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In Part I, the photpéensdﬁlzeQije1ec€ron—transfé?h>and'
0 M @
electrochemieal ox1dat10n of 1, l 2, 2~tetraphenyl K
‘ “‘u LY

cyclopropane have been studied. The products ohtalned ‘

A1

photochemlcally are 1 1,3 3-tetraphehy1propene, l 1, 3- :

3
trlphenyllndene tetraphenylallene and 3-methoxy-1, 1 3 3~ ' h~
tetraphenylpropene. The prodpct gatlos are dramatlcally ¢

dependent upgh solvent conditlona; pértlcularly.seﬁsitizgi 1 N
and solYent. The varlatlons 1n product ratlos'%ﬁﬁ v ) \ut\ B fwi\j
.attributed to variations in, the ,redox Eehavzou; of the :JEQ? ' , «
sensitizer radical ag;on and upon the'paEEéity and ;' A ’
ngcleophi;icity of the med;pm. The oxidation Qrodﬁéts fr;m . ; ;

the electrochemical stud¥‘are the same as thoEe from the \ Lo
photosensitized (electron-transfer) study. Common v L CLT

> *

intermediates have been identified and*a mechahism for 4,
w - Y n'

4
’

formation of thé produéts is pfopésed. . C .

%
B

In Part II, the nature of .the one-electron two-céntre'
L4 * - » . ~

hond“.in the radical cation of cyclopropane and I2-
prop |

»

divinylcyclopropane has been, investigated using ab initjo: '|

&

self consistent field molecular orbital (SCF qo)

calculations. The charge and spin distributiops 4n séveral
. . é

conformers of the cyclopropaﬁe radical catiqn.haée are
compared. Fré@ the energy difference between éhe‘90,90
conforme¥ and the 90,0 confprger, Ehe activation barriers to
cis-trans isomerization of th%’cyclopropang and the 1,2=
divinylcyclopropane radicals are estimated. Simi;arly, frém

the energy differen?e between the 90,90 conformer and the‘

'
#




wt

a
i i

-

‘:0;0 conformer of the cyclopropahe radical cation, the
barrier Eo tﬁe qrbital symmetry allowed opening Qf the
“cyglopfopgge ring is estimated. The impl}catioh of these
- s
fesulgs to experimenEal data are discussed.

In Part iIf,.the sub;tituent éf?é&ts on benzyl radical
hyperfire coupling constants ‘are investigated. .Emphasis %s
placed°qn ﬁhe‘ﬂiépuss1on 6f ﬁyperhonjugétlon in the
;ﬁelocalizatiéﬁ,of.spin dartd thelinteractioq bf sulphur
confaining subs?itﬁents. *“In general, subétiégents will
interact a; ﬁ—spin’donors or ct-acceptoréfin the para L
pos}tf@p.» Substituents in the meta stition give an

«indjcation that inductive withdrawl of charge from the o0-

. _framework decreases delocalization into the aryl ring.
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" 1.1 INTRODUCTION .

#

a

-

TRANSFER) VERSUS ELE?S?; HEMICAL OXIDATION OF

‘ 1,1,2;2—TETRAPHENYLCYCL'PRO

‘J\ -
[
.
"
»

i

LY

s @ 4 v
- L s 0w

» v #

M.1.1 ASPECTS OF THE GENERATION OF 'RADICAL IONS

. » N

a ’ The ‘chemical and physical properties of iqns and

-radicals have been studied so extensively that we can

\

predict, with confidence, the course of a reaction invelving

these intermediates. Radical iéﬁgf’on the other hand, are~

-

" o~
not' as well understood. In fact, there are an increasing

s P A ’ B
number of reactions where thé/;;:;tence of radical ions 1s

now implicated (1). While there is muchiresearch

activity into the nature and reactivity of radical ions 1in

¢

general, mpéh of the, focug has Qeen on the formation,
properties and re;ctivi%?}Qi;;adlcai\catidns (2).

- Radicallcations are gendrated by the r8moval of ‘one,
eiectron from a neutral molecule. There are many ways to
induce the one-electron oxidation; the most common methods
being concentrated sulphuric acid, metal ion oxidation,

-~

pulse radiolysis, electron impact (mass spectrometry),.

kS

_anodic oxidation and photoinduced oxidation. Many aromatic

3 i
hydrocarbons are oxidized by concentrated sulphuric acid

(Equation 1), and, since these strong acid solutions of the X

, radical cations are generélly stable,¥his method has been




2ATH + 3H)S04 —  2ArH'T + 2H,0 + SO, + 2HS04” [11

/-/ f , -

used to characterize radical catibns by electron gpin

resonance (esr) spectroscopy 3). Although Kehrmann, in

- A »

1914 (4), concluded that a on'e-electron oxidation of" k

) pheno%hiazine had 3ccurred, the mechanism by which aromatic

' ) = <,
hydrggarberms are oxidized jin sulphuric acid solutions is
still not well established! However, Wit 1s hplieved that a,
key step is the protonation of the hydrocarbon (Equation 2-

8 (). RN S

\

ArH + HpS0y = ArHot + HSO4” T [21 -
ArH + ArH,t = ArH,* + ArE°t . | [31
- l o -— .
AI;% + 2H2$04 \ = ArH + 2H20 * HSO4 + 502 [41

) ~ . / |

The most convenient methods for the generation of

’

a

radical ions,under mild conditlons, however, are the
photoinduced electron transfer and the electrochemical
approaches. Since the work présented in this thesis has
made usé of both of these methods, 1t is useful to briefly
describe some of the theoretical and physicdl aspects
associated with the generation of radical ions in,{rese

(]
ways.

*

The interaction of a donor molecule (D) and an acceptor

molecule (A) in terms of a ground state charge+transfer
. »
model was first described by Mulliken in 1950_/(5).




"
" ' /
Accordlng to Mulllken, ‘the interaction of.a donor having a

&

h&gh energy filled orbltal (ie.7 low 1onlzat10n potentlal)
and an acceptor having 4 low energy unfilled orbital (ie.,

high electron.aﬁﬁi&ffg; can lead to an interaction to form !

IS

what he called a “cha}ge-transfer complex” (6). 1In

~ °

* N M

molecular orbital terms, this "ground state charge-transfer —

. 1Y

(CT) comblék“ was represented by a wave function of the form .

]
d

# ¢G = a%(n,m + b‘//l(D“,A‘) [5]

1}
' " i
k4

’

shown in Equation 5, wﬁere, yb(D A) 1s the "no bond" wave

functlon of the donor and acceptor and H&(D (A7) is the wave

5

Tunction representing the transfer of an electron frdm D to
A. The relataive contribuéioq of the two wave functions if
indicated by the size of the two coefficients (a and b).
The relative size of these coefficients is governed, in the
most simplistit approf@h, by the energy diff;ience’Between
the highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied'molecular orbital (LUMO) of the
acceptor. . ‘

The appearance of absorption bands (often visible) not
present in either the donor molecule or the acceptor -~
moleculé is characteristic of the f;rmaéion of a ground ‘“
state CT complex (7). :The wave function associated with the

-

electronically excited CT complex is shown in Equation 6 (in

+

(ba%ﬁ“Equations 5 and 6 conﬁributions from locally excited

Ay
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W

at
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@

o

) ¥

.. z i
\bE = a*’#lmm—) + E,*%(D,A) . C 16l

-«
« 6 N
A d

states and higher energy C?ustates have been neglected for
[} [

.y [y

the sake &f simplicity): For weak complexes, the

contribution of 1(D+,A') in the groupd state 1s small agd,
b << a, while normally, in the,excited étate,mb* << a*. »
Grod;d state charge—traﬁsfervcomplexation is not
necessary 1n order to photochemica}ly indpce,an.electron
transfer between a donop molecule and an acceptdr molecdle.
The interaction of an electron;cally excited molecule .
(erther D* or A¥) with a ground state molecule (either A or

D) can also lead to the formation of rddical ion pairs

(Equation 7,8) (2). The generality of thlsuexéited state

. * A + D — A~ 4+ p*t [71

a* + D — A~ + pt [8]

electron~-transfer process was recognized by Weller (8). 1In

his now classic work, WelLef meadsured the fluorescence
guenching rate constants (kq) for a series of typical donor-

accebtor systems. From the model shown in Scheme I, the

fluorescence guenching rat® constant is defined by Equation
,

~ 4

.~\



‘ ) jQ, where K3 is defined by Equation 10. The free-energy
change asgociated with the electron trangfer procéss (from

the encounter cpmplex to the.radical 1on4 pair), AG23, is .

calculated from the oxidation potential of the donor 4, . -

(E ’(D‘/D"")), the reduction potential of the acceptor

K{;‘;ZA"/A)),' tile singi/et er:ergy of the excited species - -

(Eoo), and t‘he coulembic att:,‘ract'lon energy ga%ned b'y bringing .
N ¢ :che tworradical ions to the encounter‘distance (@) in a

solvent of dielectric constant (€) (Equation 11). Yhe rate

o/ . constants kjj.and kg are diffusional rate constants ;

7

. ~

- diffusion electron
' , transfer

S

7 . ¢ [
. Scheme I
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gives a new expression for kq (Equation 13) which relates k

¥ o " ° I
?(23 =‘ k23/k32 f‘exp(~ 4G2'3/RT) a7 [l(ll

LIS
LY . , -

AGhz = 23.06[Eqy (D/D"}) °F Epog(a’~/a) - e?/ael 4 By,  [11]
: P W ‘,} N ay ‘ - 4%

© < !

" and, therefore, can ,be expressed in terms of the diffusion.

{
coefficients for the two J.nteractlng molecules (8,9). The
rate constants involving electron transfers (k23, k3o énd
k30) are more convenlently expressed in thelr Arrhenlus form

(Equatlon 12). Substltutlon of these expressmns 1nto [9]

.
¢
¢ v ” 4

ki = koexp (- AG*i:}fR‘g) [12]

’ 1

q
to the free-energy change associated with the electron-

transfer (AGy3) and the activation free-energy for

b - l' y * ’ &
electron-transfér ( AGT,3). ) .
5
N ~ 9 4o -
. , ”' “ 2.0 X 1010 M 1 S 1
kg = ’ . [13]

&1 +0.25Texp( AG¥)3/RT) + exp(-AGy3/RT)]

as

. ' ’
a ’
i
’
-~ »

Weller assumed that the AG#,3 was a monotonous

~

‘function of AG,3 (Equation 14), where,” AG#,{(0) is the

activation free-energy at AG23 = 0. (This value has been

experimentally determined to be 2.4 kcal mol™l). This model

-
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» '-‘predictgﬂthat for exotHermic electxon-trans;er'quenching; k
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will be at the diffusion controlled limit.
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The em'plrical expression for AG,3 (Equation 11} has

®

become known as the Weller equation and, 1s used to predict

®
*

the possibility of electron-transfer quenching of an
o ¢ ) S\
electroni‘cally excited molecule’ by a quencher molecule.

This rélatlonship can be understood by considering the
3 ‘- - " )

relative energies of the HOMO and LUMO of the interacting
) i . o .
molecules (Figure 1). Consider, for example, Figure: la.™
3

®

The molecule with the lower singlet energy is excited (in

¥

this case the donor molecule) and.the electron transfer can
occur from the singly o¢tcupdied MO of the donor to the LUMO

of the acceptor. The energy required to:induce the electron

transfer is represented by the energy difference between the

HOMO of the donor and the LUMO of the acceptor. The energy-

-

available is the singlet energy of the donor. I#the

singlet energy of the donor is greater than tlHe energy

s -
difference between the HOMO and the LUMO then the electron

s

transfervprocess will be exothermic. Similarlg, if t!,e
. 3
acceptor molecule has the lower singlet energy (Figure 1b),

the ele on transfer will occur from the HOMO of the donor

to the singly occupiedloriginally the HOMO) molecular

PR

. 4
7 \ N

L AG*y3 & [0 AGy/2)2 & (AG*,300)21Y/ 27 AGyz/2. 1141
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D* A . D S
1 ) . . N
i' . Figure 1. A éimplified molecular orbital representation of

,the photosensitized electron-transfer process.

2

NI orbital of the acceptor. Again, the energy difference
between the HOMO of the donor and the LUMO of the acceptor’
[

.
must be less than.the singlet. energy” of the acceptor. The
’ en,e‘rg.y»diff;renc‘e between the HOMO of the donor and the LUMO
. of the acceptor i} approximately Eog (/D N)=E (2 7/B), the
first term of the Weller equation (Equation 11).
., Marcus (10)’ has derived an expression for kq similar
to Equation 13. However, in this cage, a different‘
expression for AG¥,; was used (Equation 15). The

expressions in Equations 14 and 15 are. in agreement with the

experimentallyr determined values of kq when AG,3 is greater

. (.

L5
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o AGHy3 = AGH,3H0) [1 + AGp3/4 4@*23@)1,2 [15]

3 ~ *
b . '

than =15 kcal mol"l. However, +he Marcus relation predicts;2
- L ]

that kq w1ll decrease as the reaction becomes more

exothermic, This is known as the "Marcus inverted region”

1’ o

éﬁg, based on ghe experimental observations of Weller and'

a

many others; does not seem tg apply to the photpinduced
formétlon of radical ion pairs. *
There 1s still some question regarding the dynamics of
the electron transfer in these donor-acceptor systems. It
15 known that ip non-polar solvents, some donor—acceptqr -

pairs which lead to rigical ion formation in poTar solvents,
show emiss}dn due to;einplex (or hetero-excimer) formation
(11). It 1s accepted_that.exciplexes‘pave some charge- -
transfer character, and, the wave functlonirepresenting an
exciplex includes contributions from 1oéal}y excited states
aé wgll as the charge-transfer states (12;'Equation 16). As
Uiy = c1¥4 %,0) + c2¢2(A,D*) + C3¢:«x (7,0

+ c4¢4<A+,D'> [16]

-

~

the polarity of the solvent increases, the exciplex emission
becomes red-shifted and a decrease in the fluorescence
quantum yield is observed (13).  The decrease in the

-

fluorscence quantum yield-was attributed to the formation of

+

9

Y
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o

solyated)radfcal 1on pgirs (14, Scheme II). In th;é Schenie,
1t was assumed that the radical ion pair was fbrmed from the ’
lp) and that the fluorescent

sy © I [

exciplex formation, (a7 phH* competes with electron transfer.

initial ericoupter complex (k s

ip and ki (the.rate of ionic

»

In polar solvents, bothk

dissociation) increase.

*

Ionic dissociation is an important factor in the study

- N

of Faalcal ion reactions, especially tﬂg,rate of ionic
dissociation relati;e to the back electron-transfer prqcif ..
Masuhara and Metaga‘(ls)‘heve studied the ionic dissociation
of donor-acceptor systems ~soiut;on. In this study, an’
empirical relae}oﬁship be n the qugatuﬂ~&1eld for iomic
dissociation ( ¢ ) and the dlelectrlc constant of the solvent
(€) was developed (Equatlon 17, where P and q are

constants. In agetonltrile, they found that the vglue of kj
was > 108 s71. Others (16) Lave found that the rate cornstant

for this process in acetonitrile is typically 5 x 108 -1,




3a

- N 1og[901“1] = p +g -

The rate congtant- for back electron-transfer process,

on the other hand, ranges from 2 x 1010 571 o apérox1mate1y

— . ha »9“ = «
109 57! (2a). Farid and coworkers have found. that the

quantum yield for nation of solvent separated radical ion

pairs increases, with Ancreasing exothermiéity for batk
!1ectroa;transfer. This\behaviour was explained in terms of
the .gap theory for radlatl nless decay and, was thought to -

"%:. »

cagrespond to the Marcﬂs 1n erted”?eglon of electron

»

ﬂ“ntr Ll

transfer.(10). .’ ) ol AN . X

A

N

Electrochemacal methods aldo have become 1mg8rtant to
the study of radical cations. The\electrode, 51mpi}, is an

electron transfer agent and, as suc allows the'formation

of a radical cation in solution’which is relatively isolated

oy *

from protons or counter radigal féns (2¢). P
- nt ] -
large number of electrochemical techniques available (17).%,

2

voltammetric

L4

These can be separated Into two cl¥sses:
techniques and bulk electrolysis techniques. The theory

associated with these techniques 1s well devéléped (18) and i
so’exten51ve that only a brief synopsis is possible. |

“Woltammetric techniques usually-employ a three

electrode cell: the working-electrode, at.which the “& .

electrpanalytical measuremenipaqre made, the counter (or
auxiliary),edectrode, which is of opposite polarity to the
: .

working electrode, and, the referenc3 electrode, which is a

11
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stable half-cell and serves as an arbitrary zero to which

all other potentiais are compared.

The most frequently used voltammetric technique 1is

"

cyclic voltammetry. This technique uses a stationary

(platinum, gold or glassy carbon) electrode in an unstirred

v

/“
solution (17). 1In this technique (also referred to as

" triangular wave ;%lﬁammetry) the potential at the working

" elecsrode is varied linearly with time and the current

through the working electrode is measured. At some
potehtial, ﬁs, the direction of the scan is reversed énd,
again; th; current through the working electrode is .
measured. The result is a graph of c&rrenﬁr(i) versué
potentialu(E) which is called a cyclic voétammogram.

For a reversible system.(Figure 2, 19), the cyclic’
voltammogram exhibits séveral features." Consider, for
example thé-rgversiﬁle couple, R =— R**. On ;he init;ai
forward scan, as tﬁé oxidation potential of R is approachedg
the anodic current increases. At some” potential, Epa' the
current becomes. limited by mass transport to the electrode
(diffusion) and the anodic ‘current decreases. When the
direction of the scan is reversed, the radicaﬂ cation will
be reduced and, the resulting cathodic current will reach a

duffusion controlled limit at potential, Epc' For a

completely.-reversible system, Epa - Epc = 56 mV and ipa

l L3
(17). Furthermore,“the peak potentials are independent

igp

of the ep rate (v) and, the peak current is proportional

to vi/@ (Eg: n 18). The peak potential, Epa' is given by
-~ . ®

v

-
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Figure 24 A typical cyclic voltammogram for a reversible
i electrochemical reaction R = rR°t.

t
!
'

Equation 19 (the constants A, Doyr and C, refer to the
electrode area, the diffusion coefficient of the
electroactive species and the concentration of the
electroactive species respectively), where Ey, o is defined
in Equa&ion 20. A good approximation, howevér, is where
the standard potentialf E®, which has thrmodynamic

significance, is given by Equation 21.

-

o’

= #0,4463 (n3r3/R1) 1/2 pp  1/2 ¢, y1/2 [18]

ip
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) Epa = E1/2 = 1.109RT/nF ‘ [19]

b\ -
’ Ep/p = B® + RT/20F In(Dp/Dy-+) L [20]
' Eo =~ El/z\ N L., [21]

"

Unfortunately, many organic molecules dé not show
reversible redox behaviour. There are two sources of
irreversible behaviour to consider. If the oxiéized or
reduced form of thé& electroactive species is unstable (i.é.
it redcts) then distortions of the cyclic voltammogram

will result (17). This is known as chemical irreversibility

(Scheme III). 1In tNis example, the electroactive species

)

n ' /!

’ | 'R -~ » R+ E
R-+ k } P-' c ]
pr —% » P* E

Scheme III.

undergoes what is known as an ECE reaction (E for

electrochemical and C for chemical).  The electrode kinetics
! . \
associated with this type of irreversibility has been

}
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| v »
discussed in detail (18). If the chemical step is

competitive with the scan rates used, the rate constant
associated with the chemical step can be determined (18a).
Another source of irreversibility 1s electrochemical

ixreversibility. This type of irreversible electrode *

»

process 15 related to the heterogeneous rate constant for

"

electron transfer (18,20)F>“In cyclic voltammetric

measurements, this is manifested in several ways; primdraly,

"

sweep rate dependence on E (Equation 22) and, a half-width

p
(EP-EP/Z) which is generally greater than 56 mV (for a one-

i

electron transfer; Equation 23, where n, 1s the number of

‘ I
electrons transferred at. the rate limiting step). f/ .
) * | - . s 4
o ) 1/2 /
-(Ep)z - (Ep)l = RT/ angF In (Vl/Vz) [22]
Eé =Ep/g = 1.857RT/ angF [231 °

)

B "

In both Equations 22 and 23, a new pdiameter has
‘appeared, o« . This is generally referr;d to ds the transfe}
coefficient. Tﬁe physical significdnce of the transfer
coefficient haé been addressed by several workers (21).
ConS}der thg rates of‘the forward anb reverse electron

qtranéfef propesses} there %ill bg an actléat{on energy
associated with:each. At equilibrium, the rates of the

forward and reverse reactions are equul. If, fo? the redox

- a ¢
-
* 4
X v
R
. .

-




couple R — R*%*, the potential 1s displaced from its

)

4 .
equilibrium Walue by an amount -nF AE, thén the activation

#

enerqgy for the forward reaction (R — R'*) w1ll only

I

activation energy for the reverse reaction (R'T — R) will

increase by some fraction of this. Similarly, the

decrease by some fraction of -nFAE. The fraction is

o

called the transfer coefficient and, 1s related to the

f

shapes of the potential energy surfaces of R and R** at

d{ﬁferenb potentials (l9f.

-
Y

Bulk (controlled potential coulometric) electrolysis-is
usually carried out 1n a sepagated (H~type) cell in which
the anode 1is separéted from the cathode. The solutiéps are
stirred ?nd, generally, large surface area electrodes are °
used. Thé Nernst diffusion model (iQ) predicts thét currenﬁ
(i) wi1ll decrease exponentially Qith time, (Equation 24).
The time con;tant.w111‘depend on the surface area of the
electrode (A), the diffusion coefficient of the

electroactive species (D) and the volume of the cell (V)

and the diffusion layer thickness‘(ﬁ)..

i - :

-1 = ijexp(-ADt/V{).

-

’ [24]

These two techniques, photosensitized (electron

_transfer) and electrochemical, have inherent advartages and

»

disadvantages. However, from each method different

I3

@
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information can be gained about the system under study and,

as such, the two metgods complement one another.
%

.

