldehyde (IV). 3,537 5 -teua-tert-butyl-4.4 -diphenoquinone
(VII). 4.4 -dihvdroxy-3,5.3° .5 - tetra-tert-butyldiphenvl (VIIl), 4.4 -dihydroxy 353§
tetra-ters-butyldiphenvi methane (V). 2.6.3 .5 -tetra-terr-butvl-4"-hydroxyphenvi 4
methviene-2 5-cvclohexadiene-1-one (VI).  bis (3.5-di-tert-butvi-4-hvdroxvphenvi)(3.5-di
lerr-butyl-4-oxoc_\clohexa-2,5-dlenylxdeﬁe)melhanc (X) and wns(3.5-di-terr-butvi-4
hvdroxvphenvl)methane (IX). are formed (see Tables X and XII).

Since several of the products formed contained one moie carbon than either the
dimenic or the tnmernc pheno! 1t was suspected that the solvent. acetonitrile was one of the

13 .
reactants In their formation. When the reactions were run with either acetonitrile-l-""C

13

(6.3%) and accton.'nrile-Z- C (5.8%) the products were found to have been formed without

13C ennichment. Furthermore, when the reaction was run in propionitrile as solvent the
analvsis of the reaction results showed the same pattern of products.

Compound (X) (see Table X) 15 chosen as a target molecule for the test due to tts
relative abundant vield and 1ts ease to undergo flash chromatography separation.

The reaction of TMPDQ*(CIO‘,‘_)2 and 2,6-di-terr-butylphenol in benzene a/l 90°C
yields mainly 4,4"-dihydroxy-3,5.3",5 -tetra-tert-butyldiphenyl (VIII) (entry 4, Table XIV)
with identifiable dealkylated products (compounds' XI, XIII, X1V, Table XI). Prolongated

reaction of the dication salt with the title phenol in propiohitn‘le vielded more dealkylated

products (compounds XI. XIV, XV and XVI, Table XI) as,well as tic non-eluted material.



Table 1. Proportionality Constants at Different Percentage of [TMPL)/[TMPE] +

[TMP£2+] Equilibrium in Methylene Chloride

Point # Relative Intensiny % TMPF Proporuonality
X 1()4 . Constants ¢ !
1 115 S
086
2 228 10
091
3 340 15
081
4 435 20
082
}
S 52.0 25
087
6 60 .0 30 . ¢
089
7 67.0 35
086
8 72.0 40
085 [
|
9 750 45
.089
10 76.0 50
076
11 75.0 55
.070
12 72.5 60
.069
13 68.5 65
, 068
14 63.0 70 :
. .069
15 56.0 75
.069
16 47.5 80
: .074
17 ’ 37.0 85
069
18 26.0 9 .
071

19 13.5 -95 ’
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Tabie 11. Summary of data and results obtained from.-the TMPLfTMPF“+(CI )Z system 1o

methylene chloride

?

C
average
. 2+
[TMPE] = [TMPL
)
Rel. Int

‘at S0%

% Radical

.60 75 -

0 Or

11 03

519




Table IH. P;oponionality Constants at Different Percentage of [TMP}]/[TMPL]

[TMPE,2 +] Equilibrium io Acetonitrile

¥

—
Point # Relative Intensity % TMPL Proporuonalin
N\
x 100 \ Constants €
1 35 S
745
2 51 10
1.296
3 6.4 15
243
4 72 20 06K
S Ty 25
1 .&4¢6
6 & 4 30
1.136
7 8.8 35 ¢
1.689 \
] 9.1 40 -
3476
9 9.2 45
4 605
10 93 S0
4 605
11 9.2 55
3.476
12 9.1 60
4.262
13 9.0 65
3.899
14 8.7 70
3.21
15 8.2 75
1.817
16 7.7 80
216
17 6.9 85 .
.015
18 5.8 9% -
-y .042
19 4.2 95
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Table IV. Summary of data and results obtained from the TMPE/TMPE* " (CI ), system In

acetonitrile

v
= 2042 1o
average
T 2+ 3
[TMPE} = [IMPE"" ] = 09910 " M
b
Rel. Int - 93x10 -
et it g 0% - :
A = 008Y = (0%
% Radical = 9 78+ 759




Table V. Proponiouaiiry Constants a! Different Equivaiences of CBulometric Electrolvsis of

TMPL io Methylene Chloride

— B S e T T
Poin: & Relative Intensity No of % TMPt Proporuonainy
X 1(14 Equ:valence .- Cgastant C
b — S
X 38 10 5 {
3 864 |
, 58 2 10 |
- 4 144
3 67 30 . 15
7310
4 77 4 20
. ¥ 463
S g S S 25
1.274
6 92 6 30
1.12%
7 97 7 35
5.787
8 10 R 40
: 2.303
9 10.3 9 45
. - 3.92%
10 ‘ 10.6 1.00 < -50
3.48%
11 10.4 1.1 55
o 2.790
12 10.3 1.2 60
- 4.384
13 10 1.3 65
- 8.750
14 9.6 14 70
1.400
15 9.2 ‘ 1.5 75
y ) 8.185
16 .. 8.6 1.6 80
1.169
17 7.9 1.7 ° 85
. 1.267
18 7.0 1.8 90
2.173
19 6.0 ~ 19 95 .




¢
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Table V] Summary of data and results obtained from the TMP} electrolysis 1o methviene

chloride

}.
= 399 128K
average
2 L, b
[IMPE ] =[TVPE *1(’ - Sosx 0 M
Rel Int g0 = 106
A = 6 00t 4K
% Radical = 533154



Table VII. Proportionality Constants at Different

[TMPD

2+] Equilibrium in Acetonitrile

27

Percentage of [TMPD)/[TMPD]  +

#Point #

Relative Intensin % TMPD Proporuonality
X 104 Constants C
1 36 5
242
2 6.4 10
313
3 96 15
292
4 124 20
.297
5 + © 150 25
. 316
6 17.6 30
.296
7 19.6 35
.282
8 21.0 40 .
: 304
9 220 45
: ey 200
10 N2 ¢ 50
‘ .394
1] 214 55 I/
‘ 380 cD
12 1938 60 .
356
13 - 18.0 65
. .376
14 15.6 70 ‘
: 345
5 - 134 - 75
i 383
16 ﬁq 10.6 80
* 371
17 8.0 85
. : 364
18 54 90
. 395
.19 2.6 95 -
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Table VIII. Summary of data and results obtained from the TMPD/TMPD (CIO‘_)7

system in acetonitrile

Ll

()

' = 0334002
average
2
[TMPD), = [TMPD* ¥ = S0l 0w |
4
" 4
- a1
Rel. 1nt. at 50% = 222210
K = 34 28114 80
IR N
% Radical = 73.30+4.50
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DISCUSSION

1.1 ON THE BEHAVIOUR OF THE TMPL/TMPEZ+ SYSTEM

Subsequent 1o the reported preparations of the octomethylietraaminophenylethvlene
by Gattermann®> and by Willstatter and Goldman.S® the dichloride, ditribromide. ditriiodide
and diperchlorate adducts were synthesized by Wizmger.gz The preparation of the dibromide.
dnodide, dmitrate and disulfate adducts were also reported by Madelung and Oberwcgncr.823
The ionic character of these adducts was firmly established by electroconductivity studies
carnied out by Buckles and Mcmhardl.89 Sandin and coworkers subsequently described the epr

2.49-51 The observation of a

activity of the diodo salt of the parent molecule in solution.
featureless epr spectrum was rationalized bv the assumption that in ethvlene chloride solution
the diiodide salt is reversibly converied back to the parent TMPE molecule and two 1odine

atoms 49 (Scheme 1).

..ZNT o ;u., “‘i"\[ . f;;.l:_ Me, N NMe
\/‘/\é&—c%[j;/'j S , L\c==c{;j£ +Je _— ' c—cC ‘ 4+ 2]
o e \-/L....., M‘J S— s <™ e,
+ .
-
Scheme I

The suggestion was given some suppori by the observation that solutions of the
dinitrate salt of TMPE did not cxhibill any epr aclivily.49 In an attempt to purify the,
dichloride salt of TMPE, in collaboration with Sandin, we noted that upon heating the salt to
75" under va’/‘cuum some of the salt was converted back to the parent TMPE molecule and that
a piethylene chl\oride solution of this solid is paramagnetic. When the diodide, dichloride,

initrate and ditetrafluoroborate sglls were purified by a continuous extraction method the

methylene chloride solution of these salts does not exhibit paramagnetism but mixtures of the

salts and the olefin gave an intense epr signal. Since the most intense signal was obtained at a

N
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5
50:50 mixture of TMPE/TMPE* " salt 1t was suspected that an electron transfer equilibrium

exists between the dication salt and the olefin TMPE (Scheme 11)

+ X +e X7
N ’ . NMe, Me N ) NMe, Me N NMe,
{ L ] i | L 1 i
. /c--c\ <+ C (o - T2 Cc -¢
g L o P T
N NMe, Me_N NMe, Me N NMe,

