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" T know how to get along with humble
- . \ .
means, and a}lso I'know fhow to Tive in prospérity;

+

in any.arnd every circumstance, I have 1ea’1§ned the;
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o
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FIGURE CAPTIONS
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Figure 1. A schematic representation of the
o .

~use of a‘thermobhemical cycle to estimate the free

- - -

energy change for‘the,debrotonation of a radical

cation (RH*Y) in solution.

¥
0

Pigure 2: A schematic represeqtation of . the,

-

use of a thermochemical cycle to éstimate the free

4

energy thange for the deprotonation of a radical
cation (RH?*), relative to that .of a standard acid
(BH), in solution.

A" . 3 i
Figure 3. The pK, of a radical cation (RH™)

in solution in relation to the gas phase atidity
of RH™ and the standard free energy of solvation

3 . +. . +
of the species RH g’ R g’ and H g

Figure 4.- The relationship between the pK,
of a radical cation (RE*") in the gas phase, the
adiabatic ionization potential of RH

(IP(adiabatic)gy), and the s&andard gas phase bond

dissociation free energy of R-H (DG°(R—H)g).
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Figurg 5. The relationship between thé PRy
of a radical cation (RH**), relative to the PK, of

the phenoi° radical cation, in the g'as phase anc} 3

f *

solution. ' g
Figure 6. The completely optimized STO-3G

structure for the'propeﬁe radical cation (C3H6Tﬂ

¢
“

. ’ - » . nY . f
with C4 symmetry. All bond lengths indicated in A

the figure are in Angstroms. ~ "' .
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‘Figure 7. Partially optimized ’STO—BG
étrucﬁhres of: (a) The phenyl radical (CgHg®) with
Cyy Symmetry. (b) The benzyl radical (CqH,*) with

Coy SYWmettY- ( i . . » 2
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Figure 10. A schematic representation of
substithen@ effects on an open-shell species N
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where non—bonded interactions have been ignored.

'yk , * :
Figure 11. A plot of the pi-stabilization 126
energy ( SE(R*) ) versus the esr hfc of the ., .

alma-H of the CHy group (& -hfc ) in p_:.:radxcals
of"the form ZCH5".
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" ABSTRACT . L
- l ?

—
Methods of estlmatlng the acidity of a radical catlon,

based’on thermochemlcal cycles are developed. The pK, :R 1
the radical cations of toluene and benzene are found to ge
-12 +1 and -2 +3 in acetonitrile solutiog Difficulties '

of dlrectly determlnlng the pK, of hydrocarbon radlcal

LI
e - " L

catlons in solutlon are dlscussed. > ¢ _

.
\ PR -
- 3

ZA thermochemical cycle is used to estimate the gas '
phase acidity of»;qdical cations and the proton affinity'
(PA) of radicals. Also, ab initio"molecular orbital (MO)
calculations are used to estimate ‘these PA values. The
t/agreement between the two approaches is found to be
' satisfactory. " ’

The existing methods of assessing radical stability
are critically analyped and shown to be incorrect. Radical
stability.is defined in terms of the net stabilization (or
destabilization) energy; the energy ?onferfed on the open-
shell species as a result of the interaction of the
unpaired electron with the reference speeies.

Electron spin resonance (esr) hyperfine ceupling
constants (hfc's) of methylenic Lydrogens of pi-radicals
are shown to be linearly related to the pi-stabilization
energy of these radicals. THEQG; scale (introduced by

¢

Arnold, Dust and Wayner) and ab initio MO ¢ lcutations are

k"]

xvi . .
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used to ratioﬁalize substituent effects on spin ¢
delocalization in benzyl radicals.

~The effects of alpha—methyl substltuents on th§ /
relationship between esr hfc's of benzylic alpha- and beta-

[ A

hydrogens in benzylic radicals is studied. A study of the.
phenethyl radical system p¥ovidéé strong evidence that Both .

alpha-and- beta-hfc's are linéanly ;elaged to spin

'density. Charge‘effects 6n spin delocalization

. . »
(merostabilization) are observed in the cumyl radicals

relative to the benzyl system.
L

xvii



DG - the standard bond dissociation free energy; -
DH® - the standard bond dissociation enthalpy,

DS® - the standard. bond dissociation entropy.
TrG°(¥), + the standard free energy of transfer of

specigs Y from Yater to a solvent S.

AGCq, - the stanéa;é free energy of solvation.
Solven?s :/ Ac +~ Acetonitrile. f !
SEC[R*, RX] ~— the net stabilization energy of a ¥adical -

L

R* relative to the R compdnent of RX.

SE (R*) - pi-stabilization energf. e .
R(RX) - R compdnent of RX, N ?
Esr: ' R‘ 4 h
x Vo . \
G - gauss. f ' . ’
‘hfc - hyperfinetcoupling constant .
-alpha~hfc = a-hfc = a4, ‘ _
beta-hfc = b-hfc = ag ™~ S
. R N ’ ' ‘ .
Ipfrared spectra: )
s ~ strong; m - medium ; w - weak, .
NMR spectra: ‘ '
s - singlet ; d - doublet ; t - érip}et :
g - quartet ; m - n&]tip3@y. ~

[}

All other abbreviations and symbols used are standard

¢

notation.
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, .gas pHase jand'in solution, are describeéd. This thesis is

- t .
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. . PREFACE P
» Organic radicals and rgdlcal catlons are encountered

»

usuallyfas short-lived 1ntermedlates, renderlng’an accurate

dete;mi?ation Of their: thermWchemical parameteis dititicult.
In this thesié,,efforﬁs‘at circumventing this problem and
. o .

f. I ,
estamating several parameters of fundamental importance to”

L
¢ r °

the understanding of the behaviour of these species in the , ‘-

N\
@ -

divided.into FTour chapters. < . ,

" " In chapter 1, the estimation of acid-base:properties

3

‘.of open-shell species (radicals and.radical dations) in the

gas phase and in solution, is described. Here, -the-w&Tue of
‘ +* Y » -

3

r 4
using thermochemical cycles 'to estimate parameters that-
s ’ ° 4 ) . .
are not direct]ly deteiminable by experiment is illustrated.

Firthermore, the feasibility of using ab initio

» -

calculations to determine gas phase aoid—pagg‘proﬁerties of

1 »

open-shell molecules is studied.
In chapter 2, a‘critical 1nalysis of the existing

methods of assessiig radical stability, shows that present

~ [y

deflnltlons of this concept are inaccurate. A new detlntlon

of radical stab111£§ based on reference states that are‘
1somer1c with the corresponding radlcal, is proposed.

Hence, this approach uniquely defines’ the stability of the

“radical and is Mot biased by effects on reference .

molecules. The stability of representatibe alkyl radicals

is determined by this method. ' B

. ! ~

a
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o My &, - »
T § | chapter 3, ‘methods of assessing the stablllty of

p;rradlcals are dlscussed A common characterlstlc of all’

. open—shell spe01es is the presence of one or more unpaired

¢

electxons 1n the mo{ecule. Thus, electron, sp1n resonance '
(esr) séectroscopy ha: beén used w1de1y in identifying -
these spe01es. It'’is shown that esr hxperflne coupling
cénstants (hfc's) algoqc;n be used to assess the stability
of benzyl and other related pl—radlcals and that ab initio

z‘méleculax drbltal.(MO)calculatlons provide valhable

¥ 1nformat10n regardlng factors governing unpalred .spin

o LN

1nteract10ns 1n these §YStem§. Furthermore, “these studles
show that esr hfc's of benzyl radlcals at the'benzylic.
position can be regarded as pseudo thermochemjical
parameters, becausg of their relationship to stabi¥lity.

‘ In chapteg.4, substituent effects on eér hfc;s of

benzylic radicals in ring substituted phenethyl and cumyl °

radicals are studied; so'as to, analyse factors that affect

» alnha and he_ta-hfc s in 'these systems, substantiate the
claim that benzylic alpha-hfc's are related to spin
delocalization, and-establish the relatioﬂship between

. benzylic beta-hfec's and spin dens}ty. In addition, these
- ’ " ~

.

studies enable a comparison of the effects of

3

merostabilization (charge effects on spin delocalization)

on the spin distribution in these systems. , . .

"
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CHAPTER 1. THE ACIDITY OF RADICAL CATIONé
1.1. INTROD[-IC'I,‘ION : \
1.1.1 The determination of the acMdity of a radical cation -
in selution '

” A radical cation can be obtained by the removal of an

@

electr'on from a neutral molecule (1,2). These oxidations:
[11 RH "= @ ==m=—- > RHT.

have been achieved by chemical oxidants (e.g., concentrated

. sulphuric acid (3), the sulphate radical anion (4), metal

ot

ion oxidants (5) and Lewis acids (6)), physical methods

(e.g., photoionization, pulse radiolysis and electr'on

.

inpact) . (7}, ‘anodic' oxidation, (2,8), and photosensitization

(electron transfer) (9).

. s
Reaction [1l] shows that a radical cation is a

\

N\

positively charged open-shell species, and hence it will

-

show properties expected of both ions and radicals. A

characteristic reaction of positive ions is the elimination

«
- ‘

of a cationic moiety to yield a neutral species.

Deprotoﬁation is the simplest example of such a procéss.

. The deprotonation of radical cafions-has been found to
be an important reactive pathway, for example, in the
oxidation of alkyl aromatics (5,10 and 11l). The cerium (IV)

ion catalysed oxidation of methyl benzene (toluene) (5b) is

believed to involve the sequence shown in'scheme 1.

“

4

. * b F i)



CgHCHy + Ce(IV) =—--—=-> . (CEH5CH3)T* + Ce(III)
(CeHgCH) ¥+ —mmmmmm >  CgHsCHy*  + Y
’ P . . : 5
@) VY 7 L
: ‘ : A
' v ) 4 .
products products
SCHEME 1.

One of the factors that determine the ratié of |
products oﬁtained from paths (a) and (b), in scheme 1,
will be the acidity of the radical cation of toluéne.
Reactions of this type make the study of the acid&ofﬁ‘
these reactive radical ions of general interest, and it'is
surprising that mso little 1is knc;wn. -

The pK, of neutral hydrocarbons has been expressed in

standard oxidation potentials 'and bond
or\enthalpies (12). The pK, of a radic:al cation
an be related to several "important thermochemical
. parameters (13) via simple thermochemical cycles whicgh' will
be discussed below. (:onversely., such relationships enable
the estimation of a reélated thermochemical parameter i§ the
) PK, of the ;:adical cation can be optained by an independent
method. For examp.le, 'differe;nces in solvation energies of
ions cause deviations in the linear correlation observed
betweén gas phase ionization potential data and standard
oxidati‘on potentials in solution(14,15). The relationship

e
between the acidity of a radical cation in the gas phase

-

ECI TS
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and in sclution should enable the égtimation of ;hé o
solvation free energies of these ion
Various éypes off radical catfons have been recoghised
and descr1bed in the l;terature a). For the purpoge cof J ) :
,dlscu851ng the acidity of nadréFE catlons 1tq}s convenient .
to class1éy these species according to the nature of their o "
respective conjugate base. The benzene radical cation is
considered a gigma=-acid s{nceﬂthe deprotogaﬁion yieids a
phenyljgigma»radical. The toluene radical cation yielding a
benzyl radical is a g;—ac1d. The radlcal cation of
phenol 'is classed as a hetero—gl—ac1d, since the radical. of
the conjugate base ({he phenoxyl radical) is dedocalized.
If the unpaired electron was localized on oxygen it would

be a hetero-gigma~acid. The amine radical cations of the

‘!ﬂ

Eype RNHzf: (R = alkyl) are considered ai hétgrq—!ﬁgma;‘
" acids if d;protonation'occurs from nitrogen.

Recent studies (I6) of the behavioir of the tertiary
amine radical cations, R3N+', sdqgests that these speci&sl
can undefgo fast proton'exchange with other protit species

‘in sodution. This can be raticnalized by the following:

resonance structures of their conjugat®bases.

-] + ‘* . I
AN TU . - H \t+i- 5 oo
N~--CHy~~ p— > N~-CH-~ {~==>  N--CH--
““““ / / .
+ gt (a) (b)
SCHEME* 2. .
V4
— #
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These radlcal cations can be considered as n—aC1ds,

-

albeit, profoundly stabilized by the nitrogen substituent

{

which allows three-electron bonding ( (@) <===> (b) in
scheme (2) ). ‘ o . Coo-
- - s+ Very few studles of the pK, of rag/;al.eétlons have -
N . been reported. In fact pKa values\have beetr determihed
only for the hetero -sigma- or/hetero-n;—acxd type radical
..». cations. The pK, pf the raglcal cation of durohydroqu1none
, vj " was eStimated to be -1 by Bridge, Land and Porter (17a,b).
- They also estimated a pK, of -5 for the radical cation of'
¢ 2 4 6~tr1pheny}phenol¢ (7¢ and l7c). The phenoxyl radlcals
were generated by flash photol sis, chemical oxidation and
. ‘ phgtolysis of glasses. The pKJZzilueg were estimated by
D obseiving the absorption spectrum of the bhenoxyl‘fadicals
as a function of pH. Dixon and Murphy (13a, 18) gene;a;ed“
phenoxyl radicals iﬁ aqueous solution using cerium (IV)

L
oxidation in a flow’'system, and, followed the equilibrium :

¢

21 aror + BY  o-moeeo > _aron™e

as a function of H® by esr spectroscopy. The pK, of a
’ “ qpmpgr of‘phenol radical cations was determined in this
\_J manner. S
; The acid‘bies of a few hetero-sigma-acids have been
‘ determined (19). For examp#&h a study of th‘e intermediates

produced in the one-electron oxidation and reduction of

hydroxylamines enabled the determination of the pK, of

¥ * ' v

RN -



_«three amine radical cations, RNH,'® (where R = H, OCH3, OH)

(19a), when pulse radiolysis was used to generate the

radical cations and-their conjugate bases. Th; pKa\of the
rgdical cations wés determined by observing the optical
absorption spectra of the inkermediates formed.

' LA direct deéerminatiqn of the pK, of\aromatic
hydrocarbons in solution has not beep reported. An
eqﬁilibrium constant for the acid-base equilibrium of‘the
radical cation of hekamethylbenzene (HMB) and the conjugate
‘base of HMB, a benzyllc radlcal, in the solvent system

dichloromethane~trifluroacetic acid was estimated from

kinetic data obtained in an anodic oxidation of HMB (20).

[31 arcEy  + B zz-z=>  ArCHy' +  Bat
However, a reliable pka for (EMB)™* cannot be obtained’jrém
the deduced Ky value because the nature of the base (B) in
reaction [3] is unknown. Furthermore, the equilibrium
constant value they déduced is not reliable (21).

. In a study by Sehested and Holcman, radical ions of
polyalkylbenzenes were generated in solufion by pulse
fadiolysis. They then attempted to correlate relative rates
of deprotonation of the radical cations with the'ionizqtion
potentidl of the cerresponding neutral molecules (104, 22).
These:kinetic indications of acidity are informative with

regard_to the reactivity of radical cations; however, it is




&

.clearly desirable to know thermodynamic acidities of these’

spec1es.
In general hydhocarbon radical catiohs are extremely
reattive and, are therefore, short-lived under usual e
experimental conditions. In such situetions, determining
acidities of radical caﬁions will be difficult. Alko,
attempts to set up an acid-base equilibrium by pretonating
' the ‘conjugate base (a radical) have thus far failed. For
example, attempts to protonate the benzyl radical even in

strongly aeidic media did not produce any radical cation
(10d) . o ‘

There are several reasons, ether than shortllife
time(, why an equilibrium involhing a radical cation of a
aromatic hydrocarbon and. the conjugate bagf’cannot be .
followed as convenlently as for hetero-atom containing
tadical cations. This can be understood if we consider
reactive paths other than deprotonation, that are available
‘to the acid (radical cation) (1b). Often, reaction of a
radical cation with nucleophiles occurs much more gapidly
than deprotonaticn (2). Hence, these ions react with water
in neutral aqueous solution, and with the hydroxide ion in
alkaline media. Consequently, the igidity o% radical
Catione, cah be studied conveniently only in weakly
pucleophilic solvents, free from nucleophilic impurities.

In this thesis, the use of thermochemical cycles to

estimate the acidity of radical cations will be.described.

LY
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Such an approach is useful because it enables-'a better
H

Qnderstanﬂing of the behaviour of. these species in
LY . L}

b .
solution. In section 1.3, three methods to estimate the pK,

of these ions will be discussed. These methods are then

applied to the radical cations of benzene and toluene.

a
.
.

» .

l.1.2. The protonation of hydrocarbon radicals in the gas

.
?

- B Y

‘Radicai~cgsions can be formed by protonation of

radicals" in the gas pﬂéfe. This reaction:

[41 Reg”+ HY, ———me > ra*

# . 4 ' !

o ™~ \

is usually a facile process and in the absence of solvent

all protonation reagtions are highly exergonlc (23). 4!}15 .

'i$ thé direct consequence of the relative 1nstab111ty of

the unsolvated proton, whlch attaches to any radical with
which itlcol;ides. This is in contraet to the behaviour in
solution, where hydrocarbon radicels show little or no
tendeney to protonate even in strongly acidic conditions
(104) ‘ ‘ ,

A direct measure of the intrinsic basicity of a
radical is gbtained from the‘energy change for reaction’
[4]. The occurrence of the proton tragsfer reaction 1,

+ - ! — - —r . P o , . «:*—
[51 RH g * By > R g * BH g
e M ,



has been used to bracket the' proton affinity of a'radical
relative to standard bases (24, 25).

In section 1.2 it will be shown how thermochemical
cycles may be used to estimate the pK, of a radical cation
in ;he gas phase and in solution. Similarly such cycleg can
be used to establis@ an absolute scale of proton affinities
(P2) fér radicals. Also, the PA values obtained using ab’
initié calculaéions will be'compared Eo the corregponding
thermochemical values. Then, the gas phase acidity of
several hydrocarbon radical cations are estimated becauseé
they will be useful 1n understandlng the behaviour of these'
reactive species iq‘solutlon. .

The prediction‘of equilibrium geometries and relative
energlefﬁof neutral moleculés, radlcals and radical ions is _-
one of the prom1s1ng areas for tﬁ} appllcatlon of MO theory,

-

(26, 27). Ab initio, single determlnant, self—con51stent ¢
e . 7

‘field '(SCF) theory can be used to determine the energy

change for reaction [4]1 , -at 0 K. R “and REY* have the

& : - . "

same number of electrons and multiplicity; which minimizes |,

-

"the differeﬁce in their correlation energies (23). If this

-

difference is neglected Z§E°4 can be obtained’directly

using ngtree-Foc§ (SCF) wave-finctions (yide infra).

[
o

10

>

>

Pl



A3
, .
) . ) '
11
¥ . -
(>’ . : .
s -~ a,
v \
- 13
‘ " ,
. - b \.‘ [y
s Ty . ’ . )
\ T
N ¥
I" + N
. »
4 . : .
]
. ’ Figure 1. A schematic representation of the usé of a
N thermocheniical cycle to estimate the free
- . energy change for 'the deprotonation of a .
, i radical cation (RH**) in solution.
L]
o ! *
‘ ~
Al
L3
& ¥
h LY
N .
4 .
. .
N .
LY . 0
a 1
‘ -
3 4 "



e i ey

e
A [+]
S
e 1 + —
vy Bsol *Hgor * ©
\
AG b
18
- + [
+ £
R ol+ Haq
. A
R + H .
-4
SR)
g °
-AG
‘ . 11
(+
. ~AG'f(H)g :
a :
516 |
Rsol +1/2 H2(g)
T
=/\

12 -

b

e



1,2, THE ESTIMATION OF THE-pK, OF A RADICAL -CATION IN

SOLUTION ' »

®
¥

1.2.1. METHOD I { based on the standard oxidation potemtial
of RH (F°(RH)) and the bond dissociation tree energy of RE
DGO (RH)) }.

»

L4

The pR, of the radical cation RH'* in solution 1s

" related to the standard oxidation potential of RH (Egp)
and the tree energy associated with the homolytic cleavage
of the R-H bond (DG®) in the gas phase. This relationship
can be defined using the thermoq@em1¢al dycle summarised in
Figure 1, which shows that the the pK, of’the radical

- \
cation is dependent upon the free energy change for the
¢ .

&
reaction:

o . + ( )
[6] RH . > R + H s s .

[

and is given by:
71 pK, (RE™") = DGO/ 1nl0 RT.

G the Gibbs free energy is a thermodynamic propérty:
12

188 OG (cyclic process) =’ 0.

Application of eq. 18] to the thermochemical cycle in

Figure 1 gives :

[ 4

#
A

[9r QGOG = "AGolO +AG014 + AGOlG + AG°13 - ,[\Gol'] .

Al - R I T R Y

" (
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The sum of the free energies for reactions T10] and

[11):
- .. _
[10] RHg -—--- > matt, + e
1111 e” + B o -iees> (1/2Hygy
/

agq
can be expressed in terms of the standard oxidation

potential of RH referred to the standard hydrogen electrode

(S. H. E.) and given by:
[12]z/E° (RH)S = (AGOIO + aGoll) /n.F .

where F is the Faraday constant, n is the number ot
electrons involved in the redox reaction and E° is
expressed in volt (2). -

The free energies of solvation of gaseous neutral
compounds and radicals are known to be small compared with
solvation energies of ions (2). It has also been shown that
the difference in the free energies of solvation of a

a

neutral compound RH and the corresponding radical, R, is

& ~

likely to be very small (28). This energy difference has
been neglected in previous studies (2). Thus, by

considering the following reactions:

<

[{3] R'g —-——> R*g

[14] RHg  --——> R,

N .

it is reasonable to assume that:

14
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s

o 0 = .0 ) - o =
The standard free engggy change for reaction [161:

s mey P

[16]  RH g

g

is that associated with the homolytic cleavage of the R-H

pond in the gas phase (DGQ(g—H) ), where the H—aﬁom

g
indicated is the acidic proton of 'the radical cation, 23: GO
In reaction [16] alliﬁpecies are in their standard state of
1 atm pressure. ~ .

The other free energy terms required to complete the

cycle in Figure 1 are for the féllow&ng reactions:
[17] 172 Hz(g) ———— He

* + e +
SETI L > Bt

where the free energy change for reaction [17] is equal to

theé standard free energy of formation of the hydrogen atom,
because by convention the standard frgg’energy of formation

of the hydrogen molecule is zero (29): The ftree enérgy ‘ .
¢hange for reaction [181 is that associated with the

transfer of a proton trom water to the solution of interest
‘(denoted by TrGO(H¥), in this thesis) (30). Substitution of

egs. [71, [12] and [15] in [91, and rearranging terms

“

.gives: v

B o, S
-



e

[19] pR,(RE*), = { - nFEOREH)g + TrGP(™N,

+ DGO(R-H)g - A gGP(H)g } /1nl0.RT.

- ”

€ "
o v -

The standard free energy of formation of the hydrogen
atom can be ca}culated (29), The free ;nergy of transfer of
a pfoton from water to other solvents has been estimatéd
(31). Consequently, if E°(RH) and DGO(R-H)g are known, the
PR, of the Fadical gation.RH+' can be estimated.

The most precise method of ?btgining’DGo(R—ﬁ)g is by
direc? measurement of the equilibrium constant, Kjg, for
reéctiontllﬁl. However, this is not us&ally feasible. The
alternative method of obtaining DG®° from DH® and DS® (the
entrop§ change associated with bond dissociation), is
subject to a greater error, becausg'the uncertainty in DH®
and DS°‘ is rarely b:atter than +6 kmo1~1 and +4 J mol~1
K‘l, respectively (32, 33).

Standard oxidation potentials of several arom;tic,'
hydrocarbons have been measured (2, 34J. Methods of

determining or estimating thesw quantities have been

described in the literature (8, 34-36).

s

1.2.2. METHOD II (based upon the standard oxidation
Rotential and bond dissociation free energy of R-H in
Wmmm@mwaﬁn‘m
- the bond dissociation free energy of B-H).

Protolytic or proton transfer reactions can be”used to

determine the pK, of an acid relative to a standard.

4

)

/
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“

Similarly, the pK, of"a radical cation can be obtained by
considering the proton transfer reaction from the radical

cation to the. conjugate base of an acid, BH, with a known"

PKy:

(201 Rmete, ¢ BT, TTTTTT > "Ry + BH

It % assumed that the'bnly interaction between the
raéical cation and base is proton transfer. Thus, effects
of counter ions on the stability of{ ions in solution are
ignored. Also, it is assumed that all-ions are solyatgé but
remain as distrete species in solution. The above
assumptions are reaso;ble since Method II is not based &n
the results of a single experiment involving equiliﬁrium
{20], but on data related.by a thermochemical cycle.

The free energy change for ;eaction [20] is related to

the acidity of the radical cation by:

-

[21] pxacp.g*-)s = pK,(BH)g + 0GP/ 1nl0.RT.

It ‘is hseful to define the relationship in eq. [211 in
terms of the therm?chemical cycle in Figure 2,

The free energy change for reaction [20] is related to
the oxidation potentials of RH and B™ and the free eriergi/
associated with the homolytic cleavage of the R-H and B-H

=S

bonds.

A
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Figure 2. A schematic representation of the use of a
thermochemical cycle to estimate the‘free
energy change for thé ﬁeprotonation of a
radical cation (RH*") in solution, relative

to that of a standard acid (BH).
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hydrogen gas, (reaction I111), gives: - ’ R

20

The oxidation of anion B~ will resultj}& the formation

of Bg:

[22a] B"S - e” —— By .

*
-

Combining reaction [22a] with the reduction of HY ions to
! ®
¥ s

!
'

[22b]  AG%,, #+  AG%; - = nFE°(BT)4

>

-
[

where E°(B")S is the standard oxidation potential of the
anion B~. Combining eqg. [12] and [ggb] we obtain an . s
A o, .

expression for the free energy associated with the indirect
EY

£electron transfer from.anion Q“é to radical cation RH+‘S: ®

"":. ‘= , . )
[231 RH'*, + B s --%=> RHg + B-g o
. .- . g
in terms of the standard oxidation potentials of B~ and RH: )
b ¥

1) -

+
[24] \XAG%3 = nF [E°(BT)5 - E°(RH) 1. .

«
If the free énergy change for reaction [231 can e
determined by indégéndent measuremeﬁts of E9(B7)g and
E°(Rﬁ5s, the only term requifed for obtaining bKa'(RH+')S
is the free energy associated with the formation of R°g
(the conjuéate base of the radical cation RH**) and BHg by

»

an‘indirect hydrogen atom tran&fer between RH, and B°g:

- nri

.

L]

g ——->%R°, + BHg -

~

[25al RH, + B°

“ .

- "m ,l
which can be expressed in terms of DG® (R-H)g, where the H

ra

¥
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atom indicated is the acidic proton &f .the radical cation

¢
”

RH**, and DGO(B-R) _: - RN

| .
[2\5er NG%5, = DG° (R-H)g =~ DGO (B-H),4 .

As before, by assuming that the difference in free energy
of solvation of between RH and R* (or BH and B*) is

negligible, from Figure 2 the relationship:

“~

[26]  AG%g+ = nF { EO(B7)g - E°(RM g } + DGO(R-H)ga -

\

O(R~
DGY(B H)g
3

is obtained. By substitution of eq.[26] in eq.[21], an

expression for the PK, is obtained:

[271 pK, (RH*) o = pER,(BH)4 + [nF EO(B™) g - EO(RH) 4 !
+ DGO(R-H) g - DGO(B—H)’g] /1nl0.RT .
If all the terms of the right hand side of eq. [27]
are estimable, the pK, value can be obtained. However, if
PKa(BH)g is unknown, BH can be chosen as a standard and the
\dﬁcidity of a radical cation expﬁessed relative to tﬁis

4

species.

»

In the absence of the.requ;red free energy data, an

approximate pK, value may be detived (eq. [291) from the

corresponding enthalpy data, if we assume that:

Q - O(Rpe = o] - o
[28! S9(RH) 4 5Y(R )g S%(BH) 4 S5¥%(B ) g

21
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[29] pK,(RHI®H_. = pK,(BH), + [ nP {E®(B7)_. - EO(RH) .}
a ] a s s S .
e . + DH°(R-H)g; - DHO(B-H)g 1 / 1nl0.RT.

t

Using eq. [27] two other useful relationships can be

derived as shown below.
cage (i): . \
If BH is identical to RH and the acidic hydrogen of RH'

and the radical cation are the same; from eqs. [15 and

\‘ r
. ‘ 25bl:
[301 AG°25a = 0.
Substitution of eq. [30] in eq. [27] yields:
: [311 pRy(RE*), = pR (RH), + nF {EC(R7) '

- ES(RH) g} / 1nlO.RT .

case (ii):

1

If BH and B® correspond to, respectively, RHB and Rat- \

then, B~ and RH.are identical. Hence:

O(n-— 0 =
| [321 ({E®(B7)g - E®(RH)S} = 0.
) Substitution of eqg.’ [32] in eq. [27] gives: 7
1 -
+. - + 0 (p— - o +
[33] PKa(RF )g = DPEyj(RH;) o + DGY(R H)g DG® (RH, )g'

\ S

.

The free energy of bond dissociation considered in RH2+ is

associated with the bond that when cleaved gives the same



i

A4

}

)

v
radical cation as obtained on oxidizing RH in solution.
From eq. [31] it is evident that a Enowledge of the
standard oxidatioh potentials’ of aﬁ:organic modlecule RH and

the anion R™ along v}ith the pK, of RH'in the solvent of

interest'provides a direct estimate of the pK, of Ru*, the-

radical cation. Similarly, eg.'j§3] shows that if the bond

dissociation free energy of RH and RH'2+ and the pK, of RH2T

are known, the pK@Bof the radital cation is calculable.
] » .

3 " . a

mnmmm@mmmmmm

AL

mmnmmga&nhmandm ion).

Solvation has a profound 1nf1u nce on the ac1d -base

properties of any spe01es “in hhtlon. Recently,
considerable effort Iras «been applled ‘to the determlnatlon

of gas phase acidities of organlc‘molecules,(BG, %]), where

. intrinsic molecular properties free of solvatidn effects

%ill be reflected.:- The dete}mination of éas phase acidities;

are, however, of additional interest because Ehey
constitute a further means of estlmatlng pK values 1n
solution.