«

°

&

~
1.1.2 1,n-Radical Ions

This section is concerned primarily with the chemistry
of 1,n-radical ions; radical tons in which the radical
centre and the ionic centre are geparated by a' saturated
chain of n-2 carbons (22). The 1,2—radica1‘ion has been
generated by the one-electron oxidation or reduction of an
olefin. The 1,3~ and 1l,4-radical ions are §enerated by 'the
oxidation or reduction of cycloproﬁanes and cyci@butaneé.
The 1,4-radical ions can also be generated by the “

dimerization of a 1,2-radical ion with an olefin (2a).

‘- Reactions of l,n-radical ions with n greater than 4 have not =~

been reported. ’

. The l,n-radical ions are an 1ntéfesting clqﬁsdgﬁ_gz;
intermediatés since the radical centre and the ionic centre
will be separated from each other: Some of the queék}ons
that can be addressed are: (1) dzes the 1intermediate react
as an ion or a radical or either;u§2) does the radical
centre ihteract with the ionic centre, i.e. how strong is
the one-electron two-centre bond in a radical cation
compared to the three-elect&%n two-centre bond in the

radical anion; (3) will the reactions of these intermediates

3
L) v
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prove to be synthetically useful?

The first step in this gex{eral program has been to
study the reactivity 1,3-radical cations generated by
photosensitized (electron-transfer) and electrochemical
methods. ﬂIn"partlcular, the focus is on the 1,3~radical

. r
cation obtained by the ane-electron oxidation of 1,1,2,2-

-~ ‘ -
\tetraphed&lcyclopropane, and, the effect of the choice of

w

sensitizer on the course of the reaction.

o

I:l.B The Role of thé Sensitizer

The primary role of the accepﬁor in photosensitization
(eleqtron-transfer),reactions is to absdkb a photon an,
generate an electronically excited state .(22). Encounter of
this eléctrohically exgjted molecule with an appropriate
donor motecule c%n leaé\fo electron-transfer quenching and,
subsequent formation of the radical-ion péir. -
Unfortunately,’lt is not always possible to study the
intrinsic reactivity of isolated r;ﬁical cations by this
meéhpd. Although it has not been generally recognized, the
nature of the'acqeptor radical anion often playsean

important role. Several examples will 1llustrate this |

poeint.

[

The ultimate reaction of tHe 1,2-diphenylcyg¢lopropane

(1) radical cation/sensitizer radical anion pair éependé
upon the acceptor.” When 1l,4-dicyanonaphthalene (DCN) is

o

used as the electron accepting sensitizer, gis-trans
I o . ?

isomerization of .1 is observed (23). The proposed meghaﬁism

‘.

18 o
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for this reaction, based on photochemically induced dynamic

nuclear polarization (é}DNP), indicates that back electron-
transfer from the radical anion to Ehe radical cation gives
the triplet of 1 (the trimethylene) zPich subsequently
isomerizes. The energy gf the .radical ion pair is greater
than the triplet energy of 1. On the other hand, when

8

chloranil (TCQ) is used as the electron acceptor, no ¢gig-

- trans isomerization occurs; CIDNP studies indicate that 1t

o

18 formed as before, but, in this case back electron-
transfer only yvields the ground state singlet of 1 (23b).
Apparently, cis-trans isomerization of 1'% is slow enough
that it cannot.compete with the back electron-transfer
* process.
In a similar examble, the photosensitized (electron-

transfer) isomerization of quadricyclane (2) to
gnorbornadiene (3, Scheme IV) ﬁas been studied by Roth and
cowprkers using CIDNP (24). It was found that with TCQ as
the sensitizer, 2+'readi1y isomerized to 3+; while, the
_reverse reaction 4id not occur. However, if 1-
cyanonaphthalene (CN) was used as the sensitizer (Cg). the
isomerization éf 3 to 2 did occur. Roth concluded that .

L]
isomerization of 3 to 2 proceded via the triplet of 3. Th

energy of the radical ion pair with TCQ as the sensitizer

way below the triplet energy of 3. In the examples above,
therefore, t critical factors which influence the reaction
are the triplet energy of the radical ion pair and the

triplet energy of the sensitizer relative to the triplet

- »
19
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Schéfe IVi

enerqgy of the donor.

In another reaction, bhotosensitlzation (electron-
transfer) of phenylcyclopropane (4, Scheme V) in methanol
using 1l,4-dicyanobenzene (PCB) ,as the acceptor, gives an'
almost equal mixture of the anti-Markownikoff addition
product, methyl-3-phenylpropyl ether (5), and the
photosubstitution product, 3-metﬁoxy—l—(4—cyanophenyl)-l—
phenylpropane (6) (25). When 1,1-diphenylcyclopropane (7)
is subjected to these conditions, none of the analogous

* photosubstitution product is obtained; metLyl-B,B—

diphenylpropyl ether (8) is formed in almost quantitative

20 -
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Ll




yield (Scheme VI). X
In both cases the initial reaction of the radic;1

¢ation is to add m.ethandl to form the benzylic or s
diphenylmethyl type radical intermediate. In the case of 4,
coupling between the benzylic type radical and the DCB
radical anion competes effectively with back electron-
transfer; i.é. reduction of the radical. With 7, coupling

getween the diphenylmethyl type radical and the DCB radical
anion cannot compete ;ith reduction of the radical. The
sdifference 1n reactivity is attributed to -the differences in
the reduction potentials of the intermediate radicals. The .
diphenymethyl type radicgl ;5 considerably easier to reduce
than the benzyl type radical. While the reduction potential
of this bepzylic radical 1s not Known, it will certainly be
greater than that of benzyl (-~1.43 V vs sce, HMPA-THF, 26)
and-may, 1in fact, be comparable to that of DCB (1.60 Vs sces
acetonitrile, 2al. It therefore seems likely that the .
benzylic type radical aqg DCB rad%fal anlén wi%gjgi¥}n
equilibrium with the beénzylic type anion and DCB. In the
diphenylmethyl analogue‘xthe‘reductionzpotenﬁlal of the
diphenylmethyl radical is -1.16 V vs sce, HMPA-THF, 26) the
equilig}ium will.be largely in favour of the anion. So, in
this case, 1t is the reduction .?)otentlal of the sensitizer
that ultimately determines the reactivity of the radical ion
pair (although steric factors also may play a role). A
similar competition between addition of methanol and

« .

photosubstitution has been observed for olefin radical

21
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_ cations (27).

{ There are othe; examples where the nature of the
sensitizer can influence the é;urse of the reaction. The
product resultingifrom the antiJMarkownikoff addition of
methanol to 1,l-diphenylethylene, methyl-2,2- A
diphenylethylether (9) is isolated in good yield when CN is
the sensitizer (28a). On the other hand, with D@N as
sensitizer, the products cobtained are diphenylmgthane‘(lﬂ)‘
and the methylacetal of formaldehyde (28b, écheme‘VII). The

difference in this case is in the free energy associated

with electron-transfer (calcﬁlated from Equation 11) between

¢,C=CH, - A _ 4cHcH,0CH,
CH,OH 5

¢

®,CHCH,0CH, -12'A__ _ scH, . CH,0CH,OCH,
9 ~ CH30HK 10

L

Sé%eme vir. °
the excited state of- the sensitizer and the donor; the
) p;imary product, 9. With CN as seqsitizer this is not a
favourable process (28b).
Another importang characteristic of the ;ensitizer
radical anion that can influence the fate of the radical

cation is basicity; the radical cation may deprotonate with

23
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the radical anion serving as the“bagse (29). The observed
reaction will tpen depend‘on the reactiv1£y of the radical
.pair. The electrdn ?ransfer process greatly increases the
acidity of the donor (30) and the basicity of the acceptor;
so, proton transfer should §requently be favourable.
Apparen?ly, proton transfer is not always rapid enough to
c&mpete with otﬁer reactions or‘this process would be much

-

more common. '

] Awarenesé of the imbortance of these considerations
éeveloped from the observations of the reactivity of the
l,l,2,2-tetraphenylcyc1d;fopane (11) radical cation which
were apparently inconsistent. It has been reported that the
photosensitized (electron-tfansferHI.iadtlon of 11 in
acetonitrile solutign using DCN as the electron adcepting
sensiti;er, gave 1,1,3,3-tetraphenylpropene (;2) in good
fielq (31, Scheme VIII). In contrast, when
tetracyanoethylene (TCNE) was used as, the acceptor, 1,3,3-
triphenylindene (13) was the only product (31, Scheme IX). .
The fPrmation of 13‘was thought to involve the 1,1,3,3-
tetraphenylpropenyl cétion, §et, it was known that tbis
cation, generated by treatment of the alcoholhprecugsor with,
acid, gave good yields of tetraphenylallene (14) (32, Scheme
X); and,’the allene was not detected in either of the
photosens1tized>(electron—transfer) reactions.,

A further éomplication was obvious from the work of

Hixson which was reported about the same time (25). As

mentioned above, 7 gives the methanol addition product upon

24
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. . .
irradition in methanol with DCB as the acceptor. Similar
irradiation of il gave good yields of 12; no l-methbxy-
1,1,3,3-tetraphenylpropane (15) was éetectéd. If the
1,1,3,3-tetraphenylpropenyl cation were i;vblved in this
/’reactlon, 3—methoxy—1,1,3,3—tetrapheny1pro§ene (16) should
have been formed. ’
2 These resul%s were particularly surprising, not only
because 15 was not formed, but also because 12 was )
apéarently stable uhder these conditions.: It is well

established that 1,1~-diphenylethylene and other arylalkenes

treact to form the’anti—Markownikoff addition products under

e N these conditions; by analogy, 12 should give 2-methoxy-
4 1,1,3,3-tetraphenylpropane (17). However, this prsﬁuct also
4 \
‘ .was not observed.

This large number of possible products froﬁ a
relatively simple substrate (11) may not be unusual gor
electronftraﬂsfer reactions. An understanding of the
complex behaviour which determines the course of the
reaction is eésential to thelaevelopment of synthetically
ufeful reactions in this area.

7

This sSection-.describes the effect of different

+ eensitizers on the photosensitized (electron-transfer)

‘@lectrochemical oxidation reactions of 11.

1
4 - a
4 ~

2é5c€ion§ of 11, These results are compared to the

\ 26
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1.2 RESULTS
wf ' 4
.
1.2.1 Photosensitized (electron-—transfer) arradiation of 1l
The pertinent characteristics of the electron accepting
sensitizers used in this study are listed }n Tabie 1. ’The
feduction potentials were determined by cyclic voltammetry
and, since analysis of the w;ves indicates fhe eléctrode
processes are reversible, these values are thermodynamically '
significant. The ahodic oxidation of 11, however, is not .
reversible; so, there is some uﬁcertainty in the .oxidation
potential. The free—gnergies for the electron transfer are
calculated using the Welleg equation (8, Equation 11).~
The results of %he irradiations are sum&érized in’Table
2. Sensitizers 1l,4-dicyanobenzene (DCB), 1,4-
dicyanonaphthalene (DCN), 9, 1l0-dicyanoanthracene” (DCA), and
methyl-4icyanobenzoate (MCB) 'all lead to formation of .
l,1,3,3-tet}apheny1propeﬁe (12) in acetonitrile solution
(Scheme VIII). ) ‘
Hixson and his coworkers (25;, have rep;rted that 12 also
was formed from 11 upon irradiation in methanol solution.
This observation has been confirmed; when Ehe
irradiation is carried out in acetonitrile-methanol (3:1,
v/v) only 12 is produced. No product resulting from the
addition of methanol (neither 15 nor 16) was detected. When
this irradiation is carried out in acetonitri1e--methanol-()d,'\L

the product (12) has deuterium (>95%) incorporated at the
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Table 1. Calculated free energy change for electron

"o,

transfer from 113,

Acceptor

H

al 5? AGprmP
mol i (v segce) Bl

i3

(kcal mol~1)

Y

1,4-dicyano-benzene (DCB) 98.6C ..

-1.60 -31.7
1,4- dlcyanonaphthalene(DCN) 79.6C ° -1.28 ~17.6
9, 10~d1cyanoanthracene(DCA) 66. 6c -0.89 ~14.6
methy1-4--cyanobenzoate(MCB)'7‘4.5c ‘-1.57 -23.7
tetyr'acyanothgthyle‘ne (TCNE) }-1 | -0.24 -15.5
chloranil (TCQ) lﬁ 0.02 - —20.5(
2,3-dichloro—5,6-d§cyano- d 0.51 <31.8
benzoquinone (DDQ) « . ;# T

AThe oxidation potential of IIQE{WQBG v (Ey) in

acetonitrile(1, 2).

equation (12) using e“/xe = 0.06 eV.

Creference(3a) .

% v

-bCalculated for electfon transfer from 11 usxng'the Weller

r

drh these cases formation of %charge transfer complex wasg

indicated by a new adsorption

absorption band is approx1mate1y 50 kcal mol

2

8

o

and at long wavelength. The
energy at the onset of the long wavelength ch

irge transfer

’.}

L 4

-
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Table 2.

Photosensitized (electron transfer) irradiation
of 11. )

’ Product (s) |

Acceptor Yield (%)
[

pCBarb 12 »

pcNarb 12 \

. ‘ 65-75

DCA? 12 )

MCB2 " T

TCNE2 13(19):14(1) 71¢

TCQ? 13(1) :14(9) 75¢

DDQ? 13(1) :14(3.5) - 47¢

-rcoP 16 , 874

»
-

ain acetonitrile

bin acetoni

trile-methanol (3:1, v/v)

Ccombined yield 6f 13 and 14

a

combined yield of 14 and 18; the decomposition products of 16

ona silicagel column.
&

1
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allylic position. Exteﬂdeﬁ irradiation of 12 under these .
conditions does not cause incorporation of deuterium nor
methanol addition. ’

Using tetracyanoethylene (TCNE) as the acceptor,
1rraaiation in acetonitrile, of the charge-transfer band
leads to the .formation of 1,3,3-triphenylindene (13) (&ﬁ.

Careful analysis of this regction mixture by high préssure

liquid chromatography (HPLC) indicates the presence:of a

trace of tetraphenylallene (14) (the ratio of 13 to

14 1s 15}1)'which was not detected in the previous
work. Similar irradiation of this mixture, but, with
tetraethylammonium perchlorate (TEAP, 0.1 M) adéed, gives
the same products in the same ratio. . .

On the other haqd, with chloranil (TCQ) as the electron
acceptor, irradiation of the charge-~transfer complex in
acetonitrile leads to the for@ation of tetraphenylallene (14{
as the major product. Analysis of the reaction mixture by
HPLC: indicates the ratio of 13 to 14 1s 1:9 with thas
sensitizer.- This ratio also doe;nnot Ehange when the
irradiation is carried out in acetonjtrile containing 0.1 M
TEAP. When this irradiation was carried out iﬁ
acetonitrile—ﬁethan?l (3:1, v/v) the product is 3-methoxy-
1,1,3,3-tetraphenylpropene (16). )

When 2,3-dichléro-5,6—dicyanobenzoquinone (DDQ) is used
as the electron accepting sensitizer, irradiation of the

charge-transfer band, in acetonitrile solution, leads to

the formation of substantial amounts of both 13 and 14

30
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1.2.2 Qqn.tmlls.dp_o.t_enmaleles_tmlxﬂsgfll
The results from the controlled potentlal ox1dat10n of
11 under *various conditions are summarized in Tablé 3. The
anodic ox1dat10n of 11 in acetonitrile (0.1:M TEAP) at 1.3 V

(vs. sce) leads to the formatlon of 1,3,3-triphenylindene

(13J; tetrdphenylallene (14) was not .detected. When the

& »

electrolysis is carried out under similar conditions, but
with 2,6-lutidine (0.1 M) added to the amolyte, the product
1s predominantly (14); only a trace (<3%) of 13 fs.‘present
under these conditions. Elecilzrolysis of 11 in acetonitrile-
methanol (3:1, v/v) results in the formation of 3-methoxy-

1,1,3,3-tetraphenylpropene (16).

1.2.3 Electrochemical measurements of 11 '
Cyclic voltammetric studies, were carried out in both
aCetonitrlie (0.1 M TEAP) andsdichloromethane (0.1 M

4

tetrabutylammonium perchlorate TBAP ). In acetonitrile,
g

two irreversible anodic waves are observed at Ep =-1.36 V
and Ep = 1,58 V, at a sweep rate of 400 mV s™l., \As the
-1

sweep’ rate increases from 50 mV 87+, the relative height of

o

the second wave decreases and it is not detected at sweep

¢

rates faster than 1.0 V s~1 (Table- 4).

. ) N N .
The cyclic voltammogram of l,3,3—tripheny1ind'ene (13)
reveals a sharp anodic wave (Ep - Ep/2 40 mV) at 1.58 vV at

-1

a sweep rate of 400 mV s™*.: The cyclic voltammogram of this
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Table 3. Controlled potential jelectrolysis of 11

[

4 ®

. Solvent?® Conversion($) .Current Product (s)¥" “YieId(s)
. E Yield (%)@
) ~diCN . 50 - 95 13 . 90
CH3CN/0.1M 25 CoeT0 - ',13 e 2
., 3,8-1lutidine 14" 55
CH3CN/CH40H 75 [ S T 82
(311 W/V . g

-

) . a0,1M TEAP . "'\

Ppased on recovered starting material J .
CThese are, the only products, detected by HPLC at 5%
*~ . conversion. . . v
1 ¢ a’
' v w ( @ -
Al . " »
[}
_ Table 4. Cyclic Voltammetric Data for 112 .
Sweep Rate (V s71) EPl(V)b ipy(ud) EPZ(V)b ipy(pa)
0.050 1.285 30 1.504 9
= . .
‘ ' 0:100 O 1.244 40 1.540 5
0.200 1.320 53 1.564 3
- 0.400 1.360 72 1.575 2
X \

@in acefonitrile (0.1M TEAP)

. . bys sce
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’applied. The visible absorption spectrum of this solution

T

e
~)

solution after an equimolar amount of 11 has been added,

‘does not exhibit the wave at 1.36 V. The peak current for

the wave at 1.58 V, on the other hand, doubles in value for
this mixture (Figure 3).

}
The cathodic sweep reveals the presence of a reversible

. o s L
wave at Ey p = 0.34 V and an irreversible wave at 0.17 V.

k!

- The intensity of the reversible wave decreaseisdf the

cathodic sweep is delayed.

n

At thé onset of oxidation- of 11, the acetonitrile

solution around the anode turns visibly purple. A solution

"of 1,1,3,3-tetraphenylpropenol (18), in acetonitrile (0.1 M

TEAP) containing trifluoroacetic acid (5 x 1073 M) turns the

‘sqme colour. The cyclic voltammogram of this solution also

reveals a reversibie wave at By /9 = 0.34 V.

Cyclic voltammetric studies in dichloromethane (0.1 M

TBAP). were similar to those in acetonitrile. The main
difference being that while there is an anodic wave at 1.36
V, the sec¢ond anodic wave at 1.58 V is not observed. There

1s a quasi-reversible wave at E; /5 = 0.37 V. The onset of

»

oxidation, again is accompanied by the development of a

~
purple ¢olour near the surface of the electrode as was the .
LY

case in acetonitrile.

1.2.4 Sp_em.nglemgchgmﬁlmgafmmmgm .

The apolyte turns purple as soon as thé potential is

¢

shows three broad absorption maxima ( xmax = 568 nm, 459 nm,

q N . s o
v

v, 4
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100.

g

Figure 3.

Cyclic voltammograms in acetonitrile, 0.1 M TEAP '

at 400 mv ™1 of (a) 11 (1.5 x 1072 M), (b) 33
(1.5 x 1072 M) and (c) 11 (1.5 x 10™° M and 13
(1.5 x 1073M).
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382 nm) of approximately equal intensity. Thi§ spectrum is
~

essentially identical to the spectruh obtained from the
1,1,3,3-tetraphenylpropenol (18) in acetonitrile (0.1 M
TEAP) to which trifluoroacetic acid has been added. The
irradiation of the charge-transfer band betweep 11 and TCNE,
TCQ oF, DDQ results in the development of a éoloured' '
intermediate with a similar visible absorﬁtion spectrum,
within a few seconds of irrAdiation. This colour slowly
disappears ifd;he vessel is rgmoved from the irradlafidn

-

source.

®

~ The rate of disappearance of the coloured intermediate
can be measured using an electrolysis cell fitted wfth Pyrex
windows. The rate of disappearance of the colour follows
flrstlordef'kinetics witb a rate constant of 2.87 x }0'2 s"l
at 23 Ca,ﬂThe same rate constant i1s obtained whetpe
monitoring the absorption at 460 nm or 570 nm\(dt 380 nm
backggound absorption interferes with the measuremeni).
Furthermore, the rate 1is independent'of electrolyte
concentratien over the range 0,1 to 0.001 M TEAP (cell
resistance precluded measurements at lower concentrations).\ZT

The temperature dependence of the rate constant (Table

5) leads to an estimate of the activation energy for loss of
the intermediate of 21.81012 keal mol;} and a preexponential

factor (log A) of 14.5%0.3.

5 A
’

1.2.5 Solvent and acid effects on the ratio 13 : 14

, The broducts obtained by treatment of 18, in mixtures of
' g

’

d | 35
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Table 5. Effect of temperature on the rate of the
unimolecular reaction of 1,1,3,3~
tetraphenylpropenyl cation in acetonitrile (0.1 M

TEAP).
’ -1
'I:(C) kObS(s 3 .
Ty 37.6 0.154+.01°
. 33.2 0.092+.001
' 28.3 ' 0.053%.001
~ 23.2 - 0.029+.002 .
19.6 0.017+.002
. 11.9 % 0.0063+.0001 .
#
L3
» = .

(K4 N



acetonitrile and carbontetrachloride, with an acid are 13
and 14. These products are obtained in”chemical yields
greater than 90%, The ratio of 13 to 14 is independent ‘of

15Fcid concentration at concentrations greater than 5 x lO'y
M (Figures 4 and 5), and, independent of alcohol

, concentration at concentrations less than 2 x 1074 M
(Figures 6 and 7). The ratio (3=;) decreases as the
pefcentage of acetonitrile decreases (Figure 8). While
there appeafs to be no significant differences betweeﬁ
tfiflgorgacetic acid and trichloroacetic acid, 4-

toluenesulphonic acid gives a significantly higher ratio

(13:14) in all solvent mixtures.