+ X

©

Scheme II

The concept of electron exchange between TMPE and TMPIF2+ was proposed by Bard er
al 56 through oxidative electrolysis studies of TMPE 1n acetonitrile and methylene chlonde.
The observation of a broad singlet was suggested as evidence for the existence of the TMPI&t
radical cation speties. The measurement of the thermodynamic stability of a number of
two-electron  radical cation transfer systems have been  previously determined
electrochemically. Numerous studies of the formaliolrx constant of theGadical cation (KSEM)

of the Wurster ‘type and Weilz lype species cmployingfhe electrochemical methods were

1,14,15,58.90 91.92 47,56.61 a

reported by Hunig, Geske and KuwaLa,24 Fritsch et al., Bard, nd

93.94

Parker. The key point 1o the successful application of the electrochemical method 1s

governed by the magnitude of separation of the electron transfer potcnlials.56 Clearly defined
and well separaied E1 and Ez_ OF = E2 - El > 55-60 mV (the first and second halfwave
potentials, respectively), will render KSEM unambiguously determined. If, however, the"
second electron transfer occurs as easily or more ;e'adily than the first electron transfer the
resulting first and second waves will merge and a single two-electron wave is observed, 8E <

50 mV, the K will not.be clearly defined. There also existed a borderline behaviour in

SEM
which the differentiation betwegn the first and second waves is still visible, AE = 50-60 mV.

Unfortunately, the work of Bard suggested that TMPE belongs to the class of compounds
showing the intermediate type of behaviour. Balrd56 attempted to put a limiting threshold for

the E2 value obtained for the reduction carried out in methylene chloride and he also

predicted that K 24+ system will have a smaller value in

SEM for the TMPE/TMPE
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acetonitrile. An accurate value  of KSEM was desired and an alternative approach to 1ts

determination was explored in this study.

The epr signal recorded at 0 and 100 percent of [TMPEJ[TMPE] + [TMPEZ ]
indicated that both the parent olefin TMPL and the corresponding dichlonde salt 1n
acetonitrile or in methylene chionde solution exhibit neghgible, if any, pararnagnetsm (Table
1 and III). It was. however, doubtful that the reversible electron transfer process has taken
_ place between the 10dide and the TMPF.2+ fragment in the case of the TMPP2+ ('.)2 salt in
solulion49 (Scheme 1). The suggestion that the paramagnetic species was formed during the
disproporuonation electron-transfer process of three equivalences of the 'I'MPE2+(I-)2 salt

in benzene (Scheme 111)50 could not be consistent with a maximum €pr intensity at the 50:50

stoichiometry.

"~

+ ek
Me,N 3 NHO, Mo N o NMoaz Me_N P NMe,
J\ J /J - UL - /r A '
-— ; € -c_ = 4 2 Je—c_ -
"'?" - T Nme, “'z“ ' T TNme,  Me,NT = Nme,

l‘ 1,

Scheme 1

Subsequently, Sandin et aI.SO reported that the origin of the observed paramagnetic species
was due to the formation of the TMPE+0 radical when an electron transfer process occurred
between ’I'MPEz+ and its diiodide counter ions. -ln order 1o establish that the epr active
TMPE+0 was actually formed by the comproportionation process the following work was

2+ salts with different counter anions, which would not easily

done: (a) several TMPE
undergo reversible electron transfer, were prepared, e.g., chloride, nitrate, tetrafluoroborate.
These dication salt‘s were allowed to react with a solution of TMPE. (b) oxidative electrolysis
of the TMPE/CH2C12 soluuon was carried out under degassed condition and the epr intensity
snmuhaneously monitored throughoul the process The oxidation was carried out to the full
extent where an average of two electrons per molecule of TMPE was removed, The concept

was Successfully verified when the two solutions of equal concentration of TMPE and
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TMPEZA (Cl—)2 i methvliene chlonde were mixed at different relauve proportions. The epr
signal of the paramagneuc species formed reached 1ts maximum intensity when the relative
proporuion 1s 50:50 (Figure 1) In other words the stoichiometry of the electron transfer
interacuon between TMPE and TMPEZ* 15 1.1 This indicated that one equivalent of TMPE
will react with one equivalent of the TMPE2+ 10 give rise 10 two equivalents of the
TMPF: cauon radical (Scheme II). In addiuon, when the TMPE/CH2CI2 solutign was
commﬁous]_\ electrolyzed from zero to two equivalents . the epr signal of the observed
paramagneuic species reached 1ts maximum intensity when the oxidation reached one
equivalent (an equivalent of one electron per TMPE molecule was removed) This also
clearly signified that the opumum combination of TMPE aﬁd TMPFJ* has the stoichiometry
of 1:1
The regolved hyvperfine structure of the paramagneuc species could be-obtained for the
7‘1!4r>f_/Trs4PE2‘(x‘)2 system (X = Cl. 17NOj. BF ). see Figures 7 and 8. Thus clearh
indicated that TMPE ~ X radical is the paramagnetic species responsible for the observed epr
signal previously .reporied. The resolved epr spectrum showed 190 lines (theoretical. S100
lines ) was oblamcd (see Fig. 7). The resolved epr spectrum of the 50:50 mixture of the
TMPE/TMPE2 * (BF4-)7 svstem in methylene chionide (Figure &) is 1dentical to that obiained
from the TMPE/TMPEQ“(CI_)2 system. This further supports the suggestion that the
paramagnetic species observed is that of the TMPE+0 radical. The equilibrfum concentration
of the TMPEJ: radical obtained from the TMPE/T)»(PE2+(.Cl_)2 system in acetonitrije was
calculated 1o be 9.78 + 7.59% (see Appendix Ib, Ic).
~ The UV absor_pu'on spectrum of the TMPE+0 radical cation, obtained after subtracting

the absorption spectra of both the TMPE and TMPE2+

at equilibrium concentration in
acetonitrile from the overall absorption spectrum of the 50:50 mixture, has' very low
absorptiorr which may account for the 9.8% radfcal cxisﬁng at equilibrium (see Figures 16 and
17). These results argue for the reliability of the value Keq = 0.089 obtained for the
TMPE erPEZ+((;]_)2 system in acetonitrile. The equilibrium constant, Keq = 6.'00 for the

TMPE/T MPE2+ (Cl')2 system (methylene chloride) was verified electrochemically.



When the paramagnetic species of TMPE in methylene chlonde solution was generated
clecttochemically and a plot of relauve epr intensity versus ume was constructed, the K
calculated from the piot was 6 00 which corresponds 10 53.3% radical at equilibrium

Within experimental error range for the epr method of =+ IO to 20 percent, Keq‘s
obtained by the two different methods are in sausfactory agreement. The results were also
found to be consistent with those reported by Bérd el a156 regarding the electrochemical
behaviour of TMPEfTMPE2+ (Cl-)2 svstemn 1n acelonitnle and methvierie chlonide. Howeve: .
the reported ch sull remained questionable since Bard uulized the suggesuion of Sandin tha:
TMPE2+ (]—)2 undergoes reversible electron transfer process by itself 1n solytion and
proposed the Ez .value 1o fall Yx[hm the range between EN (TMPE2+/TMPE) = (Ei +
E,I')/2 = 016 Vand F (lz/l—) = 0.20 \ This 1s probabh not correct since the result from
this work has lent strong support to the existence of an electron-transfer process occurnng
between TMPEz* and.TMPE,

In conclusion, the behaviour of the TMPE/TMPEZ‘ (Cl')2 svstem In acetonitrile and
methylene chlonde, in general, follows the trend that other similar systems do. Solvents ;mh
higher dielectric constant, e.g.. acetonitrile, favor the solvation of the dicauon species
resulting in the shift of the equilibrium towards the disproportionation direction and solvents
with low dielectric constant, e.g., methylene chlonde. favor the solvation of the less charged
monocation spectes which in turn shift the requilibnum towards the comproportionation
direction. The question as 10 when the solvatiot factor or the thermodynamic stability of the
semiquinone monocation radical predominantly governs the direction of the equilibrium
remains open for further study. One obvious fact is‘ that in the case of the 'I'MPD/TMPD2+
systern the stability of the cation radical is so large that even in more polar s;)lven'ls such as

1097 | 3

acetonitrile the equilibrium lies far over to the comproportionation side (Kc =10 ).