The pK, of a radical catidn, RH**, in solutioﬁ is

related to the corresponding gas phase acidity and the free

energy of solvation of the species, RH+', R* and ﬁ+. It is

puseful to define this relationship in terms of Figures 3

«

and 4. | . ¢

23
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Fiéure 4.° The relationship between the pK, of a
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adiabatic ioﬁization potential of RE .
(IP(adiabatic)py), and the standard gas phase

bond dissociation free energy of R-H (DGP(R-
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The gas phase acidity of a radical cation can be .
?xpressed in terms wf the free energy change for the

deprotonation reaction:

[34]; RH""g ------- > R

and be calculated from existing data, using the
relationship summarised in Figure 4 and expressed by

reactions [341-[36] and [161]:
[35] e~ + RHY", ——eeee > RH' .
[16] RH,  =——=——- > R +  He

. 8 . + - -
[36]Rg+Hg‘>R‘g+Hg+e

where the pK, of the radical cation in the gas phase is

)

given by: '

v

i

-+ AG%, / 1nl0.RT
34

~
'

( AG%5 + AG% g + AGP3¢) / 1n10.RT. '

The free energy change and enthalpy change for
. . .
reaction [35] are assumed to be equal, because the entropy

change has been shown to be negligible (38, 39). The

[ 4

enthalpy change is given by : '
%

. BN ,
[38] [}H°35 = =+ IP (?diabaticﬁRH - AJ[CPGT o ' . *

w
»

where IP (adiab?tic) is the adiabatic ionization potential,

the energy difference betweeit the ground vibrational and
- ’ PN e

.~

»
.
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¥
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rotational level of the lowest electronic state of the
radical cation and the ground vibrational and
rotational level of the lowest electronic state of the
molecule, This is equal to the difference in the enthalpiep
of formation of RH** and RH at 0 K. For most organic
compounds the heat capacities of the molecule and the .
corresponding radical cation are effectively the same, so
\

that the enthalpy change for eq. [35] can be approximated

by the IP value. Hence, it is assumed that:
[39]1 NG5 = ~ IP (adiabatic) pye

Thes solvation of the species in reaction [34] can be

expressed by the following reactions [35-37] and [18l.

[40a] RH'"g . ——--—- > RET
[40b] -R*g  —m=--- 5 R's‘
Jau Bty -meee- > H+a;
‘1181 ‘H+aq ______ st '

From Figure 3 we get:

[.42] AQOG = - AGO40a + O G034 + AGO40b +
o
N 0G%; +0G%g.

1 -

{

Substitution of the result of eq. [42] in eq. [71
9

gives :

A S B o £ W
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[43] pR, (RH**)g = pRy(RH**)g + { } 8C%,1}34 / 1nl0 RT

where { ) A G0501§34 is the difference in the free energy
of solvation of the products and reactants of reaction
[34]. \
% .
Application of eq. [431] t\ estimate the PK, is limited
because the free energies of solvation of many radical
cations have not been determined. However, the fred
energy of solvation of the radical cations of a series of
alternant aromatic‘hydrocarbons have been reported (15a)
perm}tting the‘estimation‘of pK, values for these‘radical

ions (eq.[431) (40-41).
In addition, since an experimental pK, value has been

determined for the phenol radical cation, it is possible to
‘estimate acidities of radical cations relative to this ion ‘
L ege 1421 ) |
. The acidity of the phenol radical cation has been
determined in aqueous solution (13a). A measure of the
acidity of a radical cation relative to the pheno% radical
cation enables an estimate of the pK, to be made;

Using eq. [43], the PK, of the phenol radical cation in

¥

aqueous solution is expressed by: //

[44] pK, (PhOR) c** . = pK_ (PhOH)

g + 1 L06%,; Y3y (R=OPH) -

‘Subtraction of eq. [44] from eq. [43] gives, on

redrrangement: 0

4



s e ki ot

Y

[451  pR,(RE®),. = pRyRE*, - pR,(PhOHT)g 4

PK, (PhOH) ;** + 4G9, / 1nl0.RT

It is convenient to summarise the relationship in

eqg. [45] in terms of Figure 5 using the following egs. [46]-

[49]: -
y
< o, Fo + . «
[46] PhO g + RH g > PhQﬁ g + R g
3 +. A ‘ +.
[47a]l  PhOH™* >  PhoHT: o
[47b]  PhO*y, ~—-—- >  PhO",q .
1 ’ W - )
[48al R‘g ————— > R'aq . .
+. - ome S +.
[48Db] RH g - => ] RH aq <
- - +. [ p— +. L 2
[49] PhO*,o + RH™- o ==> PhOH™",4 + R'yq -

-~

The difference in the acidities of the radical cations

of phenol and RH in the gas phase is given by:

+. . uy o o
[50] PK, (RH )g - pK,(PhOH )g = 0 G%g /.1nl0.RT.
and the other term of interest can be expresséd by:

[51] BG%o1 = A6%7a + 0G%gs - 86%pp ‘

A - 0
. A G 48bc

-

The free energy ijfsﬁtvation of neutral radicals is
known to be small (2,/28) and the eq. [52] may be assumed.

v
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Figure 5. The relationship between the Pk, of a

radical cation (RH™*), relative to the pK, of

the phenol radical cation, in the gas phase

and solution.
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(521 AG%y7, = AGug, ‘

’ a .
If the radical cation RH** does not contain a.hetero-.

atom it will be less extgnsively hydrated in solutijon as

1 . . ’

compared to the phenol radical cation (14b). This may be |

ekbrébéed by: . ‘

» . o ) 0 '

[53]1 oo, = AG°47a > - AGO48b'

d —

O % 4 .
Substitution of eq. [52] and inequality [53] into eq.
[45] gives: ' . Bt §

@ oW S
- . (]

(541 pR,(RE¥9) o < PRy (RE*)y - K, (PhOH)g + pKp, (PhOH) o

«

Thus, the inequalify [49]1 can be used to estimate an

upper limit for the pK, of an aromatic hydrocarbon radical

@

cation in aqueous solqpion. HowevVér, gf the differénce in

t

solvation free energies aré estimable, the pK, can be

derived from eq. [451. .

RN

1.3. THE ESTIMATION OF THE PROTON AFFIﬁITf OF RADICALS
( . :

*

The purpose of this section is to sfhay the
thermodynamics of the protonation of hydrocarbon radicals-

and to ascertain the feasibility of using ab initio, single
: * 'y, -

determinant, MO calculations to determine the proton

affinity of a radical. As mentioned previously, réﬁicals
- - 1\

can'be classified according to the type of orbital an -

s -
»

Zr

34
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unpaired electron occupies and in this work the protonation

\\ : of representative p, sigma, and pi radicals are described.

L) . - « N .
- ) The proton affinity of a radical R* in the gas phase,
L 4 .
“PA(R*), is related to the ‘enthalpy change for reaction [4]

and is given by: , " .

- v

[55] PA(R") = - AH®; = - IP(adiabatic)py +. DHO(R-H)4

. . + Agpoth g - Ay .

The difference in the heat of formation of a proton and a
hydrogen atom is approximately equal to the ionization

. — ——"POtential of H. This simplifies eq. [55]1 to: "

~"///(/;56] PA(R’) = - IP(adiabaticlgy + IPy + DH°(R~H)g.

" Thus, if the IP(adiabatic)py and DH°(R—H)g are known

PA(R*) can be obtained from eqs. [55] or [56].

1.3.2 Ab initio calculations
’ The‘energy differencg between R* and RH** at 0 K ﬁas
been related to the gas phase proton affinity of R° ,

. PARY by (42): ~

™

)

[571. PA(R*) = AE®, - AZPE + (5/2)RT.

The term A ZPE is the difference in the zero point
energies of R* and RHY*, and (5/2)RT is a thermodynamic

- s ) .
temperature correction term. The term zSE°4‘1qc1udes the

35

i e



dominent Hartr;e-Fock energy difference and any correlation
energy cor?%ctions. In Fhis thesis, the Hart;ee—Fock energy
contribution to the proton affinity of a radical, is
defiped as the Hartree—Fock proton affinity and denoted by
PXHF;‘where’it can be expressed under standard conditiong

at any temperature (T), by:

!

[58] PAgp (R*) = Egp(R*) - Byp(RHT*) + (5/2)RT.

Basis sets of limited size have been used in this
work, because of the large computational (CPU) time required
in using near Hartee-Fock basis sets. However, -a féir.
estimate of the energy difference between two spécies, at
the Hartree-Fock level, c;; be obgained‘using basis sets oﬁ ‘
limited size (26). Thus, edq. [59] has been assumed, where
the Hartree~Fock energy Eyp has been réﬁlaced by Egcpr the
energy céﬁputed using an agb initio, single determinant,

self-consistent field procedure.

[59] PAgp (R*) '=. Egcp(R*) - Egep(RHY*) + (5/2)RT

.

The difference () between the PAyp and the true PA
*
wvalue is given by:

601° SPA = AZPE + ACE + BSE

where A denotes the difference in<;££>balues (for the
indicated parameter) between tEiJ/;gdical cation and the

conjugate base the radical. ZPE and CE represent the zero-




-

[y

point and correlétion'energiég. BSE denotes the error “
arising from the\choice of basis set§}bf limited size..
Details of calculations: N : N

Standard single determinant MO theory was usegf The ab
initio MO calculations described were obtained by the use -
of the GAUSSIAN 76 prégram (45). The open~shell, sp?n-
unrestricted (UHF) procedure® was employed\{$4l to computer
the energies of all the radicals and radical cations. The
basis sets used in this work have been extensively used and
are described in the literature (26, 27, 45). The minimal .
STO-3G (46), and extended basis sets of two types were
used. Theée were the split-valence basis sets, without( 3-
21G (47), 4-31G (48), and 6-31G (49)) and with (4-31G6" and
.6—31G* (50)) polarization functidns on carbon. The
variation of PAyp (eq. [59]1), with-basis sets, was studied
while constraining the radical cations and the conjugate
bases to the STO-3G geometry. The 3-21G PAyp values for the
methyl, ethyl, vinyl and ethynyl radicals were also
computed using 3-21G optimized geometries. .In addition, the
effects of complete optiﬁizgtion on the PAypp(methyl) was
studied at the 4-31G, 6-31G*, 6-31G** and 6-3116** 1levels
(51).

Also the effect of electron correlation on thg protoﬁ
affinity of the methyl radical was studied by incorporat?ng
valence electron correlation using Méller—PléssengP) /

i

perturbation theofy (52) terminated at the second- and
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third-order in the 6-31G"* basis sets. Calculations using
these second and third order MP basis sets (denoted by
MP2/6-31G"" and MP3/6-31G"* respectively), were carried out
with the GAUSSIAN ‘80 system of programs (53, 54) on a

Perkin~Elmer 3230 minicomputer.

Geometrjes:

Geometry optimization, subject only to the imposed
symmetry constraints, were carried out at the STO-3G level.
Complete optimizations ‘were performed; at the ST0-3G le;el
for the radical cations of propene (Cs symmetry) and
benzene (Dgy, symmetry); at the 3-21G level, for the radical
cations of ethane, acetylene and ethylene. The STO0-3G
geometry of the cyclopropane raéical cation was computed in
our laboratory as part of another program (55). All other
optimized geometries at éhe STO0-3G and 3-21G levels used iﬂ;
this work were obtained from the work of Pople and his co- "
workers 526, 56). Only partial optimization of the
g&;metries of the phenyl and benzyl radicals and the

toluene radical cation were performed because of the large

CPU time required for a complete oétimization.

Propene radical gé:ign: Rotation around the C-C single
bond indicatéd that the lowest energy (with Cg symmetry)
was obtained, when the molecule was oriented as shown in

] “

Figure 6 (57, 58).
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Figurg 6. The completely optimized ST0-3G gtructure
for the propene radical cation fC3H6+“{ with

Cy symmetry. A{Z bond.lergths indicated iﬁ~
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, Benzene radical cation: C6H5+' is obtained by the
removal of a pi-electron from a (ia2u)2(1elg)2 el;ctronic
configuration. The Jahn-Teller, theorem states that in such
a situation the molecule distorts from a Dgp symmetry such
that the degeneracy of the ejy orbitals is removed.
However, a Dgp symmetrykyas agshmed in this work. (59).

%

Phenyl radical: A Cy, sfmmetry wag assumed, together

with a further constraint that the carbon skele;on cz-c3~c4

and the hydrogens H,, Hg and Hy were fixed in the same

' positiong as in the the ST0-3G optimized structuré of,

%

benzene(2.19). Optimization of the remaining parameters ,

-

assuming r(Cy-Hp) = 1.083 A, r(Cg-Hg) = 1.083 A, and.
[H1C1Cy = 120 , (H5CsCy = 1200, lead to the structure
/ ’ .

. given in Figure” 7a.

Benzyl radical: The geometrical parameters 6f the CH,y
group attached to a standard phenyl ring werew
optimized.(Fig 7b) (60, 61). . ”

Iélngng radical cation: A hydrogen of C6H6+:%D6h{

was replaced by a model CHy group (roy = 1.09 A and .-~

LHCH = 109.47% ) at an optimized C-C bond distance (Cg

o

symmetry, oo = 1.525 A). . 5

!

%

41
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Figure 7. Partially optimized ST0-3G structures of:

(a) The phenyl radical (CgHg*) with Cyy
symmetry.

+(b) The benzyl radical (CyHy") with + Cp,

symmetry.
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1.4 RESULTS AND DISCUSSION : N

l@mmaﬁamﬁcalﬁtmmmmm

The pK, of the radical cations of benzene and

toluene, estimated using methods I, II and III, are’

+
*

tabulated in Table l. The data required to estimate the pK,

*

values are given in Tables 2 to 4. In addition, the

foliowing data was used.

—

B g% g = 0 (29).
A ¢6o(H) 4 = 203.2 kJ mo1”t (29) .-
O ¢6%(ah ;= 1517 kJ mo1”l T (62,63).
TrGO (Y ;. = 46.4 kJ mor™l L.
| TreP(c17),, = 42.1 kJ mo1”t T 3D,
TrGo(Br7) ., = 31.3 kJ mol™! (31).

o +Hy o - -1
0@ yaration BN g = ~1098+2 kJ mol ‘ (64) .
0G4 (CeHg'*) g = ~186215 kI mol™l (solvent=ac) (ﬁ:.
0GOgqp (BN g = ~109842 kI mol™? (solvent=ac) (65).
' \ The frée energy of solvation of the phenyl and benzyl

radicals in acetonitrile were assumed to be zero (2).
~

DPK, (HC1) ;o = 8.9 (66) .
PK, (HBL) 4o = 5.5 ' g  (66),

L X}

.
.
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Table 1. The pK, of the radical cations of benzene and
L}

toluene at 300 K in acetonitrile solution?

e el e e e e e e e e e e e e e e e e ot P P e et P e e 0 i P e Pt e e e e
Method I Method II Method III
eq. [19] eq. [27] eq. [43]

Parent . BH = HC1l BH = HBr

molecule ~

Benzene -2.112 -1.7+2, -0.8+2 =-3.743

Toluene -12.9+1 -12.1+1, -11.1+1 -11.8+3bscC

S S Sl ey S S S e e . T e i s i e Sy B S S e S W s St s Wt e R St Seas Y St S S S e e S e o B S8 i ot Wt o G e S B e Sl s B,

@ O yalues of 2.940.1 and 2.61+0.05 were 'used for benzene
and toluene, as recommended in reference 34, to obtain the
PK, values b§ methods I and II. ‘

b pstimated assuming the free enerqy d% solvation of the
radical cations of toluene and benzene are equal.

C Avalue of -12 has been reported in reference 67 using
method III and assuming entropy effects on the radical

cation and the conjugate base are equal.

»

~ A st R 8.

e
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Table 2. @gtandard oxidation potentials in agetonitrile

and aqueous solution at 300 K.

E® / V (vs. S. H. E) ‘~
Species Adetonitrile(ac) Water (aq)
Benzene ] 3.03+0.053, 2.9+0.1P, 2.440.2C

2.940,2€
¥

Toluene 2.61+0.052, 2.5+4.2€ -
Br~ 1.66+0.05 1.98+0.059
c1~ 2.07+0.05 ( 2.5140.059

LT —. — v et e i i s i e e e B e S Sk S . s e S W i e S (S o . S S e o o St s e e et e T B

-

8 Reference 8a.
D Reference 34. ,
C Reference-36 (based on thermochemical cycle).

? Reference 68. -

e

.
R e
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Table 3. Gas phase bond dissociation data? at 300 K.

o - e o s ——— v v -~ — v ——

»

Species DH®/kJ mol™! , DS®/J mo1™! k™1  DGO/kT mo1~l
Benzene 464 + 8 136 + 4 423 + 8
Toluene 368 + 6 lb9 + 4 535 + 6

HC1 .431.6P 92.9 403.7

HBr. ., 366.2P 90.9 ', 338.9
Phenol 362 + 8 108 + 4 330 + 8
Methane 439 + 4 c 1234 4 402 + 4~
Ethane 410 + 8 128 + 4 372 + 8
Ethylene 460 + 8 _ 131 +.4 421 + 8
Acetylene 552 + 20 121 + 4 516 + 20
Propene 361 + 6 . 108 + 4 329 + 6
Cyclo-

propane(i) 445 + 6 130 + 4 406 + 6
Cyclo- ’
propaneqi) 329 + 6€ 137 + 4€ 288 6<

- . $ovn Pt St o S St S o S S S Shie M i e s S - —— - —————

@ Unless specified otherwise, DH® values are from :

v

reference 32, and DS° values are calculated from data in
reference 33a. DG° values heve been calculated from the
corresponding DH® and DS°® values.

b Reference 29.

C Energetics invollving the formation of the allyl radical

has been considered.

R e b ]
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. Table 4. Gas phase acidities of radical cations

d—— D e et ~ e e e ——_——

Species IP/kJ mol™l 8 - Pk, b .
( eq. 1371 )

Benzene © 892 147
Toluene 851 o 139

fﬁenol 820 ‘ 143
Methane . =1217 = 87

Ethane 1110 100 ,
Ethylene . . 1014€ T 126 ’
Acetylene . iler |, - 327
Propene c '?40 : 122
Cyclopropane (i) . 946 135 .
Cyclopropane(ii)d 946 ‘ L 114

——— i e s S e S B B e S e B e S B S ot e St S M St S S i 44 P S T S B B S i (e S e S M S BV e S G o (e S S s Y e A e

@ Reference.62. Uncertainity less than 1 kJ mol~L, exceét

.

where noted.

b Uncertainity +

1.
3

C Uncertainity + 3 kJ mol~l.

dpata calculated for the (c~C3H6+‘/ allyl radical) acid-
base system. However, note that the kinetically controled
product, for the deprotonation of the cyclopropane radical

cation in the gas phase, is the_cyclopropyl radical (25).

»
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From Table 1. we see that there is general agreement
»in the estimated pKa values by the three methods, within the
limits of experimental error.

These estimates indicate that the deprotonation of the

a

radical cations of bef&ene and toluene is thermochemically

\
favéxiable imagetonitrile 'selution. Whether acetonitrile ™

would\be appreciably protonated by these radical cations
cannot be’predicted because the PK, of protonated
acetonitrile is not known. HoweQer, rough estimates |
indicate this value to be between -4 and 0 (69, 70), so
that protonati%n of acetonitrile by the toluene radical
dapion should be thermochemically feasible. '

}@plication of methods I-IITI indicate that the .radical
cation of benzene is a moderately strong acid in
acetonitrile solution with a pK, petween ~1 and ~4. This is
indeed a surprising result. béc;use unambiguous evidence
for the deprotonatioh of the benzene radical éations in
solution has not-been reported (7f).

The copalt (I1I) don oxidation of benzene in

trifluoroacetic acid (TFA) is believed to-occur via t§e
radical cation. Proton incorporation was not observed

during the cobalt (III) ion oxidation of perdgutero~benzene

E A
(CGDQ? in TFA, where the only triflusroacetate ester formed

was CgD50,CCF3;. conversely, CgHg in TFA-dl ®roduced only

CgH509CCF3 {5¢). Under these conditions, there was no

’ l
evidence for an acid-base equilibrium between the benzene

[
’
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radical cation and the phenyl radical. Even evidence‘for
the formatibn of the phenyl radical by deprotonation of the
radicgl‘céfion was absent. When' stoichiometric amounts of
the reagenbs vere hsed biphenyl and oﬁhér~oxidative
condensation products, which would have resulted from
phenyl radicals, were not detected. However, the
deprotonﬁtion of the benzene radical cation and subsequent
biphenyl formation in acetonitrile have been suggested -
(71a) . ‘

' Studies on the oxidation of benzene by the sulphate
radical anion demonstféte the reactivity of the benzene
radical cation in aqueous solution. Product analysis shows
the formation of phenol in greater yield than biphenyl.
This indicates that the formation of the
- hydroxycyclohexadienyl radical is probably preferred to
that of the phenyl radicai. However, the formation of
biphenyl does not prove that deprotonation of the radical
cation has occured, becausé it can arise( for example, from
the attack of the benzene radical cation on benzene. In
fact, sucﬁ a reaction of benzene with the radical cation,
has been proposed to explain the increase in yield of
biphenyl'with an increasing initial benzene concentration
(5¢). )

From methods I and II, it is evident that the low pK,
value‘of the benzene radical cation is primarily dﬁe to the

®

high oxidation potential of benzené\ The apparent

50
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reluctance of the benzene radical cation to dépgotonate
may be because of more rapid competing reactions, reaction
with nucleophile, for example. However, there may be an
appreciable activatién barrier to forming the sigma-radical
from a pi-delocalized radiecal cation. Also, rapid
deprotonation requires a prefformed hydrogen bond.

The toluene radical cation is an extremely strong acid
in acetonitrile soiutionlwith a pk, of -12 T 1. WhenWwe
compare this value to the reported pK, value of toluene in
acetonitrile (12a), a difference of over 60 pK, units is
inQiQatgd4,Although this may appear surprising at first, it
. \ .

can be easily understood in terms of eq. [31].-The standard

\

oxidation potential of the benzyl anion is betwégn -1.1 Vv E
and -1.6 V versus S. H. E. ; (Ej,5 = ~1,1V (12&9 and E© >
-1.6 V (12) ); this difference, of about 3.5 to 4'V in the
standard oxidation potentials of toluene and the g%nzyl
anion, corresponds to a difference of 60-70 units %n the
acidities of toluene and the radical cation.
In ghe case of phenol the corresponding difference is

12 pK, units (13a) since the difference between thJ“
standard oxidation potentials of phenol and the phenoxide
anion will not be as great as it ies for toluene. Phenol

will be‘expected to have a considerably lower oxidation
potential than toluene agd the pheni&*ﬁe anion shoulld have
a considerably higher oxidation potential than that of the

benzyl anion.
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From methods I and II it is evident that the

‘ extremely low pK, value estimated for the toluene radical
cation is a result of both the relatively low bond e
dissociation free energy and the high oxidation potential
of toluene. A comparison of standard oxidation potentials
shows that the toluene radical cation is more stable than
the benzene radical cation’relative to the respective -

parent molecules. However, thﬁ'conjugate base of the
toluene radical cation, the benzyl radical, a pji-radical,
is resonance stabilized. This is shown by the large ..
difference ( 88 kd mol™l) in the bond diséoc@atiéﬂ free .
energy of toluene and benzene. This difference far
outweighs the lower oxidation potential of toluene as
compared to that of benzene (§ E© ca. 40 kJ mo1-1). oo

;n geqeral, for compounds with very similar standard
oxidation potentials a difference ii the respective bond
dissociation free eneigies ofaca.‘lo kI mol~1 corresPonds .
to a difference of ca. 2 pK, units in the acidity of Lhe |
respective radical cations: Conversely, for compounds with
very similar bond dissociation free energies a difference
in the respective oxidation poténtials of 0.1 V corresponds ¢ ,
to a difference of ca. 2 pK, uniis in the acidities of 1.:he‘."w

[N

radical’cations.
N < U
Attempts to obtain equilibrium constants for the acid-
base equilibrium between radical cations of methylated T

benzenes and their cdnjugate bases from kinetic methods -
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have met with little or no success. Primarily“this is
because benzylic radicals sh?w no tendency to protonate
even in strongly acidic media (10d). If prd%onation is
energet;pally favourable an activation barrier may preclude
it. |

_So fér equilibrium acidities have been emphasized.
It has been mentioned that an acid-base gquiliﬁrium between
the radical cation and conjugate baSe is not easily
estaﬁlished in s&lqﬁion, and that kinétic considerations
become %Eportant in understanding radical cation
reactivity. #stimatipn of équilibrium acidities may be
used, however, to understand the kinetic reactivity by
predicting the type of transition state involjfd in the -
deprotonation.

The estimated pK, value for the toluene radical

cation strongly suggeség thatiieprotonation will be highly
exergonic in dilute acid solutions. From the Hammohd
postulate (69), a reactant-like transition state is‘indicated,
for the deprotonation of this ion; the energy of the
reactant (radical cation) will govern the rate of
deprotonation. For example, the rate constant for the -,

déprotonation of the radical cations of a series of - ‘

methylated benzenes in 0.5 M HC104 acid.was found to

t

correlate with the adiabatic ionization potentfals of the ™~
parent compounds, where IP is primarily governed by the #
energy of the highest occupied MO. This in turn is related '

= x
N | . . . A b

ks 7
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. A
to the stability of the radical cation (27¢). Whén the
strength of the acid solution is gradually 1ncreased
deprotonation becomes 1ncrga51ngly more difficult. This

causes the transition state to graduallytacquire more

‘product-like (benzyijc radical) character. In fact, the |

rate of deprotonation of thewradical cations of toluene, '
N ot

ethylbenzene and cumene in 8M HQlQAvacid doeé not correlate ,

with ,the correspondlng ionization potenﬁlals (22). Under
these conditions deprotonatlon appears to be endergonlc~n
the rate depending on the stability of the radicals

formed. Thus, a knowledge of the stability of a radlcal is

1mportant and will be the topic of the next chapter.

w

The compatison bétween the acidity of radical cations in

the ‘gas phase and in ‘solution provides a means of obtalnlng

free energies of solvation af rad1ca1 catlons. We have also

@ »

. shown how upper estimates of the PR, value in solution can

be obtained from the corresponding gas phase vélues. Hence,

a study of the gas phase acidity of a radical cation is

N b

useful. . e . .

‘Tables 3 and 4 show that the gas phase épidity of a

\ o : . .
radical cation (RHYY) is not directly correlated to either

* 3

"the ionization potential or the bond dissociation free

' energx of RH. Slmilarly, the varlatlon of PA (R*) for the

series of radlcals $tud1ed in thls work must be dlscussed

/

in terms of both IP (RH) antd DH® (RH). Table 4 shows that

s

~

wu
¥

(
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A} "
‘the radical cation of methane is the strongest acid (Jra =

\ ‘
87) and the benzene radical cation the weakest (pK, = 147 )

of those studied.

r

Compared to benzene, saturated hydrocarbons have

higher IP valyes and lower DH® and DG® values which make

their' radical cationg stronger acids than the benzene

’ radical catipn. Molecules containing pi-electrons and/ or

» 5

heteroatoms with nonbonding electron pairs,, usually have IP

values f@wer than that &f saturated compounds., Amoné these

molecules the aromatica usually have lower IP values

.
¥ ~ ~ ’ * ® &
. i )
) ] - - -

‘relative to the aliphaties. In general, aliphatic’ - .

hydrocarbon radical cétiphs are stronger acids than their

1

aromatic counte;paxts. The". allphatlc radical catlons shotild

be very strong %cuis :én solutlon, and it,.is not surprlslng

that deprotonatlon of these speC1es has. been suggested in.

¥

a sulphur hexafluorlde matrix (72). S ' A

“
M

The a01d1ty ‘of the radical cations' aléo depends on the

nature of the. conjugate base. For example,. the IP values of ,

N ot ~or

propene and toluene are lowex than those of ethylene and

' K o

'benzene respectlvely ; but, the radlcal catlons of propene T

and toluene are stronger acids than those of ethylene and

3

benzene respectlvely: This is because the nadlcal catlons ~

of propene and toluene are ‘pi-acids and on deprotonatlon
<* - i

~

yield resonance stabilized radicals, while.the radical "%

cations of ethylene and benzene are sigmaracids. . :

* ® 1

@3
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Table 5. The computed UHF total energies (E?~of,open—shell

. «species at the STO-3G level

_____________ S S
- Y
Species Symmetry - E / au \
»
CH3* C3y 39.077012
cuyt. Dyg 39.293862
CoHg® \ Cg ) 77.663002
CoHgte . P T 77.940482
Coy* ( ' Cg/ (Branar) 76.435732 /
CoHy*e Doy, 76.797553
' CoH* Cov . 7&::.-196093
CoHoT* Deph ° 75.5354554
C3Hs* L Cgy 115.05429P
CyHgte Cq 115.40747 n
c-CyHg* . Cg ° i15.01383% ° .
[~ c=C3Hgte Cay « 115.38241C »
CeHg". 1 Coy %Xg 227.23946
CeHgte Deh oo 227.65755[
CgH5CHy * Cry . ' 265.87734 .
C@HSCI:I;*" > Cgq P 266.25.%29 °
; :
a‘Rg%é%enceiZG. s
b Referencé 56. . .
€ Reference 55. , . T
! . v *

»
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Table 6.

energy of open shell species at the STO- 3G geometry.

3
- - — — )

L

———

Species

S Nt G o T P o o Sy S S Vo B S

10.

. G S (s G S B G Gt S B s Wt

——n .t

. s o by

— o —

3-21G

4-31G

6-31G 4-31G*

0.26473
0.23402
0.50009
0.47139
0.52595
0.47123
0.53581
0.48995
0.76802 .
0.70691
0.74212
0.70308
1.54261
1.46186

0.42692
0.39971
0.82229
0.79308
0.84644
0.79834
0.85099
0.81230
1.25051
1.19357
1.22487
1.18689
2.48241
2.42691

0.46861 0.44176

0.44069 0,41651
0.90486 0.85577
0.87428 0.82907
0.92941 0.87493
0.88102 0.83460
0.93238 0.87605
0.89336 0.84853
1.37467 1.29623
1.31722  1.24757
1.34975 1.28466
1.31094 1.24756
2.74763

2.67063

e W ot e e S v o P S et . o

e e S W o e Yy T

57

The effect of the basis set on the total UHF

a,b

e . o s iy s .t o

o
I

,
]

0.48138
0.45516
0.93368
0.90647
0.95350
0.91213
0.95386
0.92546
1.41327
1.36345 :
1.40124

1.36383

o -

. ——

2 All values in atomic units.

b rhe 4-31G//sTO-3G energy of the species. (1)

-

. obtained from reference 26.\

¢

to (8) were



Proton affinity of hydrocarbon radicals
Ab initio calculations show that the PA(R)yp values
at the *8TO0-3G, level are generally higher compared to the
extended basis sets (Tables 5 to 8). The difference
between the true Hartree~Fock and thermochemical proton
afflnltles of radicals will not be expected to bé greater
than 40 kJ mol~l (23). The best agreement with the
.thermochemical and HF values are for Ehe 3-21G re§ﬁlt5'at
> the STO-3G geometry. X
The energies of RH** and R* are lowered to a greater
extent by increasing the number of primitives that describe
the core rather than adding polarization functions on
carbon (Table *6), The addition of polarization funceions on
carbon to the 4-31G and 6—31q split-valence basis sets had
a- gréater effect on the energy of Rd*‘ ; while, increasing
the number of Gaussian functions describing the core in the
4-31G,and 4-31G* basis sets lowered the energy of R* by a

Fe
" 4 ‘'greate amount. Consequently, the PAyp value was increased

by the addition of polarlzatlon functions, and decreased by

£

. 1ncrea51ng the number of. pr1m1t1ves describing the core.