1.2.6 Qxidation potentials of 1.1,2.2-tetraaryl-
cyclopropanes (lla-h) in dichloromethane
The okidation potentials (B9, cyclic vo;tammetry) of
a series of 1,1,2,2—tetraaryicyclopropanes are listeé in

able 6., All are irreversible with Ep - Ep/2 ranging from
30 to 240 mV. The reduction potentials of the -

J

corresponding 1,1,3,3-tetraafylpropenyl cations (19%a-f,h)
are listed in Table 7. These redox couples are all
quasireversible in this solvent system with Epa - EPC
ranging from 70 to 90 mV. ’

Correlations of Ey/9 vs Lo* for 1la-h and 19%a-£,h are
shown in Figures'Q and 10 respectively. For 1lla-h, the
correlétion coefficient is 0.976 with a slope (0.059 P/on)

of 0.19 V. For 19+a—f,h, the correlation coefficient is

0.985 with a slope of 0.19 V.
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Figure 4. Mole fractipn of 13 (the remainder being 14)

versus [18] from the reaction of 18 with
trifluoroacetic acid (1 x 1074 M)in acetonitrile.
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Figure 5. The mole fraction of 13 (the remainder being 14)
versus [18] from the reaction_of 18 with -
’ trifluoroacetic acid {1 x 107~ M) in
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Figure 7. The mole fraction of 13 (the remainder being 14)
versus the concentration of trifluoroacetic acid
from the reaction of 18 (5 x 10™% M) and

> trifluoracetic acid in carbontetrachloride.
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Table 6. Oxidation Potentials of 1,1,2,2-tetraaryl-
cyclopropanes in dichloromethane 0.1M TBAP

11 X1 %5 ¥ Y,y Eyyz (V1% Ey-Ep/p (mV)
a H H _H H 1.23 130
b OCH; H H H 1.14 160
cis OCH, H OCH3 H 0.96 140
c;;ans OCH; H H  OCHj 0.96 140
d OCH3 OCH3 OCH3  OCHg 0.88 150
e CN CN B H 1.52 170
v cis CN . H CN H 1.51 240
f;;ans CN H B CN 1.51 240

CN CN CN CN v 1.80 150 -

’ r
\\\\41 OCH3 OCH3  CN CN 1.14 220

Ayblts versus sce.

-

o

| Y P
. \N ‘
A' . -
C{A b
N

X,

-



P

5 A Y

Table 7. The reduction potentials of 1,1,3,3-tetraaryl-
propenyl cations (1912 in dichloromethane 0.1 M

TBAP.
b
19 Xl Xz Yl Yg . E1/2(Y) Ep-Ep/z (V)
a H H H H’ 0.37 90
" b OCHj B H H 0.22 90
a’ OCH’3 R OCH3 H 0.12 90 ’
C « \ . 7/
0CH, H H  OCHj 0.12 90
d OCH; OCH3 OCH3 - OCH3 -0.04 90
e" CNN . CN:© H H 0.65, 70
4. s i IS .
CN HE . CN H 0.66 ' 80
\f : j !
CN H H cv o} 0.66 80 '
&9 '. . *
‘g CN CN, f CN CN not observeg\\
0.31 .0 80\
h 9CH3 OCH3 CN CN ! : 1 8 '\L

. B & . . .
AGenerated at the anodeeerm'the anodic.bxidation ofvlla—h.

L3
‘-

bVolts versus sce.
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Figure 10. Hammett plot of El/z of- 19¥a-f,h versus Lo+ .
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1.3  DISCUSSION , -

1.3;1 Photosensitized and €lectrochemical reactions of 1l
Thi!products obtained upon photoéensitized (electron- -

oxidation of 11 are remarkably dependent upon
\

reaction conditions, particularly solvent and sensitizer.

transfe

Althohgh some of these observations were reported several
years ago '(25,31), the mechanism has nev;r been discussed in
Qetail. The sequence outlined in Scheme XI accounts for
all the results. , | ; )
' The first two steps, initial excitation of the electron
accepting sensitizer and electron transfer to give 11°* and
A*”T are well established and have been discussed in Section

<

1.1.1. All of the irradiations were carried out through

”

Pyrex so, wavelengths shorter than 290 nm are absoFbed by

éhe vessel. The‘sensitizers have appreciable absprp;ion at
longer wavelengths, while 11 is essentially transparent
beyond 300 nm. The electron-transfer step is .
thermodynamically favourable in every case. Table 1 lists

the free-energy change for this process as estimated by the *
ﬁéller'equation (Equation 11). With the quind%e sensitizers

(DDQ and TCQ) the triplet state is undoubtedly involved

N f

because ¢f the rapid %gtersystem crossing in these cases
(33). W;Ln the sensitizer forms a charge-transfer complex
with 11 (TCNE, TCQ, DDQ), irradiation in the wavelength
gegion of the charge-transfer transition can lead directly

to the radical ion pair.
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A
mo+ (2] Ph,* *“Ph,
«®
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H"“(D"‘)i

Ph’ = Ph, 5]

/
%‘ |

H Ph2
17]
——%—» Ph, c-c CPh, . -+
CH,OH .
Y10l

C=CHC(OCH,)Ph,

- #

Scheme XI.
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The deprotonation of 11'+~(Sé:heme XI, Step 3) dominates

the chemistry after the electron transfer has occurred. In

many instances in the literature, when a mechanism involving

the deprotonation of a radical cation is proposed, the fate
of the proton is ig.nored until it is needed &gain i;o
protonate anqther intermediate. 1In some cases the
deprotonation does not seem to occur when it is predicted
that it should (34), while in other cases, the anion radical
is thought to serve as the base (2a). It 'is of fundamente'll
importance to understand what is b\occurring and why. The
first requirement is to estimate t\he pKa of.ll"'”\.

Several thermochemical cycles have been deh‘veloped‘ which
can be used to estimate the of a radical cation from
available thermochemical data (35) . An, estimate can be made
if the oxidation potential of RH (E®ky) and the bond
dissociation energy of RH (‘AGppg) are known. In this
case, Equation 25 can be used, ™

“4

[25]

pKa = 0.73(-FECpy + AGppp + AGy gty +AGpy) + AG

isom’
where AGi,(g+) is the free-energy change associated with
the transfer of a proton from water to the solvent of -

interest, AGf(H)g is the free-energy of formation of a

hydrogen atom and, AG;

isom iS5 the free-energy change

associated with the isomerization qf the cyc}lopropyl radical

to the allyl radical, Figure 1ll.
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Figure 11. The isomerization of 2,2,3,3-tetraphenyl- ’
cyclopropyl radical to 1,1,3,3-tetraphenyl-
propenyl radical.

.
To determine the pKasof 11°%, the \.ralue of E%y . is

estimated from the E®X (1.48V vs NHE) of the cyclic,

voltammogram; AGtr(H+) is 11 kcal mol™! for

acetonitrile (36); AGf(H)g is 48.6 kcal mol~! and,

A Gppp(ry) is approximately 963 kcdl mol'i:L (37). The free-

energy change associate:i with the isomerization from the

cyclopropyl to the allylic structure (Figure 11), must also

be estimated. 1In the ‘unsubstituted c~b3H5' .radlcél this

,value is appro;(imatealir -25 kcal mol~l (14). The extra ..

stabilization associated with the four phenyl groups shouidd

not account for more than ~-1443 kcal mol~! (based on the

A Gppg(C-H) for dlphenylmethane'(84 kcal mol™l) relative to

the AGppp(C-H) for ethane (98 kcal mol~1)) so, A G;qom - !

should then be approximately —339_4;3 kcal mol™l. Substitution

of these values into Equation [2] gives an estimate of -11+4

for the pKa of 11°%.

*
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P
Another approach can be used to obtain an estimate of

this number. The pKa of the 1,1-diphenylethyl cation (in
water? is approximately -6 (38). The pKa value in
acetonitrile, based on the free-energy of tra;sfer oféthe
proton (11 kcal mol™l) and the hydrocarbon fragqents (=242
kcal mol™!, 39), should be abouf 0.6+l. This number must be
correcte@ for the allylic stabilization gained upon -
deprotonation (-14+3 kcal mol™}) and the strength of the one-
electron two~centre bond'bqing broken. An estimate of the

st'rngth of this bond may be obtained from the‘cycle&?hown in

Figure 12. The value of AGyyp(C~C) 1s estimated.from the

* -

]

Ph, ’/}th . .

_ F Eo TAGBDE(‘1'+) 11 . +

2+ PN

th .t * th A

o)
. 'AGBDE(C—C) FEll .

Y 11

w

Figure 12. Thermochemicé& cycle to estimate the strength of
the one-electron*two~-centre bond in 11°7.

¢
¥

' 51



activation barrier to thermal isomerization which 1s about
30 kcal mol™! (17). The oxidation potential E®, should be
approximately the same as the oxidation potential of the
1,1-diphenylethyl radical (;bout 0.5 V vs NHE)({(40) and the
oxidation potential of 11 is giyen above. The sum of the
Gppe(c-c) and FE°2 is greateg‘thaanEol. Consequently,
the strength of the one-electron two-centre bon? of 11°*
should be*about 8 kcal mol'l. Therefore, the pKa
of 11°% should be -443 by this method.

- ¥
It is, thereforg, not surprising that 11°'% deprotonates.

|

Furthermore, this process should be rapid because the C-H
bond being broken can be parallel to the vacant p-orbital.

It is.reasonable to assume that the sensitizer radical
anion could serve as the-base for the deprotonation of 11°%,
In those cases where the sensitizer is reduced (TCNE, TCQ
and DDéf this occurs. In fact, even in those cases where
the sensitpzer is not reduced (DCN, DCB, DCA AND MCB), and
12 is the product, protonation of the sensitizer radical
anion sti1ll may be favourable. However, in these cases,
the radical anion is required to reduce 19° (Scheme XI, Step
4). Even if the proton transfer to this radical anion is
slow, the radical cation, 11'%, is acidic enough to
protonate the solvent. But, consider briefly, the
protonation of DCN ~ by 11°%. The required values of
AG®;ppr AGP; ., and E° have been discussed above. The value
of E oq for DCN 1s in Table l. Therefore, only an estimate

ofAAGBDE(C—H) of the C-H bond to be made in DCNH* is

52
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required (Figure 13). The enthalpy of reaction for .1,4-

dihydronaphthaleﬁe to give'flaphthalene and two hydrogen

atoms can be calculated (109.9 kcal mol™l) from information.

in standard tables (41). The BDE of the C-H bond in 1,4~

dihydronaphthalene is approximaéely 7542 kcal mol™l (42a).

This would give a BDE of 3542 for the second C-H bond. It

lis estimated that an «a-cyano group‘Fecreases the C-H BDE

by approximately 6 kcal mol™l (42b). oOn the other hand, the

other cyano éfoup will stabilize the radical (DCNH*) to some

degree, and\both cyanohgroups will be conjugateg in the ,

product.’ The overal]l effect on the BDE may be as much as

442 kcal mol'i. This would give a value of Zéi3 kcal mol~l

for AGO;DE(DCNH'). The .AG° four protonation of DCN'~ by 11t

would\thép be -27+6 kcal mol™l. similar feasoning
suggests that protonation of the radical anion of DCB, DCA

and MCB @s also favourable.

H o ¥

thAP_h_zj H"+DCN Lo

1

AGO ’
1som 11°* + DCN*~
19°+ H'+DCN AGO
Aco . PT
BDE | AGQ 'L '
BDE[DCNHj 19° + DCNH* F(Ered‘on)
i M+ DCN g Y

Figure 13. Thermochemical cycle to estimate the AG° for
protonation of DCN°™ by 11°7.

»
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« | There are other possible mechanisms for the formation

of ¥2 which involve HA*, disproportionation of .the radical

N

19‘,.for example. However, the observed deuterium

incorporation in 12, from methanol-0d, argues against thais.
‘ L “ . »
LThe next step in the qééction scheme, Step 4, involves

) *

a reduction of 19° by thq_senéitizer radical anion. The

| .
redur jon potential %of 19° 1s known (-0.94 V, DMF vs sce,

43).‘

sensFtlzérs; indicates that the radical dnions of all of the
»

arométlc nitriles are capable of reducing 19 to 197; even
. "] -

14
Table 1, which lists the reduction potentials of the

f

DCA, where the electron transfer may be slighty endothermaic.
Furthermore, the radical anionsgof the other sensitizers
(TCNE, TCQ and DDQ), which do not give 12 as a product are
not capable of reducing lb'. Eollow1ng the reduction of
19°, i protonation (Scheme kI, Step 5) completes the mechanism
fgr he forma?ion of }2.
+ + {The reduction of 19: and subsgduent protonatioﬁ of the
carbhnion explains the high degree of incorporation of
deuterium at the allylic position with no scrambling. The
§bsehce of observable iso;opic scrambling in 12 aiso rules
out}rgversibility for the deprotonation of 11°% «(35),

| An alternati;e m;chanism fgr thg incorporation of
deutﬁeriﬁm in'12 could lg‘e via deprotonation of'12*% to form
19-Bfollowed by reduction and subseqient deuteration.
How;vert wheq a solution of 12 and 1,4—dicyanohéphihalene
(DCN& are irradiated in acetonitrile-methanol-0d (3:1, v/v),

no deuterium exchange is observed.

54 !



o

3

o

These results radise several new questions. Since the
formatioﬁ of the highly delocalized 'radical, 19°, should be
a driving.force for deprotonation of 12°%, it is not

immediatély'ogvious why ll'+ depﬁogonates while 12°% does
not. Using a thermochemical cycle similar to thatiaéove <
(Equation 25), the pKa of 12'¥ also may be ealculated. The
oxidation potential (Ejy4) of 12 is 1.80 V (vs NHE) and the
free—~energy associated with the bond dissociation is about
72 kcal mol™l (42a). The estimated pRa of 12°%* is -5+2.
Therefore, 12°% should deprotonate in methaqol. Since
deprotonation of 12°* appears to be favourable from -
thermochemical considerations, the reason for the lack of
apparent agidity must be kinetit in nature. The relevant
C-H bond in 12°*, is perpendicular to the w-system in the
preferred conformation. Evidence for this conformational
preference’ is based on obsgerved vicihal lp-1g coupling
constants (44). 1In lH-1lH coupling in li is 10 Hz while, in
an analogous compound, 1,3-diphenylindene, where the

~-dihedral angle between the C-H bond and the adjacent p-

" orbital is approximately 60 degrees, the lg-1g coupling

o

_ constant isuonly'2 Hz (45). The proton chemical shifts for

a

', the allylic and vinyl protons in,12 are 64:75 and 66.45

‘respectively. Those for 1,3-diphenylindene are 64.55 and

O 6.49 respectivély.Under these cohditions it is not
surprising that 12°%" does not deprotonate rapidly.
The inability of both 11°t and 12°% to react with

methanol also is unexpected (2a,27); especially in the case

& i

&
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of 12°% since l,1-diphenylethylene, under similar conditions,
reacts to form the anti-Markownikoff addition product in:
high yield (28). Also, l,l-dipheqylcyclopropane.(7) and
phenyIéyclopropane (4) react to add methanol. Products
resulting from the deprotonation of the radical cation of 4
or 7 weré not reported in either of theseycases (25). The
radical cation 11°¥ must preferentially deprotonate. The
buitky phenyl groups will»inhigit the addition of methanol,
al,lowing the deprotonation to compete effectively. The
adQ}tion of methanol to 12°% must also be hindered. It is
known ,that the rate of addition of methanol to olefin
radical cations decreases markedly as the olefin bec;mes
more heavily substituted (3a,46). The preferred
conformation of the diphenylmethyl group in 12 (and
presumably 12°*) has the C-H bond perpendicular to the -
ole?iiiﬁ T -bond. The phenyl groups, therefore, effectively
hinder the addition of methanel. This conformational P
preference also accounts for the apparent lack of acidity of
12 '* and, has been observed in other systems (47).

Conéider next, Scheme XI, Step 6, the oxidation of 19-.
The depro%onation of 11°% to A°~ (Step 3) and the electrbn—

transfer (Step 6) can occur simultaneously and, this process

*
is equivalent to hydrogen atom transfer from 11°%* to a*~

‘(scheme XII). 1In essence, the transition state can be more

-

or less polar. Nevertheless, it is gseful to consider these
various steps independently in order to assess the

-

energetics of the overall process.
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L4

19° + HA®

t-H---A* —19%--H-2A]

4

-

e t s

. theme XII. ;

If proton transfer were to occﬁr between 11°* and A°Th
and if the reduction potential of HA® is greater than thé
oxidation potential of 19° (i.e., on(lg')"Ered(HAqw< 0)
}hen the subsequent electron transfer”to form119+ wouﬁg be
fast. On the other‘hana, if EOXGS')-Ered(HAﬂ > 0; thén,
even 1f hydrogen atom transfer were o occur, the ion-pair. .
would undergo an eiectrén txansfgr‘to generate the radical-
pair. )

There is independent evidence, at least in the case of .

. TCQ, wherel19* is observed, that on(19ﬂiEred(HAﬂ < 0, The

electrochemistry of several quinones and hydroguinones (fiot

L4

DDQ or TCQ) has been studied previously. (48). The oxidation

1 hid

of hydroquinones in the presence of bases such as

rY ' B
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pyrrolidine, 2,6:1utidine and pyridiffe results in a new wave
at about 0.7 V below the oxidation potential of the
hydroguinone (49). In the case of 1,4-hydroq£inoné‘(QH2),
the anodic wave for the oxidation of the hyaréquinoné
disappears uponsaddition of two equivalents of 2,6:iutidine
to ége anolyte (459b). ' Under these conditions, a new wave at
Ep=0.61 V, was attributed to the oxidation of Q™ == Q +-q+
+ 2e” (recently, Laviron (50) has measured the EC® value
fotr the oxidation QB =— QH® in an aqueous medium; 0.22 V
vs sce). Similarly, Lhe oxidation of TCQH, in acetonitrile
occurs at E_=1.56 V: Addation of 2,6-lutidine (1.5

P
equivalents) to the anolyte\produces a new wave at E_=0.60 V

P
attributable to'the oxidation:of TCQH . Addition of 2,6-di-
t-butylpyridine has a similarneffect, except, forty
equivalents must be added before the wave at E;=,1.56 V 1s
not observed. The new wave occurs at Ep=Q.87 V. These
differenceg can be attributed to a sterac effeét with this
hindered\base(Sl). Slncé Egx(19°) — E, . q(TCQH*) = -0.24 V,
the observation of 19% is expected.

Irradiation of the charge-transfer complex between 11
and TCNE, DDQ or TCQ results in the formation of mixtures of
!3 and 14 as well as the reduced acceptors. The mechanism
for the formation of 13 and 14 via 19% is shéwq in Scheme
XI, Step 7-9. . ¥

«The proposed cyclization of -the cation 19%* s in
apparent contradiction of reported behavior. Treatment of‘
l,l,3,3—£etraphenylpropenol (18) with Q—toluenesulphoni;

\ o . X
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acid in ethylacetate gave an afmost\guastitative yield of 14
(32). With acetonigrile as solvent,‘hg:jver, treatment of
18'with,4-toluenesulphoni€ acid leads to an almost
quantitative yield of 13. %s the peggentage ofb .
carbontetrachloride in acetonitrile increggés, the
proportiqn\of 14 progressivé1¥}§?creases (Fiéure 8). A
weaker acid (trifluoroacetic acid‘br trichloroacetic acid) ,
produces a much more dramatic éffect than the strong acid

»

(4-toluenesulphonic acid).

These results are ratignai}zed by céﬁsidering the
effect of the solvent polarity on the strength of the acid
(or its conjugate base) (52). , The dielectric constant of
binaryiéolkent miktures of carbontetrachloride and
acetonitgile as a function of mele fraction of
carbontetrachloride is almost linear. As the solvent
polarity decréases, the strength of the conjugate base
increésés so the deprotonation of 19+.by the conjugate base

]

becomes more favourable. The strong acid (4~
\tolueneéulphonic acid) results in a higher ratio of 13:14.
The pKa of trichloroacetic acid is similar to that of
trifluoroacetic acid, so it is not surprising that the plots
obtained in Figure 8 are similar.

This explanation may be over-simplified. Acid-base
equilibria in aprotic solvents are complex. Besides khe
equilibrium for salt formation, equilibria for acid
dimerization, (HA)2, homoconjugate ion forﬁatién, (A—H—~A);, e
and, in the case of 18, the pKg+ are also importgnt.' In

" {
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F
generaly weaker acids dimerize more readily in aprotic

medi o -On the other hand, homoconjugate ion formation i
X ~ - )
more favourable with stronger acids. The ability of the’

I3

‘onjuoate base to accept a proton, however, depends on 1t
oharge:,size, polarizability and, to some extent, steric
factors (iei the same factors that are importaﬁt in aqueous
media). ;In the Peaction of 19% in ethylacetate, the so;vent
agparently;%cts as* the base. \

’ Examples of the formation of indenes from the allyiio
cations aiso have beeo repo;ted Pittman and'Miller (53)
found that allyllc qatlong;such as the 1,1,3-

rlphenylpropenyl catlon are stable ‘at low temperat%‘e in ‘
strong acid. Warming these "solutions Lnducee cycllzétlon to
form stable solutlons.of the indanyl cation. Quenching w1th
base leads to an almost quantltatlve yield of the .

corresponding indene. 1In these solutlons, the intermediate

»

cyciohexatrlenyl catlons were not observed, which 1mp11es -

that Scheme XI, Step\8 is rapld probably a result of the"

drlvfng force for aromatlzatlon upon proton loss.

It is clear, therefore, that the ratio of 13 to 14 is

+

sensitive to the basicity of’ the medium. The obServed

%

yo T

dependence* of thie ratio of 13 to 14 .on the sensitizer (Table .