, q

KL
I11.2 ON THE ?EHAV]OUR OF THE TMPD/T MPD2+ SYSTEM
_ Since the equilibrium constant (KSEM) could be successfully determined for the
.TMPE/T MPE2+ system in both methylene chloride and acctonitrile. a‘ similar approach was

attempted with the .
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2 - - .
TMPD/TMPD” (C]O4 )2 system 1n acetonitrile A number of electrochemical sicdies of the

3.95.9¢6

oxidauon of TMPD have been reported. The E] and Lz values determined 1n these

studies allow the calculation of the KSEM constant. These value are compared with the result
obtained from our epr studies of the TMPD/TMPDr' system (see Table IX)- From the epr
plot (see Figure 5). the equilibrium constant for TMPDWTMPDQ* sysiem in acetonitrile 1s
calculated to be 34.28( 73 30 of the matenal i1s radical at equibbrium) while that reported by
Grampp and Jaemckc3 1s calculated to be 9.3 x lO10 (> 99? radical at equihibrium). The
discrepancy; may  owe ns‘ explanation to the fact that TMPDt can undergo radical
dimerization 1n solution ’

The reversible radical dimerization o! the TMPDAO radical species 1n solution and in
the so]:d‘stale al various 1em’pera(ure range has previously been rcporlca -10 explaimn the
paramagnetism behaviour obser\'edg—’-m9 In our laboratory the paramagnetism was found to
decay 1rreversibly with ume (see Figure 14) and the radical half-hfe esiimated to be three
davs. Our DPPH cahbrauon (85.9% radical at equilibrium, see entry 4, Table IX) inferred the
radical concentration 1s lower than that predicted by electrochemistry (> 99.9% radical at
equilibrium) which meant some reservation after this since the method is only approximatels
correct within * 20%. However, the shape of the theoretical curve (K = 27) agrees with that
of the DPPH calibrauion (see Figure 5) and suggested that a rationale is needed as to why the
epr method gives a correct answer but does not agree with that which came from
electrochemical studies. In addition, if the 'prcsu‘;i'posuion that an 1rreversible blmcl).lccular

o+
process occurs subsequent to the reversible formation of the TMPD e cation radical holds

true (Scheme IV). then the radical decay would follow second-order kinetics.
110

The straight line plot of the ratio [X]/[RO - X] versus time (see, Figure 15) is
consistent with this proposal. Chemical lonization - Mass Spectral examination of the solid
material recovered after several half-lives shows the existence of the moﬁomeric TMPD
(MH', 165) while Fast Atom Borﬁbardmcm - Mass Spectrometry indicated the existence of
both the monomeric TMPD (MH ™, 165) and the dimeric product of TMPD (M'H+. 327)

(M" is the molecular weight of the dimeric product). A thin layer chromatographic

examination of the solid material (silicaécl/cthyl acetale: pentane [‘2’:8]) shows the existence



Scheme

of at least three components, one of which is the monomeric TMPD ?bx a comparnson with

the Rf of TMPD). A UV absorption examination of the solid material dissolved in acetonitrile

CH,CN

solution showed an absorption spectrum identical to that of the monomeric TMPD (A max

260, log ¢ 3.44). All of these data lead to the conclusion that a dimeric product is at least one
: !
of the conceivable pathways to rationalize the irreversible disappearance of the paramagnetic

+ . ‘
TMPD e - species. However, another possible rationale for the observed irreversible decay of

24+ -»

the epr signal, which cannot be completely ruled out, is that the TMPD + ‘TMPD -« 2

- -

+ .
TMPD e equilibrium is shifted towards the disproportionation direction by reaction of one of

the reactants. This behavior could' be accounted for since solutions of the dication,

111,112

TMPD2+(C104°)2 in acetonitrile solution has been reported by Michaelis and

ll(ommandczur113

to decay upon standing in aprotic solvents which are not ab%olutely dry. If
the dication was depleted the equilibrium shifts towards the disprbportionation direction. As a

‘ +
consequence lower concentrations of the paramagnetic TMPDe and lower equilibrium



constants would be observed

An attempt 1o reduce the possibihity of TMPD‘O radical dimerizauon by lowenng the
total concentration yielded a pecuhar epr concentration piot (see Figure 19) The skewed piot
which has 1{ maxima at 25-30% may be indicative of complex formation between TMPD with
ity own species and/or the TMPD2 T with 11 own species  The UV absorbance vy
concentration plot of both TMPD apd of TMPD2 N (CIO‘{)2 in acetonitrile solutions over the
concentration range studied (S x 10-5 - li)k3 M) indicated that the Beer -lambert Law s

stnctly followed and gave no indication of complex formauon. The behaviour of the epr

plot at lower concentrations remains unexplained



£

I3 OXIDATION OF PHENOLS USING THE DICATION SALTS

/

2+ D
The capacity of the TMPD®  and the TMPE dicatior fragments 10 gain one O
two electrons 1o give a stable radical canon or the neutral species. respectively | 1s an atiractive

feature of the salts should they be used as potenual oxidants The substrate unde:
4

investigation n this study 18 2.6-d-terr-butyl pheno:

One of the charactenstic chemical properues of the phenoi family 15 their facale

114-117
omdative conversion to compounds of different structural types The diversitv of

pheno} oxidation products offers interesung synthetic possibilites for the preparation of
simple and polymenc molecules containing phenolic and/or quinonoid structural elements.

paruicularly of those resulung from oxidatuve coupling of both hke and unhke intermediate

115-125 :
- radical  species In additon, mechamstic studies of oxidation reacuions of

118125
phenols . have lent strong support to the interpretation that a number of biosynthelic

processes actually proceed by biogenetic pathways, involving the oxidauve utihzauon of

177 2
phenolic substratcs.]l4'1]8'lzl 123.125

The long-known fact that substituted phenols and the corresponding phenoxy radicals

- 126-128
are efficient inhibitors in autoxidation processes of organic substances has stimulated

the development of chemical and physical methods. particularly esr spectroscopy, for the

study of the detailed structure of phenoxy radicals and their role as intermediates in free

radical 1't:acu'ons,129_131 The first step in the oxidation of monohydric phenols, by oxidizing

114.123.125.129.132 such as lead dioxide, siver

133

agents capable of one-electron abstraction,

oxide, manganese dioxide, ferric and cerric ions, electrochemical methods, alkaline

potassium ferricyanide.n9 etc., consists in the generation of a free aryloxy radical either by )
homolytic hydrogen atom abstraction of the O-H bond of the phenol (Scheme V) or by the
loss of one electron from the corresponding phcnol or phenoxide (Scheme II). The latter
pathway shown in Scheme Vl— is the major one in neutral or alkaline aqueous solution whereas
the former is moref’importam in strongly acidic solutions ‘or in non-polar solvents. The
formation of the transient phenoxyl radicals in the oxidation of a variety of phenols under

different conditions has been amply confirmed by epr tcchniques.124'134'135
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The aryloxy radicals., formed in the first step of the oxidation of phenols by one
" electron transfer oxidants, may undergo a variety of reactions, depending on the reactivity and
' substitution pattern of the radicals, on experimental conditionﬁ, on the amount of oxidiu’ng'
agent and on the presence of other substrates in the reaction mixlure.lzg'131 When the
coupling positions are blocked by substituents such a$ alkyl, halogen, or methoxyl, thé dimeric
0,0 oI o,p products can be isolated in high yit:lds.l:;(."'137 With strong oxidizing agents,
diphehoquinones (2) are the final products,,138 resulting from further oxidation of the dimer

(1) (Scheme VII). The de-tert-butylation of the substituted phenols during the process of
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’%au’on has also been reported™with 2_4,6-m’-xerl-butylphenol.ng'141

With two-electron

142 th

‘oxidants such as lead tclra-accfate, benzoy! peroxide, and possibly alkaline persulphate e

dominant reaction is electrophilic attack on the aromatic ring which may also consequently
yield the oxidative coupling producls.143 (Scheme VIII). In zegard to the discriminat{'on

between oxidants, published cvid;ncc incﬁcates that quinones and diphenoquinones (3) but not

dimers (4) or polymers (5) result from oxidations effected in .acid\k solution or with reagents

/
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S oA

of hgh oxidauorn potenta:. whiie with reagenis such as alkaiine ferncvanide an increase in

S p , 145 o N .

aikai:mily favours polvmer formatlion (Scheme 1X) Catalvuc oxidauve coupiing of

2. 6-dialkviphenols, emploving a variety of mea: and ‘ransiion metal complexes as catalvsis,

has alse been altratung more atlenuorn from many workers duning the lamt few
141.14¢6-151

vears.

In genera!. depending on the electron accepling abihity of the oxidant towards the
2.6-di-terr-butvlphenol substrate, the react:ve intermediates mnvolved 1n the product formation
process can either be a phenoxy radical and/or a phenoxonium 0@ (Scheme X). The
involvernent of the phenoxonium jon as a reactive intermediate increases 1f the participating
oxidant 1s comparatively strong. Numerous studies carrnted out on 2.6-di-methylpheno!