Complete optimizatibn at the 3-21G level did not

change the PAyp values 51gn1f1cantly (Table 9). Thus single

p01nt calculations’ u51ng larger basis-sets at the STO~3G
. geometry may yield useful information about the effects of

basis set size on PAgp.

s
*.o

L
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Table 7. A comparison of the thermochemical and Hartree-

Fock proton affinities of hydrocarbon radicals at 300 K.

- — - — - - -~ —-———

~

Radical Thermochemical  HF(ST0-3G) . Experimental?@
{eq. [551) (eq. [591) ' ,
Methyl ==534+4 576 -
Ethyl 61548 735 -
Vinyl . 75848 956 74618
Ethynyl 763120 ' 897 -
Allyl(i) . 73316 933 75448
Allyl (ii) 69546 ' 868 : -
Cyclopropyl 80846 © 974 Y, 78548
Phenyl " 88318 1104 -
Benzyl a 82846 ‘ " 993 83048

. G S B S T S A TR Sy W o S SRR o T (e SR SR S S Y B S i YO0 W S S S S S S S el S W M SO B S Gl S S o W e St g D s e o S e e e e

@ A1l values are from reference 25.

Yoen S W BN R
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Table 8. The effect of basis set on the Hartree-Fock
proton affinity (PAyp) of radicals.?
PAgp (X//5T0-3G) /kd mol~l '
X
Radical STO-3G 3-21G  4-31G  6-31G  4-316* 6-31¢"
Methyl 576 495 504 502 509 507
Ethyl 735 659 658 654 665 663
Vinyl 956 813 830 829 850 848
’p K
Ethynyl 897 777 . '796 795 825 . 823
Allyl(i) 933 77%\ 784 783 806 803 .
Allyl(ii) 868 697 7b1 700 T40 - 738 . .
c-propyl 974 872 874 872 877 876
Phenyl 1104 892 959 902 - G- ;
Benzyl 993 - - - - . .
* . :
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Table 9. The effect of complete optimization at the 3-21G

level on total energies and proton affinities.2rP

S . o B e i S S i $9 Bt S B S S P G S B ] M S s T - — o - - e

RH AE(R*)C AE(RH**)  APAgp(R*)  PAgp(R*)9
_________ e _—
Methane® -2.5 ‘ -3.0 0 495
Ethané -2.0 ~14.0 ] 14 . 673
Ethylene -2.5 -6.5 . 4 817
Acetylenef -0.1 -0.1 "0 777

a A‘ll values in kJ mol~t
b A indicates the difference between the (3-21G//3-21G) and
(3-21G//STO-3G) basis sets. ' .
C E(3-21G//3-21G) values were obtained from reference 19.
d value 4 for the (3-21G//3-21G) basis set.
€ The computed PAgp values after complete optimization at
the 4-31G and 6-31G*. levels are not significantly
different from the corresponding value for these basis sets
at the STO-—3G. geometry (;I'able 8).®

PAgp (4-31G//4-31G) 506 kJ mol™l.

PAyp (6-31G*//6-31G*)

it

509 kJ mol~l.

£ Complete optimization at the 6-31G* level does not

significantly change the PAyp value. '
PAgp(6-31G*//6-31G*) = 828 kJ mol™l.

4

i i b g o
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Table 10. The proton affinity of the methyl radical?

————— ——— o — —

6-316"//6-31G"
6-316**//6-316**
6-311¢**//6-3116**
MP2/6-31G**//MP2/6-316**
MP3/6-31G"*//MP2/6-31G**

Pk

_PAHFb/kJmol"l &pAP ¢ /kamo1 1

) (c;v) (D2d):— (c;;;- (Dpg)
520 ( 509 -14 =25
543 520 9 -14 .
547 522 - 13 -12
558 5444 4 100
5619 5469 27¢

12¢€ .

A mhe energies of the radical cation for the 6-31¢* and 6-

“*

. 316** basis sets are from reference 75: The energy Bg the

methyl radical at’ the 6-31G* level is from reference 56.

All other UHF en2rgies were calculated in this work;

CHy* (C3,/%Ap): E(6-31G""//6-31¢*")

P

a L SR

E(MP2/6-31G"*//MP2/6-31G*")

- .

= ~39.56446 au,

E(MP3/6-31G*"//MP2/6-316" )

CHgt* (Cyy/2Bp): E(6-311G™*) = -39.77891 au

(Dpg/%By) : E(6-311G"") = -39.76922 au

. 0 E(6-3116""/76-3116™") = -39.57291 au,

-39,69270 au. .

-39,71018 au.

a

»

b rhe symmetry of the radical cation is inlicated in

parentheses.

C Thermochemical PA value is from Table 7.{

d Also includes a contribution from valence electron

correlation (see text).

e'Excluding the contribution from valence electron

correlation computed by MP perturbation theory.

4

e ot R - -
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l.4.4. Comparison of the Lb.e.r.mn:.bgmuﬁj\ and Hartree-Fock
];I::l :I] EEE. 'l » l" ‘g @

In this section the thermochemical and Hartree-
% . " ., } .
Fock proton affinities of representative radicals are

compared. The uncertainty in the results| obtained .is also .

discussed. Comparisons with gxpe’rimental\determinations of
© . W

»

PAlR*), are made in the few cases %ere data is available.

[y

.
h -
- - ! [ N \ a

.
.,
Methyl: ..\ “
!
+ 3

"™he thermochemical method gives only'a lower limit of_.. '
y \ el -

PA(R*) because the IP adiabatic has been r\eport'ed as an -

*

o -.‘ . .,& N )
upper limit of the true value. The DH® value uged here is

t

‘based on recent experimental ieqults and a criticad review

V 0 a‘
of earliar data and is the vadlue recommegded currently

(‘32)0 "“ LI N ’.‘q.“ & -‘: ' '

”

-

u

. PAgp values (for. protonatien to ;:he radlcal cation o
with a D26(232) state) were found to bé lower than the
thermochemical value for alg the exten:Q basis sets . This
is sutprising, becagse L\.Z_P‘z:: in eq. [571 is Found to be
positive‘,‘_('l_éi. T8 angd qthe correlation ene‘rgy is ;xE;uallx

-

emall (23)." (vide infra). Ly @ =
Recent theoretlcal (75," 76) and esr (76) studles

indicate a CZ'( Bl) ground-state for the' methane radlcal

. cation. Extensive théoretical studies have shown tliat a

o

basis set of doubl&-zeta quélity augmlented by pe.larization
A . N - . L
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adequate description of the bonding in CHg4** and relative
energies of the Cév(?Bl) and D2d(232) states (75). Th&s. a
systematic study of tﬁe proton affinity of the methyl
radical using such basis sets ( i. e., 6-31G** and 6-.

311GT*) and the effects of electron correlation on the

! .
theoretical PA value were undertaken. The results are given

in Table 10.
Tables 8, 9 and 10 show that the agreement with the
X
Hartree-Fock and thermochemical PA values are poor, unless

the basis sets include polarization functions on hydrogen.

. For the basis sets without such functions (2p) a PAgp value

less than the thermochemical value is obtained, because of

the inadequate description of the bonding in the radical
o

cation. Furthermore, the PA values are affected to a

greater exﬁené‘by the add;tion of 2p functions on hydrogen,

than, incorporating valence electron correlation in the

" basis sets.

+ o
t .
Ethyl: .
)
]

As expected, all compﬁted PAgp values are larger than -

the thermochemlcal PA, value.*ﬂpe error in the .

thermochemical pr%gpp afflnltgbdependg largely én the

o . R .
uncertainty in DHO ‘becausé fﬁgmerror in IP (adiabatic) is

. small. %#he proton Aaffinity of e .ethyl radiéal is ca. 7'aj

kJ me11 greater than the methyivrad;cal. -This 1ndicates

that replac1ng,an ) Ain methyI radical by a methyl group

.
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results in a greater stabilization of RH*e relative to R°.

Vinyl:

Thére is a fair agreement between the eiperimental and
thermochemical PA vélues. The difference between the
thermochemical and\computed Hartee-Fock protoﬁ affinities
{s'largei than that expected from ZPE and correlation
energy contributions. The proton affinity of the vinyl
raé&cal is 146 kJ mol~l greater than that of the etﬁyl

“radical. This results from the ease of ionization and the

greater DHP value of ethylene relative to ethane.

p
Ethynyl: ’

There is a large variation between the DH® values of
acetylene that have been reported (32, 33a,~33b). The valué
recommended currently, by Mcmillen and Golden (32), has
been psed to estimate the thermochemical PA value. No
_experimental determination is available toc assess the,
éccuracy of the tﬁerchhemical value. There is a large
difference between the computed Hartee-Fock and ,: e
thermoch;migal proton affinitiés : the uncertainty in ;pe
, DH® value precludes a discussion of the reasons for tﬁig

1
observation.

4

~
=™

. .

.

.

Allyl: ; .
.

The allyl radical can, in principle, be formed by the -

deprotonation‘of the radical cations of both propene and

cycTopropane. The protom affinity of the allyl radical to

8
- " .'
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form both these radical cations has been estimated. The

thermochemical PA value for the formation of the propene

radical cation is smaller than the experimental value. The : °

error on the thermochemical value is largely dependent on
the accuracy'of DHO, The accuracy of the experimental

determination is also limited to +8 kJ mol™l by the . .

bracketing tecnique used (25). As expected, the PAyp values®
: [

are greater than' the thermochemicalfpfbton affinity.

Cyclopropyl: S ,

There is a large variation between DH® values of .

éydlopropane reported in the literature (32, 33a, 33h). The}

value recommendéﬂ by Mcmillen ané Golden (32) h;s been used
to estimate PA. The experimental value is,éma}lér, than the
lower limit of PA(R-)obtained by the- thermochemical *
mthod. This may indicate an error in thg DHO'value.

The difference in the PAgp and the Fhermochemical PA
is greéter than in the propene system. Aé‘in the ethynyl‘
system this difference cannot be"exp}ainéd by the absence ’
of reliable thermochemical data. The cyclopropyl radical_
t}as a prfoton af'finity larger than i:hat of 'the vinyl and
allyl radicals. This results from the relatiyely,low
IP(adiabatic) of cygigpro?ane. : . ﬁ\k '5;

. B . 3
X - oo z -
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Attempts to experxmental ly determlne PA have thus far
falled. One of the ‘reasons has_been’ the absence of a ’

suitable hase with a proton affinity greater than 880 kJ

B

mol=. The thermochemical approach pmv;des a method of
abtaining the PA value. The IP(adiabatic) of benzene has
been accurately determined. Consequently, the uncertainty
in the PA value estimated in this werk depends on the error
in the DH° value. Only a partial optimization was carrled
out to obtain the STO~3G equlllbrlum geometries for the

phenyl radical and the benzene radica\l cation. Thus, the
excel lent agreement. between the Hartree—Fock and ! '

3 \p M \‘
thermochemlcal PA values may be due to a fortultous Ry .
r X

canqellatlon of errors. T - 4

N . .
BenZyl: K : ‘
* . N
: :

"+ The thermochemical PA value agrees well with the

2

~
o

B " R . . -
B

experimental determinations. The errors in the !

v s .

IP(adiabatic) and ‘DH® values are small; it has beén, Co
suggested that the thermochemlcal ‘proton affm:.ty of. the~ x
benzyl’ radlcal is su1ta51e to begused as a standard for a
- < ¥ . .
B . “
absolute sgale of progan affm;tles(u). .- .
) . .\ § ™ L 3 ot v . , ‘e .. L b
R > ) , e £ L : s
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1.5 CONCLUSIONS ‘ S

The use of thermochemical cycles in assessing
b : \ 3 * .
thermodynamically significant parameters not directly

determinable by experiment has been demonstrated.

P

This work shows that in“generql hydrocarbon radical
cations are strong acids in solution and that deprotonation

~ can be slow becayse of the absence of a pre-formed hydrogen

v oy

bond in these acids.

.
*

There is general agreement between the df%ferent
methods used to estimate radical cation acidities. The

estfablishment of reliab%e pKa values for the.radical’
\ 2 .

cations of toluene and benzene is ,important, because it

enables the estimation of these parémete;s for other ions

N
using kinetic methods (35).

It has been demonstratéd that a thermochemical

aﬁproéchican be used to obtain reliable proton affinities

w7 »

of free radicals, and to establish an absolute scale of

N

Y ® ™
such values. In general fhe trend in the ab initio and

thermochemical proton affinities agree. Thus, the ab initio °

self-consistent field MO method can be used to estimate

relative values of proton affinities in the absence of

‘@

‘. k4 * - ,
:

reliable thermochemical data., ’ . .
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in solution at fairly high concentrations, most are

N
A

CHAPTER 2. THE STABILITY OF ALKYL RADICALS

i

2.1. INTRODUCTION o 5o

v

Organic radicals are dpen—shell.specié%‘which form
an 1méortant class of react1ve~spec1es. These moieties
are formed as intermediates in processes that range from
~1ndugtr1a11y useful polym§r1zatlons andlpetroleumo
cracking to intricate physiological reactions. Although .
some free‘radifélé are persistent_ enough t& 5e maintéined
qncodptered'qﬁly as short-lived intéihediqtes. This fact
has made the detgnmination of accurate thermochemical
paraméfers for radicals quige diffich%ﬁ. Mostuéften, ’
neasured values have large uncertainties (32).

. Tﬁe energy .,0f a chemical system‘cannot be measured
absqlutély; consequently, only relative stgbilities can
be defined in terms of energy. The relative ‘ .
thermochemical stability of a chemical species can be
measured by the total energyA(reference state: -separated . .
electrons énd nuclei) or by the heat of atomizatibn"

& -

(reference state: separated atoms) (77). + )

e

The stability of gwo.chemical systems can be,compared . - | ’

\ @ o . . rs -«
only if-they contain.the same,anber of particles ‘

o o

(electrons and nuclel, or atoms) (77). For. example, the s

‘free eneggy change : ' . D ' .



.t

#

R

[611 A +B --=> C+D .

‘ ) * N
is a measure of the relative stability of the products
(C+D) with respect to the reactants, (A+B). However, the

Stablllty of, say D relatlve to B cannot be extracted from

{Ggyr (or AHgy) alone, unless D and B coufgﬁn the identical

number of particles and the total energies of A and C, are€

)

given. Moreover, even if the latter were known, individual

A

bond contributions to the total energies of the . L.
participating species woulg be required before the relative

importance of various factors governing the stability of

v
&

one of the products {for example, a radical ) can be

defined in terms of one 6f the reactants.,

'iﬁ-éhis .thesis, it will be shown how the stability
3
of a radical can be deflned Wlth respect to a reference* .

state containing an identical.humber of particles, and

how the'energy of such referencehs%ates may be estimated.

u

The stability. measured relatlve ko such reference states

will be termed the net stah;llzazlgn energy ‘of a radical.
Radical stability is’ defined as the  the

M -

- & F]
stabilization (or destabilization) energy conferred on ‘'
the»open—shell specfég’éé\s feéuﬂt of ‘the interadtidn £

+

the unpalred electronow1th the:}dnds in the molecule.
° ‘ ¢
c nsequently,‘an 1deal reference state, w1th reigect ko

~
‘which radlcal stablllty may be assessed, should c taln k

~a * . Iy

t\ ,an 1dentlca1 number of partxcles as the rad1ca1 and an ;

¥
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2 . P . . .
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unpaired electron that is non-interacting.

In sectlen 2.2, the suitability of the reference

states, adopted in other approaches used to assess radical’

stability of alkyl radicals, will be analysed critically.
2 thermochemical - cycle is used to assess _the

suitability * ef using isodesmic reactions (78} to obtain
interaction egerg?es between substituents attached to a

’

common group. These concepts are then used to

\ P
illustrate the limitations of using the DH® method to

define radlcal stablllty.

A

- g — - = -

¢

' {6‘2] L " "Rx "A-:-L...)n{ R-’ 4 x'u . e, . “,: ‘

In section 2.3 1linear charge-energy relationships

that have been established (79) are used to assess

t

substituent effects on the intrinsic C-H and C-C bond: .
strengths ef‘hyarocerbons. By intrinsi¢ is meant the

contribution of that bond to the energy of atdmization of

L]

the molecule. Suchreffects on molecules of the type RH,

RCH3 agd RR are used in conjunctlon w1th the bond

dissociation enthalples (DH°(R—X) X=H, CHy and R ) to

define the net relative stabilization energy of the open- h

+

shell species®R* (SECIR*,) Rx1). " .

~ f .
‘ » $
,w N . B

A

2 2. MERITS, AND AMBIGUITIES IN CURRENT APPROAéHES TO ASSESS ~

RAD] cAL STABT LITY b ' L
L .

¢ * . * ]
. - : " . ;'5‘
The enthalpq change for the hcmolytlc cleavage'

‘
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of the R-X bond in an organic molecule (RX) in the

gaseous state, under standard conditions is =

[631 AHO, = AHORY) + AgHOX ) ~ AHORK)

2

= DHO(R-X),.

In this sectibn; all specie%bare considegeé in the
.gaseous state. However to simplify the notations 'used the
symbol ’g’ has been omitted.
' Equation [63] has been the basié for most

definitions. of the "stabilization energy" of radicals

[

. 132, 33a). This stébilization energy is conveniently
derived from reactions conserv1ng the number and nature of

" all chemical bonds (“isodesmic reactions” (78)). The
standard energy for enthalpy) change AEC gator OHO%,) has

been deflnedwas a measute of the anterac ion between X and

3

- N B

Y(sudelnf.m)- T . ,

[}
e

1641 .  X-%-Y + H-Z-H .-—=> X-2-H + H~Z-Y .

When Y = electron and Z = CHy reaction [64] YlEldS:
[65al -CH2 + H-CHz—H —-—> X~ CHZ-H + H—CH2

a \ # 'lt »
. p) . . . e s
16561 R* + CHy ~~T;> RH + CHy L

» I3

]

R Szwarc identlfxed AHOGSb as the (de)stabllization

energy (RE) of a chosen radical R* ( eq. [661 ) (SO)q,u;

72
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®

[66] = RE (R) = AH@5, = DHO(CH3~H) - DHO(R-H)

For Tl-resonance delocalized radicals, Benson's
* definition of stabilization energy ( SE ), eq.[67], has

¢ - . .
. been used, wherg RgCH; is the fully saturated compound

analogous to R _CH3 (33a).
‘IE ’
Y o~ \ 5
(671 SE (R n"“z" = DHO(RgCH,~H) - DHO(RTCCHz—H)

3

The DH® methods described above (egs.[661 and [671)

assume that the relevant relative DHO values , depend-only

<%

on the stability of the radicals formed (33). This

suggests that the standard enthalpy changé:
. [881  Rep '+ RZ --=> Ry Z + R

_ AH%g, given by eq.[69] should not vary with Z,

. where R, Z is the molecule with respect. to which
* "

relative DHO values { 5(D,H_°(R-z))} are measured. v, f
. o N v ! b4

[69] )AH®gg =~ DHO(R-2Z) - = DHO(R %)

= "Diouo (r-2)) - C

b

* 3

. -However, it can be shown that the variat-ion/in ' .

- . r ‘ s
relative DH® values( G(MAH"G‘B ) ) is given by the enthalpy

change for the' reaction: '

@ ! ‘
. 5

. 1701 . R’I.'B' 4+ RX ——;) Rrx‘x."- RH :.“ . .

!

w ¢
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w

by considering equation [71].

(701 O BH%g ) = AH%g(z=X) - AHOgg(z=H)

* . = Owror-x» - OwrO(r=R))

[}

AgHO(R X) - AHORX) - AgHO(R H)
+ AfHO(RH)

. . o
' I . 8H%70
The use of the DHO method to estimate radical
. . stability "presupposeé the absence of substltutent
- eféectsmn the stab,llltles of the parent undlssoc:tated I
) molegules. Thi% method actually assumes that AH%, is

zero. In Table 13 we crltlcally assess the validity of

this assumption.

: ~
The fact that 6( AH°58) is not zero does not

indicate the .absence (or' presence) of radical stabilizing
effects, because this term is independent of the heat of

format:}on of :f radicals (8l). Indeed, -the limitations of thé

DHC method are’illustrated in Tables 11, 12 ang 13.
M b

. ) : . oy

. e
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Table 11. A correlation of gas phase bond dissociation

enthalgles of R-X (DHO(R-—X)) with R-H (DHoO(R-H)) at 300
K. a.yb c. ‘ .

- —— - — —-—— - v —

- o e o Bt S B " —— - v 200wy W~

(147) (108) ( 88) ( 76) ( 36) (329) (200) (164)
X7 Me Et n-Pr i~Pr t-Bu ' Ph Bze Ale ° -rf

- A s S B s T (o B e H0 Tt S B S - — — — —— o — ——

H 439 410 410 399 389 464 368 361  1.00
Cl1 '350 342 342 342 340 399 303 ' - 0.91
Br 296 283 284 286 281 337 248 230  0.94

I 238 224 227 225 215 274 207 179 0.95"
OH 388 382 382 388 388 464 340 327 0.89

Me .378 360 361 _ 358 351 426 318 311  0.97

»

Et 360 343 343 338 331 408 300 294  0.98
n-Pr 361 . 343 343 339 331 409 ‘301 293  0.98
i~Pr 358 7 338 339 332 317 401 298 291 0.99
t-Bu 351 331 331 317 299 388 - ,.284  0.99

Ph 426 - 408 409 401 388 475 389 - '0.99

Ll

o B e S Bty e S s W O S A s e s S e — - e oy - v -

a Bond dissociation enthalpies have been calculated from
eq [63]. The standard heat of formation of RX, X and R°
_aré from references. 82, 29 and 32, respectively.’

ball \Yalﬁes in kJ mol1-1.

C Uncertainty #6-8 kJ mol—l g

d The standard heat of formatlon of the radical is glven in
parentheses. .

€ Bz = benzyl; Al' = Allyl.

£ Correlation coefficient for the. linear regressmn
analysis ¢f DHO(R-X) vs. HO(R-H) as a function of X. «

75
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. .Table 12. The effect of the X group on relative DHO(R-X) at

‘ 300 R.asb

X  Me Etc n-Pr i-Pr t-Bu Ph  Bzd  a1@

—— . . B o St T G s — — — — - —

H 20 0 0 © -11 -21 54 -42  -49

c1 8 0 0 0 -2 57 -39 - v
Br 13 0 1 3. -2 54 -35 =83

1 14 o 3 -1 -9 50 ~-17 -48

OH 6 0 0 6 6 87 -42 =55

Me 18 0 1 -2 -9 66 -42  -49

Bt 17 O 0 -5 -12 65 -43  -49
n-Pr 18 0 0 -4 =12 66\} -42  -50
f~Pr 20 0 1 -6 =21 63 -40 47
t-Bu 20 0 0 -14 -2 57 - ?*-47
Pp 18 0 - 1 -7 =20 67 -19 ' -
_— : - _— (O

. - b}

a Bond dissociation enéhaipies-are given in Table 1ll.
b A1 values are ih kJ mol-1¢\
. o

C Zero by definition. ) o

d Bz = benzyl; Al = Bjlyl.

- A
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U ' . r ’ . / Fd
"{'able'l}% The standard enthalpy change; for RKeaction [70]
(Rp= szl5),‘ at 300K. 'Thga xariation. of relati\;e DBC (R-X)
-values with x.&0 . = 7 .
~ . . v - ¢ s 9! ,"
R ' v
Y _ -
* - - ¥ v R
D 4 Me n-Pr i-Pr t-Bu Ph
e ot e e e e e e e e e e ooy e e o s s e — St e A e s A B 0 B S s S e

Cl, -20.640.8" - 0.240.9 12.440.9 ° 19.5:1.4  3.50.9
© Br -15.6:LA 1.7
I -14.941.3  3.04%.0 12.742.0 ‘12.532.4 - 4.3+4.7

.2 15.541,4 19.6+1.7  0.343.3

OH -23.740.5 - 0.54l.1717.2:0.6 "27.1:2.9  28.410.9
Me -11.030.6 1 ‘ 9.540.7 12.440.9  12.3%0.6

Bt -12.530.7° 0,531 6.680.7  9.431.0  11.330.7
i-Pr - 9.820.8  0.5:1.1  5.130.9  0.241.4 5{511.2
t-Bu - 9.541.2 - 0.3xl.1 - 2.4%1.5 -11.2#1.5 '3.1+1.4

Ph  -11.440.7 0.840.9 4;7i1.2 T 1.341.3 13.8+1.5

-t > o Yo g o s 2ot B - - — i G, G i S s B T B ot B T T g, Sty e S Gy G o S i e e (B S e S s G

2 11 values in kJ mol™l:
b The enthalpy chanées were calculated 'using standard

heats of foqmqtion (of species -involved) from reference

82.
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Table 14. The relative enthalpy of interaction a,g!c

° 3

- between two ﬁroups‘R and X, ¢ AHO(R/X)), attached to a

common:moiety (CH5) in the gag pﬁase. ‘i‘ .
___________ - R S - e e
- - R _ C &
X °° Me Et <" Ph, Allyl,
'-_"ﬂ—"'""“""':""“_'u‘ “““““““““““ """"“"'""-T_"n-_“ : — q -
ClL  '-20.6:0.8 -20.4%0,7 -23.9s3.1 ., -
Br "—15.61154 £=17,3+1.1 1123.914.8 -11.9%4.4 ¥
I 14291143 :%7.9¢2.6ﬂ =39.945.5 ;18.612.5'1
OB -23.740.5 —53.251.1' -23.441.3. -17.312.1
Me . :11}010.60 (~12.520.7  -11.430.7 -11.#5058
Et 112.50.7  -12.040.7 -12.2+40.9 -12.1+1.4
ph -11.440.7 "“12.240.9  -34,743.1 -56.8+8.4
______________ - —— - ————————— — ———

Y b

8 The standard enthalpy éhange,'at 300 K; for reaction

@ 0
-

- - %y

[64]; Z°= CHy'and ¥ = R. ~.

pad

b a11 values in kJ mor~t. ¢ - . o
: X m o .
¢ The enthalpy changes were calculated using standard heats

-of formation (of species involved) from reference 82.
H ’ ’ { . b

- .
¢ ‘ . . . . .
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and 2 will.also be a factor causing:the unegual DHO

B N a
- . - ) ' °

Figure 8. A comparison of the bond dissociation
\

LY

3
enthalpies of 1,4-pentadiene(1) andQ = o»

1,3-pentadiene(2). ’ \ ¥
v [ < o

1 »

El

N

In fact, the difference in’ the .DHO(R-H) values of 1
and 2 to give thé same delocalized radical 3 hds been_
attributed (32) to substituent effects on neutral closed

ghell species (i.e. extra stabilization of 2 due to the
7 - - - - S
conjugated double bonds). However, the difference in gh¥

intrinsic bond strengths of the dissociated C-H bonds of 1°

v

values. It must be noted that this ambiguity will b€

&

present for all T{-delocalized radicals khat can be

represented by at least two non-identigal. resonance forms.
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. Thq'inVOlyemeﬁ%:of . substituent effects on the
§tabilitj of undiséociated molecules, is also éhawn inv
Table 14, with reference to rehction [64]. In Figufﬁ/B; ;n-
examble of‘how ambiguit@es can arise 5& equating felativp

DHO values to radical stability, is illustrated.
c o

*
v 9.

An? : a - hf.th; . ]'.~’5 . £i
_(xf_as:i:mniﬂl)_ ‘ \ .

‘DUslng the thermochemical cycle given in Flgure 9, the

aenthalpy change for reaction [64], " AE°64' can be .

[

expressed by, I [72], ‘'where ‘6(DHO(XZ-¥()) and

$(DHO (XZ~-H)) are substltuent effects on the DHO values- of

the Z-Y and Z—H bOﬂdS;IESpEC?lVElY. .

L *
r

DHO (XZ~¥) ~DHO (HZ~Y) ~DHO (X% ~H) +DHO (HZ ~H)

Stomo (xz-¥)) -  OipHo(xz-8))

“u

-

! [% .

Equation [72]- shows that for a.fixed Y, AH064 is a

3

measure of only a relative interaction energy between X and

4Y with respect to X and H. This can,also be readily seen

“

by con51der1ng reaction [64], with Y=H, in which case
AHOg4=0. It must be npted, that the appllcablllty of

reaction [64] cannot be tested by\the

. ay

any group additivity methods (33a

heat of formation of XZY from HZY, K28 and HZH. This is

i

T

success or failure of

obtaining the standard



. Y ’ PN s .
X(ZH} Jnd ZH(X). Thus, the suitqﬁility 9f’§§2;g reaction

X
3

[64], when Y is simply an élegtron,!-ér,‘alternativély eq.
[66]) to directly assess radical’ stablllty depends ¢n the:

magnltude of the interaétion betwe@n a substltuent (X) and
o 1]

"H in a molecule of the type of XZH.

)
©

»
o

Y

The bond dissociation energy (DEO) of a bond ( C-X) at

L2

O K has been given by

3 -

[731 <BDE ( C-X ) = AV + AR + "AZ .3

one . &

: »
_where. AV is the bond potent1a1 energy (the energy needed

to break the bond at 0 K when the fraagments retain thelr
e ( . . :
) valence state pertaining to bonding): AR is the energy -

b o

.» change when fragments Tevert to the standard state a% O K

and AZ is the djfference between:-the zero point énergies *
before and after bord scission (83). Even if individuall

Vv, AR and AZ valﬁes can be estgﬁgted, the use of eq. [731]
JQ

to obtain radical stabilitiés will ‘he biased by effects on,

L4

e -

“the paregt species ( C-X ). ) . .

Q [

. In an entirely different appioach Leroy anddco-wo;keis
(84) have estimated the gtabilization energy (SE) of "

radical (or closed shell) species, using :

. b

W T .
[74] SE = AHa - YNAREAB" °
a . ' R - . . r tae
where _AH, is tHe heat of atomization of the species s
' * . . ¢ . -

s o

.

i
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. . (radlcabwor closed shell) and EAB*S are standard ‘bond

?
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& i 4 €

energy terms derlved from ‘AH, values of refétence -

" 14 .
- ¢ compounds. HoweVerp an unambiguous quantitative assessment *

L.

" of radlcalﬂsﬁablllty stilll cannot be made rbecause thf% e
» ®., M

method too, requlres an assdhgtlon regardlng refergnce B

] [N

. bonds. °° . -7 v

et T, s o,
t .

)

.
» t “

/ . Ll.lrchameff.e.etEmb.onds.tLemtha . '

o

v A ben‘d by%bohd insight 1nto the va\r\lous factors v
e contrlbutlng to the stablllty of hydrocarbons has. been made

po"551b1e by a‘sultable pa'rtltlonlng of the total energy of
< .