2) may be explalned”oh this basis. The ratig of 13 to 14 -

.
. 1 ey 8

from the photosen51tlzed (electron~transfer) 1rradlat10n

decreases in the order TCNE > TCQ > DDQ. ThlS follows

(HA™) can also account for the’,

expected base strength o;éthe anions HA™. The difference in”

1} d . “

¥
3 +
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qualltativeroboervation that the steady state concentration
of 19% is greater with TCNE as the sensitizerﬁthap with TCQ.
s Thc possibilty that 19° may cyclize to lead,
u1F§mately, to 13, or, that 19° may dispropor&?onate to give
14 should be considérea: Dietz, Peover and Wilson (43)
founo that a stable golution of 19" could be oxidized to

1

form a staple solution of 19* (which gave a well resolved

esr spectrul). The solution of 19°* could be teduced back to

197 with no appaxent reaction. Furthermore, if 19° could

-

cyc%ize to lead ultimately, to 13, it would then be
surprising that 13 waswot observed as a product in the
photosensitized (electron-transfer) reactions with the

aromatic nitriles as sensitizers.
£

The irradiation of 'the charge-tréncferiﬁﬁhplex between
}1 and TCQ in }cetonitrile-methanol (3:1, v/v) leads to the
formation of 16 in good ¥ield (baseo upon HPLC analysis of
the crude reaction mixture).;’ The isolation of 16 is not
gtraightfoiwara; only half of thig ether was c*pted from a

silica gel flabh”chromatoé%aphlc coiumn‘even though the

,q

compound was on the column for less than 30.minutes. The

JQ '

remalnder of the materlal was recovered as 18 on elution

L2

with methanol. «The formation ‘of 16 is consisient with the
. .

ewlstence of 19+ along the reaction pathway. Trcatment of
.18 1n aéetonltrlle-methanol (3:1, v/v) w1th trlfluoroacetlc

acid (1072 M) produces 16 in good yield based upon proton

! »
magnetlc resonance (1Hmr) spectroscopy and HPLC. r
A

Strong support for many of the mechanistic

[
X3

@

I
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;onsiderations prppoged in Scheme XI can be obtained from the
study of the electrochemical oxidation of 11. The »
oxidation of 11 at a spherical platinum electrode occuts at
Ep = 1.36 V in acetonitrile (0.1M TEAP) u;ing a sweep rate

of 400 mv s~1. at sweep rates less th;h 1.0 v s~} a second .
anodic wave (Ep = 1.58 V at 400 mV s™1) is observed. The
relative, height éf the second wave increases as the sweep
rate decreases (Table 4). Tbe second wave is attributable
tx>¢pe oxidatlgn of 13, adsorbed on the working electrode.
The sweep fate dependence is a result of a slow chemical N
step. The st}ong adsorption of- 13 to the working electrode
is evident from Figure 3. The sharp anodic wave at Ep = ’
}.58 V 1s obtained for the cyclic voltaﬂmoggam of '13,
Addition of .an 3guivalent amount of 11 éo this solution on%y
re.sgult‘s in an 1n}rease in the peak current for the secor{d
aﬁodﬂc wave. The first wave at Ep = 1.36 V is not observed,
indicating that the working electrode is insulated from the
solution until the discharge potential of 13 is reached.

The appearance of an anodic wave attributable to the
oxidation of 13 indicates that the anodic wave at Ep = ,
1.36 V represents a two-electron process. Radical cations
generally are more stable in dichloromethane’than in
acetonitrile (54), so, this solvent was used in an attempt
to detect the individual one electron trénsfgr stéeps upon
oxidation of 11. The first wave at Ep = .36 V in

D

diehloromethane appears to be identical to the wave in

acetonitrile. Even at sweep rates as fast as 20 V s~1, no

L]

s
A ” v 7
4
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evidence for two one~electron transfers is obtained.

At the onset of oxidation (in acetonitrile), the 4

solution near the surface of the electrode becomes visibly

purple. The cathodic’sweep reveals two waves. The first
cathodic wave is reversible with E1/p = 0;§4 V. The second
wave is gt Ep = 0217 V and is irreversible. The
irrevérsible wave may be the reduction of a protén which
occurs at Eyj,5 = 0.24 V (55) in water, ie., the hormél

hydrogen electrode (NHE)., A likely candiddte for the

‘ coloured intermediate is 19%. When the cation 197 is

R
]

generated in the electrolysis cell from the alcohol 18 by
the addition of trifluoroacetic acid, the voltammogram of
the resulting purple.solution has th; same reversible
reduction wave at Ey/, = 0.3f v.

Some uncertainty still remains regarding the
mechgnistic sequence of the anodic oxidatiéﬁ of‘ll to 19%,
Two possible pathways are the ECE and the,EE(i process
(Figuré 14). ~ For the ECE mechanism the deprotonation of
11°% is thgrmodyqpmlcally feasible even consiéering
acet?nitrlle as the base (35) and, the oxidation of 19°
would be rapid at 1.1 V. The alterhative pathway (EEC)

N

requires that the oxidation of 11°F to 11** occurs as\igg \Y

o ™%

(the onset of oxidation), followed by deprotonation to give

a

}9?;' An estimate of the oxidation potential of 11°'%* can be

A}

made; it should be between the oxidation potential of
tetraphenylethylene radical cation'(1.45 V) (56) and the
oxidation potential of the 1,1-diphenylethyl radical (0.3 V

Yo,
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(40)). The strength of the one—elecsron two-centre bond in
11°t is small (see Section II) so the 6xidation potential of
11°* should be closer to the value for the 1,1-diphenylethyl
radicgl. Obviously, both pathways are thermodynamically

feasible.

Ph,;7<X\ph,

“~

s ' Phs& ¥Ph,

.Figure 14. The CE mechanism (path a) -and the EC mechanism
(path b) for the formation of 191 from 11°*.

v
Controlled potential electrolysis of 11 gives further

support to the suggestion that 19* lies on the reaction
pathway (Table 3). Electrolysis in acetonitrile (0.1 M~
TEAP) gives 13 in good yield. 'Addﬂion of a base (2,6~

lutidine) diverts the reaction from the original pathway and
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14 is now the major product (only a—tracé of 13 is detected).
Iﬁ acetonitrile-methanol (3:1, v/v) (0.1 M TEAP) ‘the product
obtained is 16. This, of courss, parallels the expected
behavior of 197,

It is in@eresting to compare the coptrolled potential
electrolysis (in methanol) of il to that reported for 1,2~
diphenylcyclopropané (c1s~ and trans-1)(57). 1In the case
of 1,2-diphenylcyclopropane (1) the product from the .
electrolysis was 1,3-dimethoxy~-1,3-diphenylpropane (21). It
was proposed that the radical cation of the cyclopropane
reacted with methanol to form the“b;nzylic radicél which was
then oxidized to the cation and reacted once again with
methanol (ECEC). The radical cation of 1 showed no .
propensity for geprotonation under these fonditions (the
allylic ether analogous to 16 was not detected). This, of
course, is consistent with the photosensitized (electron-
transfer) results (25,31). ) -

The isolation of 16 from the elgctrolysis of 1i1doés not
confirm unambiguously the i:kermédiacy of~19*.1‘rf methanol
were to react with 11°% (or 11*, the reéulti g ’
diphenylethylntypé c§tion could ;mely deproto atg to give
16. Furthermore, since an excess of protors is~produced in -+
this reaction, &,B-dfmethogi—l,1,3,3-tetraphenylpropane ﬁay
be produced, and subsequently react via an acid catalyzeé
elimination of methanol. Analysis of the reactioﬂ by HPLC

inditates that 16 is the only product ‘formed, even at low

conversidﬁ (<5%). The photosensitized (electron-transfer)

3
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reaction of 11 -in acetonitrile-methanol (3:1, v/v) indicates
that 11°% deprotonates much faster than it reacts with
met?anol. Certainly the dication 11** wi11 be as, or more,
acidic under similar conditions. The formation of 16, via
19" under the electrolysis conditions is, therefore,*
reasonaﬁle. ! b

Treatment of 18, in acetonitrite (0.1 M TEAP), with
trlfluoroagetic acid, produces a coloured SOlLtiOﬂ which
exhib&ts three, broad absorption maxima at 568 nm, 459 nm and
382 nm attributed to 19%. This spectrum can be compared to
the spectrum of 19~ which exhibits vis;ple absorption maxima
at 564 nm and 463 nm (43). This similarity is expected; the
energy differenc;)between the HOMO and the NBMO (non-
bonding molecular orbital) in the cation is the same as the
difference between the NBMO and the antibonding MO in the
anion (58).

Electrolysis of a solution of 11 gives a coloured
solution which exhibits absorption maxima at 570 nm, 461 nm
and 381 nm., Similarly, irradiation of the charge-transfer

band between 11 and TCNE, DDQ or TCQ in acetonitrile produces

a coloured solution wiéh absorption maxima at 566 nm and 458

nm. It is reasonable to suggest that all three spectra ‘I
LY

represent the same intermediate, 19"'. ’ (
The stability of 19%, the ease wit® which it is

e
generated electrochemically from 11; and the ease with‘yhizf/’“j>
it is detected spectrophotometrically, makes &t possible t

measure the rate of disappearance as a function of

R
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temperature (Table 5). The rate of disappearance of 19+ ’
(measured’at either 570 nm or 460 nm) follows first order <
"kinetics. The temperature dependence gives an apparent «
activation energy of 21.810.2 kcal mol~1 and a
preexponential factor, log A, of 14.5i+.3. It is clear from
the simple mechanism #in Scheme XI, Step 7-8, that this ;aﬁe
constant represents the rate of formation'of.13. " The néte
at 23 C is independené of‘the concentration of électrol¥tei
between 0.1 and 0.001 M TEAP. The ratio of 13:14 with TCNE .
as acceptor does not change significantly when 0.1 M TEAP “is
added to the solution. Slmiléﬁly, the,pgfduct'ratro is the
same with or without 0.} M TEAP when TCQ is_éhe acceétori'
It is likely, tﬁéref ré, that the rate constant for the
formation-of 13 will be the same in the photébhemical
egperiments; , ) &

It i!ﬂigteresting to consider the aqtivatién parameters
obtained for the reaction of 19%. The aétivation energy of
21.8 kcd}'mol'l is expected. for a reactign of this type.

The ‘cyclization of the highly delocalized cation is

essentially an electrophilic aromatic substitution on an

-

electron deficient ring. The activation energies;for the
electrophilic aromatic substitution on benzene' (in -
nitrobenzene) by several alkylchlorides fpathlysed by'?lC13)‘
fall in the range 11 kcalmol™l to 20 kcal mo1™1 (59). 1In
these reactions, the aétivation entropiﬁf (AS®) are all
approximately -12 e.u. (i.e. large negative numbers); It is

\* »
puzzling, therefore, to find that in the reaction of 19t,

] . 2
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. the activation entropy 'is positive (S.Qil edl.) .
\ There is a way to estiméte the'actWtion entropy for

this cyclization'reaction.’ Intuitively% the activation

ik “éntropy for a intramplecular reaction should be more
r‘rtzﬁl"u . ¢ @ .
S positive than the activation entropy for\an analogous
: ¢ .

intermoledular reaction. This i because the order of the
transition state for both reactions should be similar, -

. however, im the case of the intramoléoulak reaction, there °

. "

is more order in the starting material.' Consider &n

analoggus cyclization; the cycllzat1on of éhe pentadienyl

.

, -radlcal to thg 2—cyclopentenyl radlcal. . %he'activatibn

entropy for this reactaon can be calculated~usiné Benson's -- *

i \. o

~ ‘ group add1t1V1t1es (60). Slnce ‘the startlng mater1a1 is

4

essentlally rigid, the overall entropy change for this

-

reactlon is only ~6.34 e.u. (group additivities fi6r “cationic

\ - |

groups are not avallable s0. a*free radicad reaction has’ been

. . use? in this example). .This will besa, reasoanle estlmate
. . (probably tao negatlve) "for the actlyatlon entropy.
L o » %

In the feaqtion of ;9+p howevérr‘there are additional

corréctions. Rotation of the phenyl rings in 19*% are

PR

.. . . o P .
“ A reswricted and generally, these systems (e.g. .
. e trlphenylmethyl) are thought to, take on a propeller-like..
! oo & ol T .
. preferred conformation. At ‘the transitl%n state (as well as

. in the prodpct) rotathn of the three remaining phenyl rings,
N - S i +
- . islgot as restf@pted. The entrod¥ agsociated with the
" * ‘51ngle bond rotation of a phenyl ring is 8.6 e.y. (61) and.

. for thre phenyl r‘ybq: this would‘acdbunt for 25 8 e.n. Of




il

- . N . .
course, the phenyl rings will not be free rotating in the
ggoduct. However, even,  if only one-forth of tﬁis entropy is
attained at the transition state, the total entropy change

would be positive.

1.3.2 Substituent effects on the oxidation of lla-h
The oxidation potentials (Ey,5) of several substituted
+1,1,2,2~-tetraarylcyclopropanes (lla-h) are listed in Table

¢ ]
6. While the unsubsituted derivative has been referred to

)

as 11 in the above discussion, in the ensuing discussion,
. .

this compound will be referred as 1la, to distinguish it

o

from the_other substituted derivatives. Similarly, the

1,1,3,3-tetraphenylpropenyl cation, 19%, will be referred as

r
19a* (Table 7).

‘All of the anodic oiigations of 1la-h are irreversible.
The Hammett equation for electrochemical reactions (Equation
26) is often used to describe the‘effect on the equilibrium
congtants (E®) for a-series of structurally related

/ .

- compounds in/;;ich theé electron demand at the reactive
céntre is varied. In general, these plots have. slopes in

the' range 0.1 to 0.8 & (19,.62). While this relationship is
- - 4

7

* e
., meaningful for reversible!processes, for irreversible

-1

: brocesées the analysis is not ‘ags. straightforward.

* }
- A
- v -
v

3 . * SN
. ‘ . }31/2. = (RT/ dnaF)pO [26]
. "o . |
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, Analysis of the oxidation of 1lla-h by the Hammett
approach gives a slope of 190420 m@, an }ntercept of
1.25+.04 V and a ‘correlation coefficient, r, of 0.976
(Figure 9). There has beén some controversy over the
ability of a cyclopropane ring to transmit electronic
effects (63). It is somewhat surprising that the oxidation
potentials correlate as wgll as they do with the Y o+ . It
is tempting to conclude that this correlatioq is evidence
for transmission of substituent ef?ects through the
cyclopropane ring. However, this ring quFhe radical cation
will not be intact and, the substituent effect is probably
derived from the'interactioq‘of tﬁé aryl ring in this open
chain species with the.vacant p-orbitals. This idea of a
éroduct-like transition state is compatible with a slow
electren.transfer (i.e. Hammond postulate).,

%hono and Matsumura have measured the half-wave
oxidation potentials of some 4-substituted arylcyclopropanes
(57). In this work, a slope of 730 mV was obtained from the
Hammett plot of Ey /5 versus ' o*. The slope of the line

.frc;m the Hammett plot for 1la-h is expected-to be or‘le—fortl‘x
of the slope obtained for the arylcyclopropanes only if_the'
charge can be delocalized into allqpf the ;ryl rinéé a§ the

“transition state. One forth of the Yine reported by Shono .

and Matsumura is 183 mV; remarkably close to the slope
obtained in this wor&rof 190 mV for lla-h. Some caution
should be exercised since, for irreversible systems, the .

slope-depends on qn, as rell as the traditional P value‘

- ¢ .
. “

s
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(Equation 26), where « is the transfer coefficient and n,
is the number of electr.o;ls transfered at the rate 1imﬂiting
step. Fur/thermore, a limited nu_mber of :::ubstituents were
used in this study so, the slope of the line ma;y be biased
in one direction. ‘

The Hammett plot of the reduction potentials “:51/2) of
19%a-f£,h has a slope of 190420 mV, an intercept of 0.38+.03
mV and a correlation' coefficient, r, of 0.985 (Figure.l0).
In the case of 1la-h, the oxidations are totally
irreversible in contrast to the reductions of 15|+a-f,h which
are quasireversible in this solvent. ‘I"hp equivalence of the
slopes may be fortuitous. The Hammett equation for an
irreversible electrochemical reaction (Equation 27, 19)
includes the term ong,. foe value of w«n, can be estimated
from the shape of the voltammetric‘wave (17, Equation 23) 6r
from the sweep rate dependence of the peak potential «
(Equation 22). For 1la, the value of an, is estimated to~

be 0.35 by both methods (see Table 4). adwever, the value

.
n

of ang does not appear to be constant for all of the
tetraarylcy91opropanes stgdied. An average value ;.s 0.28 ,
which leads,to an estimate of 0.89 for pP. On the other
hand, the value of . an, for the quasi-—reversible reduction

of 19% is 8. 83, giving an estlmate of 1.72 for p. L

. Therefdre, while the slopes of the original Hammett plots >

appear to be the equlvalent, the sen81t1v1ty of the et

>

Y

transition state to changes ’in electron demand (as‘ meastf\fi

by p) is, as should be expected, much grgater for 19+ than i "
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" geometric (including conformational) considerations are

‘form 13- of 14) or a rearrangement.(to form 12) occurs. ~ °

for 11.

1.4 CONCLUSIONS

One of the objeétivgs of this study was.to understand
the apparently inconsistent reactiens ofﬁil under
photosensitiggd (eleétron-transfer) .conditions. Some of the .
factors which influence the reactions of‘11‘+ have been
identified. Tge reactivity of 11°% is dominated by its
acidity. The calculated thFrmodynamic acidity of 11°'7% is
consistent with this conclusion, however, the kinetic

factors which influernce the déprotonation are not completely.

understood. The implication from this work is that
L4

1

" 1 Y
important, i.e. the C-H bond'being broken must have at least
partial overlap with the p-orbitals of the aromatic radical
cation. Very recent results from this laboratory support

this conclusion.

*
-

There are several properties of the sensitizer which
also hawe an influence on the course of the reaction. The
reduction potential of the sensitizer not only is iﬁpo;éanf
to thetinitia% electron~-transfer step but, ;n the system
studied, the ability to reduce the intermediate radical,

X L4
19‘,ais'the factor which determines whether~an oxidation (to

”
L}

[N 4 e » ~
"wwSt;oqg evidencé* (deuterium incorporation in 12) .Bupports the

_ mechanism prsposed‘for the formation of I2. B ‘

&

L ) 5 A
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. The ox1dat10n products (13 and 14)- are ﬁoméd via the

carbocation 19%. This .intermediate catmn has been observed
spectroscépically in the photosensﬂ:lzed (electron~transfer)
reaction. The results from the cbntrolled potential

\ o

electroly51s of 11 ¢ 1n which 19"’ is also 1dentified as an

., 1ntermedlate) is also very st“f’ongwevmence in' support of the

v

/, proposed. mechanism. .

' The effect of the sensitizer op the formation of 197 is

. not completely l}nQerstood. yhile-it is clear that only
those sensitizer radical anions which' are not capeble of
reducing 19 lead to the formation of 19, the”sequence of
reactions fxeed not inc.'lude 19° as an intermediate. In these

, cases,' the sensitizer radical anion may be serving as a e

( ‘ A ‘\, hydrogen atom acceptor. ‘Smce electron transfer in the

radical pair (after protonat)f\of the sep51tlzer radlcal“

anion by 11°% will be spontaneous, these differences are )

L
e

probably only dlff'erences m’the degree of electron-tu:ansfez; . "
: . 'at the transitioh state for the transfer of the ‘ydrogen ‘e
atom. Lt . ]
‘ . :I'he ratio of 13 to 14 is shown to be senmtiv'e‘to‘ the

basicity of the medium. This product ratio from the,
photosensitfzed (electron-transfer) reactions is consi'stént

w1th the expected basmltaes/e’f the réducexd acceptors HATY.

P
~The sen51t1v‘1ty of the ratlo to the basxc1ty of the medlum g
’ ’ ." and, the\solvent effect on the basxcxty of a.cxds, may 'be ‘
. useful 1n the Ffuture fdr the determlnatl,on of relatlve pKa s 7 - - .
! . N .- i *
o - strang acnds in- aprot1c solvénts. . . k .
:'"‘ N ’ ' ¥ a - ! §
; J" 4 Cos o ‘ . 1
T : we oo ) ‘73} - .
- > » R TN » - v . "
e AN - :



The complex behaviour obseqved in this system must
pertain to photosensi;ized {(electron-transfer) reactions in
general. There are few, if anyf reported reactions of this
type where the variation of the sen51tlzer has a dramatac
effect on the products or product ratlos. Now that the
possibility has been recognized, there is an opportunity to
learn much more about these Fystems and, to increase the

synthetic utility of photosensitized (electron-transfer)

»
o

reactions.

?

The sub%tiFdent effects on the oxidation of 1la-h '
indicate that all of the aryl groups can inteéact with the
incip1ent°ionic centre. Since it 1s not expected that the
substituent effects will be transmltted through the intact

cyclopropyl ring, this result is best 1nterpreted in terms
R t

,of a slow electron-transfer leading to a product like

transition state.

&

1.5+ EXPERIMENTAL

»

' ‘ )
P R -y

* 'Acetonitrile (Fisher ACS grade) !for preparative

3

photolysis and electrolysis} as well as for electrochemical

»
measunements was distilled succe351ve1y from sodlum hydrlde

(1g/L) and phosphorous pentox16& (Zg/L), followed by pasging

through e column 6f Basic alumlna (IOOQ/L), refluxing over

‘, " J S ag N N
cafcipm'hydride fot 24 hours in an inert atmosphere and, '/¢
! M : ' )
finally, fﬁe%tional distillXation. Acetonitrile for the

L]

s * - -
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\
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electrochemieal measurements was used immediately after

distillation while that for preparative work was stored over

3A molecular sieves. Tetraethylammonium perchlorate

(Aldribhi was recrystallized three times from 90% ethanol

and dried in a vacuum dessicator. Tetracyanoethylene

(Aldrich) was sublimed and recrystallized three times from :

c%IBrobenzene. Chloranil (Eastman) was B ified by

recryefallfzation four'times from benzene. 2,3-Dicﬁloro—

2,6-dicyanobenzoquinone (AlQrich) was purified by

récrystallization feur ti@es from chloroform-benzene (4:1).

1,4—ﬁicyanobenzene (Aldrigh) was purified by sublimation

followed by recrystallization three times from ethanol.