152

employing strong oxidant such as Cernnum(lV)., hegrachioromndate (IV) and b

s3 N

electrochemical amodnc_};).‘x\idaU(m1 have 1ndicated lha‘(:‘:thc phenoxoniugh intermediate v
responsible for the formauon of 2.6-dimethylbenzoguinone. In the case0f hexachloroiridate
(IV)-catalvzed omidation of 2.6-dimethylphenol at least 20% was found to involve this

intermediate (Scheme XI). s
A

4

In our laboratory the reaction of the salt’ TMPI)2+(

CIOQ-)2 with
2.6‘d1—lerl-but_vlphen01 1n acetonitrile at 90°C under degasse&&ndmon yielded predominantly
a senies of coupling products together with the di- ana m-pflcnoiic compounds which had
incorporated one or mor&rbon aloms (see Table X). The existence of the latter compounds
led to the assurr_lplion that the solvent may be participant 1n their formation. Expeniments
were thus carnied out in labelled acelon.nrile, acctomtrile-l-BC, acctonilrilc-Z-UC, and n
propionitrilc\\and in benzene. | \

The Experimems carnied ;)ul in labelled acetonitrile solutions all failed 1o reveal any
13C enrichment in these compounds, while those carried out in propionitrile yielded exactly '
the same pattern of products that were observed when the reaction was run in acetonitrile.
The reaction carried out in benzene yielded mainly the coupling prdduct. compound VIII
(Table XIV) (2% yield after 121 hours). Prolonging the rea;u‘on period in benzene (the

'I'MPDZ-"(CIO,4 salt was only slightly soluble in benzene) gave more dc-ten-butyla;ed

)2
product together with tic-non eluted material, which is suspected to be polymeric materials.
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The yield of the producls of the reaction of the salt TMPD2‘+(CIO 404 With
2,6-di-tert- butylphcnol in different solvent systems at’e hsted in Table X1V.

Atlempts‘ to react ‘the Hext higher homologue of TMPE +: compound

tetraethyl-1.4-di.imjnoguinone dg)erchlorale withi 2;6-di-terl-bulylphcnol in acetopitrlk: after

A48 hours at 90°C under degassed c'onditioh f ailed 1o provide any of fhé oxidative producis and

’

concluqon that the ncwly mcorporated c;arbons in compounds 1, IH, v, VI, IX and X (Table

' :{X) came from the 'I'MPD“”(CIO )2 salt The demethylaﬂon of lhe dication salt and 1ts}

111,112

homologue TMPE to give f‘ormaldehyde w:s previously *reported by chhaehs and by

sl . .}—

o,

. Sandin.”” + - A ENG

~either a% homolytic (Scheme XII) or 1omc process (Schetoe XIII).  Since ‘the

. The formation p'r{:ccs's of compcn;uds (¥ID) and (VIII) (Table X) can be de'pictéd as

'(MPDZ'F(CIO )2 salt is compzratxvely strong oxndam i.e., being capable of undergoing
P X . i .

. -

. the stamng pgenohc substrate was recovered quanutatwely These obServaupns led 0 the °

4
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two-electron oxidation, the possible involvement of the 2.6-di-terf-butyl phenoxonium ion as
a reactive intermediate could not be ruled out. The observation of several de-gert-butylated

products (compounds XI. X1V, XV and XVI) and terr-butylated product (compound XIi)

(see Tables X1 and XII) lent strong support l'o the existence of the tert-buty] carbonium ion

IS

The formation pathway;of (XI) is given in Scheme X1V,

e

OQ

LN —

A + » ‘
= NV —2H
= {L 2 o (g - e)
, : SV ' Vil , ,

Scherrie xu

A

Co'npound XIII (Table XI) is gcnerated through' the réalkylation of the phenolate ion’

of the reactive terl butyl carbonium ion formed in Scheme XIV. Thc formauon of compound ’

‘m (Table I) may actually occur during the reaction proccss since lhe rcacuon bctween

2+

TMPD (CIO )2 and 2, 6 di-tert- butylphenol in all cases were carried out under degasscd

condmon The mecha}nsm of thls _process is depicted in Scheme XV The cxxslcncc ,,Qf -

compound I (Table X) and compound X1l (Table XI) are no doubt related to one anolhcr It )

is likely that XII was first formed and then reduced to give compound II (Schcmc XVl). Thc
.. Teductants. responsible f. or this process are . hkely TMPD and 'I'MPDO radxcgl cauon

s

o,
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Compound Xl (Table XI) 1s likely to be formed through the mechanism depicted 1in Scheme
XVII Auack of the phenolate anion on the TMPD2* fragm%nl 1s highly possible since in
polar solvents such as acetonutrile 1omzation of the 2.6-di-teri-butylphenol to give the
phenolate anion 1s favorable. The formation of cdmpound IV, 1n the presence of advenuitwous
water is depicted in Scheme XVII. The formation of compounds V, VRT‘_IX and X are
interrelated to each other and may have originated from the active intermediate XII. The
mechanism for the formation of compound V is shown in Scheme XI1X. The pathway through
which compound VI éan be formed is depicted in Scheme XX.U-5 Compoun(d IX 1s formed

from further condensation of compound VI with the phenolate anion. the mechanism of

»

which is given in Scheme XXI and was previously reported by Yang154 who synthesized IX in
this manner. Compound X is the product of the oxidation of compound IX and the

mechamism of its formation is depicted in Scheme XXI.



111.4 CONCLUSIONS
The nature of the paramagnetic species generated from the 50 50 mixture of
b -+
TMPE/TMPP:+ was idenufied as the TMPL e radical cauon. The plot of relative epr

jpiensity versus the vaniation 1n absolute percentage of TMPE (1e.. % [TMPE)/[TMPL] -

2+
[TMPE" " ]) was employed to obtain the semiquinone radical cation formation constant

(KSFM)' The method was proven to be an excellent alternative substitute for l{lt‘ well-known

electrochemical method which, because of the nature of the electron transfer process, refidered

2+ L
ambiguous KSEM values for the TMPE/TMPE system 1n different solvents. The KSEM

values of 8.64 and 0036 obtained for the TMPE/TMPEQJ'(CIF)2 system in methylene
chlonde and acetomlrlle demonstrated Lhat solvents of higher polarity, e.g.. acetonitrile..

favourcd the equlhbnum over the disproportionation direction. while solvents with lower
8.
polanty,. e.g.. methylene chlonde. favored the comproporuonation. Application of the same

- v

epr method. 10 the TMPD/TMPD2+ system resulted in KSE which was significanty 1n

M
disagreement with reported results obtained electrochemically. The discrepanéy was found to

originate from the failure of the electrochemical method to detect further possibie chemcal

: +
processes occurring after the radical formation stage. The TMPD e paramagnetic species was

found to disappear irreversibly with ume and mass spectrometric evidencg indicated’ that the

<

dimeric product of TMPD was formed. The epr method was thus only applicable in the

" measurement of .KSEM for RED/OX systems where radical dimerization or other interfering

chemical proceses did not occur. R

Results ((btamed from the reaction = between 26 di-tert- butylphcnol .andi
- TMPD (ClO )2 pointed out that the sah can bc employpd as a strong oxnd;rpand aman

: .cffecuve methylating agent in the phenol oxxdanon reacuons. -

Y-



EXPERIMENTAL

n. MATERIALS

Glacial Acetic Acid (Fischer Saenufic Co.) was punfied according to the method of Orton
and Brgxdﬁeld156 but instead of CrO3. 2-5% (w/w) of KMnO4 was used. The mixture

was heated to reflux for 2-5 h before it was distilled.
‘ LY 2

AN

AEetonitrile (Caledon Lab.l.id.) HPLC grade solvent was heated to reflux over calcium

hvdnide (Terochem Ltd.) and distilled prior to use.
)
1

’ ,
Dichloromethane (Caledon Lab.Lid.) solvent was heated to reflux over phosphorus pentoxide
and fracuonally distilled prior to use. Column glpc analysis showed it to be > 99.8%

pure.

Acetonitrile-l C (99.7%) and Acetommle-Z- C %\I%T (D Merck Sharp and ‘Dohme

Canada Lig.) were used without further purification.

2
»

2 6—Di-lert-butylphen'ol (99% Aldrich Chemical Company, Inc.) was rccrystallizcd from Skelly

B and dried in vacuo over parafﬁn wax and P205 at room tempcrature mp. 37- 38C

v '

(lu mp 38" C) T

D
*

Propionitrile (99% Aldrich Chemical Company, Inc.) was checked for ‘pu%y by glpc and no

.

further purification was carried dut.

Benzene (Thnophene free -- McAnhfxr Chem:ca} Co Lud.) (column glpc analysxs showed- it to
be > 99.8% pure) was used wuhqm further. purification. A , o



i

NN NTetramethyl-1 4-phenylenediamine (Aidnich Chemical Co ) was dissoived 1n
petroleumn ether and passed through a short column of basic actuivated alumina (ALO,.
Aluminum Oxide 90 Acuve. b Merck) FEvaporauon of the solveni, followed by one

addiuiona: vacuum sublimation at 49" 50" afforded colorless crystals Drying over P,O5 n
' 157 158

vacuo ai room lemperature gave loose coloriess flakes mp S1 52°C (L. mp
51-52°C) :
Anal Caid fos € (H (N, C. 7313 H. 982 N. 1706 Found C. 7331 H 980 N
16 87 -

N.NUNT N -Tetramethyl-1.4-benzoquinone ditminium perchlorate  was  prepared from

[N

N.NNT N -tetramethyi-1 4-phenvienediamine by oxidation using perch}oﬁ'c acaid 70%

glacial acetic acid and sodium dichromate 139160 The product was 1solated by filtration

A ' . .
and the resuluing white solid was washed sewveral umes with drnied acetic acid unut the
greenish color disappears. washed with dichloromethane and dnied over P205 tn vacuo al

56'C

10716
3309 H. 444, N 7.64: €1 1935

Ana[ Cald for C H N O CI o C. 3308, H. 444, N, 772, Cl, 19.53 Found: C.