. . . n:these s'pec1es -m terms of constituent bonds.x‘ Such «an‘

'analys:Ls 1n terms of electron’ dlstrlbutlons has been \

. i ; ) C .

J developeo by Fliszar dnd co—workers (eqs. [75~79] «( 79, 85-

‘U ” ot " s 92).° Usmg this approach they have been able to calch\late ) N
. ’ the’ energy of atomlzatlon, cAatE ’ of seyeral series of .
cl ) “organic, molecules at 0 K in the hypothetlcai v1brat1on1ess

P . state Wthh show good agreement ‘ggt/h experlment (79, 85-923“’

- . ’ Equatlon [751 . shows the relatlonshlp between Aat' oo

. . and E-j; Where E, ij and E?nt; g‘i'ves ,thue“energy coot%ributione

o ' to . . A,eE" from the ij bond and the nonbonded - R
. . . . ,
- > &

. . . interactions, respectively. - ‘ . :
“ ‘. A .
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(7517 O E" 2Egs - By . 0o
* . : :
P ' 1576] Eij .= Elj (Ql' Qj~)° °
° (771 ' Ejq = E°ij + AQ:{ (@E;/ 30; )Qoi ,on +
<
] . Boy (BE;5/ 20y 194,005 C
4 : = (o] I
= B 19 Aq‘i' (aEij'/ 20; o
i P ¢ - qu {2 Eij/ o) Q3 )0 3

s
[] -

Equation [76] Ttan be postulated, provided that for a
given boné ij the variations in Q; and Qj (the total
eleétron populations of the bond forming atoms i and j

respectively ) due to changes in molegular environment

®

are gmall. The Eij terms can be expressed as standard .
Eoij terms (of'eq. [771) if eq. [76] is assumed (85).
In eq. [771, Aqy and Aéj are net (i.e., Z-Q) atomic

* charges relative to standard charges qoi and“qoi. By .
L3

éfefining Eqoc and Epy.with respect to the ethane CC and CH

'bfinds}', and consequently, ¢ and dyr expressed relative to
w a

thﬂe net’ atomic charges of C and H, of ethane, application

° -

b

\ ﬂ":’
of eq. M gave ¢ - . .
’ ! x*z - > ‘ D
= O ¥
[78al Ena= EQ 4 aCC( \chi + chj )

“ L3

[78bl Ea_! = EOCH + acy Qqc + apce AqH

¢ ]

In these eqﬁationSs acer acy and ape represent the
appropriate —(aEij/aQi )g values of eq. [77]1. ZIThe
* \ ’

. < »
RS



the units kJ mol~l.me™l .(where the unft.of charge is

Elﬂnlflﬁanﬂﬂ ni egs;.£Z§-131 is that the individual bond
Wmmmlnmmw
of two snegxes san be determined. if the E&Qﬂllﬁd aj4 hnd
9 yalneeaaxe kndun -(79, ﬁieﬂlle ' "

* T

- Useful information about charge effects on intrinsic

4

° ) -~

bond strengths have been cbtalned fromwthe application of
eqs. [75-781] to a variety of organlc molecules. Studies by
Fliszar andsco-workers (79) of linedr and branched
paraffins and of cdhpoqnds containing chair or boat

L]

cyclohexane rinds have~given the following aiﬁ values in
: ' .,

e;pfessed in millie}ectroﬁé and -symbolized by me (79)):

179l age = 2.64 R :
[79b1] v agg 4'1.03 " R s ‘
[79¢1 . T rage = 2.04. o .

) “ . , . Y

These valuyes indicate that 0.001 electron (= 1 me

i

added to a hydrogen ( Oqy = -1 me) stablllzed a CH bo

2. 54kJ; mol 1, whereas 1 me added to carbon had a -

stablllzlng effect of 1. 03 and 2 04 kJ mol™l on a cH a%d

L%

a‘CC bond, respectlvely (79). Thus. a&}‘elggtzgn ) .
N 3 .
enrichment.on a carbon atom . at the gxnenﬁgiﬂi the
gleetnhnmnulaﬁmauﬁ.ehzﬂmgéna:mgﬁgﬂmgm
these alkanese results in a gain in mglesulax
ﬁhahlllix huh a ggngnmltant neaken;ng of that’QH bond,
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The relationship betwegn, charges on atoms a'nd

.

stabllltlesx prov1des a method of estimating substltuent
effects onathe 1ntr1ns:.c C-H and Cc-C bond strengths of
Several types “of - organlc molecules (RX) mdependent of the
standard heat‘of formatlon of the corresponding’ radicals:
(A'HO(R') and AfH (X')). The intrinsic bond strehgth is

+defined as the contribution of thatebond to the energy of

*
.

atomlzatlon of the molecule

-As

\Next this approa«ﬁ is applled to assess changes in the

P

.

1nt,r1ns1‘c C-H and C~C bond s\trengths of a few
representative ATkanes. These estimations then enable the
calculation of relatiie net stabilization energies of alkyl

radicals via the use of-appropriate Dfi°,va1ues'fziﬂ_e

2 ]

2.3.2 Relative net, stabilization energies of a raflical (
SE® IR*, RX1)

Consider the isodesmic reaction:.

.t “ . - . w
(801 c*(rIR?R))X + CHaCHys --=» Ic*{rlRZRD)1-

o : + CH3CH2X

*

where "X is a fixed group(alkyl group or hydrogen) for
the series of R groups considered. and R = C (R1R2R3).
If all participating species are in the hypothetlcal

vmratlonless state at O K, the energy change for reactlon

]
. T

1801 can be expressed in terms of DE® values :

A
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Figure 10. A schematiC"represéntabion of subsfituené

= H 8nd CH3 )

-

. « ‘foeCts on an open~s%ﬁ}1 species
’ . (CH3CH2) and’ closed shell spec1es RﬁﬁgCHzx),A
- at O K, in the hypothetlcal v1bratlonless
. stq;e, wliere non-bonded intgr?ctions have -,
’ been ignored.s(a) X = ﬁ'

q () X = R, ‘ .

- OE, (x) =‘ﬁ9iR(Rx>} - E°{02H5(C2H5x)}
T - BB ) = SE°(C*/X)  ..( for X

SEO(C*/C*)  ( for X
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. [8lal OE®gg = 'DE®( R-X ) - DE®( CH3CH,~X )
RN Ay e . -
~ . If non-bonded interactions are neglected, from Figure

W
3 M A

3 1

8
. "10(a) and (b} it is clear that, AE%, is given by:

[81b] | AE% = - Op 0 - Opjexy # Ompy0 '+ Op
Y £ . *
R . N .= SEC[R*, RX] - SE?}C (X ).
. N . © N
. ' s ° In eq.[81b]l, - 6Ea(x), is the energy of the R component of
RX ,measured relative to the CyHg-component of ‘CoHgX.:Thus,
. . .
C - 6EC(X), is a measure of the stability of the R moiety as
a radical with re'f-erence to it obeing a part of RX; (in this .

thesis the R component of RX is denoted by R(RX) ) ‘and

-

s 'SE°[R', RX], is referred to as a net stabilization energy
* because it is meastired with reference td R(RX).

! - Values of -5Eb(x){ = SEC (¢*/x) }A/, are measures of

~ N

‘the stabilization energy of the c*rx intere’étion in RX |
relative to that in C,HgX. Hence, it is clear that, .AE®g,

, depends not only-on effects of Rl, R? and R3 ¢ Rl, R2 and

-

‘R3 are alkyl groups or hydrog‘en ) on the Ls‘t':fability of R*

relative to. CoHg®, SEC [Rv, _RX], but also on SE? c*/x) .

L}

Under standard conditions, the enthalpy change for eq.

[801, AH%, is related to SECIR" ,RX] by:

[82al SECIR*, RX] = AHOgy + SEC( C*/ X )

, ‘ + (DE%p)gg —  OZPE+HQ-H,) gg

. Values of‘ MZPE + Hyp - Ho) for isodesmic reactions



(%}

v -
are generally expected éo be small . To a first

approximation,' by ﬁeglecting'such eff@cts and

@

( AEonb)SO' eq. [82al simplifieg to :
—

183b]  4SEC[R*-,RX] = AOH®gy + SEO(C*/%)

e For X=H or CH3, the neglect of ( AE°Qb)3o will not

lead to anf serious error, because E°, (RX) valges have been
shown to be small (79,93). '

N;tice that the radical R* and the refefence state,
R(RX), cdntain the same number of atoms and approx1mately
they same net charge; hence their total energles or‘
atomization energies W111 reflect their relative
stabilities. Héwever,(the structure and charge

disZkibutioQ of the reference states, R(RX) ( and .hence

. b
SE®IR*, RX] ), can vary with the choice of reference state.

To test the ﬁagnitude of this variation three types of

reference states, { R(RX) ; X=H, CH3 and R }, have been\

studied,

Cage (i) : X =H .

Substitution of X = H, in eq.[82bl] gives eq.[83],
where SE® (C*/H”) is the substituent effect oﬁ the
intrinsic: €*~H* bond of RH". EquatioP [83] expresses + SE°
[R*, RH | in terms of known DHC(R-H) values and SE®(C*/H™)

which can be calculated using eqs.[79 and 841.
\ .
[83]1 SEC[R*,RH 1 = AH%,(X=H) + SEC( c*/m"

L]
Yo

94
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1841 .SEO( c*/ H* ). = sEO(c*-w*)) + sEom*-(c*))
A=

A

aC?H* [ ch*] + aH*C* [ AqH*l / .

s - LI

In equation [841] aCfH;[ Ogex] and aH*C*[ Agypsl are
_ the.respective contributions to the stabilization of ther
g*-H* pond ( SEO(C*/H™) ),‘fqu changes in the charges (in *
the ux_lqits of m_é) on ’tt{e‘ c* and n* a;tomS’ gelaﬁ'ive'to the

v

carbon and hydrogen atoms ofs ethane. Similar equations
»

can be developed to assess SE® (C*/H®) values in carbonyl

cbﬁpopnds (89), eéhers (89), and ethylenes (90). . °

. ot

Case (ii) X ="CHy . . \ 0
Substitution of Xt= CHy in eq. [82b] dives :- X

[85]  SEP[R", "RCH3] = AHOgy(X=CH3y) + SEC(C*/CHy) \

-
-

where SE C*/CH3) is ,the substituent effect on the
*® @

interactionsbetween c* and the whole , CHj groub (;q. NG
[861). Equation [85] expresses SEC[R* , RCH3l in terms of
known DH°(R-CH3) values and SE° (C*/CH3) which can be

calculaE@d ﬁsing eq. [86]., 1In eq. 186]\_SE° (Y~-(2))

1.
\

symbolizes the substituent effect on gze stabilization of

o~

P
- the ¥-2 bond due to changes in-thejcharges on the atom Y.

I

dy symbolizes the charge on atom Y relative to that on the
a
same atom (Y) when R = C,Hg. Thus, (Cf‘pH3) invol?es the

interactions in one C~C bond and three C-H bonds.

v

A .

1



‘charge effects can be overcome by chooging the.reference

[861 . SE°( c /CH3 Y sEO{ c*-(C)} + SE®{ c~(c) b,

* + 3SEC {C~-(H)3 + 3SE®{ H-(C)}

® jz .-
® ’ o= aC*C [f ch*] 'Ii acc*' [ chl '
} + 3aCH [chl + BH‘HC [AqH]
77 = age [Aqgad + 3apclAgyl
v (age + 3agy) [ Agpl - -
Case (iii): X =R .o

The need for considering térms such as ASE° (c*{x) in
eqgs. [83 and 85] impiies the presence of, and the variaéion
in, charge on X (aﬁd henée R(RX))JThus, Ehé‘choice ;f
reference state 1n deflnlng radical stability Jusing eqs.
[81, 83 and 85] w1ll be biased by this charge effect. Such
A
state (R(RR), where gp(pp) is zero by symmetry. To define

‘ E°[R' v RR], let usxcon51der the following isodesmic

reaction:

1871 /2 1 ¢C (R1R2R3)]2 + CH3<:H~2\ > IC (R1R2R3)l. \

LA

- !
3

.
9

If all participating species are in a hypothetical

vibrationless state at O K, QAE%g- depends not only on *

- the effects of Rl, R? and R3 ¢ Rl, R2 and R3 are alkyl

grBups or hydrogen Jon the‘stabi%ity of R* relative to ~
C,Hg', SECIR* ,RR], but also on, SE®(c*/C*) (egs. [88 and

.

\

v + 1/2_[CH3CH2]2 ot

L 4

¥
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'3 a et E3
' f/\> ) & ’ ’ ) § *
891), the stabilization of the centra -c* bond in RR .

4

"relatlve to that in® CH3CHZCH2CH3 (1 e. the:cent,ral c~-C bond

| in n-butane). This is illustrated in Figure lo(c). ,

»
f
. P
. L

[88]1 AE®g; = 1/2IDEC(R-R)-DE®(CH3CH,~CH,CH4)]
= SE°IR* ,RR]-1/2 SE°(C*/C%)

e . - p
. g . > - 3

Tn eq.[88] thé symbolism adopted ( at 0.K) is the

©
£l

same as fn eq. [#1]. Thus, the descriptions of. terms in ,

eq. I[811 are also applicable to eq. [88]. The standard *

_enthalpy change for eg. -_g87]', ‘AH%g; is related to )

SECIR*, RR] by : -
[89al SECIR", RR 1.= AHOg, + 1/28E( c*/C*~) & S E
1 N i Iy

Ps

+ . (OEO g7 - -A(ZPE+Hg-H) gy -

2

Values of A(ZPE + HT—HO) for isogesmic reactions are
small and can be neglected in a first approximat'iqn, but

( AEonb)g-; may not be small (for example when R=t-Bu (85)). .. ‘

Ho‘wever if neglected, it simplifies‘eq. [89al to:

[89b1 " SE°[R*, RRl = AH 87 + 172 sEoctsch .
. Y

\ « "

SEC[R*, RR] in terms of ‘known

et

Equation [89bl ex‘preSSes
DHO(R-R) values and SE®(C*/c¥) which can be calculated ’

a

using eg. [901, where Ad.+ is the ch¥rge on the c* atom

of RR relative ?thaf: in. RR:(R=C2H5).

- 3
901  SE®(c*/c™) = 2 SEC{Cc™-(c™)} .

AL
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- 191al & (SECIR",RX])

%,
-1
a

: A ST by
’ L s 2 gocldor (r)- = G (n=Calizg) .-
= 2 ag [ Agesl ‘ T
e ‘ p

) > T 4

ﬂ -
»

2.3.3. Yariation of w°m'mwmmﬁx

'I.‘he varlatlon in SE°[R' ,v], for X=CH3 and X=R (w1th.
( s

reference to x'-H), can be represented by:

v
L d

.
f ' -

SE°[R* , RCH3] - SEC[R* ,RH] [’

s

.SE°[R*, ,RR] -~

[91b] §Y (SECIR:,RX])

“

SEC[R? ,RHI]

Substltutlon of eqs. [83 85 and 89b1 “in eq. [91],;,

0

ylelds~ . : P

P

[92a] & (SEIR:,RX]) = AHOgq[(X=CH3) - (X=H)]

" " o + SEO(.C*/cHy ) L SEO( C*/m )
g ' T = 68%(hr%gp +  (sEO(CT/X))
[92b] '§ '(SECIR*,BK1) = [\HOgy - AHOgy(X=H) +
o w2 sEeEt/eh - sEC(Ct/m e

»

In eq. [92] A(ZPE + Hp - Hy) and S¢ AE®),, terms.have

been 1gnored. Although 1r{dividua1 \AH°80 or AH%
values have large uncertamt1es (ca. 8 kd mol"l), the
difference 6(’AH° 80 ) ;alues are known more pre01se1y

(uncertamty < L kJ mol'l) (Table 13). Thus, the

differences 'in the SE°[R', RX] values can be calculated

Sy

usmg egs. [92(a) and 92(b)].

-

While indlndug’l 0(ZPE + Hp - Hy) values for egs. [80

-]
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3

s
a
b I i .

< P »

= 8
g 00 A{)-

.»and 871 are not readlly calculated thelr dlfferences can -
v i$
usually bé obtalned (92). Slmllar],y dlfferences in

( AEOn"b ) valuas are generally estimable (79, 93). Using

eqsw [81] and 89(a)J, the dlfferences in the BEC[R*, RXI]

o ®
& @

values can be expressed by- ¢

]
h “r Y
s - 1Y
LIEN *

(93ar + B¢ SECIR',RX1 ) < (AuOge) +, Ot sEOC*/0))
s -~ A(ZPE‘I‘HT—H )'BOL(X CH3)-(X"H)]

. e + ( AE® nb)sol(x—cn3)—(xaﬂ)]

A ~
¥ 3

[93b]°6'(SE°[R';RX]n) = [ AROg; - AHOg(xX=H)] +°

1/2 sE°(c*/c*) - sEo(c*/m . -
. A(IPE#Hp-H ) g7 +A(ZPE+Hp—H,) go [X=H]

+ AEonb) 87k - ( ,AEonb) 80 [X=H] ¢

s o

) e
/
L4

From Fig‘ure 10, it is clear that for any X the tdtal
substituent effect on the-'s'tabi'lity of a.radical is a
cotstant. Consequently, by assunung Eonb “[R(Rx)]—
'E° b[R(RH)] equality [94] can-be obtained,

.

1941  Or,(cHy) + SECIR:, RCHy 1

6Ea(H) + SEC[R°, RH'1 -

OB, (R) + SECIR*, RR 1 . : i

it

The differences OIE 2 (GH3)-E, ()] and O1E, (R -E, ()]

can be estlmated by consmermg the charges oh the atoms of-

the R(RCH3) and R(RR) relatlve to that in R(RH).

o 4

L3 . 2o 200 By o o
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L3 " LY
[95al  OlE, (cHy) ~ E,(@1 = Or,(ciy) - Or, m@
= [ Ey(CHy) =~ Ey(H) g -

f | [ E,(CH3) = E,(B) Ig,g,
[95b]  OlE, (R)'= E (M1 = [E;(R) - E (M) Iy -

’ Lo [Ea(C2H5) - Ea(.H) ]CZHS

.

[96] =-( E,(X) ~ E (H) )g

*

)

Lyl (nc;acc *+ g 2w Aqc g0 zj[ 3pc Odp

]

zi[ (nciacc + nyg f‘CH - anc) Ade JSI +
agel gIR(RX)] - gIR(RH)]]

T  In eq. [96] nc,and nHidre, the number of carbon and

hydrogen atoms attached to C;ii Bge i and Aqu are,

charges on the i:carbon and j hydrogen atom of R(RX)

3

relative R(RH). - .
From eqs, [94-96] an expression for the Oc sE° 1r 1)

values is obtained:

[97al  OC sE®Ir-, Rx1 ) = OtE (cHy) - E ()}
[97b1.  O'(®ECIR, RX1) = OiE,(R) - E (D)},

i

¢ ) it iy g, v



2.4. RESULTS AND DISCUSSION

©

o /The stabilization en?r»’tjy of a radical must be an N S
invfariant guantity: Tables 11 and 12 clearlif sho,vz,
therefore that relative DH? values cannot be directly
equated to ‘radical stabil"ity. For example, by considering
the C-OH bond cleavagé it might be concluded that the
stabilities of the simble alkyl radicals ax;e in the order,
i-C3Hy* & t-CyHg" < CoHg* . This is a complete revners_a% '
in the order of stabilities, CyHig® < i-C3zHy < t-CyHg', .
obtained by considering: C~-H bo‘nd cleavage., r

It might be argueé that‘the? relatively poor K,J A ‘
correlation of DH® valu®s (when X is an electronegative
atom or group) in Table 11 is due to the uncertainty in -
some, of the data us?e:i in the analysis. However, it must be * .
noted that a good correlation in the D€I° data is a.
necessary but not a sufficient criterion to propose that
) relative DH® (R-X) values are a suitdble measure of l}adical
stability.

" The differences obtained in Table 12 are independent
of the standard enthalpy of formati'on of any radical
species and are equal to the AH®;, values in Table 13.
Most of these values have uncertainties that are smaller
than the diffeurences ‘in Table 12 (82). The ambiguities in
the order Nof stabi}ities inferred frwom Table 12 are a

result of neglecting effects on the parent undissociated

* molecules of these radicals (see Table 14). Thus, even

P KSR R
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where X contains more than one atom; therewill be an

) ‘ s 102
, . | | .
when mo,r;a aé’c’urate, determinations 6f’ 0 values are” .. 4
.available they y{inll not change thg appalent discrepa’hcig; .
in the values in Table 12 and may .not sidnificantly improye ‘
the correlation 1n Table 11 ’ , ‘a .
' The poor correlation obtalned 3\{1 the DH® valuyes wh L X ,;

+effect on the individual bonds in X) from the groups

«

is an e*lectronega{t;lve atom_is not surprising ( Table 11)

(94). This is because the polarity of the C &% ———="% §~

"bond will certainly affect the strength of the other bonds

inﬂ., the molecule. On dissociation ‘of the' C;X bé)nd the
effects of X on R will be absent. .In addition, an X, that
had a'partial negative charge when attached.to R, leaves as
a neutral gpecies. Thus, ,in the radzcal state the 'R
component will have ‘to acpommodaté the ‘excess eleg,tlrons,

Furthermore, there>will be effects on the .C-X_bond (and

.

e

" attached to (CX). One of the reasons for the poor

correlation in Table 11 and the large AH°64 values,when X Q
= OH, is possibly because of effects ‘on the O-H bond. *

The relatively better cor}elétion, when X = alkyll is
v b

probably due to the fact that substituent effects on RX are
g ,

very similar in nature when X is an alkyl group or a
hydrogen atom.  However, Iable 12 clearly shows that even
when X = alkyl the magnitude of re1®ive DE values change °
appreci¥ably relative to X = H. Alternatively, it can be
suggested that, due to the variation in the relative DH°

q
{ . v

A«
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o . ,5/5\& , e ) . .-
‘values, only RH'bé used to define radical stability.
' However, such an a prjorj choicé is unjustified, uhless the

éffects of substituents on the intrinsic R-H bond strengths

E

are known., . :
. 1 & =
L3 -

Studies by FJ:iszar and co-workers-have shown that .
wc,harge effect’s areﬂther'dqminant factor ihf»lrh’é‘ﬁé‘iﬁévth,e .
stabilities of alkanes (79). Fré:;\ Tétble.e‘ 15 it ilfs ;ayideni:
' that such effects.can be as lar(ge/a§ 1% kJImol~1 for tt‘leﬁ
._arti‘a@m_c-ﬂ bond i}l 2-methyl propane. These effects a;:a a_ .

%

result’ of the variation in the chargeé on both,atonms
(c&rbon and hydrogen) invelved in the bond. .In the alkanes .

-

studied,  except fd’r‘thé ’5rimary C-H bond in.propane, the
varia®ion of charge on ‘hydrogen ha: a greater effect (aHC

W

Agps) than the corresponding var ion on carbon (acy

Agex). From Table 15 we see that the C-H bond in methane

is 8 kdJ mol"l weaker than in ethane. The primary and “

@‘of propane and the tertiiry C~H bond of

*
Y

ségondary C-H bonds
2-methyl propane are fc;;md to be, respei:;tive‘ly, 2.6, 8.0 ,
and 17 kJ mcpl"1 more stable than the C-H boné of ethane.

_ Charge effects on the total interacti‘or} between a
methyl group and the carbon atom at the point of attachment
for selected alkanes are given in Table.l6. These valﬁes
shz;wj that there is a greater contribution from charge
variations on the;Garbon atoms than the hydrogen atoms to
the total effect. It is als%;q'.dent'that the'c” atom

shows a greater effect in the C/CH; system compared to the =
-
Pl 4. g /

% L+ x,

Lok WW‘,‘M L \

* G
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Table i%. Cpérbe gffects on the relayive intrinsic C~H bond A
str;;gths,in*alkanes (RH), SEO(C*/H*).arbrC
' e e e e e
L) ©L REL ¢ acylact agc dag* . SEC(C*/EM) X
o o eq. [84]
Cuy-r* T T 112 T 7.00 © 8.12
N . CHyCTHp-HY. 0od - 0d 0d
o 'CH3EH2C*‘H2—H* . -1.50 0 - -1.06 -2.56
" chE(cEy) Bt - -1.67 ' -6.31 -7.98
C* (CHg) y-u* ©  -3.08 -14.04 -17.12 -
. 2 All values in kJ mol~l
b Unless stated otherwise, éhdiges on atoms are obtained
from Appendix II of reference 89. : .' -
¢ C Negative (posiiive) value implies a stabilization and
' hence a strengthening (weaﬁening) of the bond. "
T d zero by definition.
) € Charges on atomg calculated from Table II (n = -4.4122) of
_ reference 88. . ‘
. ) ‘ ) )
d »
. = [




-

Table 16. Charge effécts 'on the relative intrinsic bona
strength ef the C-CH3 bond and C~-H bonds of the CHy group

in the alkanes RCH3.a'b'°‘

- e ey st - . Sy g o} St ——— -

(acc + 3acy) -3agc pam  SEC(CP/cEy) %

M

¢ eq. [84]
c*i4 3.30 7.49 o317 1396
CHyC*H, o 0 "o 0

. .

CHgPHACTHy  -2.45 1.95 ~1.98 -2.48 -
c*H(cHy) 4 -2.79 | " -6.52- . -2.93  -12.24
C*(cEg)gd --3.39 . -12.52 - -7.52 -23.43
a All values in kJ mol™% .

b Unless s¥ated‘otﬁgrwiseh charges on atoms have been
obtained from Appendix II of reference 89. <:,

¢ Themcarbon'and hydrogen atoms of the bH3 group of RCHj3

" are indicated by bold type. _ B

Al

d Charges on atoms calculated from Table II (n = -4.4122) of

reference 88.

\

L
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Tdble 17. The relative net @labilizatjon energies,®
SEC[R**, RX], of alkyl radicals'(R*) in\ the gas phase.
j
T R T
. SE°[R*, RXI
R AH°8;b 1/2 SEC(C*/C*)®, X =H X =CHy X =R
CHg 17 5.754 37 32 23
CoHg 0 o 0 0 0
n-CgH- 0 -2.144ds€ -3 -2, -2 c
1—03:H-, -6 -2 8;4d'f -19 -14 -9 ‘
t-CyHg -22 " o -3.044/% -38 -32 -25 \
____________________________ (K: IR
aa11 values in kJ mol~L,
D calculated using the standard heats of formation of RR/
from reference 82:and R* from reference 32.
¢ calculated using charges on :carbon from references ﬁ L
indicated. ) o ’
d peference 89'. Appendix II. )
. em Charges for n-hexane estimated using method described in
reference 79. 13¢C chemical shifts obtained from D. M.n” Grant
and‘E. G. Paul, J. Am.-Chem. Soc., 86, 2984 (1964).
£ Iieferencé 85, after multiplying'by‘ a. factor "(35.1/69.4) .:
to standardize chatges to ¢%;(ethane) = 35.1 me.: )
4 ! L
3 -

R P



s ' 107
C/H system. This is partly because ac;>aCH. The

substituent effects observed on the C/CH3 interaction is in

- ~

the same order as the C/H interaction, but greater in
magnitude. The variation in the relativéIDH0 values
observed for, the C-CHy and C-H cleavages are pértly due to
differences in SE®(C*/CHy) and SE®(C*/H) values. The
SEC[R* +,RX] values obtained after the appropriate DHO
“values have ‘been corrected for C/H, C/CH3 and C/C
interactions are given in Table 17? < J
From Table 17 it is evident that for a giveq R, .

SEC[R* ,RX] varies with the choice of reference state. The
N \

uncertainties in the individual +8EC[R*,. RX ] values depend
to a large extent on the error in the DH? values used to

"

calculate AHOg, or AHOG,. Before discussing the relative '

merits of using-the various SE® [R* ,RX] values calculated
ey * ' ' b >

to define radicél,étability;the reﬁson for their

differences must be given careful consédefalibn. The ’, -
charge contribution to tﬂe energy differences between
reference states,is given in Table 18. These values show .

that "for a given R* the stability of the reference states '

(TS

are in the order»R(RR)>R(RCH3)>R(RH).i This order arises -

because of the differences in the net charges of the

-

reference states (Table 19). L

-
. v

A
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Table 18. Substituent effects on the stabilization.of the
" L

R* component‘é} RX, R(RX), relative to R{EH).

M

—— ——— —— o —— S~ —

(B, (x) - 43‘.:1(1:);lD (B4 (X) = By (H)) h :
R. X=R X=CHy = X=R X=CHy
R S B e
CH3 24.4C 24.4C -13.3 -5.5 '
CpHg 37.7¢  29.9¢ 0 0 \‘. ‘
n-Csfy 37.99  29.2¢ ‘ 0.2  -0.7
i-C3Hq 26,48 33.60/F 8.7 3.7 3
£=C4Hg 50.9¢  33.78/F 13.2 3,8 .
@ All values in kJ mé1~1, - ' T ’ !

]
Y

Charges obtained from references{inéicated. !
Reference 79, Appendix II. ~ -

d See footnote (e) Table 17,

® See footnote (f) Table 17. . ,

f“See footnote {(b) Table 15.
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Table 19. Net charges@r® on the R component (qg) of RH, RCHg
#

ant® RC2H5. v T
L T
R qp (RH) -~gg (RCH3) dg (RCoHg)
r . ¢ -
C,Hg 11.70 2.66" 0
" ncyHy 12.10 3.03 0.40
i-C3Hy 14.09 5.04 2.40¢
t-CyHg 17.02¢ 7.95 5.30C . “

2 All charges are given in thq units mé.

b Uniess indicated otherwise charges from réference 89,
app 1I. ) )

€ see footnote (f) Table 17.

9 gee footnote (b) Table 15. -

3 - »
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Table 20. The variation in the relative net stabilization

energies® of a radical R*, SECIR*, RX] with reference stateP

R(RX) .
—r— [ - s e s e S et P S .t . S st o i W . e ]
* SEC[R*, RX] -~ SEO[R*, RHI ",
P i - rCR :
equation . equation .
' R '[92al¢ [93a19 [97al® [9201f  r93p19 r[97pI®
X !
E ¢ ’
CH3 -'5-1 _2.7 -505 "14.1 -12-8 —13.2
CoHg 0 0 0 0 0 0 »
n"CBH? 1.6 3.8 . _0:7 0-3 390 0.2
1_C3H7 5.3 5.6 3.7 ’1101 10.3 8.7
t~CyHg 6.1 4.4 3.8 13.2 11.6 13.3
' N
——————-}———P——-———P ————————— nde G v — . ol - L e O T My S S M B M Wt A A M e T b G0
/ a8 All values in kJ mel™l: . ’ ! .
v k. v ?
. ® R components of RH, RCH3 and RR. .