1,4-Dicyanonaphthalené was prepered by the method of geissy
" Paulus and Rehling (64) from the reaction of o- .

phenylenediacetonitrilé and N,N'~di-tert- '

butylglyoxaldiimine. 'The 1,4-dicyanonaphthalene was .t

[ ¥ ‘

purified by columh chromatography followed by . ,
recrystallization from methanol “(three times). Methyl-4-

_cyanobenzoate was prepéreé”byxthe acid catalysed 4

N lm

L 4

' esterlflcatlon of 4-c%?noben201c ac1d (Aldrlch) and purlfled

, by rearystalllzatlon (ethanol). 9, ID—chyanoanthracene was

| prepared by the reactlon of cuprous cyanlde Wlth 9,10
dlbromoanthracene (Bﬁl/ﬁga‘was purlfled by column ’
chromatography followedﬂgy recrystalllzatlon (tw1ce from ' .

'benzene). The preparatlon of l 1, 2,2- o .

' N Y l !

’ tetraphenylcycloprcpane (66), 1,3,3- trlphenyllndene (67) .and .ﬂf
R Eetraphenylallene {32) have been descrlbed.\ , _" T,



Hmr spectra were recorded on a Varian T60 spectrometer
or a Nicolet 360 MHz nmr spectrometer and are re;:)orted in
parts per m{llion downfield from TMS. 13Cmr‘spectra were

. recorded on a CFT-20 nm;'spectrometer and are reported in
parts per’million downfield"f;om TMS. Infrared spectra were
'recor?ed oﬁ an air-purged Perkin;Elmer 180\?rating infrared
spectrometer or a ‘Pye-Unicam SP-1000 infrared spectrometer .
. and dre repérteé in wavenumbers (calibrated against %he
¢ 1601.8 cm™! absérétion of polystyrene). Ultraviolet-visible
absorption spectra ;ere recordeé on a Cary-Varian 219
;bsorption spectrometer and are reported in nm followed by
1}e molar extinction,coefficient. ﬁlemfntal analy;es were‘

car 1 o’ 13 Clemianalytics Inc. and agreed to within 0.3%

[

» ' ¢ .
of the calculated values. Melting points were obtained on a’

_Sybron Corporation'Therquyne hot stage and ‘are uncorfected.'

HPLC ana1y51s was performed using a Waters Ass001ates M-45

* 0
-

‘solvent delivery system in conjunction with a‘Tracor 970
variable wavelength absorbance detector. The column (Merck,
Lichrosorb RP:18) was prepared by suspending the.packing
(1.1 g) in a mixture of carbontetrachlo}ide (fO mL) agd

tetrabromoethane (8 RP) by sonication for 3 minutes. The
”

S L slurry,ﬂas poured into a precolumn (18 cm x 1.5 dia.) and
¥ . e a ‘ .

R 1mmed1ately gacked into the analytlcal column (10- Cm X .6 cm

oo dia) with n-heptane at a presqué\of 3459%p51 (using &

. A ! ) P
R H _Haskel air driven fluid pump). The eluant was progressively

]

ot ﬂ_ changed Vﬁféhloroform then methanol. " The analysis was done

L : % -at a 'flow rate oﬁ 1.2 nL per m;nute,w1th 83%, met anol—water.

.
e
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\of 13 and 14). (‘

The absorbance was monitored at 247 nm (the isobestic point

To calibrate the HPLC, the apparent wmole fraction of 13

{based on relative, peak heights) was converted Fo a true

mole fraction with a working curve. The working curve was a
%

plot of apparent versus true mole fraction, constructed with
ten accurately weighed samples of mlxtures of 13 and 14-and

is linear between 5% and 95% 13.

E.l.es_tmhemmalggllandanmms

CYCIlC voltammetric measurements were performed in a
three electrode cell (10 mL volume) fitted with a cooling
1 .

jacket and a scintered glass frit through which nitrogen was

%
]

passed in order to deoxygenate and stir the solution prior
to measurement. The working‘eiectrode'was a sphericai

platinum electrode (1 mm diameter)hgmbédded in soft glass.

]

and contacted with a Nichrome wire through a mercury pool.

The counter electrode was a platinum coil embeddéd in spft

~glass and.lnserted through a sxdearm of the cell. The

- reference électrode was- a saturated calomel- elecﬁ&a (sce)

which was 1solated from the solutjion by a glass

'

“(inserted in another sidearm) which ended in a luggin .

t T -

capillary placed 6.5 mm from‘the surface ‘of the worklng

’

electrode.‘ The worklng elg\{rode was 1mmersed in’

' concentrated\Q\Frlc acid for thlrty mlnutes priof to use,

washed with 5% blcarbonate, water and methanol then drled in’

o »

Van
v, . . .
.
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an oven at 60 C. The electrochemical cell was clebned by

immersion in concentrated nitric acid (2 hours), fol d by

. rinsing with water, 5% sodium bicarbonate, water and acetone

and dried at 100 C.

Solutions were degassed with dry nitrogen (presaturated

X,

LY

with solvent) for five minutes prior to each measurement,
and, during the measurement, the nitrogen atmosphere was

malntalned ;\b e the sclutlon. Substrate concentrations

>

were typlcal ly'0.001 M 1n a total volume of 7 mL.

-

The spectroelectrochemical cell consisted of a 4 cm
cylinder (2 cm diamet;n) with optically flat Pyrex windows
sealed at each end. The ¢ell was surrounded by aowater
jacket. The temperature of the solution in the cell was

maintained using a Polyscience)Corporation, Model 90 .

"temperature controlled circulating bath: The solution im

the cell was continuously stirred with a magnetijc stirring

‘ bar, placed in a shallow well below the light path. The

. a*scimterea.glass frit. This compartmept was inserted

%
’

working electrode, (platinum mesh, i cm x 0.5 cm)~inserte§‘ )
via an opening in the top of the cell, was helh against the ,
inside wall of the cell im omder to keep it dut of the light -
path. A therm;stor probe (Cary 219 tpectrophotometer
accessory) was placedlin a second opening in tbe top ef the
cell and,‘protrudedrgnly slightly Eby approximately 2 mm)
into the 1ight path. - The reference electrode and comnter

electra?éﬂwere 1solated from the solutlon in a separate

compartment whlch contacted the wonklng compartment through

7] -
-2 B :



a

through an opeﬁing in the side of the ce11, ~0ling -t 1 ¢
ground glass joint. The entire assembly was placed in tle
sample compartment of a Varian-Cary 219 spectrophotometer.

The substrate concentrations were 2.9 x 10”3,M. During ¢

" each x‘:uﬁ, approximately 0.5 C were passed at constant ﬁ

Y

cutrent (.05 equivalents). The cell was then open

.

circuited, and, the absorbance of the solutiqp monitored as
; funqﬁion of time. The solution was replaced with fresh
solption after every third measurement. The temperature did
not vary by more than +0.1 degree during any given

measurement. . p

A

Congrolled potentiai electrolysis was performed with a

standard H-cell (total volume 100 mL). Both the working

L4

.-
electrode and counter electrode were platinum mesh (9 cm?).

The reference electrode was introduced via a luggin

S o

capillary. "
Cyc%ic'vqltéﬁmetric measurements were obtained with a

PAR (Piindeéon Applied Research) 173 potentiostat in

combination w;th a PAR 175 universal programmer and a PAR

179 digital coulometer. Controlled potential electrolyses

1 ”
and spectroelectrochemical measurements were performed with

-
-

the use of the PAR 173 potentiostat. S

Irradiations were carried out in acetonitrilé or

acetonitrile-methanol {(3:1) at a substraté’concentration of

0.1 M. Solutions were degassed by bubbling dry nitrogen for

' 10 minutes prior to irradiatiénﬂ Irradiations were carried
] -

out in 2 c¢ff1.D. Pyrex tubes (large gcale) or 5 mm Pyrex nmr
N ‘ . k.

‘ 2 !
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tubes. Two irradiation systems were employed. A 1 kW
medium pressure mercury lamp (Géneral Electric Co.) with a
quartz cooling jacket which was immersed in a constant
temperature bath at 10 C and, a Hanovia 450 W lamp with a
quartz cooling jacket. When the Hanovia lamp was used the
irradiation tubes were contained ?n aeéyrex cooling jacket]
connected to a Polyscience Model 90 Témperature conErolled
Elrculating bath. This jacket also ;erved as a‘éhort
waﬁelengéh (< 290 nm) filter. Reaction mixtures were
chamatographed on’'a flash chrogatographic column or with a

4

medium pressure (15 psi, helium) LC ‘system (27).

‘ iﬁlﬁstxggfgfgnﬁfﬁxl irradiation of 1l using
1,4-di hthal in : "h i1

11 (100 mg, 2.9 x 10"4 mole) and 1,4~dicyanonaphthalene
(10 mg, 5.8 x 107> mole) were dissolved in acetonitrile (3.0
mL), degassed by bggbling nitrogén for 10 minutes, and,J
irradiated at 10 Cf/(throu'gh a Pyrex filter) witha 1 kW laﬁlp
fSF_4 hr. HPLC indicated only one major product. aTﬂe
solvent was evaporated under reduced éregﬁpre and the .
reaction mixture separated by medium pressure chromatography
(;ilica gel, hexanes~dichloromethane gradient). 12 k66 mg,.
73%) was isoli;7{?;girecrystallized from absolute ethanol
to give colourless crystals which melted at 126-X¥28 C (lit.
'12%-128 (66)). ‘Hmr spectrum was identical to an authentic
sample ( 8, CDCl3, 7.20 (m, 20 K), 6.52 (d, J=10 Hz, 1H),
4.75 (@, J=10 Hz, 1H). *


http://tub.es
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sPhotosensitized (ele

o | o

Other compoqnds isolated from the column were unreacted

starting material- (11, 10 mg) and unreacted sensitizer (DCN,

*

8 mg, 80 percent recovery).

P

lesadiation of 11 using
1,4-di hthalene in tonitrile-metl 1-0d

11 (30 mg, 8.7 x-10~5 moles) and DCN (3 ng, 1. 7% 1075
mole) were dlssolved in a mixture ef/%cetonltriie and
methanol-0d (3: 1, v/v,.1.0 mL), degassed by bubgilng
nitrogen for 5 min.; and, irradiated (through Pyrex) with a
1 kW lamp for 1.5 hr (at Tocn: Tae solvent was removed

under reduced pressure, and, 12 wyas isolated by medium

«

pressure chromatography (silica gel, hexanes-dichloromethane
¥

gradient). lgmr\(Nicolet 36H’MHz:NMR spectrometer) showed

only the resonanges at §7.20 (m, 20H) ‘and §6.52 (s, 1H).

\
2pmr spectrum showed only a singleEi;L 04.78.. T\

W‘Wimdiamnﬁumm
tetracyvanoethvlene ‘
11 (100 mg, 2.9 x 1074 mole) and tetracyanegﬁpylene (38

1

mg, 3.0 x 1074 mole) in acetonitrile (3.0 mL), were degassed
%
by bubbling nitrogen for 10 min. and then, irradiated

through a sodium nitrite filter (> 400 nm) at 10 C for 72

'hrs. Within a few seconds of irradiationy tht’solutlon

I4

became dark purple. This colour slowly faded when the tube

was removed from the irradiation bath. After the \\\.

—’ r L4
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. ‘ lrradlatlon -Was comp]fete (monltored by HPLC) a colourless
‘ L]
SOlld, which had ;“empltated, was.filtered and, the solvent

R Y

3§ was evapourated Theer reduced pressure. '

The resuiue, after evapouration, exhlblted an lHmr

spe}ctrum (5, CDCl3, 4.90(s)) and an 1r spectrum (KBt (crp‘l),

u

' - 2819, 2606, 2484, 2274, 1620’, 1302, 1201, 996, 908, 561) .’

1dentical «to an authentic sample of ’ (
5y w . " , -

: dihydroteﬁracYanoethylene (68)." The crude yield was 28 mg

& . . .
7 . (74%) . . ) . '
”'rhekprecipitate was combined with the residue from the
evaporation of solvent °an'd separated by medium pressure
chromatography (silica gel, hexenes—dichloromethane
' ™ gradient) to gives13 (58 mg, 67%), 14 (3 mg, 4%) and 11 (14
L ‘ mg) . The’ ldeqntlt‘y of f3 “&nd 14 was confirmed .by comparison to
‘ ) “authentic samples of eacI} (?7,‘ 32). ™
v .
‘ "* chloranil'in acetonitrile
- .11< (100 mg, 2.9 % ]\0'4 nrole) ;’;md chloranil (63 mg', 3.0 x
' . 1074 mole) in acetonitrile .0 mL) were degagsed by
, bubbling nitrogen for 10 min. then, irradiatsd through a
sodium nitrite filter solution (> 400 m) ,at 10 C for 4 hrg. ‘
- The solution became only »slightly purple within a‘ few \ Bk

seconds of irradlai-:ion. H;’LC'indlcated that 13 (minor) and

14 (major) were formed. The solver;t was e‘;apourated under

; reduced pressure, and, the residue was dissolved in
dichloromethane, and the tetrachlorohydroguinone (insoluble

i
. &
. .

L]
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' 1n'dichloromethane)Jﬁas filtered (42 mg, 67%) and identified

13 (5 mg, 7%) and 11-(30 mg). Con . (
L -
. Photosensitized (¢lectron-transfer) irradjation'of 1l using

*

by mass spect}ométry ( hA+(246), and, characterlstlc'M+2, M+4
" M+6) and ir (KBr (cm~1), 34104s), 1415(s), 1312(s), 1205 (s,
© 888(s), 720(m), 708(m) ). A
‘ %be dichlogmethane was evapoﬁrated under reduced
:presgure and, the res@due was sepérated by medium bressure
B chfpmatognaphi (silica,gel, hexanes—diéhlorometpane

A

1 AN
gradient}y: Ifblated from-the column were, 14 (47 mg, 67%),

)

(3.0 mL) were degassed by bubbllng~n1troqen for 10 min.,
t  then, 1rrad1ated through a sodlum-nltrlte filter solutlon 102

400 .nm) at 10 C for 4 hrs. The solution became dark purple

within'a few seconds of irradiation. The solvent was

* A

,evapourated and.the‘reéidue extracted into dichlorometkane.

Y

]

The hyq;oquinone_pfecipitate’(reductidm ﬁroduct),ﬁas

filtered to give a crude yield of (32 mg, 47%), and, -~

, -identified by mass spectrometry (Mt (228), and, ’
characterlstlc M+2, M+4) and ir (KBr (cm_l)/ 3260(3),

2260 (m), 1578(m), 1455(s), 1360 (m), 1280(5% 1200(s), -

-

4078(m), 892%), 778(m), 748(m), 703(w), 690(w) ). :

The dichloromethane was evapourated under reduced R
* . ‘

.

pressure and the residue was separated by medium presstre
“ ¢

% .
* 5 " -

2 "
i & L3
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*

+(54 mg, 77%% and 11 (33 mg).

‘§§sult of decomposition pf 16 on the silifa gel column.

chromatography (silica gel, hexanes-dlchloromethane .

a

gradlent) to glve 13 (7 mg, 10%), 14 (25 mg, 35%) and 11 (29
.0 \\ ]
ng) . PR ' :

o
’ -
/ , v -

Photogensitized lelectron=transfer) irradiation of 11 using.

s

ghimmlmac_ej:m;mle_mg:hangl_(l;l*m .
11 (100 mg, 2.9 x 10° =4 mole) and chloranil (63 mg,_ ﬁgo
x‘_)l;,O"'4 mole) in acetonlfrlle—methanol (3:1, ¥/v, 3.0 mL)
Jere degassed by bubbling fitrogen for 10 min:, then’, e T
1fradlated through a sodlum‘nltrlte filter solutlon (> 409?

£
nm) at 10 C for 5 hr. The solvent was evapourated qnder -

reduced pressure, and, the residue was extracted with - -

o

dichloromethane (to %eﬁarate the hydroquinone from the

reaction mixture). The hydroquinone precipitate was

filtered (43 mg, 38%),Iand characte;ized as above.

The dichloromethane whs removed under reduced presghre

an@”séparatéd by medium pressure chromatography (silica gel,

n % 4

hexanes-dichloromethane gradient) to give 14 (7 mg, 10%), 18
i"Az&alys:ts (HPLC) of ‘the or1g1na1
reactionsmixture »indicated that only 16 was present; neither .

14 nor 18 were degected indicat{gg that these products were, a,

»

I
i}

Controlled potential electrolysis of 1l in acetonitrile
13 e »

Into the anodic compartment of the electrolysis cell,

a4

cohtaining acetonitrile* (0.1 M TEAP, 100 mL), 11 (250 ng, 7.2

[ ‘ * - +
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} X i0’4 mole)‘was dissolved. The°solution was stirred and a
Y .

n -~

/

constantigoqential of 1.3 V (ve sce) was appli€d.. When 90.8

C had been consuméd;.the,reaction was stopped. The salvqnt
. » b & v

was remoyed under Eeduced pressure, and, the residue taken

up into benzene to remove the-electrglyte. After gravity
' . ' ]
filtration and remova} of the benzehe the mixture was

.

separated, by medjum pressure LC (silica géll hexane-

o

dicHloromethane gradient), The compounds isolated were 11°

v y s » 4 v e i
r ' (84 mg) and 13 (142 mg, 85%). The indentity of 13 was
- ‘confirmed by comparison to an authentic sample (67). 1;
. Controlled potential electrolysis of 11 in the presence of

»

»

- base / : °
v . 1 - . ’ .
11 (100 mg, 2.9 x 1074 moles) was added to the anodic \
‘ [ s i .

:compartmentuof the electrolysis cell containing acetonitrile
] ¢ ’ - »
”JOO mL (0.1 M TEAP) and 0,1M 2,6-lutidine. The solution was

. +
stirred and a contrblled‘potgntial of 1.4 V was applied
Y . ' u {
gptil 19.9 C were consumed. The solyent was removed under
. reduced pressure, and, 'the residue was dissolved in benzene..

¢

This solution was filtered (tofremove TEAP) and the benzene

N X i .
was removed urider reduced pressure. The mixture was
> Y

y

separated by medium pressure chromatography (silica"gel,

hexane—dic@;oromethane gradient}. The compounds isolated

¢ A

were 11 (77 mg). and 14 (13 mg, 57%). HPLC analysis of the
"fractions containing 14 indicated the presence of'a trace -
(<3%) of 43, The identity of 14 was confirmed by comparison

. to an authgntic/sample (32).

«l [
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D 4

&

methanol. o R -

F

; 9 . \‘ . . i Jv? -
11 (100 mg, 2.9 xh10‘4 mole) wast added to the anodic .

éompartment of the electrolysié'cell containing a mixture ef

% °
agetonitri]e and methanol (3:f, V/V, 0.1M TEAP). The ' .

so}ution was stirred and a controlled potential of 1.4 V was. )
The solvent was - r
s ]

1 i .
The . )

4
[y

‘} L4 v
applied until 60.1 C*had:been consumed.

sevapourated and the residue dissolved in benzene.

¥

- '} R . , -
benzene solution was filtered and the solvent was removed
- ~ ‘ £

The mixture was sepérated by flash

A\

’ under, reduced pressure.

A s y

- -

a
'R

chromatogrephy (s1llca gel,,hexane—d;chloromethane

gradlent). The products isolated were 11 (27 mg) ind 16 (43

"55%). Elution of the flash chromatographic column .with "&

ng,
" methanol gave 18 (20 mg, 27%). 18 was.not detected by HPLC _ 3
‘ i - > » 14 ¥ . N )
analys%@ orvlﬁmr of the redction mixture. '

3 t ' -
. 3 '
1
1 ‘ ’

ﬁalxen:andamdeﬁmgnthﬁmll._li SRR N

_stock solutions of acid (1.1 x 1071 M) and 18 (5 x 1073 ;
M) in acetonitrile &nd carbontetrachloride were prepared. '
The samples for ea¢h run were prepared by adding 1.0 nL of-,
the stock solutlor?of 18 to each test tube followed by the QB A ..
appropriate volumes of acetonitrile and carpogtetrachlorlde
{Table 8) to a-total of 9.0 mL;ﬁ These solutions were
equllabratedafor 30 min. (1n a foly501ence Corporatlon Model - .
90 Temperature Controlled Clrculatlng Bath) and flnally, to

4

these“tubes; 1.0 mL of stpck solution of acid was added.’

* 4

» . . « T /
) .




« 'The tubes were‘rgplaced in the temperature controlled bath. -
. The reaction.was quenghé@ with 2 g of anﬁydrous‘@otassium
) . @

éarbdhate (BDH); thé solution was decanted, and the solvent

14
' L

" was iyapourgted.~ The restdue was dlssolved in.

b ¢ 4
dichloromethane, flltexed and, the samples were analysed by
) > . ) .
. HPLC. JETRE - ,
1 4 « L]
! " “ % \,
- . ‘ . R . < \’a‘
. . . - [ '
4 . w& . . > oo 0
’ - N Lt .

’ B
Table 8. Prepgration ,of solutions for the study of*fge
) i sqhwent and acid effect on the ratio of 13: 14

a4 A

'\- o 4 "
Volume of Volume of Volure of Volume of . %CHBCN *
Acid (mI)2° -18 )Py CH3CN (mL)  'CCly (mL) . .
S ¢ ) ) . < T o
'100 . ‘ ngO " 930 # wt . 0-0 - N 100-0
1,6 1.0 . . _ - B.0 1.0 -90.9 . |
. . " ’ Q lu I
1.0 1.0 6.5 - . 2.5 //- 77.2 ¢,
S ) L.0 5.0 " 4.0 , 63.6 °
V1.0 1.0 3.5 5.5 50.0
1.0\- « 1.0 - 2.0 “7.0 ' v 36.3 )
0 ! - , N )
1.0 1.0 ., 0.5 .. 8.5 ©22.7 -,
. \ N »
. 1.0¢ 1.0 . 0.0. 9.0, - 9.1
1.0 1.0° £ 0.0, 9.0 . 0.0
1.1 x 10 TN stock solytion in acetonitrile. . | :

bs,0 x 1073 M stock solutibn in acetonitrileq g\\ )

M . sl
Cstock solution in carbontetrachloride.* NS
o ‘. . ’ h‘ﬁm N
. » \
4 * i !
- ’ ] 3 d
W »
' o \‘
2 -
* 87 / - N\ 3
L ‘ 4 L
] * ' ” - -
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E ™Y .
> L

- .
S M . 6! st

£ «/ ' ‘ M
- . ™ The runs with trichloroacetic acid and trifluoroacetic

aci1d werge allowed-to reaet for 15 br. However, the reaction
- C _

s

since, xh this solvent, 14 is slowly converted to.13.
% . ‘ .