Benzeneiodo Dychloride was prepared from 1odobenzenﬁnd chlorine 1n chloroform according

to the method suggested by Lucas and Kcn.ned_\:lf’l

\ v
- .
- ..

' Tetrakis( p-N, N-dimeihylaminophenyl)ethylené (TMPE) was rcp;rcd from Michler's ketone,
4 4- bxs(dxmcthylammo)benzophcnonc (Eastman Kodak) and mossy ln in concentrated
HCI 85.86 -

10% NaOH. The crystallme olefin was collected and washed wilh water until it is.free of

The resultant salt of the olefin is dxssolved in water and made alkaline wuh

NaOH. After two reerystalhzauons f rom bcnzene the producl wag dried in vacuo and gave
hghl yellow-green powdcry material: mp. 294:296°C. (Iil. mp 295-300°C); ({CH CN
290,~36'0 nm, log € 4.64, 4.36 it.pcc‘u'vcly.;mass specirum m/e (rcl. intensity) 504 (100),
488 (1.96), 252 (10.8); 80 Ml-‘lz ’.H nmr data. (benzene-dé) 8 2.45 (s, 24H), 6.90 (m,



16H)
Anal Caid for CM'H4G‘N4 C 891.H 799 N.111C Found C. ¥l 16 H 79 N
109;
) *
'Ielraiis(p.\,.'\-dlme(h_\Iominophenyb)e!h)lfne dichloride- was Rprepared from

tetrakis( p- N N-dimethvlaminophenyl)ethviene and benzeneiodo dichlonde ? To a surred
solution o} 2 g of TMPE 1n 50 ml of chioroform was added dropwise 1Zgof Treshis
prepared benzeneiodo dichlonide 1n 50 ml of chloroform and the muxture was lef{ 10
stand for 3 Qours Carbon 'ICIraohlorxde (300 ml ) was added and the mixture was lefl 10
staod vvernight The precipitate was then collected b\ filttasor  The crude dication ®al:

(915 g) was dxssolvcd in 10 ml of chloroform filiered and reprccxpualed with carbor

-

tets achlorxde (200 ml.). left to stand overnight and mlered The salt was then dned n

' CH éN

vacuo over P,O,  at 75C UV spectrum )\ 325 485 nm. log € 434 420

respectively

Anal Cald fo C34H40'\4Cl C. 7095 H 7200, N. 973 C H;(’fNACl HO C, 68.79,

H. 711'\ 944 Found: C. 7146, H. 710. N. 9 &4

Tetrakis( -\ Ndimethylaminophenyl)ethylene  ditetrafluoroborate w prepared from
tctrahs(p~N,§-dxmethyI aminophenyl)ethylene dichlonde and silver tetrafluoroborate

To a surring solution of 1 g of the dichloride salt in 50 mlL of distilled water was added

~

dropwise 372 mg of silver tetrafluoroborate in 50 mL water for a period of 10 h' The

precipitate was filtered with a 10- 20 g sintered funnel and dried in vacuo, ovet PzO at .

I5C: UV spectrum )\CH CN

Anal. Cald. for C34H40N4F8B2 C. 60.20; H, 594 N. 8.26. C34 F B HZO\/J

58.65; H. 6.08; N, 8.05. € N F8B22H20: C. S1.17H. 6.21; N, 7.84. Found: C.
‘ T84 ¥

325 480 535 nm, log ¢ 4.30, 4.60, 4.51 rcspec‘gvel)

34HagNg
58.03; H, 5.72; N.'8.QS.

Tetnhs(p-N,'N-dimethyliniinophenyl)elhyjene dinitrate was prepared from TMPE and silver

‘ ‘nitrate. To 2.7 g of silver nitrate dissolved in 150 mL distilied water was added with

.

s . . \J



e

or

s
k-4

.

N surnng 4 g of TMPE Surning was ieft overmight and the precipitate was collected and

¢riec in vacuo ove: PO a1 7SC UV specirum ACHCN 305 ase. 535 am. 10g « 430
Y444 435 r:spccuvelx
N N 117 LN
Apal Galc for CygHy N O, € 649 H. 643 N 1337 € H N O H,0 €63 s

H & 54N, 1"99 Found C 6384 H 639, N 1236

»
-
- .

1etrails(p‘,\,\-dxmeth)Iammophenyl)ethylene dirodide was prepared from the TMPLE dinitrate

an¢ potassiunt 1odide To 2 275 g (3.6 mmole) of the dintrate salt in 106 mL of wate:
was added 1.3 g (10% -excess) potassium 1odide Surmng was left overnight and the
precipitate was filtered by sucuon The crude cr}\stallme mass was redissolved 1n wate:

ta

and purnified by hqundhauxd'extracuon using diethy! clpcr as the other hquid phase The

exfrachon was carned out for six days and the water laver was reduced The wate:

volume ‘was rcduccd’b_\ rotar,\‘cvaporauon (T 40°C) The resuling crystals were dned

vacuo over P,O ai75C. U\ spectrum AC? ‘CN 335 450, S35 nm. log ¢ 4 40, 4 56, & 43
o : _

respectively o ‘ .

Anal cald Tor CyHy N1, C. 5384 H.S32 N 739 CyHy N, L H,0 €. 5259 H.

S45,N. 721 Found €. 5429 H 542 N 783

N.N. N, N'-Tetraethyl-1 4-phenylenediamine was prepared from p-phenylenediamine and

% diethy! §ulfatel62 I a water solution of soditm bicarbonate which was maintained at ,

18-22°C. The final ‘cfystalline siurr'y was 751Eam distilied ‘at higher tcmpcratu}c to give oily ':»;

" product which solidifies at about 20'. ‘The crude crysta] was dried in vgcuo ovex'1’205 and

chromatographed (A1203/d1emy1 ether) to gnve pure white crystal mp 45-47C; 80 MHz
M nmr dam&CDCl ) 5110 (1. 12 H). 3.25 (m. BH). 6.80 (s, 4H); exact mass

‘ measurement: cald. 220 1939 Found 220.1940, mass spectrum m/e (rel. mlcnsuy)

- 220(68.6), 205 (100), 191 (25 2) 176 (21 4), 161 (32. 9)

' Anal. cald for C;

H, N,: C. 76.3; H, 11.0; N, 12.7. Found: C, 76.24; H, 109, N,

147 242

12 67.

4 y - . . , S
4 ' o . R ]
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N NN N'-Tetraethyl-1 4 benzoquinope  diiminium  perchlorate  was prepared  from

15y
N .N.N'-N'-tetraethvi p-phenyienediamine and perchioric ac.d 70% at room

temperature n glacial aceuic acid and sodium dichromate The solvent was removed by

vacuum fijtration and the resulting white sohid was washed several umes with dried acc;

acid unul :hc greenush color disappeared. washed with methvlene chlonde and dniecd over
N

PZO5 tn vacuo at 56°C.

“~ ~

-

Anal cald for QMHNN Cl O C,4011.H S77. N, 668 Pg}gnd C. 3981 . H ¢23

N 6.60° _ _ L

3.5,3;5'-’Ie(ra-1er1-butyl-4,4'-diphénoquinone (VII) was prepared from 2.6-di®iers-butyl phenol

-

and potassium ferricyamde in bgnzene and alkahmzea water ‘al room lemperature under
dnied nitrogen 163 The soluuon was poured on 10 crushed ice and the benzene laver was
reroved and washed with water, drie;d over Na2$‘O4A The solvent was removed by rotary
evaporation and the resulting red crystals were recrystallized frorh absolute -ethanol and
dried under vacuum over PZOS' mp 242-244°'C (lit. mp 246'164); mass épcctrum m/e
(rel. intensity) 408 (93.5). 393 (29.7). 366 (26.6). 351 (37.6). 57 (100). Exact mass

measurement . cald 408.3028. found 408.303]; 80 MHz lH nmr data (CDC13) & 1.35 (s,

36H). 7.7 (s. 4H). ir (CHCI;) 2970, 1604, 1470, 1370 em™

Anal. cald for C28H4002 C. 82.31; H. 9.87. Found: C. 82.15; H. 9.92.

4,4"-Dihydroxyi-3,5.3}S"Tetra-tert-butyl diphenyl (VIIl) was prepared f fi)rp the corresponding

164 The rcsulti,n‘g pale yellow crystals

diphsnoqinnonc and sc}dium hydrosulf’ it¥in ethanol.
;verc recrystallized twicﬁ from ethanol to give pale yellow needles: mp 183-185‘C (lig. mp

64). 80 MH:z 'H nnr data (DMSO-d6) 6 1.45 (s, 36H), 6.9 (s. 2H). 7.2 (s. 4H):
cx;ncl mass mcasurément: cald 410.3185; .found 410.3187, m/e (rel. intensity) 410 (100),

395 (15.3), 190(10.8). 57 (42.1); ir (CHCl,) 3631, 2988, 1429, 1228 !l :

A.nal. cald for C

L4

28”42‘02: C, 81.90; H, 10.31; Found: C, 8?.09; H, 10.84,.