¢ §(AB%,) values have been obtained from Table 13.

d rThe required (ZPE + Hqp - H®) and Eonb values have been
obtained from' references 79, 85, 86 and 92.
® From Table 18. ‘ .
£ rhe difference in AHO values have been obtained using

the appropriate heats of formatibnuvalues from reference

82.

Ty
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- In Table 19, the net charges of the R components
RH, 'RCH3 ang RC,Hg5 are compared. The charges of R(RH) '

range from 9.05 me [the value for R = methyll to 17.02 me

, [R*= t-butyll. The charges of R(RCH3) and R(RC,Hg) are of

a much smaller magnitude.

A ’radical, R* is eiectrically neutral. However,
Table 19, shows that c:[[R(RH)]. and g[R(RCH;)]1 have non- zero
values with the' exception of qICH3(CoHg)l. The closer ;1
reference R°'component R(RX) is to neutrality, the more
silitable it is to be used to define r;adical stability.
_This is bécause if g[R(RX)] is not negligible, then R(RX) .
and R* do not have the same net charge, their energies are
not directly ‘comparable. The rationale behind choosing
"R(RX) to define radical stability, was to use a reference
state having the identical arrar_lg;ment of atoms and same
net charge as R* and in addition have an inert unpa'ire;i
electron. All these conditions are met in R(RR), where
gIfR(RR)] is zero for all R'by symmetry. R(RH) and R(RCH;)
have the limitation of hawving a-.slight deficiency in the
electronic charge . Thus, concep:cually the SECI[R* ,RRI
values are the best parameters that can be used to define
radical stability. k

It must be noted that these 'SE° [R°*,RR] values also
include s:tabilization due to change in hybridization (AR
of eq.y [731). The ARV term will include stabilization due

a

to chanﬁs in one electron, two-electron and non bonded

111



interactioqs. It is also interesting to consider to what,
extent a radical in the hypothetical sp3 hybridized state
cah be stabilized. This can be obtained from ;

[981 SE° [R*(sp3), RRl = SE® [R*, RRI -

W TARM® ) - AR(CoHg ) ]

'

where AR is the energy change for the transformation;

[991 'R*(stable conformation) ----> R*(spd) .

Relative to the'ethyl radical in the sp3 séate the
following SECIR*, (sp3),RR] values in kJ mol™! are ‘
obtained: CHg, 21; i-C3F7, ~-7; t-qﬁHQ, -22. Qfgese values
indicate that, even in an gp3 hybridjzed state, radicals
are stabilized. However the origin o{\:ﬁjs sta@ilization
is not apparent from this udyyﬁf;{/ng. -

 The dependence of the relative stabilization energies
of radicals on the chosen reference state is described by
the difference in the SE®[R*, RX] values (see Table 20).
The advantage of this approach is that these differences in
SE® [R*,RX 1) values can be calculated ipdependent of
ﬁEH° (radical) values ( which may introduée large ’
uncertainties ). The differences in the values calculated
using egs. [92] and [93] are due to, respectively, the’
neglect and inclusion of (ZPE + Hp - Hg) and EC terms in
the com;utations. The fair agreement between the two

equations suggests that, SECIR* ,RX] calculated (egs. [831,

112
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[85] and [89bl) aré* reliable. However, the SE® IR RRI,

&=

value for R=i~CyH; and %—C4H9 must be used with caution
‘bec?useothe required (zPE + Hy - H,) and Ean values are = |
known with less certainty (85). Thus, the SE®IR* ,RRI]
values fork these R groups may be in ‘error. The cl‘ose
agreement hetween O( SECIR+,RXD) (or ) Y values
calculated ﬁsing egs. [92] and [95] indicate the internal
consistency "in using linear charge—-energy relationsh@pé to

3

estimate SE© [R*, RX] values.

. o=

“

2.5. CONCJLUSI‘ONS
The relationship between radic;letability and bond
dissociation enthalpies involves several factors that need
careful considera;ion. It is shown that relative DHO®
values cannot be directly equated to radical stability.
fhe net stabilization energy of a radical R®" can be defined
relative to the sam; R group, when present in a closed? '
shell species RX(X is an alkyl group or hydrogen ). R(RR)
is found to be the most suitable rgference state because
(like a radical R ) it is electrically neutral.
SE®[R* ,RX] values indicate that the methyl radical is
more destabilized and that the n-propyl, isé?propyl and t- .
butyl radicals are more stabilizgd, relative to the ethyl
radical, than suggested from the correspnding DHC(R-X)

values. This results from differences in the total C/X

interactiong (defined independant of any radical species)

¢
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of RX as a function of R.

The SEBIR'”,RX]’Galugs*obtained in this work do not
agree with ghé SE values rep0fted by Leroy (84). A major
reason for these diﬁfefences is the use of different
reference C-C (E(C-C)) and C-H (E(C-H)) bond eng;gies and
the assumption, made by‘Leroy, of a constant‘E(C~C) value,

. for all alkanes. This work is based onlthe.intrinsic bond
eneréies gbtained by Fliszar- and co—workérs for ethan;:
B(C-C) = 202 ki moll; E(C-H) = 448.1 kJ mol™l. However,

hLeroy‘s work is ﬂased on ﬁ(C—C) = 355.8 kJ mbl”i, obtained
by using an éﬁpirical sqpeme suggested by Laidler ?97).

“The asswnption ‘that E(C-C) is constant is an obvious
drawback 'of theuLa{dler scpemé (98). In addition the
neglect of charge effects on Fajan's bond energy terms by
Leroy can introduce serious error. It is noted that SE '
values for radicals derived from eq. [74] are also measured
Lelative to closed shell spécies. e .

Finally, we have attempted to critically analyse
methods of assessing radical stability, in the hope that a
clearer understanding of the behaviour of these reactive
species will ensue. It is stressed that, with available
data a definite\separation of radical gnd charge
contributions to the stability of alkyl radicals is not

possible.

. .
:,p . .
* -
t
x
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. «AE present, Flisza;}s method of assessing chargé
effeégs on bond strengths cannot be extended to the y
N‘\Eenzénoid systems (99). Hence, the net stabilization energy
»~~ of benzyl radicals dannot be~estimated by the procedugg; .
. described here for alkyl systems. Alt;rnatively, electron
spin res@nance hyperfine coupling constants and molecular
orbital calculations can be used to aésess the importance
of unpaired spin interactions in these systems.'This will

be the topic of the next chapter.

P
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CHAPTER 3. SUBSTITUENT EFFECTS ON THE STABILITY OF BENZYL

RADICALS. ~ ) \ .o e

]

3.1. 'INTRODUCTION - "
The stability of a_radical may be estimated using the
total energy, only if a suitéble reference state can be
defined. En chaptér 2 the net’stabilization energy, SEC[R ,
RRl, of'an open shell species, R*, was defined\as a meabure
of the sﬁébi}ity. These SE® values are estimates of 'the o
stabfiization (or destabilization) qf a radical, resulting
from the bonding interactiq&s of the unpaired eleci:r:on:.'t '
However, the data necéssary Eo estimate these values for
benzyl radicals is no? availagle.uForEunately, there are

A -

alternative approaches.for assessing the stabilities of’

-

such pi-radicals.
«  The dominant interaction of the unpaired electron, in
a pi-radical, is with the pi-bonds. Such interactions are
characterized by the delocalization of the spin throughout
the pi-system. The resulting spin\density distribution is
usually reflected in tﬂe electYon spin resonance (esr)
spectrum of these sgecigs.'Furthermore, the esr hyperfine -
coupling éonst;;ts (hfc's) should be related to the
stabilization energy of these rédicals. ﬁbwever; a direct b
relationship betwéen radical stability and esr hfc's will

* be expected only in systems where the variation in these

parameters are governed primarily by changes to the, spin

density distribution of the molecules.

v bbb be .
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Dust and Arnold proposed the 5;' scale, based on esr
hfc's, which reflect the effect of ring substitysmts on
the stability of benzyl radicals (100, 101). This

substituent parameter scale is defined by:

-

[1001  ( g, )y = 1 - (a-hfcy )/(a-hfcy)

where the alpha-hfc, denoted by a-hfc, is the hfc due to R

. the hydrogens at the bgnzylic. position and the subscript

'indicates the nature of the substitution. Equation [100]

4

assegsses substituent effects on spin delocalizé;ion in

benzyl radicals (100)., - © ) e -

-

From the relationship, between pi-stabilization

. ES #
_energy, based upon partial dduble bond rotational barriers

\ -
(102), and the alpha~hfc of the 'methylene hydrogens for a P
séries of radicals of the'generaI~fopm ZCH,*, where % is a

pi-bonded moiety, it will be shown that thege substituent

constants weflect substituent effects on the pi-

13

\
stabilizatign energy of benzyl radicals. ~

‘ +
In this thesis, esr hfq's and rotational barriers (Vy)

are used to assess the effects of substituents on the pi-
stabilization of benzyl ihéicals. I; the absence of
experimentally Qetérmined V, values, the feasibility of
using ab initio calculations to estimate these parameters
are examined. Values of U:C and ro;ational barriers of
the Cszgréup in benzyl radicalsaaré’related to factors.

governinq‘thé energetics of the deloéalization of égi§¢

r
[y

@




Relative V5 and cﬁ; values can be regarded as measures of
the relative stabilization of these radicals.

In this chapter,it will be shown thdt the DHO value
for the benzylic C-H bond of a toluene is hot a true
measure of the stability of the correspoﬁding benzyl
radical. Also, the difficulties of estimating SEo[gnRX] in
benzenoid systems will.be discussed.

In closed shell species, a Mulliken population
analysis (1035 permits an understandiﬁg‘pf the charge
interactions présept in the molecule, albgit; in cergain
cases this analysis may give‘unrealistic results (79,
104). Héwever, Mulliken charges can be useé in all cagses
where carbon forms the same number and type of bonds;
because, any anticipated error due to an incorrect
assignment of overlap populations (e.g. for C-H) cancels in
this type of comparison . It will be shown how such an
analysis can be usefu{ in rationalizing interaction
energies in benzenoid systems. Here, such an approach will
be applied to substituted benzyl radicals and toluenes.

! In open-shell species, the individual contribution
from the alpha~ and beta-levels to these charge effects
c n~6é~09taiﬁéd. These individual alpha- and beta-charges

-are essentially estimates of the contribution of alpha- and

(beta~spins to the total effect. Hence, these charge (or
spin) components may be used to make a semi-quantitative
analysis of the interactions governing the stability and

+
[
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react%vity of 'a radical. Furthermore, a comparison of the

Ci; values witi{hese individual charges, should permit
an insight into the‘effects of substituents on spin
delocalization. ;

Also, in--this work, the feasibility of using ab

initio, single determinant, molecular orbitel (MO)‘
calculaeions adopting the ‘unrestricted Partree-Fock (UHF)i
procedure to EOmpute the esr hfc's for benzyl'radicals‘is
examined. The UHF spin function used to'determine hfc is
not an eigen function of the total wave functlon of the
system ( 26). Consequently, the spin denSitles computed by
the UHF method have not agreed with experlment, because of
contamination from higher spin states .(105). Nevertheless,
since this work involves tEe comparison of several cldseiy
related benzyl radicals, we may expect many of the'errors
in the UHF method to cahCel. Thus, relative hfc, agreeing;
with experiment, mey be computed even thouéhvkhe absolute
values are 1ncorrect. The data presented here is a test for
such an agreement. ?

The benzyl radiigals studied represent five. .
groups. Substituents were placed at both the meta- and
para-positions, and were clagsified eccording to their.
donor-acceptor characteristics in a mono-substituted
benzeqe. Thus any "deviations from the behaviour expected =~
according to thig classification may be attributed to

~

effects of unpaired spin interactions. The substituents

2®
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were chosen only %0 illustrate the‘presence of spin related

interactions between groups éttached to a benzene nucleus
and not with a view of establishing an overgll picture of
such effects (106—108):' : . b

The following classification- was made:
(1) H (unsubstituted benzy%.radicai) representing a
sigma-donating and pi- non—intergcting group.
(ii) CH3, representing a pi- and aigma;donating éroup.
(iii) .F and OMe“ réyges;nting ‘3;~donati£g and gigma-
accepting groﬁés. o .

(iv) CN, exempllfylng pi- and s;gma—acceptors. .
(v) 4+ Li, "representing a pl—acceptlng and glgma—donatlng

group. . & ’ I

The fluoro group was of speﬁéﬁz anterest because,
while the fluro and methdxy* groups are both slgma-acceptlng
and pi-donating, they have behavéd*dlfferently in benazyl
radlcal systems. For example, esr spectrosoplc studles show
that fluorine is one of the feQXpaxa— substituents that
increases the spin density at the benzylic posit%on
(relative to hydrogen) in benzyl radicals. (100). Similar
behaviour has been observed for this substituent in the
thermal isomerization of 2-aryl-3,3-
dimethylmethyle?ecyglopropane (109). In an éttempt to
ugderétand the behaviour of a fluoro substituent in greater

defpil, we have studied the effect of an ortho-fluoro group

using esr spectroscopy and ab iniLiQ‘MO theory.
3 . ) \ .
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- 3.2. THE ESTIMATION OF SUBSTITUENT EFFECTS ON THE

STABILITY OF BENZYL RADICALS

mmmmnmm91WWMm
hfc_'ﬁinpi:mdm

The interaction energy between the CH, group and Z (a

pi-bonded moiety), AE®(CH,/Z), in a radical of the form
(ZCH5) ¢ or (ZCH9)p, (where the two forms of the radical
-with the CHZIgroup r coplanar with and perpendicular .to
the pi-framework are denoted by subscripts C and P ‘

b respectively), can be represented by:,

. -
3
( ’ - )
€y
0

~ “ . [1011 > AEC(CHy/Z)¢

_ SE( T[-R)c + SE(0—-R)p + SE(O)¢

[1021:  AEQ(CH,/Z)p

SE(O-R)p + SE(0)p

Y

\ ! where T[-R and ¢ -R are pi- and gigma-radical stabilizing .,
effects and.0 stands for all other interactions.
- If we assume that, the contribution to the rotational
barrier of the'methylene group from all effects other than
pi-stabilization energy of the radical R*, denoted in.this

. thesis by SE (R*), is independent of Z, from eqgs. [1011]

and [152] we get: < ¢

~ -

y

[103] SE (R*) ~ = V,(CHy) = V,° .

¥
s

c ol whefé,' V2(CH2) and VQ*, are the rbtational barriers of

the CHy® géoup of the radical ZCH,°, in-the presence and

&

absence of spin delocalization (102).
.

s A -
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stabilization energies of pi-radicals (S8 (R*) ).

R* oc-hfc (G) SE (R)@ (kJ mol~l)

1. Methyl  d4.650 o

2. Acetylmethyl  19.7° 35¢

3. Benzyl 16.254 52€

4. Allyl 14.40% 62f ‘

5. Pentadienyl 10.0 9 g2h

6. Heptatrienyl = 7.559 -<94h -
7, 1/2(CHy—-CHm)1 0 1463 .

— e e e e g T e S S e e S o v St e e . e s e e S e v e e e St Bt W S e B e S et W e A e Gt e Ve G Y Peve i e S Sl o

2 Unless stated otherwisé} SE values were calculated from

eq. [103]1, assuming a VZ* value of 4 kJ mo1~Ll.

b gor the planar methyl radical ( see text ). Reference’

*

110.
c Reference 117. ‘

d Reference 100.

e

€ v, value assumed to be equal to that of the phenethyl
2

radical and obtained from referenég 116.

8

PR,

f Reference 102.

9 Reference 113,

indicated in the text.

ia hypothetical radical with a zero a(H) value.

j pi-bond energy from reference 79.

.h Obtained after correction of value in reference 113, as



~

Ee

Next, - the relationship between SE (R*) and thﬁ a-‘hﬁfc
of the methylené .hydrogens for a series of radicaf; of the
férm ZCHz‘using data ih Tak')le 21 is 'investigated.

The methyl radical, in a planar conformation (110), -was
taken as ; modél for a'radical with an'SE value of zero.

The a~hf¢ for this radical should be e'quallto the Q value

given. by the McConnell relationship (111):
% N ) ’ v
[104] a-hfc = . Qa . p . ‘ »

wher.c::‘ Yol is the pi-spin density (which is equal to one in
this case). Similarly, the algebraic sum of the cosxpling
constants of‘the allyl radical should also correspond to\
the Qa\value.‘It .should be noted that the ;1fc for the
methyl radical directly measured from the esr spectrum is
not a‘%ru_e measure of Q because of vibratiopal effects and
non‘-planlarity of the radical (110).

The (;E)_i—bond of ethylene is formed by the interaction
of two CHy; moieties, with ungi‘t p_i-.spin density on each of
the carbons. Thus, the maximum sta{bilization resuli:ing from

o i "
delocalization of an unpaired electron in a pi-framework is

- g,

taken as equal to half the energy of a carbon-carbon pi-

.

bond. This should correspond to the SE value of a

hypothetical pi-radical with a-hfc of zero. Alternatively, * '

the rotational barrier for a methyl’ene group of ethylene

could have been used as a measure of SE. However, the close

* proximity of the unpaired electrons at the transition 'state

123
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for the isomerization, aﬁd the effects of spin multiplicity

®

(112) . ’

o e k
The SE values for the pentadienyl and hexatrienyl

*+ on the rotational barrier make$ thig approach less suitable

radinls weré obtain&d from reported values for the s-gis -

s~trans isomerization energies! E; ) for th

(113).

[N

kse radicals

K

w
e v . @

[105a] SE(R*)p = (Ej)p + SE (R\)y =~ V"

]

[105b] ' SE(R*)y = (Ey)y + SE (R)p = V" .

-

{
where the subscripts , A, P, H aré used to denote the

allyl, pentadienyl. and hexétrieqyl rad{éals re5péctive1y

LY

3

and Vv* is the E; value;in the absence of spin “
delocalization. However, the SE vdiﬁes fof the polyenyl
radicals given in Table Zlgdiffer significantly from those
reported by Green and Walton (113). This is pniharily

because we have used a value of 16 kJ'mol"l for V¥, to.

v ® -

orrect for the intrinsic rotational barrier present in a ,
polyene in the absence of spin delocalization (114).

The SE value for the benzyl radical was assumed tp be

equal to tﬂat of the phenethyl radical, because the hfc for

lhe benzylic and para-hydrogens are épproximately equal for
these radicals (see chapter 4). Also, ab initio

calculations performed at the STO-3G and 4-31G levels vy =.

67 kJ mol™l, Table 22) for the benzyl radicals support this
value. ) \

4
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fable 22. Theoretical estimates of the rotational barrier

of “methylene group (Vz(Cﬁz )) in the benzyl radical

Method ST0-3G 4-31G// STO-3G2 4-31G

S R ——— — —_— O ——
° i
.

e . e o et B s i e s it e S T S it o s S S e e i e it A i . s B e e Sy et i, i S S e S e S (e S e o S S Mt St S e o B S S

@ Following Pople and co-workers (26) the notation A//B is

¥ used to indicate that the energy has been calculated using

basis set A at a geometry optimum for basis set B.

oy

The theoretical V, value was obtained as the
aif erence in the energy between the benzyl radical with
the \benzylic group coplanar with and perpendicular to the
ring. All’gepmetricéljpa;;meters except those involving the

ring were, optimized. A standard ring ( optimized values for

benzene (56)) with hexagonal symmetry was assumed. Comparison

of thé 3-21G and experimental V; values fof the allyl

’ a
radical show that the ab initio value is larger by ca. 10~
15 kJ mol~l (115). .Thus, the theoretical value for the

benzyl radical of ca. 67 kJ mol™1 is in good agreement with

the assumed ° barrier of 56 kJ rglol"1 for this radical (116)..

v
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Figure 11. A plot of the pji-stabilization energy
(SE(R* ) ) versus the esr hfc of the alpha-H

‘of the CH, group ( a-hfc ) in pi- radicals of

the form ZCH,'.

i
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The linear relationship, plotted in Figure 1l is well

represented by :

’

[106] SE (R)/ kJ mol™l = 142 + 3 - (5.65 £ 0.21) a-hfc/ G

which suggests that the g-hfc of 'the methylene hydrogens

of a pi-radical is 1ineér1y related to the pi-stabilization
%

energy of that species. Consequently, such a relationship

should alsoc be valid §or a series of ring substituted

benzyl radicals.'-

@
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Green and Walton have, alternatively suggested that SE(R®)

is dependent upon the logarithm of a-hfc. However, the
correlation coefficient for the linear plot in Figure

11 is good ( r = 0.997), significantl¥ better than for the
alternative logarithmic r@lationship (Dr = 0:96 ). G;een
and Walton's analysis is heavily biased by the SE values
for the pentadienyl and hexadienyl radicals which are too
large by the 12 and 24 kJ mol':l, becaflse of' the Lneglect of
the intrinsic barrier for the Fotation around the carbon-
carbon single bond of polyenes, It is significant that
acetylmethyl is_ represented well by eq. [i06]. The apparent
discrepancy between the SE value fo£ this radical (il7) and
the bond dissociétioh enthalpy value (DH®) for acetone (32)
is not surprising bééause, as shown.?n chapter 2, DH° is

not a true measure of radical stability.

- -

-
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Application of eq. [103] to benzyl radicals gives: '
2 -

[1071 Ose () =  Qvy(cay)

where GSE (R*) is the substituent effect, relative to
hydrogen, on the pi-stabilization energy of a benzyl

radical. Similarly, egs. [100] and [106] yields:

t

[108] Ose (R = K G,

o

where K is a constant. Thus, from egs. [107] and [1081,

O SE (R*) values can be obtained for those substituted benzyl

radicals where Cﬂ;,is known. In the absence of experimental

rotational barriers, estimates of V, using ab initio

calculations can be made, where:

[1091] Vo = Vy(ab initio) + BSE.

In eq. [109] BSE represents the basis set error. If we assume
[

that .BSE is. independent of substituent, substitution of eq.

[108] in eq. [107] yields:

(101 Bse ) = Ov, (ab initdo)



) ' 130

Table 23. Relative interaction enthalpies .AH°111, for the

interaction between X and Y (relative to X and H, and Y and

H) for the isodesmic reaction [111] in the gas phase at 300 A
K.; s ! . | | ‘
- e - R -

X m-CHy p-CH; °  m-%  p-i i
CHg 0£0.8 = 0.7#1.0 ' 1.8+1.3 ©0.4+1.4P

F - 1.311.9.  5.7¢.d 8.4crd

ocE;  -3.3%5.0 . - . . doa

CN - - 14.213.6dr8/f g g13.5dsefF
OH ~3.241.5 3.8%1.8 3.941.9P 5.941.3P

NO, -3.8+4.0 - - - -

1 4.27.5 -7.547.5 = -13.427.79 .
cr - - - -16.5:4.19  -15.313.89

NH, - ~ 7.243.79- ° -7.214.19

v ?

- — — — — o — - ——— - -

a All values in kJ mol’l; Unless indicated otherwise
interaction emergies were calculated using heats of

formation of species given in reference 82.
b g

CoHg.

€z =F.

d Reference 118; uncertainty in the data is not given.,
€ 7 = CN.

£ calculated using the heats of formation of the diéyano

benzenes from reference 118.

9 72 = COOH. .
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3.3. CHARGE‘EFFECTS IN BENZENORD SYSTEMS

o

» The charge-~energy relationships were studigg with two
N “J & .. o 3
objectives: first to investigate if chargesr -and energy.

v

-were linearly correlated; second to show the presence of

substituent effects on the strength of the benzylic C-H
< ! ! ‘ )
bond in monosubstituted toluenes. <

by
The interaction energy between two substituents X and
. [AY

Y attached to a benzene ring has been estimated (108) using

@
B

the isodesmic reaction: SN ,
X 1 . by

[1111 CGHSX + CgHsY — XC6H4Y + CGH6

a
-

Applying Y=H to reaction [111] i% %g evident that
interaction energ;es measured using this reaction afe on1§
relative to interdctions between X (and ¥) and the
appropriate ring hydrogens.“ 0

The proximity of R and X in a molecule of the typ‘e

RCH X and the fdct that they are bonded to the saﬁe atom is -

“one of the reasons for the large relative interaction

energies observed in alkyl systems. However, even in meta-

o

. and para-disubstituted.benzenes, where the interacting

groups are far removed from one another, significant .

interactions are obsérved (Table 23). For example, the

o

relative interaction between' two cyano groups are 14.2 and

- / 2
' 8.6 kJ mol’l, respectively, at the meta- and para-positions

(118). These values clearly show significant interactions

between two cyano groups ahnd/or between a cyano group and

H
o

*
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the hydrogen atom (CN/H) at these positions. The (CN/H)

i

interaction has to be considered because these isodesmic

interaction energies are measured relative to X/H and Y/H

interdctions.

-

“. The X/COOH interactions are particularly~interésting

because the Hammett gigma scale is based on the
¢

dissociation of these‘benzoic acids (119). From Table 23,
it :Ls q}ear lyqeen that for t':l'ge benzoic acids‘, when X = NH,
and C1, sig;ificant interaétions are ob;érved both af the
meta- and para-positions (and when X = I at the para-
position). These are total group effects; at present no
separation into contributions from individual bonds in the
gOOH group is possible. The iméortance of sﬁch'a

separation is that it will igdicate the presence (or

- Ry
absence) of a substituent effect in the benzoic acids that

-may not exist in the ionized state. :

>

4The interactions are significanﬁ even with alkyl

‘groups (X = OH, Z = CyHg) and thus can be expected to be

general. The significance of these results is &@at
kinetically . derived substituent constants reflect

interactions in a transition state (or intermediate) '

‘relative to a reference state that is also subject to

substituent interactions. Unéoubyédly, the interactions on
the reference state will bg-gfaller than on any ionized

state or highly polar transition state; but, may be large

engggh (not to be disregarded) when effects on non-ionized

i)
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* open or closed‘shell S£ates are considered. Thus, AEOlllv
values (rélher than Hammett-gigma values) have been used in
this work to 1nvestlgate the relationship between
1nteract10n energles and charges on atoms.

Substltuent effects on the stab111ty of benzyl
radicals have been assessed generally relatlve to the
toluenes (32). Here it will bé‘shown, using ab initio MO -
calculations at the STO-3G level, that such an approach ié
unsuitable becausé of interactions between substituents and

,4the methyl group‘in toluenes.

In an isodesmic reaction, the formal bond types are
conserved on both sides of the equation. This has the
advantage that systematic errors inherent in the minimum

' STO-3G basis set calculétions tend to cancel (120). Thus, a
fair confidence can be placed in the calcula?ed AEdlll

~

values. “

3.4. RESULTS .
3.4.1, Details of caleulations:

Standard 51ng1e determlnant MO theory was used. The
ab initjo MO calculatlons descrlbed were obtained by the
use of bhe GAUSSIAN 76 program (43) on a Control Data
CYBER 179-720.system. The open shell, spin—unrestricégd
(UHF) procedure was employed (44) to compuég the energies
of the bénzyl radicals with the benzyl group, coplanar with
and perpeﬁaicular go the benzenoid ring. The closed shell,

spin-restricted (RHF) procedure was‘employed' (1;1) to

133
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compute the energies &f the monosubstitufe@ b?nzenes and
toluenes.The minimal SEQ—BG (46) and the séiit—valence 4-
31G basis sets (48) were used.“mPartial geometry
optimizations, subject to imposed symmetr;\éonstraintg, N\
were applied. A standard phenyl ring( optimized values for

benzene) with hexagonal symmetry was assumed in every case

(56). The parameters used were rgp'= 1.38669 A, ‘ ;
* . .

‘ S~
Ley = 1.08258 A (56), for the STO-~3G calcmlations and

Ice

1.3841 A, royg = 1.0721 A for the 4-31G calculations.
The energy of benzyl radical in the perpen@iéplar form
was obtained by using the MO coefficients of the coblanag
form as the input for the self consiséent %ieid‘(SCF)
procedq;e. The theoretical rotétionéi parrier of the CHy
grdup in a benzyl radical was computed as the difference in
the total UHF energies of the coplanar and perpendicular

forms of the radical. . ' .
3.4.2. Geometries N \\
Substituted benzyl radicals: . AW
Unsubstituted radical: The geometrical parameters of
the CHy group ( rog, < HCC(ring):“and ree ) wereipptimized
at the ST0~3G and 4-31G levels for both coplanai and
perpendicular forms. v

Subgtituted radicals: All geométry optimizations were
@ o .
carried out at the ST0-3G level.The reg of the CH, group /

for, X=H, was assumed for all the substituted radicals’ /

)

S
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because the optimization of this parameter for the

usubstituents, X = H, gg;%gF, gﬁxa~F, meta-CN, and para-CN,

in the coplanar form of x\6H4CH2 affected the total “energy
by less than 0.03 kJ mol~1, Model CHy groups ( rpg = 1.09 A
and HCH = 109.47 )} were used for the methyl and methoxy
substituents. For the methoxy rédicals the orientation of
the OMe group with the C-0 bond perpendicular to the
benzenoid ring was found to be more stable than when it was
coplanar Qith the ring. '

Except in the caseg mentioned above all other
geometrical parameters of the substituent and the CH, group
were optimized at the STO-3G level.

Substituted toluenes and benzenes:

Model CH3 groups ( reg = 1.09 A and [BCH = 109.47° )
were used for the methyl and methoxy substituents. For the
methoxy radicals the orientation of the OMe group with the,
C-0 bond coplanar with the benzenoid ring was assumed.

.. Except in the cases mentioned above all othér
geomé!rical parameters of the substituent and the CH3 group.

(r y) were optimized at the STO-3G level.

cel(ring

s

135



- 136

Y
Table 24. The total UHF energies of substituted benzyl

radi?als at the STO0-3G level(Eyyp). LS

v

378.26452

TN

Substituent - Eggp/ ;u
coplanar perpendicular
H i 265.87735 265.85140
3-ni . 272.58456 .272.55891
4-Li ' 272.58466 272.55877 .
3-Me/ 204.46068 304.43473
4-Me © 304.46064 304.43469 h
3-CN - 356.43598 356.40994
4-cN 356.43646 - 4 356.40997
il? ‘ 3§3.33550 363.30978
3-F 363.33581 | 36;.31002\\
4-F - . 363,33574- ' 363.30990 v
3-OMe 378.29038 . 37826468 -
4-OMe ' 378.29031 ol
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3.5. DISCUSSION ’ ) . .

3.5.1. The stability of benzyl radicals :

. Figure 11 and eq. [106] show that SE (R*) can be
estimated for radicals of the form ZCH,*, where Z isb a pi~
bonded moiety, using esr hfc's of the metl;ylene hydrogens.
This is useful because hfc's are known‘for many radicals
and can be measured convenlently in most cases.