> t
. A
.

The 1,1,3,2—tetgaarylcjclopropaneswyere prepared by the

4

»
. [l

. addition of a diarylcarbene to a corresponding 1,1- ‘

¢

) ' dlarylethylene 1n benzene. Theig}arylcarbenes were

generated by the photolyqls of jye correspording

&with 4—to]uenesu1pﬁ%nic acid was gquenched after only 20 min.-

dlaryldazomethanes through a sodium nftrite filter solution..

. 4
To-reduce the formation of tetraarylazines, the ‘

Lo diaryldiazopethanes were added to the olefin solutions in

4
P

ten équal aliéﬁots allowing the colour to disappear between
r

ea%p additiqp. “The preparation 'of the diarﬁldiazomethanes

’ and the diarylolefins from the correegondlng benzophenones

have been descrlbed (69,70,71). The tetraarylcyclopropanes

{ ; were isolated by medium pressure chromatography (51llca‘gel,
. hexanes—dichloremethane gradient) and purified by J
recrystallization. TLe preparaficn & 1la has. been reported
(66&. Details of the preparatlomg separétlon and *
- pulflcatlon of llb h are descrlbed below. ) . P
v % - 4
' uuﬂmxmﬁnwmmwﬁ AIn
. Dlphenyldlazomethane (0.9 g, O. 004€tmole) 1n benfzie
’ 4 (10 nmL) was added to 1- (4—methoxypheny1) l1-phenylethy<
l . - (1.0 g, 0.0048 mole;m be;Zene (20 mL) as desctihed above.
| ‘r | . C | .
?' .88 e '." : :‘,"‘

W

4

P * - T L'
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o ' -, separated by medium prescure ch!:omatography. “The product-

“1512(5), 1290(m), 1246(5), 117é<s), 1028(s)5 798’(m), 699(5)

RN T ’ C
‘THe solvent® was evapourated and the reacticn mntture was w0

v

o 5

-
*

recrystallized from thloroform-methanol to give‘ colourless l.
plates (mp-145-6 C). Ir (xBrT 3050(m), 2839<w), 1608 (m),

]
uv (ethanol): 237(200000; lmmr (CD13): ~2.48(s,2M), - Co
3.69(s,30), 6.80(n; 4H); 7.05(r, 158); anal. calcd. for

CogHos0: C 89,32, H 6.43; foﬁqd c 88.50, H 6.38.
28H24 . y

- .
2 hd L

. ,(4—Methoxypheny1)phenyﬁldlazomethane (1.5 g, 0.0067 P
molé) in benzene (10 mL) waé added to 1-(4-methoxyphenyl)-1-
pherllylethylene (1.5 g, 0.0021 molo) in benzene (20 mL). The
solven‘t was then evapourated and the reaction mixture -
separateé‘ by medlum pressure chromatography. Thé‘ cis ‘1somer oo
was recrystalllzed from chloreform-ethanol to give
colourless prisms (mp 139-—211 0. 1Ir (KBr)- 3040w, é833(w),
l608(m) ,"1510(5), 1495(m), 1477 m), 1245(5), 1033(m), :
826(m, 697(s); Uv (ethanol): ~ 236(17000); lhmc' (cnm3)*"‘ .

- v

2. 43(Ade, 2H, J= 5Hz), 3.69(s, 3H), 6 80 (m, AH), 7 02(1!1,
10H);

,nal._ ca;cd. for CpgHyg0y: C 85.68, H 6.45; l'found C e

-

85.69, H 6.56.
ethan l,to giveﬁcol'our'less pr'is‘ms (mp .205-6 C). Ir {KBr):°

2830 (m), 1606(8), 1509(s), 1457(m), 1289(m)

1031(s)> B\jsl(m), 692(m); uyv (et’hanol).,235(l7000) ' .
(CDC13):  2,44(5, 2H), 3. sé(s, 6H) 6~78(m, 8H) , k.

- o

- ' 5
The Lrans isomer was recrystallized from chloroform- - ) N

3 a




R oo, %o ) ' 4 o
. . > 7. 04(m, 8H) ; anai.wcalcd. for C29H2602. C 35.69, H 6.457

.(.\

L

- founds C 85.48,. a 6.30. . =~
» . . - L & v ‘ o 4
& N ’ ~ ) *’ @ Ps - hd

N
.
- ¢ e - \
1.1.2.2-tetra(4-methoxyphenyl) cyclopropane ¢11d) * @ R
N . 'y
. . .

. __— D1(4—methoxyph nyl)dlazomethane (1.0 g, 0.004 mole): in 8

benzene (10 nﬂJ»:as added to i,1- dl(methoxyphenyl)ethybene
‘ (2.0 g, 0.008 mole) in benzene (20 mL). The solvent whs L or

¢ + B

evapouratéd and the reaction mixture was sggaraged by flash ne

chromafb@p;ph§ (silice §el,ad;eh}ormethanex. Th?‘E£SQUCt - .‘

! contained a trace amount of ﬁﬂhp}eécent 1mpd}ity which colild
. - be removed ehly by h@reful‘chrOmatography of thé}grodudto 7

(colleg;ing the ‘last few fractioms as the compound eluted; .. , |

- ] . . - \ -
basic alumina, haxanes-dichloromethane gradient). The )

N - - product was reerystallized from chIoroform-hexanes to givea ' ' L

°

colourléss needles (mp 213\35 5 C). Ir (KBr) 3030(w)

4 wo, - ) 2

2832(m), 1605(s), 1507(s), T461tm), 1200m), 1241(s)s ' .
1105(mb, 103I(s), 837(m), 748(m); Uv (ethanol): 233
(320007; lumr (CDCl3): 2.34(s, 2M), 3.70(s, 12H); 6.74(m, ._

. 1BH); anal. caled. for CyqH3p04: C 79.83, H 6.45; found: C -

: ©%.79.81, H 6.37. “ S R .,
-" "" “ 'lr: . o ' ‘\;/ 7 ) * “"' (:.\(“A n '," N
a® # P "' ' ’ - ,0 o .v. .

- ~ - — ~
Dl(&*cyanophenyl)dlazomethane 1.3 g, 0.0053 mole) in-’ S

IR

! benzene (1d mL) was added to 1,1- -diphenylethylene (1.0 g,
. 0:0056 mole) in benzene (20 mI). The solvent was then ] ’
evapeurated and the reaction mixture was sepgrated by meditm % .°

. .pressure chromatography. The product was recrystallized ) .

3 3
1 \ s -~
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4 v

)

)

.
" . “ .
.
* - \/ / ’ %
.
s N .

from chlorofogm;éthéno] to give colourless needles.(mp 21

]

;9 . Ir Moo): 2222(s), 1600(s), 1495(s);41448(m), ~

RRE) 8(w), 828 (n), 738(m), 705(m), 563(m); uv (ethanol): 243

/
.(26000)", 26D (%‘gqooa, Hm)r (CDC13)u 2.64 (s, 20), 7.10 (m,
\m’
T0®), 7.26(m, 8H); anal. calcd. for CygHygNp: C 87185, H

>
5.08; founa: «C-87. g6% H 5. 28. o "

)
N - - v &

MMMWM
v 4= (cyanophenyl)phen{ldla%omethane (0.2 g, 0. 0099 mole)
in benzene (5 mL) wa§ added to 1~ (4—cyanopheny1) -1-

phenylethylene (0.2 g, 0.001 mole). The solwvent was

Fa ] \

ﬂ * 9, - .
evapourated and-the reaction mixture separated by medium

-

pressure chromatography. The giﬁ isomer was.reérystalliéed
i i

4

. from chlorform-ethanol to give colourless needles (mp 201-

o

202°C). Ir (KBr): 3060(w), 2227(s), 1605(s), 1496(s),
1449%m) ; 1400(w), 1008(x), 833(m), 761(m), 695(s), 628(m);

v

uv (ethanol): 241 (27000), 255(22000); lmmr (CDC13):

Y

2.64(ABd4, &é\J =6Hz), 7.10{n, 10H), 7. 32(m, sm, anal. '

~

calcd. for czgazouz. C .87.85, § 5.08; foynd: C 87.72, H

5, 01. I 3

]

TN The tzans isomer was recrystallized from chloroform-

‘ethanol to give colourless plates (mp' 106-109 C). Ir (RBr):

3060(w), 2227(s), 1606(5), 1501(m), 1444w, 1400(w),
1008(w), 849(m) 701 (s), 675(), 621(m); uv (ethanol): , 241
(27000), ?55 (20000) ; 1Hmr (CbClq): 2. 65(s, 2w, 7. 151m,
10H), 7.22(m, BH); anal caled. for C29H20N2' c 87’85 H
5.08; found: C 87 69, H 4.99,

91 )




. D ) -’ oo .
o ". e, bl(4—cyanopheny1)dlazomethane (0.5 g, 0. 0020 Jrole) 1in

benzgne (10 mL) was added to 1 1—d1(4-cyanopheny1)ethylene

(0 .g, 0.0022 mole). The solvent was evapourated and the

@ )

reacthn mlxtuﬁ% was separated by medlum pressu:e

A

-

qbromatography. The yellow solid was, recrystaﬁ]&zed‘three
times fromfgploroform—haxanes to nge coloprlesg plates)(mp
\ I233—44 C)e Ir (KBr): 3b60(w),,222 (s), 1605(s), 1502(s),
- 1448Ga), 1405m), 1178(w), 1005}w);1§51(w), 752(m), 630 (w);
" uv (ethanol): 243 ,(56000), 260.(38008); lHmr'(CDClqy); .
2.68(s, 2H), 7.20(m, 16H); anal. calcd. for C3gHjgNy: C

. ’ 83.41, H 4.04, N 12.56; found: C 83.1I, H 3;82, N 12.51. !

o ?
@ - »
- -
~
. v

Di(4;cyanophenyl)diézomethane (1.2 g, 0.0049 molé) iﬁ
benzene (10 mL) was added to l,l-di(4-ﬁethoxyphedy%)ethy}ene
(1.2 g, 0.005 mole) 1in benzéné(zo nk) . ?he solvent was
‘then evapourated andythe reaction mixturg sbparatéd by o
medihh pressure chromatograg%y. The product was
recrystallized from chloroform—ethanol to give colourIeSs

? needles (mp 2Q3 -4 C). IF (KBr)- 2840(w), 2230(5) 1608(5),‘5
. 1510(s), 1452(s), 1290(m), 1250(s), 1112(w), 1028(s), T f.
850(m), 756(m); uv (ethanol): K 233 (37000), 270 (14000)-

\ ler (Coclg): 2.53(s, 2H), 3.71(s, 6H), 7.00(m, 168); anal.

K calcd for C31HyN»O5: c 8;.55, H 5.33; found: C 8l1.24, H
5.39.

o
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2.1.1 Molecular Orbital Theory - C - N o

- . [ - . ¢

"PART II. 1,n-RADICAL IONS. THBE NATURE OF. THE ONE-ELECTRON

. TWO~CENTRE BOND IN CYCLOPROPANE RADICAL CATIONS:" ' .
AN SCFMO APPROACH. y ",

4 ’ R s
2.1° INTRODUCTION - . ; C -

. Y s o'

.t . >
N - L

A major goai of physical organic chemisj:ry is the study
of the relatlonéhip between structure and reactivity. In a

superficial sense, structural information may only mean °

* .-

molecular geometry and, there'are many ”m,ethods available te

o R .
elucidate molecular geometries in the solid, liquid or gas
phase, Normally, however, it 'is the electronic structure

) ) 7} :
that is ignportant in detergnlning the reactivity of.a

Ky

molecule. For ionic or free radical reactions the ’
relat%shlpo between strlicture and reactivity wus well .

undérstood. In these cases the observed reactivaity of a -

a ! -

W

) : ) ) 0] - >
molecule can have specific structural implications. In the
case of radical ions, howev‘er, the relationship is not as

Well developed. Whlle the study of the react1v1ty of

”
'

radical ions is relatlvely straightforward (see Part I), the

study of the structure of th'egé intermediates i%s not always

- ¥ & +
possible. E}&frlmental technlques used in.the study of the «

- k]

electronlc structure of rad1ca1 1ons include esr

.

spectrqscopy (3, 72) and CIDNP (23,24,73). Molecular orbital’

4theorytalso is an important method for the study of the

‘electronic structure of radical ions.

]

93
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"The fundementals of quantum mechanics are descrfﬁgdaln

detail in severa}'excellént books (74). This introduction

4 -

. ' v ¥
will not dwell on the mathematical ‘deyelopment of the ’

¥y
\

L3

v » - - ‘ -
pertineqt equations since‘only a qualitative understanding
. » v o B - N .

g .,

of the self-consistent field molecular orbital (SCFMO)

°

. 1

a4t
igh
L]

. T4
' ¥ . . v
.hecessarye. - ' ’ “ . >

. \ 00 ‘

~ ‘
. “The electronic energy expectation value Jf a’systgm of |

iﬁteractingaparticles 1s gi%eq bY,the Schroedinger equ

ation
(Equation 27) v ok . . .
i t LAY
) » - \ .t - A
- o , ‘;“f@ﬁ
AL e L.
' H"I’(l_ﬂ,-..,n) = 8)1’(1,2,...,@ Lo [271
. . - @ » ) R \\ °
— . ¢ ' ‘

€
~ ' 4.& I3 *
where H is the Hamiltonian operator; E is the electronic

* 2 - »
enexgy and ?kyzp.un) is 'the wavefunction describing the

a

spatiai motion of all of the electrons moving iR a-pétentiai,
. - 1 -”.

field.: The wavefunction for a'many electron system. can be

expressed as a product of one-electron wavefunctions
‘, : -

i »
y
L4

(Equatldn_28ﬂ. This is known as qua}tree product. ;: ’
. g; n ‘ ’
¥ ‘I’(I,Z, -oo,n) r: ¢1(1)¢2(2‘)'...¢|1(n) : [28]
” . » . * . d
. A PR

Bach of the one-eléctfgp molecular orbitals can bé expressed

¢
as a linear combination of atomic orbitals (LCAO).
* - ’

8 ' .
,

= e e - -

» - -

b




L

¢

430).

’ Ay
. .JThe Fock Hamiltonian operator, ¥, has the form

J

T S[('a.f]l c,® L , “t201

<

§
’I‘he'objectwe of molecular orbital theory is to solve

the Schroedlnger equation by finding a solution for the

wavefunction: If the Hamiltontan operator can be expressed
as a sum of o'rte €lectron Hamiltonian operators then the -
solutlon for the on.e~'-e’1’éctron wavefunct10ns,¢  would be
stsralg(h}:forward. Unfortu.natel’ym,a the ‘electron-e/llectron
repulsiofi ,is a two‘electron ’;erm and as such, the

b3

'Hamiltonian operatotr cannot be expressed as a sum of one-
» 8 1
o

electron operators. However, each eledron’can be treated
e M e , ot ,
as if it were interacting with the average of the
instdntaneous field presented by the other n-1 electrons and
the pgtential field of the nuclei. This treatment leads to
»
t
a new operator-which can be written as an "effective"
oq@electron Hamiltonian operator. The set of resulm_g.

equations is known as Gwe Hartree-Fock equations °*(Equation

VAN
, Fé=e¥ i=1,n [30]

-

VAN
F=H (20 -K) '~ o
J .




where HSCI®ig the one-electron Hamiltonian operator for an
“electron moving in the the potential field of the bare
nucleus; JJ is the coulomb operator which représents the
electron-electron repuléion that ggsults if the electrqns
are constrained to the orbitals in which the§ are originally
assigned (i.e. it assumes that the electroﬁs can be

distinguished from each other); and, K, is the exthange

J
operator which is a conéequeﬂce of the antisymmetry
principal (i.e. electrons ‘are indistinguishable). It is a
stabilizing term resulting from partial correlation of
electrons of parallel spin. The solution to obtain % 5froq
the Hartree~Fock équatlons cannot be obtained directly. The
best MO's are eigenfunctions of the Fock Hamiltondan
operator. However, this operator is def%&ed in terms of the
coulomp and exchange integrals which,'in‘ﬁurn, depend on the
MO's (%). Therefore, the solutions must be obtained by
some fter§tive procedure. ..

One method to determine the MO's (% ) would be to
evaluate the coefficients, cJI ’ from'Equatlon 29. This LCAO
abprdéch 15 also an iterative procedure. The equations used
in this case are known as the Roothaa; equations. These
equations differ from the-Hartree-Fock equationspin that

¥

they are algebraic, not differential equations. The matrix

elements of the Hartree-Fock operator (from the Roothaan
equatioris) has the form /
' /

- -

By = Huw + X PM( <uv|)\o>—-‘i-(,,¢>\|vo)) [32]
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whegf Hyp is the gore Hamiltonian operator; Pxo is an y

element of the density°function matrix {(Equation 33); 2 v
L ‘ . .
occ .
Py = ZP;(:MI(:,,I ‘ o 1331
~ 3 AQ\.Z
and, (MVINO) is a two electron integral (Equation 34). ERE i

°

2

WA = < @y Ell R g@ > (3414 2
L 2 £ ¥

L3
¢ +

Again, this is a situation in which the coefficients -

be ‘g evaluated.«wy) are terms in the Hartree-Fock

v

*
operator. The iteritive procedure involves guessing at the

x:ﬂﬂtial set of coefficients (using the core Hamiltonian . .
' *

al

operator only), then calculating the density matraix #neénts ’

3

and hence evaluate the electronic energy and obtalp,the

Hartree-Fock Hamiltonian operator. The eigenvectors of F
are used to th a second apprbximation of the density matrix -
and; the procedure is repeated until the variation in the

electronic %nergx falls within a presét threshold:

For open shell systems the procedurg is similar.
However, the electrons with «-spin and -B-spin are treated
independently. This gives rise to a set of ~MO
coefficients and a set of B-MO coefficients. 1In this case,
it is possible to define not only electron density
associated with each nucleus: but unpaired spin density as

~
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- - well. The full density matrix 1s 'defined as

- )
* « o
s i
i ) . ; .
.
.

AN — po :
< P= pP*: PB . [35]
— - -
a P s} - \
I3 ,,‘ Y g‘ & N ! “
. ° . .
' e . “ PR
- . and the spin‘density matrix is defined as s e
4 ~ ¥ ) ’ »
¥ P ] 3 ’

> Lo P = .p%- pP [36]

¢ )
S , -« T
4 N .
- " 2.1.2 Basis Sets . ! v
« _ g * . .
: t Molecular orbitals may be obtained to essentially any |
- - -
-~ ] »~ -
. ~ accuracy desired by altering the 1?&.{ of basis functions
. in the LCAO expansion. The best basis set is not
. . necessarily the largest basis set for a given @roblem.‘ The .
‘ larger basis sets require more computing time and the ’

benefits of thé increased accuracy ofi the MO must be

balanced agains't the increasing emand on\the computing
’ -

system. Several types of basis sets are available which

v L ~
vary in sophistication:

8

(1) T -Basis set. L

This basis set consists of a single p-atomic
¢ n

orbital on each heavy atom perpendicular to the

, ‘molecular plane. This type of basis set is used in
.8

v

Huckel MO theory.
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«T

o-
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(2) Valenée basis‘set. ,

¥

//<~/This basis includes all of theg AO's in the valence
shell igﬁk carbon requires 2s, 2by, 2py and 2p,

. - .

orbitals). The semi-empirical molecular orbital

metﬁods use this basis set.

N - .
.
M [y N
" S 4 .

(3) Minimal basis set. y . . \
* v \

This basis Set incluaes the core electrons as well -

as the:valence electrons. This is the minimum number s
\
¢

of basis functions per‘atom requfrgd to describe all of

the~occupied AO's of each atom. Because this basis set

A

is so small for ab initio calculations, gquantitatively »
accurate results are not usually obtained. However,,
the essential bonding interactions and many . ’

v \ of
usejL1 gqualitative properties can be obtained with this

1 0
basis set. ' , //
A

! %

(4)" Extended basis sets.

& 1

These basis sets use more basis functions than is
necessary to describelald of the occupied AO's.

‘Included-in this class of basis sets is the split

valence basis set in which the number of basig

functions in the valence shell is increased. Also

q

included are the double zeta basis set which uses tgice '
as many basis functiéns as the minimal basis se% and,

. the polarized basis set which uses basis functions of
‘higher angular momentum than the highest occupied A%
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The minimal and exiended basis sets ar; employed in ab “
initio molecular orbital theory. ,These wavefupctions take
nto account electron interattions.only in an average way.
The effect of this i;:;;;f;iz calculated energies ;re in
error, typically by one"percent. On an absolute basis.this
> is not much, héweyer, for some problems it\is tog large. -
For example, the total energy of a carbon atom 1§ -
appfoximately 1000 eV. Chemical bénd energies involving
carbon age typically 100 kcal mol"l, which is about 5 eV per
bond. %ttemptipg to calcu%ate a bond energy by taking the .
difgérence between\tbé HartreéLFock moleculatr and atomig
‘energies-can lead to results with largé errors. The
differeﬁce between the exact energy and the Hartree-Fock

4

energy is known as the' correlation energy.

r
L4

a
2.1.3 Basis Functifns
' The two most common basjs functions employed dre the-
Slater type orbital (STOl which has the form exp(-ar) and
the Gaussian type orbital (GTO) which has the form

exp(—arz).

In both cases, r refers to the radial distance
from the nucleus; The"evaluatioq of two-electron integrals
involving STO's is expensive in terms of computing time. A
solution to t?is problem'is to use GTO's for the basis
funétions gince the evaluatiodn of the two-electron integrals

is much faster. The GTO, however, is more rounded in the
« S, b 4

N o

-
5

regiorrl))ﬂ“&he nuclear cusp and it falls off more rapidly at ‘}:; :

7
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large distances from the nugleus in comparison to an STO. s

¥
i)

As a result, more,GTO's miist Be used in ogdér to adequately
describe each atomig orbital. " .