I4,4'.Dihydroi‘y‘-S,S,S'-5'-Tetn-tert-butyldiphenyl‘ methane (V) was ;;t\c.pared from

%
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2.6 I terr buty! phenol, 3¢% formaldehyde and sodium hvdroxide in absolute ethano}

165 ..
under dned nitrogen The white crysials were recrystaliized twice ‘rom cxhano. mp
B ‘ “&

) ‘
193 354°C (i 18 mp 14°Cy. 200 MH. ‘H nmf data ( DC) 82 4 (5. 36H) 388 |

A

JH), S 0S (s 2H) T 1 s 4H). exac: mass measurement cald 424,334}. found 424 31333
Mass specirum m/e (rel intensi) 424 (100). 409 (69 S). 393 (2.0). 367 (162) 219

Y

#N(184). 87 (30). 1 (CHCly) 3642, 2958, 1494, 1292 cm:

-®Anal cald 6\0 (w 4“O C.820% H, 1084 O, 75 Found C. 8195 H 1640 O
765 /

4,4'-Dih_vdroxy~3,5.3',."»(eira-rerr-bulyIdipheuylbromometha‘ne was  prepared from  the

correcpondiug  diphenyvimethane and  bromine 1n  glacial  aceuc . acidg at room¥ 4

l6s
lemperature. 6 Tht resulung precipitate was washéd with acetic acid and dnied under

. 165 . : r
vacuum 1n a desiccatlor: mp 15%59‘C (1t mp 159 1607) e
Ana/ cald for C29H43O Br C.69.17.H. & 61: Found C. 6925 H. §.36. i ;

& N .
3'.5"-Tetra-teri-butyl-4'-hydroxyphenyl-4-methylene-2 Scyclohexadiene-1-one (VI)  was

[ 2
(=2

prepared from the parent diary] bromomethane and 5% sodium hydroxide in ethanot
under dried rmrogen.lf’5 The reactior mixture was pourzd onto crushed ice. neutrahzed

with acetic acid and extrdcted with ether. The soivunt ‘was_removed under vact

rotary evaporation. Two recryslallizalibns from aqueous ethanol give yellow cry'.r;t"z ,
156-15TC (1it.">7 158-159"); mass spectrum my/e 422 (100). 407,192.6). 391 (7.3, 379

(16.1). 3(;5 (96.7), 57 (62.2); exact mé"é;_measurcmem: cald 422.3184, found 422.3183; ir
(CHzCIZ) 3630, 2957, 1611 /1360 cn;-], -

Anal. cald for C 0,: C. 8242 H, 1002 Found: C, 8232 H, H 9.97

2 | ' L \ .

29 42

Ris(3 ,S-di-tert-‘b'Jt.yM‘hydroxyphen:l)( 3.S-di-lm-butyl-4-oxo-c‘yc);hexa-2'5-diehylidene) metlmnc
(X) . was - prepated. -‘[rom» \26-di-le‘r1-butylphenol' and N NN’ N'-telrameu‘;yl-p-
benzoqumone diiminium perchlorate in acetomtnlc at 90’ C. To a stirring soluuon of 1 .63

g of zhe perchlorale salt in 10 mL atetonitrile (un'dry mlrogeﬁ) was added dropwise
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(=3

0.§3 g of the phgnol in lO‘ mL acc'lonim'lc. The reaction mixture was stirred at 90°C for 19
b after which the product .w.‘as isolated by adding a large amount of walter saturated with
Na(Cl. The resuluing precipitate was extracted several times with methylene chlondc.(’Thc
solynt methylene chloride, was reduced in volume by rofary evaporation, under reduced

pressure, and the residue was subjected 1o chromatography using tluent toluene on silica

~
~

gel (Merck, grade 60. 230-400 mesh. 60 A, Aldrich Chemical Company. Inc ).
® .

Evapo;au'oﬁ of toluene followed by one recrystallization from n-decane and drying under
vacuum over PZOS and parafin wax gave bright orange-red gra;n)' crystal: mp 282-283°C

154 970+, x MeOH ' 154 ,
(ht mp 278-279°C); Amax 450 nm, log e 4.402 (I kmax 449 nm, log ¢ 4.4]);
mass spectrum (chemical ionization - NHB) m/e (rel. intensity} 627 (100), 597 (12.5).

566 (4.5). mass spectrum m/e .(rcI inicnsuy) 626 (100), 611 .(53.5), 595 (5.0). S84

1

(16,1). 569 (67.4). 57 (40.8): 400 MHz 'H nmr data (CDCI,) 6 1.25 (s. 18H). 1.35 (s,

,‘&36}1)_ 5.5 (s. 2H), 7.05 (s, 4H). 7.2 (s. 2H): 100.62 MHz 13C nmr data (CDCI3) 5300
(q. 18C). 31.0 (q. 36C), 34.0 (s, 2C). 35.0 (s, 4C). 127.% (s. 1C). 131 (d. 4C), 132 (s,

2C), 135 (d. 2C). 135 (s, 4C). 146 {s. 2C). 156 (s. 2C). 160 (s, 1C). 186 (s. 1C): exact’

mass measurement: cald 626.4699. found 626.4692; it (vapour) 3660, 2970, 1620, 1440

-1
cm .

Anal cald for C41H6.,O3: C. 82.38; H, 997, O. 7.65. Founde C 82.45: H. 1001; O.

7.54. A

IV.2 INSTRUMENTATION |

4

All/}{lclting point values were measured with a Mel-Temp melting vpoim~apparalus and

were uncorrected.

1

Nmr spectra, 400 MHz "H and 200 MH: lH-, were obtained using a Bruker WH-400

.nmr and a Bruker WH-200 nmr respectively. The .80 MH: o nmr spectra were obtained

13

using a Bruker WP-80 nmr spectrometer. The 100.62 MHz ~°C nmr spectra were obtained

using a Bruker WH-400 nmr spectrometer.
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Exact mass mMmeasurements were carned out using a Kratos MS-50 mass spectrometer
coupled to a Data Generdl Nova 3 DS-55 Medium resolution mass spectra were carned out
udtng an AFU NS-12 mass spectrometer couplcd\to a >Da‘La General Nova 3 DS-55. Low
resolution gas chromatography - mass spectral (glp(-ms) data ere obtained usmg a Vanan
Acrograph 1400 gas chromatograph couplcd to an AElI MS-12 mass gpectrometer wuh a Data
Gcncral Nova 3 DS-SS. High resolution glpc ms data were obtained usmg a Vlsm 600 (30 m
capiliar) DB-1)gas chromatograph coupled to a VG -70E magneuic mass spectrometer.

Gas chromél()graph)-infrarcd spectral (glpc-ir) data were obtained using axNxcolel
: 7199‘ FT-IR spectrometer interfaced 10 a Vanan 370 gas chromatograph. The column for
glp{—ms (low resolution) and gipc-ir analyses was the same as for glpc analyses (1/87 a 20°
glass column contaiming 2 5% Silicone GE XE-60 on Chromosorb W/AW/DMCS 100 120
mesh AS'_FM) o

Glpc analyses »th packed columns were carned out using a Hewlelt Packard
HP-5&40A gas chromatograph equipped with a flame iomzation detector. The detector was
calibrated using a miature of synthetic matenals and an internal standard.

Infrared specira were recorded on a Nicolet 7199 FT-TR \fctrophotomem
Uhraviolet spectra  were obtained with a Hewlett Packard HP8450 A diode arira,\
spectrophotometer using a 1-mm quarz cell, )

ESR speciral data were obtained with a Bruker .ER-420 censole instrument equipped
with a Varian V3600 }2.-1':'1. magnet and a field dial comroller.{? The ESR cavity i1s a Bruker
B-ER400X-UR T5102 Resonator. Oxidative ‘clcctrolysjs‘ was carried out using an electrolytic
cell (shown in Figure 13) coupled to a Hewlett. Packard Haryison 6525A DC Power Supply
and a Hewlett Packard DC Multi‘-Fimcti'o‘n Unit connected to a Hewlett Packard 3440 A

Digital Voltmeter.

IV3  ANALYTICAL PROCEDURES .