A reduction of the a—hfc of a benzyl radical by 1. 0 G,

4

corresponds to an increase in stab“:‘Lllzatlon of ca. 6 kJ

mol™L; or, one 6 unit 'is ﬂequ:walent to 92 kJ mol~l. The -

range of. known 6°¢ values (100) , from m—-thlomethyl Lo -
(0.063) to mej;a-cyano (-0.026) represents a- varlatlon in
benzyl radlcd.’t stabIlJ.ty of 8 kJ mol~1l,

"

ThlS analys:.s now allows a more quantitative
evaluation of the smgnlglcance of L (qm) va‘lukes. For n
example,’ the P ( &y ) ‘cavlculat“ed (100) for the thermal ‘
isomerization of 2-aryl-3,3-dimethylmethylenecyclopropane *,
(109) indicates that ab“out half of the total possible pi-
§tabilization energy is utilized at the transit_ior; state.
This, o'if course, assumes that the ent;ropy of the réaction

is uneffected by sudbstitution.

4 \ o o
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Table 25. Substitueﬁt effects on rotational barriers and pi

»

stabilization energies of benzyl radicals.?

Substituent v, : * Ose 0P o
(ab initio) ESR. RB N
P [, - l — it e -—.—.—.-—\.——..—.—.:——.—-—.—
B  68.1 R "0 ‘o
3-Li 67.4 ’ - -0.7 -
4-Li 68.0 - 0.1 -
3-Me ..  68.1 - 0.2 0.0 - 0.2
\\ 4-Me 68.3 1.4 0.2 1.2
3-CN " 8.4 . -2.4 0.3 T -2.7
v 4-CN 69.5 3.7 1.4 ‘2.3
2-F . 67.5 - 0.7 =0.6 ° -0.1
 3-F 67.7 © -0.8 ° -0.4  -0.4
4-F 67.8 ~1.0 0.3 -0.7 _
3-OMe 67.5 o -0.6 0.5 %
4-OMe ' 7.7 » 1.7 0.4 2.1 ",

@ All values in kJ mol” 1

b a positive value indicates a stabilizing effect.

¢ D1fference/m the 6SE(R') values calculatved from egs.
[1081 ang, tlxb} S . .
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Table 26. Fermi-Contact hyperfine splitting® in the carbon

®

atoms of the benzyl 'radical.

v 139

3

R ‘ Fermi-contact term .

\ . conforTétion
‘Position *  Coplanar Perpenaicular ”
benzylicT : 0.232 0.286
ipso- - -0.193 -0.220
ortho- 0.179 "0.196
. meta- ~0.174 ~0.165

para- 0.175

0.¥66

Ausing UHF, STO-3G calculations.

¥ §

"
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In Table 25 substituent effects on rotational
barriers of benzyl radicals, using ST0-3G calculations, are
listed. The perpendicular form is not expected to show any
pi-stabilization and should act as essentially a localized
radical. Hence, strong pi-spin delocalizing substituents‘

2

should stabilize (relétivé to hydroggn) the coplagpr-form
and sh;w positive 6V2 and o"(;c values. S;Lmilarly, n

shbstitpents that destabilize (relative to hydrogen) thé
coplana‘r form should have riegative GV?_ and U;c valueé.

Table 25 shows that the order in the 6SE (R") values

obtainfied from esr hfc's and from calculated rotational:

barriers is different. Also, \the V, method (eq. [1101)

shows smaller stabilization energies for most substituents,

although the difference (D) between the values calculated

by the two methods is < 3 kJ mol~! for all subsnt"itue'nts.
*It*is useful, however, to‘ examine other ‘causes for the
small variation in V, values obtained by the MO method.
Fermi-contact analysis of the benzyl raddical, given in
Table 26, indicates extensive spin delocalizatiﬁn in the
perpendiculatr form; this was observed in all cases. This is
undoubtedly an artifact of the method, becalise such an
extent of.spin éelocali%dtion into the ring cannot be
-solely caused by effects of spln polarlzatlon (122). Above
41, if such delocallzatlon is poss1b1e in the
perpendicular form, relative V, values will be smaller than

the relative pi-stabilifZation énergies of these radicals.

Py
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Table 27. Substituent effects on isodesmic interaction

energies ( AE) in benzyl radicals and toluenes.

. AEi'b’c
¥Y=CHp' ¥=CH,
Substituent benzyl ‘radical Toldene Speo 4 ¢
(X) coplanar perpendicular .

H , 0 0 0 0

3-Li 8.4 7.7 1.0 7.4
4-Li 8.2 8.1 1.2 . 6.9
3-Me 0.9 0.8 L1 1:1
4-Me 1.0 1.1 0.5 0-3

3-CN " ~-15.0 -14.8 ~5.1 ‘\ -3.9

4-CN ~16.3 . =14.9 -6.2 - =10.1 )
2-F 4.0 3.4 -

3-F 3.2 2.8 -1.0 4.2

4-F 3.4 3.1 - 0.5 . 2.9
3-0OMe 5.8 5.2 -0.9 6.7
4-OMe 6.0 5.6 1.3 4.7

.
’ ‘ \\\\
I
.

bAE values for the isodesmic reaction:

aa11 values in kJ mol~l.
C6H5Y + C6H5X ———— YCGH4X + CGHG

where x = substituent and ¥ = fixed group.

CNegative (positive) value indicates a stabilizing -
(destabilizing) interaction.

) IS ‘<
v
.

drelative bond dissociation eneriies. o <

"
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Table 28. Total STO-3G energies ( Epppfaul)).of

- -
monosubstituted benzenes and toluenes.

U — s e o e e et e e e e e e e o e e e
L ERME
B Toluene
Substjituent Benzene meta- para-
H 227.89136 266.47503 )
Li 234.60178 273.18506 273.18499
Me 266.475032+P  305,05875° 305.05849°
266.47503b/C
CN 318.44427 357.02832 357.02873
F 325.35104 363.93508 363.93452
OMe 340.306610/8  378,.89063Prd  378.88979bd

o s . B S S (R it ey Sy S e S Sl O S i . S U W B Sy

2 One of the C-H bonds in the methyl group i? ?ssumed to
be coplanar with the benzenoid ring. ! ‘

© A model methyl group (rcy = 1.09 A and < HCH -'109.479)
was used. ‘ «

G One of the C-H bonds in'thg methyl group is assumed to
be perpendicular to the benzenqid ring.
d The 0-C bond in the OCH3 group is assumed to be coplanar

with the benzenoid ring.
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The inability of the UHF proce?&re to describe the
spin‘distribution in the perpéndicular form limits the use .
of the ab initio method to assess SE (R*). However, other
useful thermochemical parameters tan be obtained wsing the
~energy of the coplanar form. For example, the isodesmic
interaction energy between a shbstituent:and the szggroup
o? bonp dissociation energies may be computed. glthough
ﬁLese energy ‘parameters do notrmeésure radical séability'ﬁ
they do assess Ehg magnitude of the energy of interaction
in radicals relative to that in closed sﬂell species '
(Table‘27 and 28). These energy values may als‘b provide a
check on the reliability of the calculations by compagison
with experiment. Unfortunately, very few experimental
values are availgble for comparison (24, 32),

&
3.5.2, Charge effects in toluenes )

In Tables 29-31, the feasibility of using ab initio MO
calculations, at a minimum STO-3G level, to study charge-
energy relationships in benzenoid systems is investigated.

The Mulliken chargeées given in Tables 29 and 30, show
that the donatién (or withdrawal) of ﬁigma—orq pi-charges
by a“sub&tituent to ( or from )the ring is changed only
slightly in the *toluenes compared to the benzenes. Thus, -
the charge contributions of X to the stability of the

toluene relative to the benzene will depend on the

different sensitivities of the methyl group and the

Ed



Table 29.Mulliken group charges in mono-substituted .

benzenes.

gt -—

s s o — -~ -

“Substituent 2103q‘$(m—-H)a 103q6(n—H)a 103q°,(x)b 103¢g_x)P

7

H ‘ ~62.9 ~62.9 -62.9 0
. Li . 183 - -50.2 -282.7 100.8
Me ~62.0 ~60.9 ~6.9  ~ =7.7
CN C-73.1 -73.4 105.7 21.1
F ~68.6 ~64.3 203.2 -69.6
OMe ~65.5 -60.4 178.3 -87.7

S ot i o S B e s Tt S B S VA S St i e v . o B . . A S oA A . St .

Pt

4+ Values of g, denote the total sigma-charge donated

(withdrawn) by a ring hydrogen to (frqm) the ring.

(positive) q values indicate

Negative

a donation (withdrawal).

b qo,(x) and q‘m(x) are the total sigma~ and pi-charges,

respectively, donated ( withdrawn) by a substituent, X, to

(from) the ring.

144
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Table 30. Total gigma- and pi-Mulliken group charges in mono~

substituted toluenes.2

SIS e N
. ti 3/ 3 3 3
Substlt:t_l_ent 107 gg(Y) EO qglX) 107 gu¥) E E " 4 E‘.E}.(.?_..
3-# -6.9  ° -62.0 ~7.7 0
4-H 6.9 " -60.9 7.7 0
3-Li - L 11.2 ~280.5 -6.2 100.4
4-Li - 8.3 ~279.7 6.1 105.2
3I-Me =5.7 =5.7 ~7.7 -7.7
d-Me 4.6 -4.6 7.2 ' -7.2
3-CN © -19,6 107.3 8.6 21.0
4~CN ~19.7 - 107.5 9.8 23.3
3-F -13.7 204.4 -3;§ -70.0
4-F 8.9 . 203.6 -7.3 -68.0
) o 3-OMe -b -b -b b
4-OMe -b -b b -b

G e B S e B G e e g e e S S . M T St S S . S e B G o B i

a qo,(Y), qd(x'), qm(Y), apd qm(x) are the total sigma-

and pi-charges respectively donated ( withdrawn) by a

4

substituent, Y or X to (from) the ring; Y = CH3 and X =

meta- or para-substituent. Negative (positive) g va}[u‘és

indicate a donation (withdrawal).

A3

b Values not calculable since neither substituent is " '»

coplanar with the ring. 7

W



and pi-interactions.
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hydrogen,agqg‘;o the charge effects of X. If the
stabilizing effects of X was independent of Y (including H
atoms) .AE®;;; would be zero; However, Table 27 shows
51gn1f1cant interactions betweén substltuents and the peta-
and pa;a—methyl groups (and/or hydrogen atoms). 1In Table *

31 the Kmportanqg\?f charge effects in these interactions
LY

is invesﬁigated.

“

In an-extensive and incisive study of substituent
ihteractions~in sugsti;ued benzenes, Pross and Radom (108)
outlined factors:governlng the stability of disubstituted
benzenes, and reached qualltatlve conc1u51ons about gsigma-
Their study indicated that the
dominant gigma-~effects were the loweriﬂg (or raising) of’
the energy levels of the ring orbitals by a deshielding-(or
shielding) process caused by sigma—-acceptors (ér donors).
It§w§s also found that sigma-effgcts cause changes to n*—

energy levels and hence affect pi-charges.. The pi-effects

; {especially in the pa;a—posiﬁion) were found to be

9,
2

dominated by resonance type interactions. In this “study

1

p between interaction energies and gigma-

'

and pi-charges is investigated on a quantitative basis. R
Results in Table 31 support the aﬁove conclusions reached

in the study by Pross and Radom (108).. i ¥

“

¥
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Table 31. The relationsbip between isodesmic interaction
energies (° AE®;y;) and Mulliken group charges (g). A
. linear regression anélysis‘of 'AE°111 VS. qdﬂand ch valués
N . .
of meta- and para-substituted toluenes.a’b
} " - s — - ——— vt yn Mo . e W . S B e S S
. Correlation coefficients{r), and regression
coefficients (K and C) for eq. [112]
, Type of
LT substituent Ky, K Kir Koy K3 -
(n)c ( Ly 812 )d (r, 8123 )€ ‘ -
neta~- ‘ 281, ~31 , 175, -46, -11
(5)
( 0.96, 1.18) ( 0.999, 0.50)
. para- 361, -33 290, -47, -8
, (5)
( 0,98, 1,86 ) ( 1.00, 1.51)
meta— and 318, -32 " 236, -47, -9,
para-
(10) ( 0.97, 1.51) ( 0.984, 1.05 ) .
~
a

., and values from Table 30. = (Y); = (X);
qU, qm~ d1 qo‘ ;P 99 qm

- = (X). Coe *
. 93 qo_

P 11121 AECp; (¥=CHy) = 3. Kjqy + Cyx (or Cykp).

where i #:j,k (or j, k and 1h
." © Number of data points.

d Equation.[1121: i

1, 2.

“

€ Bquation [1121: i =1, 2, 3.
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Table 32. Total gigma- and pi-Mulliken group charges? in

mono~-substituted benzyl radicals.

‘substituent 103 g (v 103 q x 103 g (M 103 q (X)
T s T T

3-5 -2.4 -61.1 -1.3 /0
4-H -2.4 -61.1 ~1.3 0
3-Li 9.7 ~250.1 6.9 81.5
4-Li 6.6 ~250.6 6.7 83.4

3-Me ~1.5 3.5 ~0.5 -6.1
4-Me 1.7 3.5 0.1 -6.0
3-CN -9.8 96.2 -7.1 13.9
4-cN -8.2 95.9 ~7.5 14.2
2-F ~12.6 202.0 3.6 ~65.9
3-F -6.9 202.4 -3.5 ~65.5
4-F ~5.1 202.5 . o -1.9 -65.9
3-OMe -5.4 178.7 ~2.4 ~79.4
4-OMe -3.1 178.9 0.1 -80.1

o i e Sy gy it Wi S i it i Sy o e S M e W et R s TS o Wt Ao e (A S S St M T S S A G Gt S S0 o S e s i B e S W Wt i s g SO

g (), g (X), g (¥), and g (X) are the total &igma- and
o 0 N

e
pi-charges respectively donated ( withdrawn) by a

- substituent, Y or X to (from) the ring; Y = CHy; and X =

meta-or para-substituent. Negative (gbsitive) g values

indicate a donétion (withdrawall.

-

’
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Table 33. Total sigma- and pi-Mulliken group alpha-
charges? in mono~-substituted benzyl radicals.
ainha—charges ’ ‘ i
Substituent 103 qgt¥) 103 (X 103 q,(¥) 103 4, %)
3-8 54.7 -1.9 -72.4 0
4-H 54.7 - -60.% C 2.4 0
3-Me 55.1 26.1 ~72.0 -9.1
4-Me 55.0 30,5 # _71.8 3.4
3-CN 51,1  103.6 -75.7 -27.1
4-CN 51.9  -8.4 ~76.6. 42,7 o
2-F  49.3 78.6 '~74.0 1109\
3-F 52.4 121.1 ~73.3 ~52.4
4F 53.3 80.5 “72.7 -12.3 N
3-OMe 53.1 108.6 +=72.3-  -63.4
4-0Me ' 54.3 69.4 . -71.4  -15.0
a

qs(Y), q¢X), qn[Y), and qg.(x) are the'total ;i_gma.— ar\é‘d ]
pi-alpha-charges respectively donated ( withdrawn) by a ¥
substituent, ¥ or X to (from) the ring; Y ='CH2 and X =
meta- or para- substituent.. Negatlve (posa,tlve) g values -

indicate a donation (w:.thdrawal).

s
e
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Total gigma- and pi-Mulliken group beta- .

mono-substituted benzyl radicals.

beta-charges
substituent  10° qun 10 q ) 107 g 10% gy
3-H ~57.1 -59.2 71.1 0
4-H -57.1 -0.9 71.1 "0
3-Me -56.6 -29.6 1+ 71.5 3.1
' 4-Me -56.7 26.9 71.8 -9.4
; 3-CN ~60.9 -7.4 68.6 40.9
' , 4-CN -60.1 ~ To3.9 69.1 -28.4
2~F -61.9 123.4 70.4 ° -54.1
\ 3-B -59.3  81.3 69.7 - =-13.1
4~F -58.4 122.0 70.7 :53.6
3-OMe ~58.5 70.1 70.2 ~16.0
*  4-OMe ~

""57-3 109. 72-0 "65.2

et e s S i S e T S P T s S S W T S S S — — Ot e Gy .

a g (¥, q (X), g (¥Y), and g (X) are the total sigma-~ and
o o T m .

. pi-beta-charges respectively donated ( withdrawn) by a

substituent, Y or X to (from) the ring; Y = CHy and X =

‘meta-or _para-substituent. Negative (positive) q values

indicate a donation (withdrawal).

,(_‘,v;/ '
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It is .clear from Table 31, that a %gnear Mulliken

w Y « . \ « -
-charge-energy relationship has been estabigfhed for both i

meta- and para-substituted toluenes. Thus, the Mulliken |

population analysis is a useful' approach to assg§s and
rationalize substituent effects in benzenoid'gystems.

However, we have studied‘the effe&ts of sub%tituents on the °
wholﬁ methyl group and not on individual bonds.@Hence, thlS
method cannot be used to correct DH® values to yleld

SEC[R*, RXI] values\of benzyl radicals. Nevertheless,

Mulliken group charges in benzyl radicals can!prbvide

useful information about interactions in these systems.

”»

3.5.3. Charge and spin interactions in benzyl radicals
Table 35 lists ﬁigma; and pi-charges donated by the

substituent and the CH, group of benzyl radicals in the '
coplanar- form. These charge effects should account for
charge related interactions betweep ahsubstiéUent and the’
fixed group (methyl or- benzyl). In-Table 27 we have shown
that the iﬁtéraction‘energy between the groups X'and CHy
for a serles of substituted toluenes of theé form XCgHyCH3

is related to the s;gma and pi-charges donated (or

withdrawn) from the ring by X and Y. However, such charge

.effects will n&; reflecb 1nteract10ns resulting from &pin
redistribution. For example, the group charges for the

i benzyl.raQicals (Table 32) are smaller than those observed

for the corresponding toluenes ( Table 30). However, the.

N Y
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“gsubstituents considered A better’understandinﬁ of‘the

LN

. radical in the alphd-level. Differences between the :
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isodesmic interaction energies are generally larger in the\

benzyl radicals (Table 27), because of spin related effects)

not included in the charge-analysis in Table 32. &
X Table 32 shows that the net c.harge effect for all )
substituerts are similar to that observed in closed shell

systems (see introduction). For example, the net oharge .
effect of poth metaL and para-cyano substituents is
strongly pi:uand sigma-accepting although their ability to
delocalize spin f;om the‘benzylic position 'is very
diffe;eqp in pature (100). This is true for all ‘the

o

effects of spin delocallzatlon in benzyl: radlcals is ? .
A3 ks

) oﬁtalned by separatlng theﬁtotal charge effects into the

1ndlv16ua1 contrlbutlons of the alpha and’ hsta—levels.

Table 33 shows the effects of subst1tuents on

H
¥ * ¢

interactlons 1nvolvfhg alﬁharcharges..Tpese charges are

estimates. of the Qéhation (or withdrawal) of alpha-spin by a s

v
4 a

‘group attached to ﬁhezbenzenoig ring. The benzy%ic group is 3 -

shown to be a strong pi—alpha;spin‘donor and 'sigma-alpha~

spln acceptor.*Thusf substltuents that are strong pl- ' -

I
- -

alpha-spin acceptors and s;gma alpha spin donors should o A

fiavourably interact with the benzyl group and staplllze the .

.
b ¥

t 1t

’behaviour of meta~ and paxarcyano substituents are evident
from Table 33. However, pa;a—methoxy, with a p051t1Ve

value (100}, shows destablllzlng 1nteract10ns 1n the alpha-

»

aa
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level. Thus, both alpha- and beta-levels must be considered

13

to ?ain a complete understandinq of unpaired spih
inreractions in benzyl radicals. ' i

Table 33 shows the effects of substituents Sn
interactions involving beta-charges. The benzylic group is
shown to be a strong ni;QeLa—spin acceptor and sigma-

spin donor. us, substituents that are strong pi-beta-

spln donors and gj -beta-spin acceptors should favourably
interact with the benzyl group Q§§§“béglllze the radical in
the he;a—level. fPe\rea s for the spin delocalizing power
of the paxa-methoxy grdﬁp is\now evident.

The effects of -alpha-sub tltuents of the benzylic

«group on the spin aelocalizihg power of ring sibstitpents

canybe predicted from the charge/spin anal}sis presented in
X .

‘Tables 32 and 33. ‘For example, side chain subgtituents that

are strong ‘pi-donors (acceprors) will increase (decrease)

the nifalnha-spin donating power and decrease (increase)
“ »
the pl—beta—spln adceptlng pow@r of the benzyllc group, and

thereby, 1ncrease (decrease) and decrease (1ncrease) the

t 2

-

effectiveness of spln—de1ocal1z1ngﬁpl—alpha—acceptors and -

[ .

. - donors respéctlvely. Such effects, have been observed seven

_ when th vvarlatlon at the benzylic position: is substltutlon

-

by a methy]‘group(s), as in the phenethyl and cumyl radical
systems. ‘These effects have been discussed 1n terms of

merostabilization (123) and capto-dative stabilizatio?

(124). * « Y C ,

: .
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Next, we compare the Mulliken population analysis for
the alpha~ and beta-levels with thg relevantc;values 80 |
that ?he effects of substituents on benz§1 radical
hyperfine coupiing constants ¢ah be rationalized.

The Mulliken analysis sho&s that all’substituents are
stronger pi-alpha-acceptors (or wééker pi—alpha—dohors) at
the para position rélat;ye to the méta-position.'Similatly,
in the beta-level the meta-derivatives are the better
acceptors. This may bé undegstood in terms of the excegs of
pi-alphﬁ—spin at the para-carbon and the excess of pi-beta- «
spin at the mﬁta-carbon.)similar effects are observed in
the sigma-framework.

Cyano substituent: This substituent is'predicted to
delocalize spin strongly in the paxa—position and localize

spin-: (relative to hydrogen) in the meta-position (100).

This is well described by the Mulliken analysis, because,’

while para~cyano shows stabilizing‘interactions, meta-cyano

displays destabilizing interactions with the benzylic -

\groups at both levels. Also, depending on electroq_demana

(that is the pnature of thg doner/acceptor power of the
benzylic group) the nature of the substituent can vary

significantly from the behaviour observed in closed shell
N

systems. Thus, while the cyano substituent is defined as a
s%rong pi-acceptor in terms of the sigﬁa—value, in a benzyl

radical it can' act as a pi-alpha-donor in the meta-position

¥ .
and a pi-beta-donor in the para-position. n

.. Uy

»



Furthermore, calculated dipole moments of the benzyl
‘;;dlééls,'toi&énes and benzenes, listed in Tables 35 and
36, show that the nature of the cyano substituent fé very
differeht in the benzyl radical system compared with the

behaviour ih the closed-shell system.

o — —— S . A s S T S . S S S OV SO B S, W . B TS e S Wt S SR8 B S0 FO ¢ B WP S

Table 35. Comparison of experimental and theoretical dipole

moménts (D) of mono-Substituted benzenes.

Q

—— — s S0 i et e e G S i, B o St o . i vt o o o S e 2

Experimental®
, - gas N
Substituent ST0-3G phase ) solution
Me ; 0.25 0.37 0.37
CN 3.65 4.35 _4.05
. F * 1.02 1.61 . A 1.47
3, f’l‘ ° ' )
‘OMe - 17 1.35 ‘ 1.28

i S o St S e S e St B v T e o S S o Wt e S s o it o —— — oy o -— I —— - -
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Table 36. Comparison of dipole moments (D) in toluenes and

benzyl radicals.

;;;;;;;;;;;—- Toluene b;;;;z radical -
coplanar perpendicular
H 0.25 - 0.00 0.05
3-Li - 4.85 N 4.82
4-Li - 4.88 4.82
3-Me * 0.21 0.18 + . 0.15
4-Me . 0.04 0.18 ° 0.13
3-CN 3.85 3.21 3.26
4-CN 4,02 3.25 | 3.30
2-F - 1.02 1.02
' 3-F 1.17 1.10 . 1.12
4-F L 1.27 . 1.09 : 1.14
© 3-OMe 0.97 T 1.18 1.;5
4-OMe 1.22 1.18 ,1.19
g ,

o A%
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Methoxy substituent: This group gelocalizes spin in
the para-position (100). Tables 33 and 34 show that the
para-methoxy hag“a.positive 6';‘ value because of
stabilizihg‘intéractions in the beta-level. This
substituent shows a similar type of interaétion at the nmeta-
position; but, now the stabilizing interactions are weaker
and the destabilizing interactions in the alpha-~level are
much stronéer (and probably dominate) to make this radical
slightly destabilized relative to the unsubstituted benzyl
radical (%00)..A11 pi-effects due t6 a lone pair of
~ electrons involve rehybridization of the electronegative

.

atom and consequently will be susceptfb%e to effects due to e

14

~jAteractions. In fact, in qompagison to the cyano

substituent, the methoxy derivatives show larger gigma-
effects. Also, the most stable orientation of the methoxy
group is with its C-O bond perpendicular to the benzenoid

ring. Thus, C-0 type hyperconjugative spin delocalization -

is possible. It is clear that the effect of this ! .

1

substituent, although regarded simply as a two centre -
three electron interaction, is actually the net result of

both sigma- and pi- effects at the élpha—Pand betn—levels;

s

»

¢
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kN .
— Eluoro substituent: This is one of the few

substituents that is ﬁredicted‘, from esr hfc's to show
destabilizing interactions at all positions (Table 37). The
population /analysis suggests that this is because the
dgstabili ing interaction in the alnha;level more than
compensates for the stabilizing effects in the beta-level.
Although both fluoro and methoxy act as pi-donors in closed
shell species their behawiour in the bgnzyl radical system
is very differerzt. The data in Tables 33 and 34 su;:;gest ,
that this results from weaker m;— and stronger gigma-
effects in the fluoro radicals. Also, the cl;arge/spin
analysis predicts that the behaviour of this substituent
should be similar at the para- and ortho-positions, as
obs”erved in their esr spectra. .

Methyl substituent: The O, value is positive for
this group at both the para- and meta-positions; although.,
at the mej;a—}_;osition the value is c¢lose to zero
(0.002+0.003). The Mulliken analysis correctly predicts
that the ﬁethyl group will delocalize spin strongly at the -
para-position, but the meta-methyl group is shown as
destabilizing at all levels. However, me_ta.-_—methyl is a
weaker s;.gma—b_e_ta.—donor than meta-hydrogen. Thus, the :
s.l.gma hei;arlnteractlon in me;a-methyl will be stabilizing
relative to the benzyl.radical; this may 'ount for the
mild stabilizing power of this substituent. The magnitude .

of the pi-charge effects of this substituent are relatively

® ’
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small, and hence may change in ”sic_;n on small ge.rturbatifms.'
Furthermore, the assumption of' equal partitioning, , ¢
intrinsig to the Mulliken scheme, may cause incorrfect
assignments of charges to be made in this\case. ‘

Tables 33 .and 34 show that, in general) para-
substituents can delocalize spin through the pi-framework
better than their meka cc;t;ni:erparts. Thus, in the absenee ° -

of sigma-effects, a substituent will have a more positive

value at the para-positiop. p . '

Substituent effects on the esr hfc's of the benzyl

. radicals could not be assessed from the STO-3G (UHF)

calculations, besause the computed *hfc's were very '
sensitive to the geometry of the molecule. Fo; ex;mple,
variation in the benfylic C-C bond by 0.001 &, which
corresponded to a change of less than 10-6 au in energy,
resultped.in large changes in the hfc's. Thus, a consistent

#a R
set of values ould not be extracted from the‘ calculations.

’
L3 Al hd
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Table 37. Electron spin resonance hypelfine coupling

- ¢ \
constants (hfc) and U‘d values of fluorobix}\zyl radicals.

e e T T o e — \ - —— —
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. £ Uncertainty ca. 30.003, ;

»

-
o

.
i

3‘

v ‘ \
. “‘:',, . . hfca,b ‘
o S T — — S — 3
Tl Type a derivative \ '
. . , 3. )
Position ortho-Fc meta-Fad pard-rd
ortho- (i) 5,28 5.15 \ 5.30
' (ii) 8.18e 4.9 \ 5.30
meta- (i) 1.7 1.80 \ 1.75
— : (ii) 1070 \ 4.729 * ! ¢ 1075
- \ \
. para- 6.32 6.19 \ 14.43e
~ Lenzylic (i) l6.42 16.39 16.42
. ; . .
(ii) .16.32 . 16.39 . 116.42
’\-J ' @lvaluef |, -0.007g, ' 0. 009d . -p.010d
4 ' N » 5 |
. o N . L o « 3 _— - ;~ L‘— _ L
8 2 Unless stated ??thgrwise'hfc's are duestd hﬁrdrogenﬂ and are
, o . D N . N B 1‘
. " o+ inG. . ‘ R ot
b/[:!ncertainty "in hfc's ca. 10.03G, S
¢ This work. Determined by the pgocedure described in
3 - reference 100. # ) .
e -, . o, . )
. et d Beferenc‘e 100.; LTI - "‘
7 c - . 'e lgF'. ¢ -

<A . " . "1‘ s
»  9*talculated fromeq. [100] .using the average of the two

s "

. ", . Benzylic hféd's.
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3.6. CONCLUSIONS - Y

This.3tudy has shown that esr hfc values of pi-
radicals can be used to predict the stability of these
species, and that the ef;c scale is a suitable measure of

substituent effécts on benzyl radical stability. As a

"

‘result, 6, values can be considered as pseudo

thermochemlcal parameters which can be used to predict
substituent effects on the pi—stabilization of benzyl
radicals. . . ' . i

The STO-3G (UHF) method.is found to be unsuitable in
assessing substituent effects o}z the rotational barrier
and the esr hfc of thé benzylic group. however, other'
useful parameters, such as isodesmic interaction energiés
and bond dissociation energles/; can be derived from these
calculations. ]

Mulliken charges at the alpha- and heta-levels are

found toiprovide val'uable information about factors

-

épverping the effects of substituents on spin .

,delocalization in benzyl Jadicals. These effectg can be
rationalized by consideriﬁg’;fOUr ’types of unpaired sp\in

a{nferactions 1nvolv1ng sigma and; pi-spins in the: a.lnha
‘and b_e.t.a:-levels.

.
% i

16l
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The present work shows that -ab initio MO calculations,

_even at the minimum STO-3G level, can provide a

quantitative analysis of interactions in benzenoid systems..