A typical example’ié the STO-NG bais\is set, a minimal ’
basi‘s set in which N GTO's are used to approxjmate eac}; STO.
Similarly, a asplii:” valencé basis, set”such as t;ue K-LMG basis
set uses K GTO'g to approxima:te the STO's for the core,
atomic 6rbit§ls, L GTO's to approximate each STO for the *
valence atomic orbitals at a small distanc‘e from the nucleus
.and, M GTO's to approximate each scgo Ufor—‘the '\{alencbe atomig:
orbi{:a}s at lar;;e distances from the nucleus. More GTO's .
are needed to approximate the inner ‘GTO's since ini th'is l

region the GTO is much less adequate.

-

2.1.4' Bonding in Cycdlopropane > .

; It is useful to review the models of bo;ld'ing in
cyclopropane (75) and h&w these n‘lodels are used to +
rationalize the chemical andv physical properties observed.
The bondi;lg arrangement 6f cyclopropane resembles the

bonding in ethylene more closely than itLresembles the

- -~

bonding in alkanes insofar as they‘'undergo analogous
, + ® ’

b

reactions (e.g. acid catalysed addition, cycloadditions,

~ e

c‘amtalytic“’ hydrogeration).




" orbital in the plane of the ring from w‘hich symmetric (e'g) . .

o A [
- + L3
4 .

Q
v . . .. »

£
the nature of the C-C bonds (Figure 15a). One sp2 orbital

points toward the centre’ of the ring; the other, two sp2 ) ,

a
»

v '
orbitals are used to form the' C-H bonds. Thig leaves a p-

«

and antisymmetric (e'y) combinations are formed. "The

analogiy{gbbnding in olefinsfgan be understood with this
model; the orbital of a'y syxﬁmet;y is analodous to the O~ ‘
bond in the o-T descriptl'on of olefins while the two Ty

. Ve

orbitals of e' symmetry are analogous to the m-MO of

olefins.

.@%
@

o
=l
c@
LD

1)

3

Ll N »
3

Figure 15? (a) The Walsh gnodel of bonding in cyclopropane -
) and (b) the o7 descriptiong‘of bonding

A\ in ollfg. .
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An alternative model lfora,ﬁonding ifh cyclopropane 15 the. . '

" o

" valence bond model proposed by Cou’lso‘fl (77). » In this model, @ |

© |

+ s m* " .
the C-C bonds are formed from ’Ehe ov‘erl'ap of two sp5

4 -
orbitals. The sp5 orbitals are formed ffom the

. ! o . . P " A K] 'E ® ﬂ&ﬂ.
rehybridization of a p-orbital with a sp;‘I orbital. The

5

diYection of the sp> orbital is not in the sameirection as * .

3
E)

the internuclear axis and hence, the term "bent bond" has E

been applied to this model. As in the Walsh model, the ,

a

- valence bond model requires that the C-=H bond be formed from

a

an sp2 or‘bbital on the carbon atom. Olefins have an ; )

A

analogous bent bond description (Figure 16y, . !

Figure 16. Valence bond model for bonding in (a) v o
' cyclopropane and (b) ethylene. X
& 4‘ ] ) ' -
It should be pointed that the Walsh model and the
valence bond model are merely different interpretations of "

-~

the - same mo&ecular orbit’ak (78). Both models predict' 7 .
correctly thﬁe expérimenta} fact that thev locus of maximum
electron dens'ity does not lieaélongy the internuclearfaxis.
The cyclopropane C-H bondslengths are shorter than nérmal -

aliphatic bonds and, the 13¢c-g spin-spin coupling constants

1
- v F
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" withk an adjacent T—system has been gne¢ of continuing

1hand”, in the valence bond model, a wider range over which

. 9
»
«
} SO ey e

measured for some cyclopropane derlvatlves (79) indicate Lo

that the cycloﬁropane ring carbons.have 32 percent "s"
, . . 3

character.°fThis is also predicted by both models (actually

LY

the models‘predlct the "s" character to be. 3 percent).

. The mechanism by which the’ Cyclopropyl group 1nteracts

(4

controversy. If the Walsh model is considered,‘it is

o
\\;\;h
.
.

apparent that the nMost stable conformatlon should be when

v

the W—system 11nes up parallel to the plane of the ring.,

‘

. This 1s known as the "bisected conformation". On the other

5
A a
'

effective overlap is possible is predicted (Figure 17).

' ’-\\ N
]
ll '
\ ‘ '.\
\ / \
\ f \ .
\_'l \ v
0 o
0 p 90

Figure 17. The overlap of adjacent sp and p orbltals as a
‘ function ofudlhedral angle.

[
7

-

’ ’ »
If this type of overlap is present in cyclopropane -

.

derivatives, then conjugative tramsmission of electronic -
L]

effécts through the‘cycloprOpane ring should be possible.

¥
.However, experimental results (often contradictory) have )

»

on ¥y prolongeigfhe controversy (63,79). The general

consensus that has emerged is that the cyclopropyl group can
: a

104 : ‘ .
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.effectively stabilize a positive chérée but cannot extend
conjugqtion. This may be understood qualitatively since ~
there is a larger coefficient in the Walsh orbital of the
cyclopropyl carbon'adjacent to the m-centre (80). This
concentration of electron dengity help$ to stabiiize a
‘positive ‘charge by depleting electron dersity at other

LY

sites, electronic‘efﬁects may not be transmitted.

L

- q r_f
2.1.5 The Cyclopropane Radical Cation

The structure and reactivity of the radical cations of

v

¥
cyclopropane and 1its derivatives are of considerable

interest and have been the subject of both experimentai and
€heoretigal investigation. Most of the theoretical studies
(81) have been directed toward the interpretation of the
photdelectrén‘spéctrum of the parent molecule. In
cycloprépane, removal of the electron from either of the two
\‘degenerate Walsh MO's of e' symmetry (76) leads to two ¢
béésible structu;eé of Cov symmetry for the radical cation )
(ﬁigur% 18). One of these species, having the trimethylene
t¥pe structufe, will ha;; a zAl grobnd state while the
other, whﬁéh resembles the wm-complex between ethylene and
CH2+ will have a 2B2 ground state. Recen£ calculations by
Collins and‘Callup (8la) using the method of "targeted
ggzﬁélatign, sﬁggest thag’these two species correspond to
saddle points on the tadical cation surface. The minimuﬁ,

having Csvsymmetri, is approximatel& half way between these

structures on the surface. This result has been criticized

* . 106
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by Radom and c¢oworkers (82) who questione5 whether or.not

- < 2

the effect was real.

Although these theoretical studies have been useful in
L ] :

explaining the photoelectron spectrum of cyclopropane, they
. 3 ~

generally have not Qrovided information that can be used to

understand the reactivity of the radical cation. Evidence

-

obtained from chemically induced dynamic nuclear
> I”" -
polarization (CIDNP) spectra (23) indicates that-most radical

cations of alkyl and aryl substituted cyclopropaﬁé tend to

that in some special cases, such as the radica) cationh of
benzonorcaradiene, the radical cation may assume the 2B2

structure (83).

;t”

Theoretical calcglations'1nvest19atin§ some of the
, E o
reactions of C3H6+ (84) havg yielded ‘estimates of the

4

"activation energies for the loss of H, H,, §2+ and CH2+.
One important reaction, which has received little attention
frem a theoretical point of view, is the thermal?gi§~hxan5
QESTéBigation of the cyclopropane radical cafion. This
reaction is particularly.interesting because information
about the nature of the one-electron two-centre )

bond can be obtained from an investigation of this kind.

v Muchhthat is kn'own about the nature of'boyding in
cyclopropanesN(SS) an; oléfinS'(86) comes from experimental
investigation of their therma@ reactions, particularly,cis-
trans isomerizationi Since direct observation of the patent
.cyclopropane radical cation is difficult, similar data for

ot
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this system is not available. There 1s evidence, however,
that the radical cation of 1,2-diphenylcyclopropane (23)
. ¥

doe§\ngt rapidly isomerize. In\this work, however,'the

U
radical cations were generated hy pﬁotosensitiibtion

‘(electron—transfer). Under these conditions, all othér:

& -
reactions mus‘?compete with back electron-transfer. S?nce

N . I *

1t is unlikely that there is a significant activation
barrier for th%s process (thf rate constant for back
electron-transfer will be > 1010, 2a), it is imposéible to

o $
determinté the lower limit for the barrier to g¢is-trans

- isomerization. - .o ’ ¢

‘ The partial surface for,tw1st1n

4

ot 1 . .
The purpose of this section is té‘investigdte the

¢ )

naturé of the one-electron two-centre bd¥d in the
cyclopropane radical Gation. Ab initio cal%ulations have
been used‘tolbbtain equilfbrium geometries for the
cyc-lopropane radical cation (22%) 1n the 90;90 conformation
(both ﬁkl and %Bz states), the 90,0 conformation, and in-the
0,0. conformation. The conformers are named Q&cordlng to the

convention established by’ Hof fmann (87) in which the two

numbers represent the rotational-angles of the two principal~

methylene groups nelatlve to the plane of the three carbons.

o f

one of Q&e quhylenes in’

the 2A1 state to the transition tate for gla-tzana
isomerization (the 90,0 conformer) is aﬁso studied. The
energy dlfference between the 90,0 conformer and the 30,90
conformer (;Alb is an estimate of “thet barrier to cis-trans

L3

isomerization, while the energy difference between the 0,0

. ’ ' w .

’

¥

»
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conformer and the 90,90 (2§?h conformer is an estimate of

g 1t

the barrier to racemization. This study has been extenéé&»
to the l:z-divinylcyclopropane radical catiom; the results

are pertinent to_the 1,2-diphenyl derivative for which some

experimental data are available.

€
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2.2 Details'of Calcuwlations
Standard ab initio SCFMO calculations were cagried out
with the GAUSSIAN 80 system of programs (88a) on a Perkin-
Elmer 3230 minicomputer or the GAUSSIAN 76 program (88b) on
a Control Data CYBER 170-~720 mainframe coﬁputer system.

-

_ Gradient techniques (89) were used fof geometry {?
optimlzatioﬁs. Calculaﬁlons were perférmed with STO-3G, 4—1
31G and 4-31G* basis segé with valence electron correlation
incorporated by using Méller—Eleééet perturbation theory
(90) terminated at tﬂe second- (MP2) and third- (MP3) order..

"The ;neEgies'of the radical cations were computed using the

,open—shell, spin-unrestricted (UHF) procedure (91). - :
Complete geometry optimizations of 22 and 22% (a'maximum of

< 21 degrees of freedom)‘in the 90,0; 90,10; 90,20; 90,30;
90,60; 90,90; and 0,0 conformations Were carried out at the
4-31G level (Table 9). ) -

. Calculations on the lfz—givinylcyclopropane radical
cation (23%) were carried out only using the STO-3G basis
set. A complete geometry optimization was not feasible.

The 4-31G optimized geometry for 22t (2Al) was used as a
model for the cyclopropane group while the STO-3G optimized
‘geometry for the allyl cation (92, Figure 18a) was used to
represent the vainyl groups. The vinyl groups were placed in
the plane of the corresponding methylene to ensure maximum
overlap through theﬁr-szstem.‘ In ;Lan5-23+, the €5 axis was
maintained and in cis-23% the plane of symmetry was
maintained. he donformers are best described using the

-
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nomenclature derived for conjugated polyenes (in this case

1,3,5~hexatriene) since 23t ig structurally similar. Four
conformers in the'90,§0 conformation were considered (Figure
! 19): 2sWrans-4s-trans-3-trans- (23a®), 2s-cis-4s-cis-3-
. trans (23b%), 2s-trans-4s- ~trans-3-cis (23¢h ana 2s-¢ig~4s-
- .gig-3-cis (23d+). The geometry for -23% in the 90,0
) “cghfpgmation was deriveg usingva similar approath. In this
. case, howBver, the STO-3G geometry for the allyl radical
(92, E&gure 18b) was used as a model for the vinyl group on
Coy w@i@h was twisted in?o ghe plane of the cyclopropane
group (vide anfrale In ail cases, the CyC3Cy angle of the

cyclopropane group was optimized.

. Figure 18. Equilibrium geémetry (sSTO-3G) for (a) the allyl
cation and (b) the allyl radical (reference 92).
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Figure 19.

n

L J
Comformers of 23T in the 90,90 conformation.

Hg
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7

Diagram to accompany Table C.
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T4ble 9. Equilibrium geometries of 22 and 22% (4-31G)2.

4

227 227 227 227

Parameter 22 90,90(%Ap) 90,90(%B,) 90;0(%am  0,0(%n)

[ - 0

ryo 1.503  1.941 1.400 (2.322)P (2.535)P
rjz . 1.503  1.483 1.720 1.434 1.430
ry3 1.503  1.483 15720 1.569 1.430
ria 1.072  1.072 1.072 1.076 1.072
s 1.072  1.072 1.072 1.076 1.071
g 1.072  1.072 1.072 1.071 1.072
97 1.072° 1.072 1.072 1.070 1.071
rag 1.072  .1.075 1.069 1.080 1.119
r3g 1.072° 1.075 ' 1.069 - 1,080 | 1.119
/HCqH 113.7  118.2 117.2 117.2 117.8
/HCHH 113.7  118.2 117.2 120.9 117.8
/HC3H 113.7 113.56 . 120.6 111.3 93.0
/[CqCyC3 |, 60.0 - 81.7 48,0 101.2 124.8
. , [, -
@,¢ . 150.0  179.9 126.7 - 175.0 180.0
ayC 150.0 '179.9 126.7 179.5 180.0
a3° 0.0 0.0 . 0.0 ¢ 5.8 0.0
w, 9 0.0  '0.0 0.0 0.0 1.5
Wy . 0.0 0.0 0.0 s, 5.3 -1.5
w3® 0.0 /050 0.0 0.0 0.0
6, 90.0  90.0 90.0 5).0 ) 0.0
055 90.0  90.0 90 .0 0.0 0.0
03¢ 90.0  90.0 . 90.0 . .90.0 . 90.0

dA11 bond lengths are in A and all angles are in degrees.

oe

PInternuclear distance.
€ a; is the angle representing the wagging motion of the Cy
fnethylene. It is the’angle between the C;C; bond and the
intersection of the plane of the C methy‘lene with the planeé
of the carbons. O3i is measured with respect to the C;C3
bond. :

. is the angle.representing the rockf‘mg motion of the C;
methylene. It is the arngle between the line which:bisects
the HC;H methylene and the linegwhich.is the intersection of
the plane of the methﬁylene and the plane of the carbons.

€ 0; is the angle reéresenting the tortional motion of the
C; methylene. It'isthe angle between the'plane of tHe C;
methylene and ﬁiane ©0f the carbons. : .

¢ 4
EY

» 112
“ ]




s

n , °
2.3  DISCUSSION : T :

- 7 | . ‘
2.3.1 Structure of 22*
@ ) - . e . . .
“q - 'The equilibrium geometries (4-31G) of* the 22 and 22; in
the 90 90 cgnformatlon (2A1 and 232 states) the 90,0 (pseudo
. 2pm) conformatlon and the 0,0 conformatlon (ZA) are shown in ,
»Table 9:_ The symmetrles and egergles of all of the occupied
MO's of 22 and ‘22" are shown in Table -10. The structures .
for the 2A1 and 2é2 states are qualitatively similar to
% “f@: ‘those using sémi;empirical (81b,c,d,84) and other ab initio
‘ m;thods (8la). The equilibrium geometry of the 90,0
}' “_coﬁformer and the Ozo‘confdrmer have not‘béen reported ‘
> previously.. While the structures of Fhese species are of
great interests, tpe spiq and charge distributions are the
. ;mportant factors in the, study of reactivity.
An interésting feature of the 2Al,,structure is that the
Value of & (defined in Tabie 9, Figure 20) indiéates that

Cl' C3, Hy and Hy lie in oneﬁplane while Cy, C3, Hy and Hy

lie in another plane, (indicative of sp?2

hybridization at Cj
and Cy). This qéémetry allows effective bonding between Cqy

e % and C, even though LC1C3C2 has increased relative to that of

w cyclop;opane. Anothé?binteresting aspect of this
structure 1is thé geometry at C3. Although substantial
changes have occd}red at C; and C,p virtually no change
(relative to cyclopropane) "in the C3H bdnd lengtb or the

HC3H angle occurs. This may be rationalized using the Walsh

i N +
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Table 10. Orbital energies? and symmetry labels of the
. occupied MO's of 22 and 22%. |
. }
Molecule, :
or Ton % MO  4-31G//4-31GP MO 4-31G¥//4-31GP
22" la' ~11.2009 la'y ~11.2005
le'; -11.2004 le' -11.20%6
(D3h) le'y -11.2004 le'y -11.2046"
2a'y ~1.1400 2a'y ~1.1282
2e'y ~0.8199 2e'y ~0.8180
2e' ~0.8199 Ze'g ~0.8180,
la"5 ~0.6729 la" ~0.6664
3a'y. ~0.6283 3a'] ~0.6280
le"y ~0.5106 le" -0.5116
le" ~0.5106 le"g ~0.5116
3e', -0.4118 3e'y \ -0.4163
3e'y -0.4118 3e'y ~0.4163
ot-MO 0-MO s
22* lag -11.5345 lag -11.5389
1b ~11.5344 1bj ~11.5387
(90,90)  2aj -11.4708 2a ~11.4754
3a] -1.3087 3a] ~1.3876
: (Cov), 2b5 -1.1598 2b) ~1.1550
ta) ~1.0820" 4a) ~1.0792
, 1b] ~0.9468 1bj ~0.9402
5a] -0.8644 5a] -0.8656 '
laj ~0.8381 lay ~0.8360 /
* 3b5 ~0.7889 3b5 -0.7879
2b] ~0.7640 2b] ~0.7661
6ay -0.6433 6aq -0.6438
3-M0 f§THO
1b, -11.5220 lag -11.5270
la) -11.5219 Ibj ~11.5269
2a) ~11.4750 22 ~11.4793
3a] ~1.3660 3a] -1.3562
. 2b5 -1.1063 2b -1.1055
4a] ~1.1054 . 4aj ~1.0523
. + 1b} -0.9372 1b) ~0.9318
/ 5aj -0.8512 5a] ~0.8537
la2 ~-0.8284 laz -0.8281
- ¢ 3bj -0.7690 « |, 3b5 -0.7661
2b] -0.7589 % 2b] - -0.7611
]

114

-



.
a

221
(90,90)
(C2V)

. 22%
(90,0)
(Cg)

N

-11.5291
-11.5129

-11.5121"

-1.1430
-1.0955

~0.9556"

-0.8833
-0.8275
-0.7851
~ -0.7556
-0.6810

.
-

-11.5018
-11.5099
-11.5096
-1.3787
-1.0777
-1.0681
-0.9469
-0.8674

—0'8167V
:"0 -7798 \\

-0.7286

+11.5984
-11.4619
+=11.4495
-1.3570
-1.1711
~1.0648
-0.9433
-0.8804
~0.7945
-0.7768
-0.7618
-0.5875

-11.5987
~-11,4647
-11.4213

-1.3482

115
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lal
2a1
lb2

-11,5352
-11.5157
-11.5146
~1.4017
~1.1387
~1.0925
~0.9479
-0.8837T
~0.8261
-0.7855
=0.7553
-0.6818

~-11.5166
-11.5137
-11.5125
~-1.3669
-1.0794
»+1,0647

. ~0.9402

~0.8681
»=0.8172
-0.7805
-0.7296

-11.6053
~11.4679
-11.4549
-1.3503
-1.1675

~1.0622
-0.9407
-0.8770

-0.7967
-0.7766
-0.7616.
-0.5866

-11.6056
-11.4703
-11.4282

LY
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5a' . =1.1304 5a' -1.1289
> 6a’ -1.0127 6a' -1.0137
la" -0.9395, | 1a" -0.9365
7a' -0.8734 ', . 7a' -0.8728
] 2a" -0.7761 ~Fy 23" -0.7778
8a! -0.7621 8a' -0.7638
. 9’ -0.7477 9a' -0..7489
%
B ' - %
o ~MO . ‘B-MO
22 . 1b 11,4970 1b -11.5038
) la -11.4970 la -11.5038
(0,0) ~ 2a -11.4780 2a -11.4838
. 3a -1.3572 3a - -1.3519
(Cy) 2b -1.1992 2b ~1.1957
4a -1.0460 da -1.0416
5a -0.9030 5a -0.8999
3b -0.8638 3b . -0.8617 -
« 4b -0.8169 4b -0.8146
5b -0.7942 5b -6.7957
6a -0.7593 6a -0.7610
7a -0.5304 7a ~0.5324
& ~MO* 3-MO
~ la -11.4827 la -11.4897
1b -11.4819 1b -11.4895
2a -11.4817 2a . -11.4875
3a -1.3352 3a -1.3294
2b -1.1354 2b -1.1351
4a ~-1.0318 da -1.0319
) 5a -0.8930 52 -0.8918
- 3b ~-0.8518 : 3b -0.8513
X 4b -0.8241 4b -0.8219
¢ 5b ~-0.7824 " 5b -0.7854
6a ~0.7611 6a ~-0.7648

4atomic units.

" Drhe basis set on the left refers to the basis used for th;
single point calculation; the basis set on the right refers
to the basis set used to optimize the gegometry.
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Figure 20. Pictorial representation of the angles (¥ andxg. )

" 2

model for bonding; since the electron has been re@oved from
a molecular orbital which is bonding betwe(en €y and Cyy
large changes at Cy are not expected 1f there is st111
substantial bonding between C; and C, in the radical cation.
Thé magnitude of /C1C3C, (only 81.7 degrees) 1is an
indication that there is considerable C;C, bonding
interaction in this séecies. Furthe}more, the Mulliken "
overlap population (Table 11) between Cy and\Cz is another
indication that there 1s bonding overlap between these )
atoms. However, this‘overiap is very much reduced in
comparison“to the overlap between the carbon"atoms in 22.