Geoeration of the radical cation of tetrakis (pdimethyl aminophenyl) ethylefit at different

percentage corcentration of the tietrnmine in methylene chloride and in acetonitrile. Two

8

- B .
i
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S0-mL stock so]uﬁ&?e of the tetraamine and the corresponding dication salt were

"
prepared (%99 X 10“§ -2 10‘3

M). Known volumes of each of the stock solutions were
pipexicd into each hmb of an H-shaped pyrex ampoule which had connected 1o it a $
mm-0OD qﬁaru epr sidearm. The total volume of the two aliguots was always kept
constam at 4 mL while the volume of each of the two aliquots varies. A series of
ampoules with the percentage concentration of the tetraamine varying from 0% to 100%
were prepared. The ampoules were degassed lh)ree umes by the freese-thaw lechaique.
scalcd: equilibrated to 25°C and mixed before the quartz sidearm was inserted into the epr
cé\'ity masurcmem. The relative ihtensily was plotted against percentage
concemrauon of TMPE and the equmbnum constant was calculated as oulhned in
Appendix Ib. The percentage of lhe radical at equilibrium was calculated- according to
Appendix lc. A

Generation of the r.adipal cafion of tetrakis(;rdimethy_laminophenyl)° ethylene a!\afﬂerem
percentage concentration of the tetraamine in methylene chlofide by electr(;lysis. An
aliquot methylene chloride solution (10 mL) of the tetraamine (1.01 x 10—3 M) soluuon
was placed in oﬁside of the electrolysis cell whi]g another side was placed an aliquot (10
mL) of an electrolyte solution of tetraethylammoniﬁm chloride (0.11 M), see Figure 13.
Both sides were degassed with helium for a period ot S minutes, after which a constant
current of 136.4 yA\was passed through the cell (2 hours) which is equivalent 10 an
average removal of ol,c electron per molecule “(or one equivalence of electron) and then
comir;ucd for another Xhours which is equivalent to an average removal of two electrons
per molecule. .

‘During the 4> hours electrolysis period the cell was occasionally taken out of the
epr cavity, tilted so that the solution in the epr quartz sidearm was allowed to mix w;'xh
the solution in the mother cell, -electro}yzed, tilted again to get part of the mother
solution " back into the quartz sidearm, and the epr spectrum recorded. A plot of the -

relative intensity of the epr signal against time wds established and the equilibrium

constant was calculated as outlined- in Appendix Ib. Thc percentage of the radical at
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equilibrium was calculated according to Appendix Ic.

Calibrition of TMPEL radical cation concentration in methylene chloride and acetonitriie at
equilibrivm using DPPH. A 50/50 mixture solution of‘-TMPE and "I"MP’E2+(C1_)2 was‘
prepared from the two corresponding stock solutions (2.01 % 10_3 M and 1.99 x 10_3
respoctivcl)'), placed in a 1 x 20 cm .cpr flat cell and the overmodulated epr signal v;as
recorded. The same epr cell was then rinsed several times with acetonitrile and an
acetontirile solution of 2,2-diphenyl-1-picrylhydrazylhydrate (DPPH) free radical (95%)
(1.19 x 10—3 M) was lransfcr;od mnto the cell. The overmodulated signal recorded at

exaclly the same instrumental settings. The TMPE radical cauon concentration at

equilibrium was calculated as outlined in Appendix la.

Verification of concentration of TMPE radical cation of the TMPIE/TMPE2+ system at
. ¢....A..7;,_,_;

| equilibrivm in acetonitrile. Two S0-ml stock sol.uu'on.s of the tetraaminé Tind the
corresponding dichloride salt were prepared (5.01 x 10~ M. 497 x 109 M respectively).
Equal volumes (4 x 10~ L) of the stogk solutions were mixed well together bcfore being
transferred into a l-qlm quartz cell and the UV spec®um (see spectrum a, Figure 16)
- recorded. From the K found by the epr method the eqﬁilbirium concentration ‘of the
reactants and product were calculated. The two ‘solutions one of the olc&B and another of
the dication whose' concentrations (2.59 x 10_4 M and 2.68 x 10 M respectively)
corresponded to the equilibrium concentration were prepared. The UV spectra “were
recorded (see spectrum b and ¢, Figure 16).

Spectra b ‘and ¢ were subtracted (computer subtractiog from spectrum a to

obtain the spectrum of radical cation species at equilibrium (see Figures 16 and 17) .
Generatlon of the radlcal cation of tetramethyl-p-phenylene diamine at dlfferent percentage
concentration of the diamine in acetomtnfe Two 100-mL stock solutions of the dxamme
and the correspondmg durmmum pcrchlqrate salt were prepared (0.99 x 10~ -3 and 1.008 x
107 -3 M tespccuveTy) Known volumes of cach of the stock solutions were pipetted into

’
- . N
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each limb of the H-shaped pyrex ampoule which is connected to a 3mm-OB quartz epr
sidearm. The total -volume of the two aliquotg 15 él\rvays kept constant at 10 mL, while the
volume of each of the two aliquots vanes. A series of ampoules with the varving
percentage concentration of the diamine were prepared. The ampoules were degassed three
umes .by the freeze-thaw technique, sealed. equilibated to 25°C and mixed. The quartz
sidearm was inserted into the epr cavity for the imepsity measurement. The plot of
relative intensity versus percentage concentration ‘was ‘cons[ructed and the equilibrium
constant was calculated as outlined in Appendix Ib, The percentage of the radica-l cation

at equilibrium was calculated according to Appendix Ic.
\

Callbratnon of TMPD radlcal canon concentration at equlllbnum in acetonitrile by using

DPPH_ The 50/50 mixture of TMPD and TMPD (C]O4 )2 soluuons was prepared

<3

from the two corresponding stock soluu’ons (198 x 10°" M and 199 «x 10“3 M

respectively), pipetted in équa]wolumes into a 1 x 20 cm epr flat cell and the
overmodulated signal recorded in a B-ER 400X -UR TE]OZ Bruket Resonator. Thc same

epr cell was then rinsed several times with 'a'celonitril‘e,:the 2.2-diphenyl-1-picryl hydiaz;-l

~3

hydrate free radical (95%) in acetonitrile (1.19 x 10 ° M) was transferred into the cell

and the,overmodulated signal recorded, under exactly the same instrumental conditions.

-

The radical cation concentration at equilibrium was calculated according to Appendix la.

The reaction of 2,6-di-tert-butylphenol with N.N,N".N -tetramethyl- p-benzoguionone diiminiom

~3

perchlorate salt in acetonitrile. An aliquot (3 x 10 L) of a solution of

—y

. 2,6-di-tert-butylphenot (0.133 ‘M) was pipetted into one ‘limb of an H-shaped -pyrexﬁ
ampoule, wcighéd amount of the perchlorate salt (0.813 mmol) was placed in the other
arm of the reaction vessel. The ampoule was degassed ;hree times, by the freeze-thaw
r;‘ethod, se;led, equilibrated to 90 for 10 minutes and the materials were mixed. After the
ampoule was thermo%latcd for the fcqui.red time length the tube was opéned, a‘ known

amount of triphenylmethane standard added, a cboléd aqueous solution of ~water .

saturated with sodium chloride was added and the reaction mixture was extracted two
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times with dichloromethane. The organic layer was dried over magnesium sulfate and
‘ ]

analyu:d by glpc. Glpc analysis was catried out using a 178" x 20" glass column of 2.5%
silicone GE XE-60 on Chromosorb W/AW/DMCS (100-120 mesh) (120-270°C).

The products were identified by a comparison of thc:r retention limes, 1f, mass

(

spcclra ‘with those of authentic ma[cnals by a comparison of t.helr glpc-ir, g]pc ms,

spccua with those of authentic maternals; the products formcd are listed in Tables X, XI,

XII and XHI-

~ Compound (I): ir (vapour) 3650, 2960. 1430, 750 cm™': mass spectrum m/e (rel.

intensity ) 206 (M+, 17.6)_ 191 (100.0), 131 (26.3), 57. 89.5): exact mass measurement

206.1663.

Compound (II): ir (vapour) not available: mass spectrum m/e (rel. iggensity) 220 (M *

22.6), 205 ("100.0), -145 (12.1), 135 (35.1); exact mass measurement 220.1848.

»

Compéund (111): ir (vapour) 2960, 1670, 1300 cmTl; mass spectrum m/e (rel. intensity),

220 (M+'_ 72.7), 205 (43.2), 192 (13.9). 177 (100.0); exacl mass measurement 220.1459.

- »”
- C’
'{Compound (IV) i (vapour) 3(;50 2970, 1700, 1200 cm l; mass spcctrum m/e (rel.

o

mtensny) 234° (M . 23.7), 2194100 0).°191 (17.1), 57 (ﬁ? 4); exact mass measurement
T 34642, ' ;. |

N

“

-

Compound '(V): ir (vapour) 3650. 296, 1430, 1230 cm™); mass spectrum mve (rel.
intehsity), 424 (M™*°, 100.0). 409 (69.5), 367 .(16.2). 219 (18.4): exact mass
T

measuremeny 424.3293.

-

. ,
Commund (VI).: ir (vgpour) 3650, 2970, 1635, 1250 cm—l;«mass spectrum m/e (relative

imcnsity)i422 Mt 49.0), 407 (100.0), 379 (16.5), 365 (81.3); exact- mass

measurement 422.3181.