Re;ative'interaction energies between a substituent and the
ﬁethyl group in meta- and para- éubstituted toluenés are
found to be linearly related to MullikeQ Sigma- and pi-
charges. Further work needé to be done to determine if
these linear relationships are generally applicable.It is
hoped that the present approach of analysing isodesmic
interaction energies in terms of gigma and pi charges will

stiﬁulate.further work in this area.
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CHAPTER 4 SUBSTINUENT EFFECTS ON BENZYL RADICAL HYPERFINE

-

COUPLING CONSTANTS. ‘
N . ’ . f
The study of substituent effects on rgdical"reactivity

and staﬁﬁlity is'a topic of yreat interest. Several linear

free~energy (gigmal scales based upon relative reactivity

have been proposed (126). Most of these scales have failed \

to unambiguously separate radical and polar effect;.

bust and Arnold havg suggested that }hé. Uzkscale,
based upon electron spin resonance (esr) alpha-hydrogen
hyperfine coupling constants (denoted a-hfc) is a’frue‘
reflection of the nature of the radical and ig therefore
free from complications caused b} séeric and polar effects
inherent at a transition state (100). The val}dity aﬁd

utility of the U; scale was demonstrated by the

/
satisfactory correlation obtained between (x; and the

1ogarithm of the rate cogsténf for the therma¥ - .

isomerizgtidn-of a series of 2-aryl-3,3-
dimethylmethylenecyclopropanes studigd by Creary (100, \
109). 6 ’ -
‘In chaptgr 3 it’ was. shown that theéé o; values :
repreéent thé substituent effect on the component of energy
that may be attrlbuted to spln delocalization 1?§Lhese .o
benzyl radlcals.. The G‘ scale offers ma;or advantages

’

over other g’ scales, because the substltuent effects 2o

H

-163

are attrlbutable only to effects on the radical and not on o

&
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e w copelderable strength‘to the argument that the . d;w scale ' .
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A
any closed shell species.

In chapter 2 it was shown that the effects of charge
on the stablllty of even relatlvely non-polar specmes. like

hydrocarbons and hydrocarbon radlcals, 15 not negllglble.

Consequently, the other ,d" scales, which have ignored

effecte“bn neutral closed shell spec1es, cannot be used as

g
o ]

\

an 1ndlcat10n of radical stablllty. ' B
~ Wayner and Arnold-extended the t{ "scale to over
thirty substxtuents. They also descrlbed in detall the

. mode of action of sulphuzrcontaining eubstituents on benzyl
1 . I

ra@igal delocalization. Several para-substituted benzyl

radicals of the general form R(On)SC6H4CHz (n = 0,1, 2; R
) ¥

.= Me, Ph. Tol, COMe, OMe) were studied TlO;k.

2

In thls thesis,. these studies of substitlent effects - C,
on benzyl radlcal hfc's are extended to the alpha ST ¥
methylbenzyl (phenethyl) and alpha_a;pha~d1methylbenzyl .

»

a
L3 LY

. (cumyI) systems.
N r . .
“ Phis study is significant, because it enmables the

@ . b . .

comparison of the substituept effécts on the 2 and h; Lo

hfc s of three closely related serles of radlcals. Slnce d :

* il

both. a- and b-h¥c' S'depend p;lmarlly on: sp1n deénsity they

w111 ce;relate, if the major effect of substituents is on .
© e .

spln delocalqzatlon. Moreover, g such a correlatlon Ry
¥ 2 s A2
«exists between;xheif two parameters 1t~w1ll add o C Q

B
N

«ﬂ

' is prlmarfly a’ Measure of spln.den51ty., It w111 glve Lo ;—//”

U »

’ S ey A € .
I w7 oo voa - o
) . [ , . s
.
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confidence to the (g; values that have already 5een "
established. ‘In addition, if the substltuent effect on

both a- and h*hfc s are in general the same, specific

a

dev1atlons from & llnear correlatxon,between‘these two

parameters may provide valuable iriformation aboub the

»

) factors which influence spin. density and hence

$tabilization of a radical by spin delocalization. '

While the overé}al change in a-hfc's is large ( >10% ),
o the small effects.(<0.03G ) caused by somé substituents

¥
cannot be readily distinguished. It would therefore be

e

. useful to have a scale with a larger variation in Hfc's as

f a function of substitution. Studies of carbon based
. radicals, containing hydrogens both alpha and beta to the
radical centre show that b-hfc's are freguen;ly greate;

a
o " '

* . than the.corresponding a-hfc's (se; Table 38).
Consequentdy; we may £1nd that the phenethyl and cumyi Voo,
. . series, where b-hfe's are belng measured, will be more
) " sen51t1ve to changes in spin' density. On the other hand,
"' the 31gn1flcant decrease in tﬂe delocallzatlon of spin 1n€o
. K ‘the ring, caused by the.alpha~methyl -groups, Wlll atten%ate
the substltuent effect. ;EB relative importance of these

Y

‘ . two oppo 1ng factors cannot be, predlcted a p;;g;l . .

- b

a <

i .
” ' . e T

.

: .
* . - 2 L4 Bl
: . " : ' , TN »
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son 5%

alpha- and beta-hydrogens of

Table 38. A comparison'o, the isotropic hyperfine .coupling

“ fhfc) constants of the

hydrocarbon radicals.®

—— — —

et Y et S St g Yo, e e

-
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CHy*

CH3CHy™"

CH3CH,CH,*

(CHg) oCH" .
(CHy)3C*  ~.
CH_=CHCH,CH,

-cyclq—C3ﬂ5' .

cyclo-CyHy* .

cyclo-CgH§*

", CgHgCHy®

CgH5CH® (CHg) .
CgH5C" (CH3) 5

CH,=CH*

‘alnharﬁhfgiGlﬁgza«H
;
23:07 -
22.38 26.87
22,08 . 33.2
22.11 24.68
s 22.72
22.3 . 29.7
6.51 ' §° 23.42
21.2 L 36.66
21.48 * 35.16
16.250 -
'16.25P 17.69P
- 16.28
13.4 102.4

<

2Unless otherwise indicated the hfc's are from Table 8.7

reference, 127..

‘b Thi§ work.
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4. 2¢ RESULTS

a

The phenethyl and cumyl radicals (R*) were generated

photochemically in the microwave bavity of the esr '

§ Al
- ]
N " »

spectrometer, either by hydrogen atom abstraction from the L

correspondlng hydrocarbon (RH) or by bromine atom

[y

L

L3

, agreement’ between\our values and those reported is shown in

[

abstractlnn from the approprlate bromrde (RBr) ' (100). The T

esr 5pectra were reccrded w1th the: aid of a 51dﬂ!1 averager

' *and the hfc‘s were determlned by computer 51mulat10n of tze

spectra. .

. L3 .
! R
.

The data (Tables 39 and 40), represents consistent -
series, produced under similar conditions, by procedures

used previously by Dust and, Arnold in their studies of

v

benzyl radicals (100). Best¥signal to noise ratio was " .

obtained at the lowest temperature p0551b1e, above the v
freez1ng pomnt of the solutlon. But; most, of the phenethyln

- Y T
radical and cumyl radical spectra were recorded at 213 K .

and 253 K, respectively, to maintaih a congistency in the *

conditions. 1pe.hrh£080f three‘phenethyi$and two cumyl co

‘radicals have been. reported prev1ously (128) | the “

N
@ .

Table 41’ In several easbs,(pdri—chloro, acétyl, benzoyl,
1sopropyl, and, carbomethoxy), the effect of Va;iation"ef ;;/
the spectra asma functloe\of/EEﬁperature was studied; the /.

hfc's were found fo be 1ndependent o} temperature over the - .

1 [

range 213 to 333 K"m Details are reported in the*’ . P

q‘ 4 - 4 ¥ - Rl
Exper1 ntal Sectlon. e o L ﬂ‘\.i , .
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Table 39. Esr.hyperfine coupling constants for para-
substituted phenethyl radicals®.

— - - — e s

b

X ' a b

- i i m____.2X —
I. COMe 15.03 ~ 16.65  4.70  1.65  0.30¢ ~
2. COPh 15.08, - 16.69  4.70 _ 1.65 - -
3. CN 15.35 _ 16.97  4.88 1,65 - 0.80d
4. COOMe 15.43 . 16.96  4.79  1.60  0.30°
5. OCHy - 15.60% 17.25 ,4.85f 1.50f  0.70¢/f
4.95f | "
6. Et 16.06. 17.51  4.72f 1.60f  2.95fr9
- - - N — 5.12f e
7. H 16.25  17.69  4.95  1.65 _  5.90
8. OCOMe ¥6.30  17.78  4.85  1.70, " -
5,15 : , g g
9. F 16.33  17.89  5.00  1.69  13.46N ’
» 5,30

" @a11 values are. in G..Unless indicated otherwise " the
uncertaingy is + 0.03 @. b Subéﬁ;ipé indicates position ;.

& s

‘Jol=‘gzth94‘m,= meta, and x = substituent. ¢ Hydrogens of

methyl-. d Nitrogen of CN. e'Uncerta;nty is + 0.10'G. " °

B £

£ Uncertainty is # 0.06 G..9 Alpha-hydrogens of ethyl.
[ . A ) " B
'h;gF‘, R , .

.
e . B i
.

= e g
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Table

Hyperfine coupling constants for para-

substitZifd cumyl radicals@.

, Substituent aFP a,° ag” ay”
1. COCHg 15.07 4.55 1.55 <0.50°
2.°COPh 15.07 4.52 1.53 - ‘
3. CN 15.37 4.60d 1.604 . 0.80dre
4. COOCH, 15.40 4.57 1.55 <0.35¢
5. SPh 15.60 4,72 1.65 -
6. S(0),Ph  15.76 4.61 1.55 -
7. €1 16.03 4.85 1.65 0.36%,0.309
8. OCHj 16.10 4.754 1.50d 0.60¢rd’
'9. OPh 16.10 4.82 1.62 - - -
10. CHfy 16.10 s.70¢  1.609 5.8¢d
11. Et 16.13 4.608" 1,604 2.904-h
12. CF3 16.15 - 4,70 1.58 8.40% 5
13, i-Pr 16.17 4.75 1.55 2.35]
.14, t-Bu  16.17 4.75 . 1.55 . -
15. 0COPh 16.g;tﬁ .83 1.65 @ ’
16. H 16.28  4.70° 1.65 5.55
17. OCOCH3  16.30 4.85 1.65 -
18. F ° 16.35 . 4.75 1.55 12.65k

a1l values, are in-G. Unless indicated otherwise the

uncertainty 4s «+ 0.03 G. P Subscript indicates positiéni ©

Hydrogens of methyl. d Uncertainty :is + 0.06 G.- e Nitrogen

M F 4
of cN. £ 35¢1.9 37¢;

‘of CFj. j'ahﬂydiogen of isop;opyl.'k 19g,

»

. b «-H*progepg of ethyl. i Flourine °
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Table 41. A comparison of the g8 -hfc's of phe‘r'xethyl and ,
cumyl radicals with reported values.®
o - ) “
Series Substituent THis work Literature
— -= e o - . 7&\
Phenethyl: ' . ‘
4-CN \ . 16.97 16.90 .
3 : : ,
s-ocuz 17.25 17.25
H 17.69 17.70
"Cumyl: ,
4—CH3 16.10 16.04, 16.09
H 16.28 16.30, 16.23, . .
. 16.0b, 15.89b )
£y ls-sb . . .
p— - o o —._....‘..L--: ————————— i o o
‘8 ynless specified otherwise hfc's are from reference 128,
Allvalues are in G. , v .
b-peferencé 129. N
1Y
4 1 / /‘
4 .
1 l" -
" h , . % @ 1‘\&.__ ¢ . L]
i ; " \ - \} 1
.  J & N
-~ R -,’ - * .\ t @
v Y . . !‘7»“' ,
L 3 [ 5 v »
NS '



4.3.1, Mechanism of spin delocalization

In general, an a-hfc is believed to arise primarily
, from a épin*polarization mechanism, while a p~hfc results
) mostly frbmaa“hyberconjugati;e type of interactiong(l2;,
.. 130-131). Thus, alpha- and beta- hyperfine coupling
interactions need\hot show/the same sensittuity to
.substituent effects. In fact, it has been shown that a-
and b-hfc,in hydrocarbon radlcals are affected dlfferently
| ’by, such factors as. deviation from planarlty (i.e., the
‘ . state bf hybridization.of the ‘radical centre, Table 38 ).
b-Hfc values are also known torbebvéry dependent on1
tor510391 angle, SOy conformatlon of the 51ng1y occupled
‘orbltal relatlve to, the hg;a—carbon-hydrogen ‘bond is
important (13n. - However, within a closely related series
; of substituyted benzyf, phenethyl or cumyl radicals, factors
] other than epin dehsity that ‘could influence hfc, should
* remain constant. So, if the major function influencing the
. a- and h—hfc s is spin density they should correlate.
N | : The esr spectrg/of all the phenethyl and cumyl
radicals studied sé}ied a single hfc for all the hydrogens‘
of the'ﬁlpha—methyl grouﬁs. fhis'indicates that ali of the
methyl hydrogens are equilibrated, throughout the
Pir ’ temperature range (213 to 333 K) used in this work. 'Thus,
2the ; methyl groups must be rapidly rotating so that

ot . torsional effects are averaged. Consequently; substituent

re ’

171
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effects on b-hfc's of the phenethyl and cumyl radical
series, can be expected to be related, primarily, to spin

delocalizaiﬁon. Nevertheless, a more detailed discussion -

.

of how the difference in the mechgnisﬁ of spin .
delocaliiatioh to the- alpha; and beta-hydrogens may affect
the relationship between the c;rrespondipg hfc values may

be useful. . i

The a-hfc interactiéns in planar conjugated
hydrocarbor radicals arise from a spin polarlzatlon L )
mechanism and thé resultlﬁg isotropic proton hyperflne
coup.ling (a-hfc) has been shown to be dependent on spin

density (111) ( See eq. [104f). '

»
The b-hfc's of carbon-based radicals can be =

represented by the empifical relatioskhip :

" [113] b-hfc =,A + B cos2 6. ‘ ”

’

.

In eq. [113] the value of A.represents that part of ;

the hfc that 1s due to bond polarlzatlon, this 1nteract10n,

thro;mﬁ two bonds for a beta-hydrogen, is consxderably
smaller,than the corresponding .one-bond 1nteract10n for an
alpﬁa—hjdrogen,(132). In the other term ,g , is the ‘ o
torsional angle, between the hg;a—carbon—hyd}ogen bond and

the axis of the singly occupied C 2Pz orbltal. Equatlon

?

{113], has been used to study torsional effects on hfc' s in

1

© ¢sa series of radicals where the spin density on the radical

Y +
centre is assumgd to remain constant. -In such systems, the

x -

ey
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¢

%erms‘A and. B of eq. [113] also can be considgred as
constants. Such is not the cage in benzyl radicals,’where
’ thggépin density at the benzylic carbon varies . ’ '
significantly as a function of ring substitution (100).
Hence, both the A and B terms, for these radicals, wilg
depend on spin density. Furthermore, if the substituents

affect the A and B terms differently, the b-hfc's of cumyl
radiéals may vary non—lineatly with spin density (and hence
with the g~hfc's of benzyl radicals). However, the present v
study does not provide any evidence to suggest that su¢h a ‘
situation prevails. =~ - ' 4

It has been suggested that the coupling due to ‘ .

hydrogens of aimethyl group (ﬁ-hfc) in a radical CH3CHY.is
proportional to thg spin density,/O“,, at the alpha-carbon

atom:

-

[1141"  b-hfc = Q- O S L

where Qb‘is believed to be an unique constant (133,f;14).

7

-

From eqgs.[112 and 1141 we get:

[1151 a-hfe / b-hfc = 0, / @, = K. ¢
. ' » ’ "\
Thus if both a- and b-hfc's are linearly related té¢" '

spin density the ratio K will be a constant. However, for a
series of radicals of the type CH3CHX .studied by Fisher ‘
(134), the K'value varied with the substituent X, -,

v

. % - »
according to the cheﬁfcal sh%jg of the methylene group of

- . -

.
. - '
v
[ . . [
‘
- ”

. ’ .

s .

~

- -
Cr L ' w e ol i P,

—

Tt e g e

7.

EE I L 4
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the corresponﬁlng molecule CH3CH2X. By 1mp1101t1 assuming :
lthe valxdf!& of eq. T114] for thése radlcals, Fisher &hen ! .
.eone luded that, Qg was dependent én ‘the polar character of ,
the’ group X, since the chemical shift is affted by the

electron w1thdraw1?g capgcxty of the substituent X and Q4

-was dependent on the polarity of the C-H 51gma—bond.

-
‘, z

‘However; the-only conclnsion tpat can-be drawn from

Fisher's ,results is that a- ané / or b-hfc's are affected
by polar substltuents. Hence, this radlcal system has been
relnvestlgated, and the results are glven in Table 42.
Table 42 sheLs that, whereas the K values for X groups
that can act as nl—acceptors are between 0 8 and 0.9, the
corresponding value for substituents contalnlng a' lone pair

.of eléctrons is much smaller (ca. 0.6 - 0. 8).

,It has been shqwd that alpha‘ipbstltuents with a nen/

- bondlng pair of electrons cause extensive out—of-plane

bending of the radical centre in alkyl radicals (96b). This
causes a large decrease(to less negativehvalués) in the
magnitude of the a-hfc. Thus, the variation of the K values
Ffor such X groupe may be dominated by effects on a-hfc.
+Although variations to Qp cannot be ruled ;ut, because b-
hfc's are also known to be affeetéﬂ by the nature ei th@

hybridization of the radical centre.
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- Table 42, A camparison of ésr hyperfine coupling constants? )
of alghm— and be_ta—hydrogehs of the radi¢als CH3CH'X with
the Nmr chemical shlftsb of the methylene group in the
. - . 4
corresponding molecules of the t!pe CH,CHX. s °
a0 LT ’ o
- MN ".l‘
e e e e et o e e e e ot o e et e e e et e e e Bt 5 et e et e e e &
X a-hfc b-hfc .  Q./Q 8 (CH,)P
———————— g e Pt o e e o e e ey e e e - - JRREEN .
o
JH O, 22.4 26.9 0.833 , 0.87 B
,& , . = 1 B .
CHqy 22.1 24.7 0.895 1.17
CHoOH 21.7 25.3 0.858 1.49
COOH 20..2 35.0. % '0.808 2.37 -
. ’ 4
COOR 20.3° 24.9 - 0.815 2.27
Br ? 20.5 24.7 0.830 3.34 .
« P - fi“' -
CN 29.'3 23.0 0.883 2.34 ” o,
COCpHy 18.6 +22.5 ' 0.823 2.25 .
. ;COCH3 18.8 22.3 0.843 2.40 .
. v ’ .
OH 15-0 22 6' iy 9-664 3'-58 ) ‘
oPh 14.2 22.4 0.634 -3.89 <L
0C,Hs A3 21,6 - 5 0.644 3.38 .
NH, . 15.3 .7 20.2 . 0.757 2.61 . W
N(CyHg)p  -13.7 19.6 0.699 2.42 ‘
¢ s 0.74 0.50 0.75 -
S O YN S ——t e e
@ All hfc's (given in G) are from reference 129. ,
b Nmr chemical shifts from reference 135. ° ’
C Correlation coefficient. "
' *£ T, T
N e u -
v ¢ ] A" '1 ¥’
K L] 1]
' ° L LR - b
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PES

¢ For electron acceptors,;w1th unsaturated groups that - h

can delocalize spin, the dev1at10n:of the fad;cal céntre - - R
ffdm‘planarity will be small. Hence, any variations in the ' ¥

K value will probably arise from'charge effects on bgtﬁ a-

1

and b-hfc's. ! : L) . 8

The poor correlaéion between ratio of the hfc's dé

P
1 AN 1; B

and the chemical shift of the methylene group of the Fqﬁ&l

derivatives (CH3CH2X), when a wider,range of substituents

[A)

are considered is not surprlslng. This is because 5& : :

causes for the Varlatlon of K are not the same for all

£

substituents. Furthermore, chemlcal shifts are notuthe best

- ]
o -

4 . ‘
parameters to assess. charge effects.: - - s ,
From these observations it is ¢lear that both a- and ~

h—hfc s may be expected to be related to spln den31ty in

- »

planar conijugated radicals not affected by this type of

charge effect. A system where such a relatlonshlp can be

studied convenlently is the alpha-methyl benzyl (phenethyl) ) .

"

radicdal system. In this the51s, a study of the effects of

p?;afsubstltuents on the esr benzylic a- and b-hfc's,of

A}

N -

o
this system, is reporte&// . ‘ .

ae



.

mmmmmmmmamm N

. {
In the phenethyl system the ha- and beta-benzylic
hydregeqs are on the same radicfl. Thus, spin hﬁnsity .
. . [
relatéd substituent effects will be the same for both the

a

a- and b- ~hfc's,
Table 38 shows.that the h—hfc of the phenethyl radical -

. is the 1argest out of .the benzylic radicals considered.

€

Hence, this system should show the greatest SEnsitiéity to
. >~
substituent effects. So, an.added attraction for studying ,
this system will be thay/-it-will-be most suited for
, -

revealing small diffefences betweeﬁ effects of

3
- @

substituents.
The correlatlon betweeﬁ the a— and h-hfc s of the
phenethyl radlcals,tand, that between these hfc's and the

a- and b~hfe's of, respectlvely, the correspondlng bengzyl ,

“and cumyl radlcals are given in Tables 43 and 44.

s "
The‘relatlonshlp between the h— and a—hfc ] of the -

_phenethyl radicals is ilustrated in Flgure 12. The hfc's arne

found to corfeiate weli (f = 0,993). These results indicat

that substituent effects on sp1n delocallzatlon by’ elther
hyperconjugatlon or sp1n polarlzatlon is linearly related.
Furthermore, it gives confidence to the argument that
benzylic a- and h-hfc}s are linearly reiated to spint

P

density.

k]
»
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‘,'I.‘he correlatlon between the b- and a—-hfc of the a

phenethyl radlcals does not- 1mprm.;e with' mclus:.on of g):,e

Hammett .sigma substituent constant. This shows that, charge
]

effects, if present, affect a- and h-hfc's in a similar,

’

manner. Lo P

. A - K K -~ S .
T In F;ure 13, the relationship,between the b-hfc of a

. phenethyl radical and the a-hfc of the corresponding benzyl
! - ‘

-gadica:l is illustrated. The:correlati‘on is slightly better

(r = 0.995) with a-hf¢ of the benzyl series ;chan with the

®

a-hfc of phefiethyl «itself. A possible cause fBr this is the
smaller uncertainty in the b,qnzyl values (Table 44).
'I'he excel’lent correlatlon obtained for the_plot in

Figure 13, and the absence of any 1mprovement in the
o .

1

correlation coefficient with inclusion of the Hammett sigma

o

substituent constant 1n the regression analysis, indicates

.

that charge related effects on spin delocalization are
similar for the benzyl and phenethyl s'ystems. .

The correlation between the a_-hfc s of the phenethyl
and.benzyl radicals is not as googd as that between the a-
hfc s and the b-hfc of phenethyl radicals. Thls ‘is probably
because of ﬁhe larger unce!:talnty in the a-hfc of the

‘phenethyl radicals (fl‘able 43).

i

“ / . .
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Figuré 13. A linear regression analysis of the

relationship between heta-hfcé of phenetiyl
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Tablg'43 A linear regression ana1y51s of the relatlonshlp
I *
between the benzyllc h—hfc values of phenethyl radlcals and

the benzyllc a~ and h—hfc values of benzyllc radicals.?

-

\

Regre551on coefficients (K), correlathn coefficierts (r) C.
and constants (c) for eq. (1161 brord . . ’ .
m— ——— - - :
. Ki * ¢ Ki r Kd
Series ( £y C) ( r,.C* )
iy - [ o e o e o
. a-hfec © . 0.89+0.09 0.8740.13, 0.05+0.15
(phenethyl)

(0.993, 3.32:1.4])  (0.992, 0.0%2.1) °

ML) @ "
» v .

a-hfc L 1.09+0.09 1.1440.12, 0.1040.17

(benzyl) . :
(0,995, -0.02+1.47) (0.995, -0.85+2.00)

3

" b-hfc 9 0.8440.19 . 1.0840.21, 0.52+0.36

(cumyl} / e
v s, . (0.963, 4.06+3.07) (0.986, 0.12+3.3)

*

F. IR

a Hyperflne coupling values (hfc's) from Tables 39 and 40. -

5},valugs/££Q%'refe{eqce 136. The number of data poxnts ar?.

A
-

nine in al% céses. s . s oL
b [1£6a]:b;hfc(phenethyl) = K ai“+‘c .
" [116b] b-hfc (phenethyl)
c él
an b—hfc(cumyl)., . ” .

*

a~hfc(phenethy1), as = a~hfc(benzyl);

d gtandard error at 95% confidence level.
€ Bq. [1161 ; i = 1. ¥ Bq. 11161 ; i = 2. 9 BEq. [116] ;

, . N
l=53¢ * v -

& [



Table 44. A linear regressmon ana1y51s of the relatlonship

‘ between thedbenzyllc arhfc values of phenethyl radlcals and,

thg‘benzyllc a- and h~hfc values of, benzyllc radlcals.

o

a“~ - [ hd

Regression coefficients (K), correlation coefficients (r)

——
n

and comstants®*(c) for eq. [1171.b«Cvd "

33

- —

1.,27+#0.3Y, 0.1310.42

(0.978, -4#4514.96)

1.2140.34, 0. 61+o.§b

! Ki Kl'\K‘
Series (‘r, C) O c*
. 4 R
p
a-hfc © 1.2040.21
(benzyl) L . .
. (0,979, -3.3743.31)
Y «
o * ®
b-hfc £ + 0. 92+o .26
(cumyl) .
) (0.948, 1.14+4. 091

(0. 971, -3.4545.42)

¥

v v e

-

a Hyperflne coupling’ values (hfc's) " frem Tables 39 and 40 3

O, values from reference 136. The numbef\ef data points

4

are nine in all cases.

\

|

D [117al a-hfc(phenethyl) =.K; a; + C . -

C

[117b] a-hfc (phenethyl)
aj = a-hfc(benzyl);

as = b-hfc (cumyl) .

d,Standard errot at 95% confidence-level.

€ Eq. [117] ; i = 1. £ Eq. [1171.;

i=2,

Ve

4

b
=Kiai+K°_°'+C

L
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o . The h-hfc s of the cumyl radicals correlate better with
both a= and h—hfc s_g@ the phenethyl radﬁbals when the

Hammett sigma constants are included in the regre551on

ana1y51s. Thls clearly indicates the presence of, or the
kN

varlatlon in, chaxge related effects on hfc s with

substltutlon of the beni&%ﬁc hydregens with methyl groups.

If the origin of these charge ef\fects are related to .the

o

déner-écceptor characteristics of the alpha-methyl

. , substituents, the relationship between the b-hfc of the

cumyl radicald and the a-hfc of the benzyl tadicals should
- s I

be most sensitive to thfs type'of‘effect. Thus,

’ substituent

‘w ' effects on the b;hfc s of éighteen paxa—substltuted dumy 1

LR §

radlcals were studied and compared to the correspond1ng

® * are discusséd in the next section.

v

effects. on tpe a~hfc's of the benzyl radlcals. The results

O .,
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Table 45.

v

[

-

. radlcals., o T

TR TR ‘““"‘5“- - - — e
- X Ay . . a,/ §~ o e
cocHs 15.07 1s%28 0,986 LT
" cobh 15,07 15. 5 . .'0.982 IR #" )

CN " 1537 '15.60 0.985 ) Yo
coocH; .. 15.40" * 15.55 - 0.990 I .
sen° 1sw60 15304 1, ozo) el L

S(0),Ph *  15.76 i5.958" ‘0. 988 - e
€T - 16,03 . 16407 ».:"q.lggs_ N .
' OCH3, - "16.10 15.95 . 1.009 ¢ e -
OPh 16.10 ° 15.,9'53} 1.009 C L
TcEy t 0 16.10 16.00° . 1.006 B S
Et 16.13 + 16.054 - 1lo0g 4: " “
CF; %  16.15° - 16.39  0.985 L .
i-pr 16.17 16.108 1,004 o

t-Bu 36.17 1612 1.003 R
.0CoPh 16.24 16,258 0.999 C T {' -
%H, ' 16.28 16.25 °* 1,002- "
OCOCH3 16.30 16.33 0.993_.' ? - -

P 16, 35 16.42  0.99 .

"kand heta—hyperflne coupl;gg.oonstants q{ benzyllcrv

]
»

, » .‘ * 4#‘
R
.' w

The effect of paxa—substltuen;s( X)), on alnha

oyglalﬁ

»

¢ a,

G e
4 -
N v

aAll values are im G. The uncertainty is # 0. 03 G- B hﬂha-hfc

values of cumyl radicals from Table' 39. ©

.alpha-hfc values

of benzyl radicals; unless stated ‘othe:wise'f;om' reference ’

100. d Reference 101.
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4.3.3. General

mhnmmm%&nmb_hmxmmmmm

a.hfsnﬁb.mz?/xadlﬂls o ‘

Ih Table 45 the benzyllc a—hfc constants of paxg-

B
3

substltuted benzylwradlcals are compared with the p-hfc

qonitggts of the cbrreéponding cumyl radicals. If both of

. 3

these hfc's—cqrrelate, a constant ratio, a-hfe/b-hfe, dis |

‘expected. Table 45 shows that for most substitients thisjf

’

ratio is close to the value for thequnébbefftuted radiea1§
(a-hfc/b-hfc- = 1.002). Thus, there-is a general trend for
the h—hfc'srin‘c;)myl, radicals t'o' vary in a sim’i;lar manner
to that of the: a-hfc's in benzyl radicals. "However, Table

46 and Figure 14 clearly-show that significant deviations,

|3 “ -
-
. ¥

mucﬁ larger than the experimeﬁtal error of +0.03 G, ffom a

]

llnear correlation between the g~ and hrhfc values are

st

observed for some substltuents.a Due to these.specaflc
) - 4

devidtions, tlie correlation between the two typéb of hfc's

is far from satisfactory (r = 0.92, 18 data po{nts, see

PR

Figure -14 and Table 46). S .

In the plot shown in Figure 14 the substitiuents that

13

lie be;ow {(above) the ieast-squarés regression iine'have a

relatively lower (higher) ratio of a~hfc/b~hfc and hence
‘ »
3
show an unexpectedly large (small) effect in the cumyl

series with- respect to the benzyl series. Figure 14 also

.shows that, all electron-withdrawing idonating) groups

3

AJ
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™~ Table 46. A linear regression analysis of charge effects on
. 4 ¢ " € ’
& _&th'e" relationship between the benzylic b~hfc wvalues of cumyl
- .7 “radicals (ag) and the benzylic a-hfc yalues of benzyl
radicals J(aa) .2 °
. o b T [
* Regression coefficients (), correlation coefficients (r)
/ . ' - .
* and constants (¢J for eq. [118] b,c.dse \ . Tos
. R *
(/01 f pl,,PZ g . /ol' p3 -
(r,Cl) (r,Clz) (r,Cl3)'
1.0640.23 0.9240.13, -0.45+0.15 0.88+0.24, 0.4140.33
ot (0492, -0.9+3.7) (0.98, 1.31+2.1) J(D.94, ~3.343.7)
;}yperfine'coupling (hfc) values from Tables 39 and 40. Q’P
values from reference 136. )
b r118] aglcumyl) = 3 {Oi'Qi + (ij (or Cyy): ‘Where i’ = § or
. jl k. ' . - E . - ’
c = . O = . = ‘ ' .
. A=RiP2=foiL3=Pon . ,
. d Qp = ao‘(benzyl) 7 Qo =615 i Q3 = 'Z(Iaol + lan{l) (cumyl) -
€ standard error at 95% confidence level.
. f Equation [1181 ; i = 1. ' . e
9 Equation [118] ; i = 1,2. .. .
i i = 1,3-

h pquation {118]
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Figure 15+ A plot ot /\ versus the Hammett;
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‘substituent’ constant O p
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( B-nte) = 1.06 (Q=hfc) +.0.93

. v . [N I "‘ - - ) -
(Points are’ numbered-according :to Table 40).
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.delocalizing powel of a ring substituent. Relative to the )

.
s e’ @ [ o ®
* <

L4

x - -

cause a '1argeE (smaller) spa deiocallzrng ettect on tne <
b-htc in the cumyl than the a-—htc of the&benzyl radlcal -= ‘
systen;‘;Consequently, it will be 1mportant to consider how

cQapge ettrects may intiuence sp1n d;igqalltathp 1n,these u

§§stéms. . ; ' 3 1 ) .. ’ .

4.3.4. Charge eifects on spin deldcalization : ' .

The presence of charge effects on spin delocalization £
have been proj;:i; by séveral workers and discussed:ln

% N f

terms ot meroskab lization (123) and capto datlve . - ,
g

-

stabilization (124). . ‘ ' .
In chapter 3 we discussed brietly<the etfects of

alpha-substituents ot benzylic radical systems on the spin o

a

benzyl radical series,-the corresponding phienethyl and
¢ ’ .
cumyl systems are obtained By substituting, ’ -

e P

respectively,one and two benzylic hydrogens with methyl

F 4

" 1 .qas'
groups. Table 32 shows that; at positions ot!excess alpha- .

8p1?//a methyl group will ‘act as a weak pi-beta-donor. - §

"

Thus, substitutaon of methyl-groups at the benzylic

p051t10n will hake the benzylic group a weaker aqceptor of ’ .

El

> Vg
pi-beta~electtons trom the yang, and dimlnish the ettect ot ' 4

Y

pa;a—éubstltpeqts that delocalize spin by donating pi—béta—

¥

electrons. . ;.
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Scheme 3 shows how the electror withdrawing nature of

-

a para- subst;ituent can affect spin delocalization. Effects

resulting from the development of a negative charge ori ‘the
benzylic carbon have been ignored ih the absence of ¢
electrbn—withdrawin§ .nlpha—substit;u*ents. However, such.
effects, if present, will be opposite to the charge effects
described in scheme 3: (b) anél (qi.- From these czlarge
'sepe:atéd valente-bond structures it is evident that alpha-
su'bstituents that can stabilﬂize- an incipient positive '

“ charge on the l{enzylic carbon will enhaanc;! spin ‘ -
delocalization by electron withdrawing grnoups at the para--
po®ition. Therefore, the cumyl system, with two a].pha— )

me‘thyl substituents that stabilize a positive charge bettery

than the alpha—hydx;ogens in the benzyl radicals, should be

‘more se;nsitive than the porresponding benzy‘l gystem to

»

charge effects. Hence, the deviations ol;served in Figure
N ‘ a d

3 -



. A
14 can be a result of a greater contribution of charge

separated valence—bond structures, such as scheme 3(b)”~
and (c), in the cumyl than in the benzyl radlcals.

From the above_discussion it is clear that, depending
upon theldﬁnor—acceptor éharapteristics, a substituent can
either be more or less effective in de}oqalizinq spin in a

|

cumyl radical relative to that ih a benzyl raéical The

spec1f1c dev1at10n of each p01nt, from the correlatlon line’

shown in Figure 14, is plotted agamnst the Hammett
substituent constant s;gma in Figure 15. ‘This parameter Wag
chosen because a consistent set of values weré QVailable
(136). The dorrelation coefficient for the least squares
line in Figure 15 1s v = 0.79.

The sign of the slope of the line in E‘;Lgure 15 reflects
the fact that electron—w1thdraw1ng groﬁbs generally have a
greater influence ihcréasing spin delocalization in the
cumyl series relative to éhe benzyl series. This is

‘ I3
v 1

consistent with a greater contribution of the charge

" deparated valence-bond structureg‘( scheme 3(b) and (c) )

in the cumyl series, where the alpha-methyl groups
stabilize the positive charge.

. Dust andoArnold (100) have defined the substituent
effect on spin delocalization ( Cf;,) based upon the a-hfc
of the benzyl radical. Of course, there must be gonme ‘
inherent charge effécé on this system as well. A

-

quantitative indication of the'increased impbrtance of

L 4
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®

« charge effects on the cumyl radical series, relative to the

benzyl series, can be obtained by plotting the b~hfc's

against the two parameters a-hfc and 6/’ (Figure 16). For ..
1 Py *

the data plotted in Figure 1§, the correlation coefficient

isyr = 0.98. : .

.The A _value reflects the balance between the.
) . )
inherently larger b-hfc, and the diminished delocalization

into the ring ; since considerable spin is distributed. ’

among the alpha-methyl groups. .
The magnitude of /} indicatZsuthe-increésed

impbrtance 6f spin delocalizatiQn away from the benzylic

[}

éosition through a greater contribution of the valence-bond
strﬁct;res (scheme 3 (b) a;d (¢))rs in the cumyl series
relative to the benzyl series. .
The importance of charge effects on the relationship
between the benzylic hfc's is now clear. ;fherefore. it

4

will be\usefui to determine if there are any other !
manifestations of charge effects on spin‘qglocalizétion in -
- the es; spectra of the cumyl radicals.

The valence-bond structureé‘(b) and (c) in scheme 3
clearly show that spin delocalization induced by charge
éffects will cause an increase in alpha-spin at the meta-
and ipsg—position;. Thi% will result in a concom%tant

. decrease in glpha-spig at the benzylic position. Moreover,
such changes in spin distribution will undoubtedly affect

the hfc's at the orth6- and meta-ring positions.



there is an excess of’alpha-spin at the

1

positions, there is an excess of neﬁa—5px at the meta- and
(or decrease in béta-spin) at the meta- and ipag—posptioné
ﬁill lead Eo a aecfe%se in the alpha-spin at the ortho-

LS

position. Consequently, all substituents showing a greater

efficiency in delocalizing spin due to charge effects in
the cumyl radicals should also show felatimely lower hfce's
, .For the ring hydrogens at the ortho- and meta-positions, .

¢ ( i » -
which are represented by a, and ap, respectively, in Table
% x °

°

40. Al1l substituents displaying enhanced delscalizing

’

effects in the cumjl‘systém do indeed have relatively-
. b ) . . .
lower a, and a; values. Moreover, the hypothesis that the

variation in the a, and ag values are a manifestation of &

charge effects, can be tested by the multiple linear

rgéression.analysis of a—andph—hfc's (denoted, a,. andtap
respec;iﬁely in Table 4§), with the inclusion of an

additional parameter, namely, the sum of the absolute ‘
values of the Q;ihg- and meta~ hyperfine coupling constants

(i.e. 2(lagl + lagl): -

-

fdw t Lon ?(|a0|+laml) + C

. g ‘
In eq. 11191, /fy.. /P on and C aré constants.

(]

[119]‘ ag

This is admittedly a'éemi—quantitative approach to correct

for charge effects on spin delocalization. However, the

¢ L)

V4



img?ovement in the correlation coefficient (r) when all

points are coﬂsidered (r = 9292'necomes r = 0.94), suggests
’ that this is a valid analysis kTable 46). - Con?equently:

2(lagl +'I;ml){ cﬁn be regér@ed as a useful parameter, i
. describing the charge»related;effeéts onbspin
deiScélizatﬁon. ' ° R < - .
4.4 CONCLUSION

. ' The present study shows that ?hege is a-general trend-
h—hfd’s of phenethyl and &umyl radicals vary 1n a 51m11ar L.
gﬁnner to the a-hfc's of phenethyl and benzyl radlcals.“ .

Howevséf specific dev1§tlons are observed from éﬂ;lnear . o,

correlation between these a- and.,b-hfc's. These

N deviatiods-are rationalized by consideiing charge effecﬁg

Yo

# °

on.spin delocaligation. Eleqtron-wit wfng (dgnatiﬁgi/
substituents show a*greater (smaller) ‘delocalizing effect .
in the cumyl radicals relgtive to the pbenethyl and benzyl
hradicé}s. ¥ f N

Charge effects on spiﬂﬁdelbéalization %houla be .
general, and should depend upon the electron—witﬂdrawing and
gdonatingyisiiity of the groups attached to thé radical
centre (124b).

It has been shown that the variations in the ﬁfc's at
. %?m\»fﬂ‘\J{ the é;;hg— and mgtafpesition, reflect the changes in the
spin delocalizing efﬁégiency of a substituent in the cumyl
radicals relative to the correqun@ipg benzyl system.

Since the,extent of spin delocalization of a radical



0
+

-

is inherently depéhdent upon charge etrtects, i1t will be
difficuld& to asSess the relative amportance of radical

stabilizing ettects and polar factors from studies of

Ll

relative reactivity. . .

q

- Finaf;ﬁy, this study ot the esr spectra ot para-

suostltuted pnenetnyl radlcals, and the significant

1mprovement An multlple correlatlon coetticient, tor the

.

linear regressmon analysis of the b-hic's ot cumyl

&

radlcals and tne a—ntc's okt benzyl radicals, when
parameters Qeflectlng charge ettects on spin delocalization
are included, leads us tp belileve that both a- and b-hfc's

of*benzylic radicals are linearly related to spin density.

o

LA 0
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4.5. EXPERIMENTAL
4.5.1. Gereral Information
Esr spectra were recorded on a Varian Associates E-109

..B electron paramagnetic resonance spectrometer, equipped
with a 1iquidk%itrogen v%riable temperatu;é accessory, at

- 0.5-mW microwave'power and 0.5-6.8 G modulation ampiitude.L
All spectra were tecorded with tﬁé aid of a'NicoléE 1170 X
‘Signal averager. Typicélly, twelye, 100 G aide, scans were
~accugg&éted (0.5 min. ber scan). Coubling constants were °
measured directlf from the oscilloscope and refined by

computer simulation (138) using an IBM-PC.

1 nmr spectra were recorded on a Varian CFT—2qﬂ

-

B

&

spectrometer or a Nicolet Model 360 NB spectrometer,
- coupled to an kxfora Iﬁstrumentf guperconducting Magnet and
a Nicolet 192fK word Data Acquisiﬁion)Systgm, and ‘are
reported in parté perfmillion downfieldufrém fMS. Inf;aréd
spéctra were recorded ‘on either an air-purged Perkin-Elmer .
180 grating infrared spectrometer, a Pye Unicam SP1000, a
Perkin-Elmer 283B or 237B Infrared spectrometer and are
reportgd in wavenumbers (relative to the 1601.8 cm"l‘
ébsorpﬁﬁon of polystyrene). Mass spectra were obtained on a
modified Du Pont CEC Model 31-104 mass specqr?meter.
Melting points were recorded on a Sybron Corﬁoration
Thermodyne hoté%age appa;asus and are uncorrected.

Substituted ethylbenzenes and cumenes (liquids) were

purified by gas chromatography. A 5' x 3/8" column packed

X
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with 5% SE-30 on Chromosorb-W (60/80) inc§rporating helium

!

- as the cdrrier gas was used.

» ?

N .
4.5.2.Materials

Di-tert-butyl peroxide (DTBP) and triethylsilane were
obtai;ed from Pfaltz and Bauer Inc. ;nd were uséd without
futher purification. Hexamethylditin 'and hexabutylditin
were obtained from Alpha Products and used without further
purification. Chlorobenzene (J. T.‘Baker Chemicals; Inc.)

B

was Stirred'over‘concentrated'sulphuric acid, washed
sucbessively'with wéfery-satur teg sodium bicarbonateyand
‘water; dried over anhydrous majlggium'sulphate and
d%stilled through a Vigreux column. All solwvents were

g distilled prior ‘to use.

]

4.5.3. Synthesis(139) . o

- . . “ . , . *
4-Ethylacetophenone

4-Ethylacetophenone was prepared by the teaction of

ethylbenzene and acetyl chloride in the présence of !
.aluminum chloride, using carbon disulphide as the solvent
(140). &he reaction mixture was purified by vacuum
distillation. 4—Ethylacetophenoné was obtained as'a
colourless oil. lHmr (80 MHz,CDC13) & 7.85(d,2H),
7.23(d,2H), 2.66(q,2H), 2.53(s,3H), 1.22(t,3H); IR PE1320 "

(neat) cm~! 1680, 1610, 1270, 835.



o

.

.

4-Ethylbenzophenone .
.

- Y

4-Ethy1benzopﬁenone was prepared by a procedure
similar to that used for the acetophenone except using
benzoyl chlor.ide. Vacuum distillation afforded 4-
ethylbenzophenone asn a coloburless oile lBmr(8so MHz,CDCl3)
8 7.20-7.82(m,9H), 2.68(q,2H), 1.23(t, 3H); IR PE1320 (neat)

cm~l 1660, 1610, 850, 705. - .

il . I

Methyl 4-ethylbenzoate "
In a 250 mL: 3-necked flask equipped with a magnetic |

‘stirrer, reflux condenser and a constant pressure dropping

funnel, was placed 12.2 g (91 mmol) of alumipum chloride.

To the aluminum ¢hloride was added 8.0 g (83 mmol)- of |

ethylbenzene dissolved in l‘fS mL of carbon disulphide . The/ -

flask was cooled j.n an ice baEtt;; topj:h&e céoled mixture was

added a solutio’rf‘bﬁ 11.6 g' (91 mmol) of oxalirl chloride in °

25 'mL of carbon disulphide. After the evo?utid’n ‘of gases ’ ~2
had ceased, the mixture’was. all\o'wed to v;aprm to room- ¢ S

temperature. The mixture was then refluxed for 2.0 h and

oo

" the .cooled mixture' was Qoured into 200 mL of methanol. The ‘ .

[

. carbon disulphide was removed by distillation and the .

. §
residue was poured into water and extracted with ether. The

combined organic laydrs were washed w1th 5% sodlum
hydroxide, saturated alt'solution, d;:led with magnesmm
splphate and evaporated. The yield of a pale yellow o0il was
8.2 g (60%). The pr&duct was distilled under vacuum to

. i ' ’ \ ?
yield a colourlesg oil. lame (80 MHz.CDCl~3)'5' 7.94

%

- -
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(d,2H), 7.20(d,2Hf€’3.85(s,3H), 2.65(q,2H), 1.21(t,3H); IR

K}

PE 1529 (neat) cm-1 1725, 1610, 1280, 1110.

. I
- 4—E£hylpheny1 acetate was prepared gy the reaction
. " between 4~e§h§iphenol and acetyl chloride inr3ﬁ agueous
sodium hydroxide (140). lHmr (80 MHz,CDCl335 5“5-é8r '
7.19 (m, 1), 2.58(q,2H), 2.16(s,3H), 1.17(t,3H); IR 1320
(neat) c¢h-1 1770, 1515, 1375, 1220, 1025, 920, 855. i
5, 4=Cyvanoethylbenzene ' .

4—Cyanoethylben;ene was prepared by a Sandmeyer
reaction using the diazonium salt formed from 4- ; o]
- Dethyléniline and cuprous cyanide(140). IR SP1000 em-1l

2240, 1610, 840.

4-Methoxyethylbenzene
‘ 4—Methoxyethylbenzene was prepareﬁ by the reaction of
4—ethyiphenol with dimethyl sulpﬁate in 5% aque6ﬁ§
potassium hydroyide. The pfoduct was purified by vacuum
distillation. lHmr (80 MHz,CDCly) § 7.10(d,2H), -.
6.79(d,2H), 3.74(s,3H), 2.57(q,2H), 1.19(t,3H); IR PE 1320 °
(neat) cm-1 1615, 1590, 1515, 1250,1180, 1040, 915, 830,

735.
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4—Fluore£hylbenzene was prepared by the themal -

)

decomposition of the diazonium fluoroborate salt formed
13

from 4- ethylanlllne with fluoroboric acid. lHmr (80

»

MHZrCDCL3> S 7.03(m,4H), 2. 60(q,2H),J.20(t 3H); IR PE .,
233B (neat) cm-1 1505, 1230, 1155, 830.

"

4-Isopropyldiphenyl ether ,

4—Isopr6pyldipheny1 ethe£ was prepared by refluxing a
mixture of 4-isopropylphenol, bromobenzepe, cuprous oxide
and ¥ “collidine (141, 142). The yielq of 4-

isopropyidiphenyl ether was 87% as a colourless oil‘lﬁmr(so

MHZ:CDCla) 5 7.34- 6 87 (m,9H), 2.90(m,1H), 1.24(d,6H); IR PE
180 (neat) cm-1 1600, 1500, 1250, 875, 760.
4-Isopropylacetophenone

4-Isopropylacetophenone was prepared by the reaction

cumene and acetyl chloride in the presence of aluminum

A

chloride, using carbon displphide as the solvent.i?he /'
; Ny
reaction mixture was purified by vacuum distillation. ¢4~ B

Isopropylacetophenone was obtained as a colourless
0i1(143). lHmr(361.1 MHz,CDCl3) § 7£Q(m,2ﬂ), 7.31(;11,211), ;
2.97(m, 1), 2.59(s,3H), 1.27(d,6H); IR SP1000 (neat) cm™!
1680, 1610, 830. '

4=lsopropylbenzophenone

.

4-Isopropylbenzophenone was prepared by a procedure
. similar to that used for the acetophenone except u51ng

benzoyl chloride . Vacuum d15t1§iat1on afforded 4-

]

1
3
¢
-
{ ‘
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isopropylbenzophenone as a colourless oil (144). lHmr(361.1

N

MHz,CDCL3) § 7,32-7.81 (m,9H) , 2.99 (m,18), 1.29(d,6H); IR
SP1000 (neat) cm-1 1660, 1610, 850, 700. .

- »
¥ 5 ) - |
4-Isopropyldiphenyl-sulphone : .
4-Isopropyldiphenyl, s’ulp?uone was prepared in
essentially quentii.:ative yield by the addition of 4- .
'isopropylstulzphonyl chloride to a solution qf be;xzene ar}xd .
aluminwum chloride (141). The' sulphonyl cbloride was
qprepared in 94% yield by the addition of chlorosulphonic
acid to cumene at 0 C (145). Recry'st;lization of the crude
product from alcohol, with added Norite, produced '

colourless needles mp 101-101.5 C (1it.(146) 9825—99.5 o)

1 "
Hmr (80 MHZrCDC13} & 7.81-8.00(m,4H), 7.28-7.53 (m,5H), &/\
2.94 (m,1H), .1.22(d, 6H)° IR PE 180 (KBr) cm-1 1610, 1325, \
‘ (
1170, 840, 760; 690, 650. 0 A

,i_ligmmldmhenxl sulphide
4-isopropyldiphenyl sulphone , 2.0 g (7.7 mmol), was

placed in a 50 mL round bottom flask equipped with a reflux

. condenser and septum inlet. The flask was purged with dry :

nitrogen and 5.5 g of diisobutylalumihum hydriae (DIBAL-

H) (38.4 mngol) in toluene (26 mL) ‘was added through the

septum via a .syringe, The solution was refluxed under a

.

nitrogen atmosphere until the sulphone had reacted (3-4 S
days). The reactlon mlxture was poured into aqueous

ammonium chloride and extracted with ether. The combined

. ! . A
¢
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organic léyers were washed with a saturated salt -solution, .

dried with magnesium sulphate and evaporated(147). The

-~

residue was chromatographed on a silica gel column using

A}

methylene chloride as the elilent. the yield of the purified
product was 1.57 g (90%). 1}imr(36_1.1 MHz,CDC‘l3) S 7.16-
7.32(m,9H), 2.88(m,1H), 1.24(d,6H); IR PE 180 (neat) cml
2980, 1595, 1490, 1450, i395', 1375, 830, 745, 695.

Methyl 4-isopropylbenzoate

In a 250 nL 3-necked £lask equipped with a magnetic
stirrer, reglux condenser and a constant pressure dropping
funnel, was placed 12.2 g (91 mmol) of aluminum chloride.
To the aluminum chloride was added 10.0 g (83 mmol) of
cumene dissolved in 175 mlL of carbon disulphide . The flask
was cooled in an ice“bath; to the cooled Inixture was added
a solution of 11'.6 g (91 mmol) of o;(alyl chloride in 25 pkL
o£ carbon disulphide. After the evolution of gases had
ceased, the mixture was allowed to warm to room
temperature. The mixture was then refluxed for 1.5 h and

. N
the cooled mixture was poured into 200 mL of methanol. The

c;rbon disulphide was removed by distillation anc} the
residue was poured into water and extracted with ether. The
combined organic layers were washed with 5% sodium
hydroxide, saturated salt solution, dried with m;gnesium

gulphate and evaporated. The yield of a pale yellow oil was"

11.3 g (76%). The product was distilled under vacuum to

Y

208

PV



3.

yield a coloutless oil (148). lHmr (80 MFz,(1(1)8 7.81-
8.01(m,2H), 7.22-7.32(m,2H), 3.89(s,3H), 2.95(m,1H), ~
1.25(d,6H); IR PE 283B (neat) cm™! 1735, 1620, 1285, 1120.

4-Fluorocumyl alcohol

4-Fluorocumy1 alcohol was prepared by the reactlon of

N

ethyl 4-fluorobenzoate w1th methyl magne51um iodide. ﬁb

36-37 C uncorrected (lit.(149) 37.8 C). 1Hmr (80 Mhz,CDCl3)

(\8 6.99-7. 53(m,4H), 1.89(s,18), 1. 56(s,6H)- IR 283B (neat)

-1 3400, 1605 1510 1235, 1160, 835,

4-Trifluoromethylcumene

Method a: 4~trifluoromethylcumene was 'prepared by
catalytic hydrogenétion of 4-trifluoroﬁ§thyl—w;
methylstyrene using palladium on carbon (49% overall yield
from the cumyl alcohol). The styrene was pnepq;ed by the
acid catalyzed dehydration of 4-trifluoromethylcumyl alcohol
(150, 1515 using 4-toluenesulphonic¢ acid in refluxing
benzene. X

Method b: 4-trifluoromethylcumene was prepared by the
reduction of 4-trifluoromethylcumyl alcohol using hydriédic
acid and red phosphorus (refluxing overnight)"(152). The
yeild was 58%. lHmr (80 MHz,CDClz) & 7.18-7.59(m,4H),
2.96(m,1H), 1.25(d,6H); IR 283B (neat) cm™l 1625, 1335,
1175 1135, 1080, 1020, 845,
A..Hskhxlanmzl alcohol

4-Methylcumyl alcohol (149, 152) was prepared by the

reaction of methyl 4-toluate with methyl magnecsiun 50656@.,

.
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1 n .
Hmr (361.1 MHz,CDCl3) § 7.37 (m,2H), 7.15(m,2H),
2.34¢s,38), 1.79(s,1H), 1.57(s,6H); IR 283B (neat) cm™!

3420, 1520, 1370, 960, 820.

4=Chlorocumene ‘

4-Chlorocumene was prepared by a’ Sandmeyer reaction
using the diazoniim salt from 4-isopropylaniline and
cuprous chloride- (153). lHmr (80 MHz,CDCl3) § 7.06-

7.32(m,4H), 2.87(m,1H), 1.21(d,6H); IR 283B (neat) cm™!
1500, 1100, 1020, 830. Mass Spec. m/e (rel intensity)

154(M+,30), 139(100). o —

4-Isopropylphenyl benzoate
4-Isopropylphenyi benzocate was prepared by the
reaction between 4~isopropylphenol and benzoyl chloride in

3 M aqueous sodium hydroxide (140). mp 75 C (1it.(154) 72-

74 C) lHmr (361.1 MHZ,CDCl3) § 8,20(m,2H), 7.11-7.62(m,7H);
2.94(m,1H), 1.27(d,6H); IR 283B cm-1 1735, 1200, 1055, 880,

™. , .

4-Isopropviphenyl acetate '
4~Isop£opylphenyl acetate (155) was prepared by a
procedure similar to that used for the benzoate. lHmr fBO

‘ -

MHz,CDCl3) § 6.92-7.28(m,4H), 2.90(m,1H), 2.27(s,3H),

N &

1.23(d,6H); IR 283B (neat) cm—1 1780, 1510, 1375, 1225,
: iy )

1205, 1020, 915, 850.
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. 4-Ethylcumyl alcohol
4-Ethylcumyl alcohol wdsﬁprepared by 'the addition of
~ 4-ethylacetophenone to methyl magnesium iodide (149). IlHmr
(80 MHz,CDCL3) § 7.10-7.45(M4H), 2.62(q,2H), 1.88(s,1H) , .

1.55(s,6H), 1.23(t,3H); IR 283B Yneat) cm-1 3400, 1510,
1460,,1365, 1170, 955, 830. o
4-tert-Butyleumylalcohol '
4-tert-Butylcumyl alcohol was prepared by the addition
of methyl 4-tert-butylbenzoate to a solution pf ﬁe;hyl
magnesium iodide. mp 78 C (1if.(148) 79 C) lfmr (80

MHz,CDCl3) § 7.38(s,4H), 1.73(s,1H), 1.57(s,6H) , : \
1.31(s,9H); IR 283B (neat) cm-1 3350, 1370, 960, 830.

4-Cvanocumene

-

'~ 4-Cyanocumene (156) was prepared by a Sandmeyer

<

reaction using the diazonium salt formed from 4-
isopropylaniline and cuprous cyanide(140). lHmr (361.1

MHz,CDC13) § 7.59 (m,2H), 7.33(m,2H) , 2.97(m,1H),
1.27(d,6H); IR 237B cm~1 2240 . .

4-Methoxycumene

4-Methoxycumene was prepared by the reaction of 4-

o

isopropylpheﬁol with dimethyl sulphate in 5% aqueous
potassium hydroxide. The product was purified by column
chromatography using silica gel. lEmr (361.1 MHz,CDC13)

§ 7.15(m,2H), 6.85(m,2H), 3.79(s,3H), 2.86(m,1H),
1.23(d,6H) ;

.
£ 4
L
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IR 283B (neat) em~! 1620, 1520, 1250, 1040, 830.

P_Lévﬁx_tmgiﬁnmxlb_mmdﬁ

The method of Grice and Owen (157) was used for the

e ! :
conversion of substituted cumyl alcohols to the bromides.

Typically, the cumyl alcohol (0.02 mol) was dissolved in

jpentane‘ br bgnzene (100 mL). Hydrogen bromide gas was.

passed through the solution for.0.5 h. The solution was
13
then dried over anhydrous magnesium sulphate, filtered and

the solvent removed at reduced pressure.

4.5.4. Esr Experiments

delgﬂaxhgn A static solutlon of DTBP (0.3 mL)(158)
and the hydrocarbon (30-~60mg) was irradiated in the esr
spectrometer cgvity%ﬁsing filtered (methanol in a quartz
tube) light from a 1 kW ﬁanovia Xe-Hg high preésure lamp.
All samples were‘pyrged with nitrogen for 5 minutes prior
to irradiation and examined;at 253 K .

The observed spectra of the 4-methoxycumyl and 4-
mothoxyphenethyl radicals, generated by this procedure,
were complicated by the competitive hydrogen abstraction
from the methoxy methyl group, Simulation indicated a ratio
of benzylic to’tx—aryloxymethyl radical of ca. 1 : 1. The
q%aryloxy radicals were simulated by a(CHZ) = 17.40 + 0.1
and 17.65 + 0.1 G, for the para-isopropyl and para-ethyl,
respectively.

4 ~
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Qumxlbxggidgs, Three procedures were used to
generaﬁé the cumyl radicais froﬁithe b;oﬁide. ,

Iﬂ procedure 1, a static solution of DTBP (0.2 mL),
triethylsilane (0.2 mL) and the promide (50-100 mg)} diluted
if necessary with chlorobenzene was -purged with nitrogen
and irradiated as described above in the esr spectrometer
cavity. The h-tert—butylcumyl radical was qenerateggby this
procedure at 533,K. N ' :

In piocedure 2, a dolution of the bgomide (50-100 mg)
in :gg;—butylbenzene or chlorobggzene wéé continuously
purged with nitrogen while hexamethylditin (0.1 mL) was
.injécted via the purge tube. It was necessary to‘have a

23 -

glassvwbol plug in the purge tube to filter the
hexamethylditin. This solution was irradiated as descri;ed
abovd. The use of chlorobenzeneﬂallowed cooling of the
sample to temperatures‘as low és 233 K without
precipitation of the hexamethylditin. The 4-fluoro and 4-
ethyl derivatives were generated by this method at 263 K
and 233 K, respectively. . :

In proceﬁﬁfé 3, the bromide (100mg) was purged with » -

nitrogen and hexabutylditin(0.1lmL) added in a glove box A

s " oy, \
under an inert atmosphere. This solution was irradiited as \
described above. The 4-methyl derivative was generated by

this method at 253 K.

Control experiments: Linearity of field was checked
against the lines of [ Cr(NH3)gCl 1Cl, doped with 2%



i

[Co(NH3) 5C1 ]blz (158). Accuracy of the field was cﬁsgked
against the couplings for Wurster's blue perchloraEe in

ethanol (159). The effects of msderate temperature changes

. on the spectra of six representative cumyl radicals: 4-
Y B

chloro, 4-isopropy;, 4-acetyl, 4-carbomethoxy, 4-benzoyl
and 4-phenylsulfonyl w?re studied, by recording thé
spectrum at, 213, 233, 25%‘ 273\and 3§3|K for 4—cﬁloro;
233, 253 agd 333 K for 4—acetyl;\Q13, 253 and 293 K for 4-
isopropyl; 213 and 253 K fgr 4-carbopethoxy; 253 and 293'f
for’4—benzoyloxy and 4-phenylsulfonyl. In agl cases the
benzylic hg;é}kfc value was invarieng.fHowever, for the 4-
isopropyl derivativé: a change in the hfc value for the
isopropyl group with a lowering of temperature was

observed; indjicating the hindéred rotation of the isopropyl

group.
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EPILOGUE )

™ The major objective of obtaining thermochemical
parameters for ogen—shell systems has been realized in this
work.

This work is the first exampleléf the use of
thermochemical cycles to obtain a direct estimate of the
‘acidity of any clesed- or'dpQQJShéll organic species. It is
also the first report of an acidity constant forsa
hydrocagbon radical cation. This method has been dséd
recently to obtain the pK, values of the radical cations of
tetraphenylcyclopropane (160) and HMB (35), and should
prove to be usgﬁul in the future. , ’

A 'new definition of radical’'stability with specigl
consideration of the effects of reference molecules is
proposed.' It is hoped that this approachwill lead to a
bettdr understanding of the interactions in open-shkll
spe¢ies. ) o !

Ty%\fgrst_quantitative evidence for linear
relagionships between esr hfc's and- pi-stabilization
enérgy in pi-radicals ahd the alpha- ana“hgha-hfc's.in
benzyli& radicals is presented.

u
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