X,
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) ?,.-.,“.a -
Compound (VII) and comﬁomfa* (VIII): The scparation"‘&f these two compounds is poer

on pack c°01urnn; ir (vapour) 365%2960_ 1630, 1430 cm—l; mass spectrum m/e (relative
. { : ) ‘
intensity) for 'compound (VIl) 408 TM . 58.0). 393 (22. O) 366 (14 0). 352 (24 0). for '

compound (YIII) 410 (M+'":~, ]Q0.0), 395 (18,3). _190(10.8) 57 (4’ 1); exact mass

measurement for (VII) 408.3031; exact mass measurement for (VIii) 410.3&581 -

Compound (lX).’ ir (vapour) 3660 2960,1430. 1230 cm—l; mass spectrumé# m/e'(re!aUvC :
intensity) 628 (M+", 64.0), 613 (12.'1),t 571 (J(‘)OAO), 423 (19.7); exact J:r_{ass
measurement 628 4855«

Cdmpound (X): it (V/apo’ur)‘3660, 2960, 1620, 1430 cmﬂl; mass spectrum m/e (rela{xvc
inlensilyil) 626 (M';‘, 100.0). 611 (53.5), 584 (16.3). 569 (67.4); exact mass
measurement 626.4692.

4

Compound (XI) - (XVI): ir data are not available due to poor separation and low yields.

Compound (XI): mass spectrum: m/e relative intensity 150 Mt 27.1), I35 (99.1).
107 (100.0), 91 (38.9); exact mass measuremeni 150.1031.

: ’ ‘ . | . .
Compound (XH): mass spectrum m/e (relative intensity) 218 Mm* "-31.2), 203 (43.1).
163 (36.5), 147 (100.0)/ exact mass measurement 218.1694.
Comp@und (XIII) mass spectrum m/e (relative intensity) 262 (M ", 0.8), 247 (66.2).
80 (12.0), 57 (100.0); exact mass measuremcm 262.234) .
Compound (XIV): mass spectrum m/e (relative intensity) 354 (M*‘, 100.0),339, (43.15.
134 (6.3),57 (8.3); exact mass mcasurément'354.2§20.

v

Compousd (XV): mass spectrum m/e (relative intensity) 68 (M, 84.2), 353 (100.0),
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I (22.2) 163 (32.0, exact mass measurement 368.2664.

Compound (XVI): mass spectrum m/e (relative intensity) 572 '(M+ " 72.8). 557 (21.9).

S1S (10C 0). 57 (38.8): exact mass measarement 572.4181

4

The yields were determined using standard calibration mixture. The yield was

calculated by using the following equation:

. _ Area X .
Concentration X = Area Sid * CF x Concentration STD

Where CF is the calibration factor determined from the analysis of a standard calibration
-

mixture prepared from known amounts of authentic materials.

- CF : Concentration of X / Concentration of Std
Area integration X / Area integration Std

\\

Test for incorporation of 13C_ in compound Bis(3,5-di-rert-butyl-4-hydroxyphenyl)

(3,5-di-tert-butyl-d4-oxocyclohex-2,5-dienylidene) methane. Since the galvinol analogue is
formed in good yield and easily $eparated by’ ﬁash chromatography it is chosen as a target
molecule for the test of 13C incorpofa(ion. The two labelled acetonitril¢-2-l3C (92.3%)
and acelonjtrile-l-3C (99.7%) were dilutcd.with dried acetonitrile 10 5.8% and 6.3%
respectively. An aliquot (4 x 10_,3 L) of the solution of 2,6-di-tert-butylphenol (0.30 M)
was pipetted imd one limb of an H-shaped pyrex ampoule which has al;eady contained
-weighed amount (2.41 mmol) of the perchlorate salt in the other limb. The ampoule was
;cooled in dry ice, degassed three times by the freeze-ghaw method, sealed, and
Lhcrmostated' at 90°C for 10 minutes. ;I'he materials were mixed and allowedv"to stand at
90°C for 40 10 49 hours. The tube was opened, a chilled aqueous solution of the saturated
sodityn chloride solution was added and the mixture was cxt;z;cted three times with
met}i:ylene chloride, and the solution was dried over anhydrous magnesigm sulfate. The
solvent was removed under \;acuum by rotary evaporation and the residue was subjected

to flash chrbmatography with silicagel (Merck, grade 60, 230-400 mesh). Benzene was
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used as the -eluent."One fraction yielded the galvinol analogue when the benzene was

removed by rotary evaporation. The compound was recrystallized twice from n-decape.

13

dned (557) over PZOS and paraffin wax. “"C Nmr analyses of the recovered matenal

showed that no 1sotopic carbon had been incorporated in either cases..

Reac.tion of 2.6-di-zerr-butylphenol with N.N.N',N"-tetramethyl- p-benzoquinone diimiﬁium
perchiorate salt in propionitrile and benzene. The general procedure was exactly the same,
as that carried out in acetonitrile except thal propionitrile or benzene was used. The
products obtained in propionitrile solvent were exactly identical to that obtained in
acetonitrile solvent (see Tables X, XII and XIV). The products obtained in benzene

solvent were compounds III and VIII (see entry 4, Table XIV).
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Appendix la. Calibration of radical concentration at equilibrium by standard

2.2-dipheny!-1-picryl hyvdrazy} free radical

7
Assuming that the relative intensity of overmodulated epr signal does reflect the radical

concentration. the relationship between the ‘concentration of standard ([STD)]) and the

concentration of the radical species unde; investigauion ([X]) can be established as follow: 166
“
. AR (scan )2 G sid Msid (2. 3S(S + 1)) T
(X] A A X o1 ead St
- . o (eqn. 1)
[STD]

A R (scan

2 .. 2 .
aaRsig (5cang )" G, M, ()7 [S(S + DI

v
2

A is the measured area under the absorption curve (this may be ir arb‘itrahf\y units as long as
they are the same for unknown and standard).

Scan is the horizontal scale in Gauss per unit length on thc chari paper.

G is the relative gain of the signal amplifier.

M is the modulation amplitude in gauss.

o

R is defined as 2): Dj/Dk (Dk is the degeneracy of the most intense line and I'JZ Dj is the sumof
¥ )

the degeneracies of all the lines in the spectrum) ( for detail see ref. 166).
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Appendix Ib. Calculation of Equilibrium Constant (Keq.) from Plot of Relstive Intensity vs %

Conceatration *

The relationship between radical concentration and observed overmodulated epr signal
is established as follows:

R=Cxl ] {(eqn. 2)

R 1s the ra,@:a] concentration (mol. 1_1) w0

C 1s the proportionality constant (L. mol—l)

" I is the relative intensity (non-dimensional). . «

L]

I is equal to the ratio of peak-10-peak heighl/h) 10 peak-lo-peak width (w?) over signal gain

«

(g)

assuming that the rélativg intensity reflects the true number of radical concentration. This
assumption requires the xilidowave power (PO) is such that it does not oversaturate ground
state population. In this experiment the microwave power is normally set at 17 - 20 dB.

2+

The equilibrium involves a 1:1 molar ratio of TMPD and TMPD" © which gives rise
»

to two equivalents of the reversibly formed radical cation TMPD * .
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&
—— e e T T S
A
~. : IR . ~
TMPD + TMPD~ - e " 2TMPDe
Concentrauion Concentration Concentration Time
-~
A(} B(’ 0 (
A() - R72 BU - R/2 R t
B\ definition then
q ~ . D
[R) (1]
}\Cq = = 4
(Aq - R2J(B; - R/2] (A, - C1/2[B, - C172]
s {eqn 3a) {egn 3b)

R 1s radical concentrauion at equilibrium and 1s related 1o relative intensity by equation 2. For
each two adjacent positions (e.g. pownt 1 and point 2) on the plot of relative mntensity versus %

concentration one can estabhish the following equations:

’ 2
’ {Cll] ‘
Reg = [A,-Cl,/2)[B,.-Cl. /2] tean- 9
0174 B0, |
. e |
l'\t:q = N ‘ - {egn. §)
' [Ag - CLy2][B, - CLy2)
Combination of eqn_ 4 and eqn. 5 gives:
) [c1,)’
_ .= - - (egn. 6)
[AO - Cll/2][Bo-Clllz ] ) [AO . C12/2]{BO - C12/2] ' N

Equation 6 can be solved for C12 (subscript 12 denotes the two pairs in use). -
In a similar way the next ‘two consecutive points will give a corresponding

proportionality constant C and so on. These G values are then averaged and the average C is
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4

fed back to equation (3b) (where 1 is in the relative intensity of the epr signal at 50/50

,mixture of the two species) 1o solve for the ch constant (see Tables I 1V andla - IVa).



Appendix Ic. Calculation of Radical Concentration at Equilibrium

Equation (3a). at 50:50 of the two starting materals, can be expanded as follow -

€q 00

The above quadratic equation 1s solved for R under the condition that R < (A-O + BO)

4

104

. ? , "
(K —4)R—2(AO+BO)I\CqR+4chAB-O (egn. 7)