The value of « in the 2B2 strugture is much smaller

than that in the 2A1 state. Since this structure is
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Table 11. Mulliken overlap populations for the carbons in

22 and 227,
. Overlap

Molecule .
or Ion - Basis Set C1Cy CiC3 ~  'CoCy-
22 4-31G//4-31C 0.1705  0.1705  0.1705
4-31G*//4-31G 0.2646  0.2646  0.2646
22% (%)) 4-31G//4-31G  0.0226 . 0.1922  0.1922
\ 4-31G*//4-31G 0.0597, 0.2608 Qtjfos

. »
22% (%8,  4-316//4-31¢ °  0.2060  0.0883  0.0883
© 4-31G*//4-31G 0.3057  0.1332  0.1332
22% (90,0) 4-31G//4-31G  _-0.0326  0.2557  0.2097
© 4-31G*//4-31G -0.0169  0.3297  0.2508
22% ¢0,0)  4-31G//%-31G =0.0609  0.3025  0.3025
4-31G*//4-31G -0.0588  0.3654  0.3654
'l
L}
" »
' ™
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described as a T-complex between ethylene and CH2+, it 1s

5

useful- to consider an arigle § which is defined as the angle

L . ’
between the C{C, bond.and the intersection of the plane of

the methylene with the plane of the carbons (Figure 20). 1In

. this case, [ has a value of 167.2 degrees (for ethylene

woverlap between Cy and C3 and between C5 and C5 has

the correspondlng angle would be 180.0 degrees). The
lengthenlng of the C1C3 and C,Cq bonds and concurrent
shortening of the CyC, bond are consiétent with the
structure predicted by the Walsh model. The Mulliken overlap
between Cq and Co has increased relative to 22, while the

v

decreased. The overlap between. the carbons, however, 1s
st1ll large cox;pared to the overlap between Cy and 92 in the
2A1 State. The antisymmetric MO extends over all three
carbons, consequently, the equilibrium geometries of all
three methylenes 1in this state differ substantially from
thoee in cyclopropane.’ X ‘

The equilibrium geometry of 22% in the 90,0
conformatlon is very close to the Cg4 pomt group (&4 is
179 5 degrees) Consequently, the symmetry label of the
singly occupied state is "pseud n_2av (pable 10). The Ci1C3
bond has shortened while the 3 bond (the plane of the
Co methylene has rotated 90 degrees) has lendthened. The
C1H and CoH bond lengths, the HCH anglee and the value of
oy and (g are those expected for sp2 hybriadizewq *carbons.
On the other hand, the longer C3H bond, the larger v'alue of
LC1C3,£:2 and the smaller HC3H angle are charécterist}c of a

2 .
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.The CH bond Lengths,the HCH angles and the value of @7 and

-

normal alkane bond (i.e. sp3 hybridized). Further
inve‘stigatﬂion, in fact, reveals that the C;Cj3 a;d C,C3 bond
lengths “arre similar to those calculated for th; l-propyl
cation (92). 1In the cese of the l-propyl catioh, the CyCj
and C,C3 bond lengbths (dsing a 3«21G bagis set) were found ~
to be 1.438A and l.536A:respectively. In contrast, for the
90,0 conformer of 22, the CyC3 and CyCy bonds are almogk
equal in length (93). ) ]
The 0,0 conformer of 22% has C, symmetry and exists as
a 2A ground state. However, since Eh'e value of «@; and ¢,
in this conformer are very close to 180.0 degrees (actually'
179.95 degrees), it could be classified in the C,yv point
group and: as such would have a 2A1 ground state. While

there is substantial overlap between C; and C3 and between

Co and C3, there is no bond between C; and C5 (Table 11).

®

oy ‘re cons1stent with sp2

hybridization at C; and C,. The
geomel:ry at C3, however, is very different. The value of
LC3C5Cy is anomalously large (124.8 degrees),the C3H bonds
are anomalously long and the HC3H angle is smaller than

expected (Table 9). ,This unique geometry can be understood.

@ 4 '
©

The steric repulsio.n')betwe‘en the hydrogens on C; and Cp

could be responsible for the unusually large value of

LCyC3Cy. The value of 124.8 degrees is close to the value

2

expected for a bond angle in an sp“ hybridized carbon. If

it is assumed that the hybrldization' at C3 is sp2 then, each

C-C bond would be forrted with‘ one of the three available sp2

v

u
3
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orbitals on C3. “This.arrangement would leave one sp? and

o a

one p orb%tal to form the two C-=H bonds. lRehybridization of
the sp'2 and p orbitals leads to the formation'of two sp° |

or?itals. bThe increased "p" chardcter of these new orbiéqls
ieads to much longer C-H bonds (e.g. C(sp3)-H bonds areh'
longer than C(sp?)-H bonds). Furgaérmo}e? the angle between

two sp5

»

~orbitéléfjs 101.2 degrees (78) which is larger than
the 93.0 deg;ges obtained for the 0,0 co%former but,
nevertﬁeiess,”is in-the right“direction: ‘n . -
The charge and sp}n,distributions in each of these
structures are shown in Table<dl2 and l3lrespectjvgly. In
the 2A2 structure oniy 20% of the cha}ge is delocalized to'
the C3 methylene. Similarly, @osg of,thiuigig density
remains between Cy and Cj.° This, of course, is consistgnt
with the Walsh model described previously. ¢ ele%tro;
den§1ty distribution in 22 (Figure 21) 1s symmetritai
around the)three carbgns. Howeyeé, the\électron density
distribution in 227 (zAi) illustrates the decreased ;Ieclron
density between Cy; and Cg and, in fact, resembles\very
closely the distributio; expected for a trimethylene type
structure (Figure 22). ‘ >
In the 2B2 structure the charge is almost eéuaIly T
distributed between the three methyléhes; 30% on theiC3
methyleﬁe and 3§% on-each of the Cy and‘Cz ﬁethylenes. The

spin éensity, however; is almost entirely logalized on Cs.

_ It is interesting that while there is excess spin density

on C; and C,, the Fermi contact is negative. This is

’ © 121
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Table 12.- Atom%cﬁaharge densities of 22 and 22*3,

AL

2

]

Molecule

"

or Ton Atom 4 4-31G//4-31C £-316*M-31¢ ‘//
o Sl
»
22 - ,6.346 .6.352
cy 6.346 6.352
C3 9 6.346 6,352 -
Hy . 0.827 0.824
. He 0.827 0,824 ©oe
He , 0.827 0.824 oo
Hy 0.827 0.824 ,
. Hg 0.827 0.824
R - * 0.827 0.824 *
a A 3% ‘
22% (%ap) Cy 6.210 6.243
Cy -6.210 6243 -
C3 6.393 6.359
Hy 0.696 0.687
. Hg 0.696 0.687 :
He 0.696 0.687 »
H 0.696 0.687 -
Hg 0.701 0,702
Hg 0.701 N —0.702 4
22% (%,) cy 6.269 6.275
Cy 6.269 6.275
C3 6.316 6.327
Hy 0.688 0.637
Hg 0.688 0.687
He 0.688 0.687 v
H 0.688 0.687
Hg 0.688 0.687
Hg 0.688 0.687
22% (90,0 Cy 5.946 5.992
Cy 6.298 6.365
C3 6.512 6.47«7 b
Heg 0.676 0.663
He 0.722 0.710
B 0.762 0.747 -
Hg 0.703 0.706 :
Hg | 0.703 0.706 % ¢
& .

O
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22* (0,0 Cq 6.126 6.191

Cy 6.126 6.191

C3 6.613. * 6,521

Hy 0.723 0.707¢

e . . Hg 0.725 . 0.712

He 0.723 0.707

Hy 0.725 " 0.707

Hg - 0.618 © 0.629

Hg 0.618 0.629

datomic units. !
P

o
4

1 ’ bt

Table 13. Atomic spin densities and Fermi contaét in 22%a,
I3

W . 4-31G//4-31G 4-31G*//4-31G
/" spin Fermi spin Fermi
Cok y Ion Atom  ‘density contact * density contact
22t (28 0.677  0.106 0.652  0.080

Cy 0.677  0.106 0.652 © 0.080

c3 -0.218  -0.057 ~0.186  -0.048

Hy -0.050 -0.017 -0.043  -0.015

Hg ~0.050 =-0.017 -0.043  -0,015

"He -0.050  ~0.017 -0.043  -0.015

\ Hy -0.050  ~0.017 -0.043  -0.015

- Hg 0.031  0.016 0.027  0.015
Hg °  0.031  0.016 0.027  0.015

22% (%B,) o 0.112  -0.002 0.112  -0.006

Cy 0.112  -0.002 0.112  -0.006

f C3 0.923  0.152 0.902  0.117

' Hy 0.000  0.004 0.000  0.003
Hp 0.000  0.004 0.000¢  0.003

He 0.000  0.004 0.000, 0.003

/\“,« m; . 0.000 0.004 %  0.000  0.003

-Hg . ~0.074 -0.026 ~0.063  -0.023

.f Hg -0.074 -0.026 -0.063 -0.023

22* (90,00 ¢; . -0.012  0.001 -0.027  0.002
Cy 1.318  0.265 1.271  0.214,

c3 -0.153  ~0.050 ~0.121  ~0.040

Hy 0.001  0.000 0.001  0.000

He . 0.001  0.000 0.001  0.000

Hg -0.107 -0.036 -0.092 .<0.032

. Hy -0.106 -0.036 -0.094 -0.032

r Hg 0.036  0.020 0.031  0.018

LI i\\
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Hg 0.036 0.020 0.031 0.018

22% (0,0) Cl 0.797 0.137 0.760 0.107
C2 Q4797 0.137 0.760 0.107
" C3 -0.187 -0.041 -0.141 -0.026 \
H4 -0.063 ~-0.022 -0.054 ~-0.019- o
H5 ~-0.058 -0.021 -0.049 -0.019
HG -0.063 ~0.022 . -0.054 -0.019
By  -0.058 -0.021 -0.049  ~0.019
Hg -0.083 ~0.047 -0.086 ~-0.050
A H9 -0.083 -0.047 ~-0.086 -0.050
datomic units. ,

.
L3

because the « spin density on these two atoms is in the p

i

orbitals which form the " T-bond" of the ethylene part of |
the complex. There is eiéess spin in the other\?rbitals:
Since a p-orbital has no Fermi contact with the nucleus, the.
net Fermi co?ﬁact (from the "s" ch;racter of the orbitals) ' .
has a slight excess of B—spih (94Y. The similarity of the

2B2 state of 22": to a . T-complex is supported by the )
electron density distribution for thig species (Figure 23).
Thus, the description of the 2B2 state as complex betweeﬁ
CH2+ and ethylene is appropriate.

The charge and spin dastributions in the 90,0 conformer
aré unusual. The charge is 102alized essentially on the Cq
methylene (71%) and to a lesser extent on C, and C3 (21% and
8% respectively, Table 12). The span, on the other hand
(Table 13), is 1oca1iged almost completely on Cy; the ‘ \

remainder is on C3. These spin and charge distributions may

be understood qualitatively by considering two
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Electron. dens:Lty distribution in 22. The
contour values in atomic units are 0.002, 0.004
and 0.008 increasing in powers of 10. The

outermost contour in this and the following two .

figures 1s 0.002 au.
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Figure 22.
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Electron de
conformer,
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sity distraibution in 227 (90,90

7%
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Figure .23. Electron degsity distribution in 22% (90,90
conformer, “B, state). .
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possibilities. In the firft, the spin is locallzed on Cq.
L This may be described'as an "ethyl cation~methy1‘radic§ "

pair. ,.In the other case‘the charge is localjzed on Cy; this

* would be an "ethyl radicai—methyl cation" pa{r. Since the
ionazatlon potential of the methyl radical 1is greaterqthan
the ionization potential of the ethyl radical (95) the
former case ;oulé be expected.to be energetically .
favgurabie. T alternate &%ngthenlng of«tﬁg CyCq ?ond and
shortening of the C1C3 bond may be a result o§ the ch?rge '

. polarization. The redistribution of the electron denéity in
order to stabilize the positive charge leads to an*inéréased
negative charge on C3 at the expense of removgng electron
density from between Cp and C3. The weakened C,C3 bond is
reflected by the increased 1ength..
In the 0,0 conformer of 22%, 85% of the charge is on

the C; and C, methylenes and only 15% of the cﬁérge is on ,
the C3 methylene. The large negqﬁivehchgrge on Cy 1s 1i§e1y
a result of polarization of electron density similar to that
,found for the 90,0*conformer. As expected, most of the spin
density is shared between C; and Cp. It is found! however,
that while Cs hq; an excess of (xébin density, the hydrogens
Dbgﬁhedito t3 do not have, as expected, an excess of Bspin
density. Instead, these hydrogens also have an excess of d

spin density. The reason for this unusual behaviour is not

-~ A
AN ¢

understood.
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2.3.2 Isomerization-of 22%| :

5

5

. The surface for gig-trans 1someri;ption and

. racemization of 22 has been studied ekperimenpally (85) and

*

by molecular orbital methods (93, 95). THe theoretical
calcdlat%ons predict that the barrier to racemization is

less than the barrier to isomerization. This effect has

-,

» CEY

been raticnalized in terms of orbital symmetry alldwed

opening of’the cyclopropane ring. At- the transition state

-

(the 0,0 comformer) there is ”pséudojconjugation" through

the cen£ra1'methylene; 1eading~to the "allowed" conrotatory
clésufe to give 22. The enerqy diffegénce between the
barrie;s for isomérléatlonEand;ragemiz;thp has been
estimated to be aéproiimately 2.5 kéal mol™l (95).

There has been interegt, réceqtlyy\ln the,applicabiiity

of orbital symmetry rules to the electrocyclic reactloqf of

9 - -

. odd-electron species (96). It s interesting to cqmpdie the

sresults obtained for the isomérization and racemization of
22+ ge tpose results for 22. At the outset, it should be
noted tpat the work of Collins and Gallup (8la) predicted
the energy of the 2A1 conformer to be'6.6 géal mol"'l higher
than that of the %, structure. The results obtained from
thig study show that at all levels of theqry useg}‘, the 2AI
structure is.lowest in energy (Table 145. Furthe;morep
recent experimental results have comfirmed that theﬂunpaired‘
electron occupies the 6aj; orbital (97). '

. The calculated barrier to gis-trans isomerization*o; 22

— Y - . . . .
using a minimal basis set and configuration interaction of

129
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the ground state and all single and double subst%tutions is
52.6 kcal mol™l (93), This is an underestimate of the

experimental value (65 kcal mol"l, 85) since CI was

performed only on the 90,0 comformer. There should be a
large negative correction to the energy of 22 when CI is

inéluded., Sincep for 22 (zAl), the electron has been
s -,

(%emqved from an orbital, which is predominantidy bondﬁgg

between C; and Cy, the strength of theﬂresultin% one-
+ electron, two-centre bond should be no more than half of the

experimental bond strength in 22. The calculated strength

>

of?the one-electron, two-centre bond depends on the basis

-t

set used (Table 14)." However, even at the MP2/4-31G* level,

the bond strength 1s still less than half of the

T

experimental value. 'It 1s clear that as the basis set

becomes more sophisticated, the calculated bond strength

increase; and, that inclusion of polarization functions has
as great.an effectgps electronh correlation., .

The dalpul@ted activatipn energy associated w1th.
racemization .(Table 14) is greater than the activation

energy for isomerization when electron correlation is not

. &
included. However, the effect of electron cof?elation 18 to
L3

reduce the calculated bafrier to racemization (in contrast

a

to the effect of électroﬁ correlation on isomerization which

¥

tor

. | is to increase the barrier). The result is that the

o

~“calculated barrier to racemization is much less than the

- u

calculated barrier to isomerization when electron

correlation 1s included., This energy difference is as much

-
< ' v e

w
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. Table l4. Relative eangies of conformers of 22" (kcal
mol™").

L

4-31G  4-31G* MP2/4-31GC MP3/4-31G MP2/4-31G*
“Canformer //4-31& //4-31G //4-31G //4~31G //4-31G

90,90\(%3;)  0.008  0.00P  0.00°¢ 0.004 0.00€
- 90,90 (B  6.16 = 4.10 2.64 3.21  + 1.16
90,0 (2A") 17.54 22.17  24.13 24.24 30.09
0,0 (2a)  20.72 26.24° 16.22 16.60 20.58

@ Total energy is -116.5735881 hartrees.
b Totai energy is -116.6324484 hartrees.
C Total energy is -116.8123945 hartrees.
d potal energy is -116.8406159 hartrees.

€ Total energy is -116.9798358 hartrees.

3

as 10 kcal mol"l; far greater than the analogous energy
difference calculated for racemization versus isomerization
in 22.

The conEotatory closure of the 0,0 conformer of 22% is
an allowed process by orbital symmetry. Since this
c‘onfo‘rmer has a 2a ground state, the singly occupied MO is
symmetric with respect to rotation about the C, axis.
Examinatioﬁxof the molecular orbital coefficients reveals

that there is no contribution from the atomic orbitals on

the C3; methylene. This should be expected since the 0,0

’
»

14
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conformer 1s structurally related to the allyl radlcal (a
protonated allyl radlcal) The singly OCCupled MO of the
0,0 conformer is, in fact, very similar to the singly

occupied MO of the 'allyl radical (Figure 24).

-

b

Figure 24. RepreSentation of the occupied MO's of (a) the
0,0 conformer of 22% and (b) the allyl radlq"

The partial surface for twisting of one methylene fiom
the 2A1 s;a@b of 22% to the 90,0 conformer has been
obtained. The fully optimized geometries of 22% in the
90,0; 90,10; 90,26; 90,30; 90,60;and 90,90 conformers
reveals several i;teresting trends. The energy profile for

twisting is.shown in Figure 25. It is clear that near the

- *

transition state, the tortional surface 1s very "soft"; 1i.e.
since there is .little bonding between C; and/cz, rotation of
Cop.has only a s;nall effect on the relative energy. yegr the
2A1 structure, however, small changes ih 6, result in

larger changes in the relative energy. Ihis 18 expected

)

since the bne-electron, two-centre bond is being broken by

s
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Energy versus tortional angle (9 ) for the
twisting of the C, methylene in the 90 90 (2A2)
conformer to the 90,0 conformer of 22%.
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twisting. This can be compared to twisting in the ethylene
fadical cation (98) where the tort;onal potential 1s much
softer. At a tortlonal ‘angle of 30 degrees, the energy
change isonly 1.6 kcat mol -1 at thlS level of theory

(compared to over 7 kcal mol~% in 22%).

1

?he geometric chenges.assoolateg with twisting are also
of interestl As the tortionai angle 1s decreased from 90 to
0 degrees,, there is a pfog;e581ve increase in .the value of
. £C1C3Cy. This is expected as the extent of bonding between
‘ Cl and C, decreases (Figure 26a). ‘

The assoc1ated wagging of the methylenes (C; and Cz) is

v

particularly 1ntrrgu1qg. Salem and his coworkers, in their

study of the isomerization of 22,‘found that large pyramidal
distortions were associated with the trimethy}ene structures
© (99a). For the 90,0 conforﬁet:(of 22) this distortioﬁ from
plaharlty was 14 degrees for the carbon which had twisted
(93). At the STO-3G level, a pyramldal dlstortlon of the C2
‘ methylgoe (1n the 90 0 conformer of 22h of 28 degrees 1s
"obsei:‘ However, at the. 4- 31G level, this distortion
! 'completely dlsappears.’ Salem was using a minimal basis set
of STO's 1n his work and, the possibility that the
dlstortlons is a bas1s set :elated problem must be
considered.’ v ’ ) v
The Wagging motion of the Cg met"hizleneho.f 22" as the
tortional angle is decreased‘from‘90 to'0 degrees reveals
that 1n1t1a11y there 1s a small pyramldal dlstortlon away
\from the central methylene (Flgure 26b). Thls distortion

i
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Figure 26. (a) /CjC3C, versus tortional angle (6,), (b)

wagging angle of the Cy methylene (xy ) versus
tortional angle (0) and (c¢) wagging angle of
the Cs methylene (o ) versus tortional angle
( 2) %or twisting of the C, methylene.
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reaches a minimum near 02=30 degrees and, near the

”

transition state undergoes an inversion such that at the
transition state, the C; methylene is pyramidafly-distorted_
towards the central methylene. The inversion near the

transition state is best rationalized as a result of the

\ <
'steric repulsion between the hydrogens of the C; methylene

&

and the hydrogen of the Cy methfiene. The initial
pyramidalization awa§ from the central methylene can lead to
increased hyperconjugativewinteraétiFn between C3 and the@
hydrogens bonded to €3. This explanation would account for
the trend observed, however, the 90,0 conformeér is a 2pn

state and 1s antisymmetric with respect to reflection (i.e.
£

any bonding overlap with one hydrogen would be cancelled by

an antibonding overlap with the other).

The C, methylene slowly pyfamidalizes away from

. methylene as the tortional angle decreases (Figure 26¢) and

reaches a maximum near 02=15 degrees. At thettransitlon‘
state, there is no pyramldal'distgrtlon at the Cp methylene.
This motion may be a response to increased steric
1nt?raction with the C; methylene which moves towards one of
the hydrogens bonded to C,. The observation that the
distortion of the Cy methylene continues even after the ,
distortion of the C; methylene has reached a maximum is
consistent with this idea. At (or near) a tortional angle
of ls,degrees, further pyramidal}zation of the C, methylene
becomes 1ess'favour;ble energetically than -

\
depyramidalization of the Cy methylene, So, while the

136,
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wagging motion of tgayéz methylene can be rationalized as a
amotion coupled to the motion »o% Cyr it i‘s not immediately
clear why pyramidalization of Cy should be favourable.

Goddard ahd his coworkers (99b) suggested that the pyramidal

distortions in trimethylene were favourable since this

conformation avoided eclipsing of more than two bonds. This

explanation is feasible in tHe trimethylene system where the
distortions are large. For 22+, w@gre the distortions are
much smaller,wth{E"suggestion seems less likely. However,
this reprééents a non-dynamic path between the 90,90 (2A1)
comformer and the 90,0 (A" conformer since the
conformation of the C; methylene 1s fixed.

3

It is interesting to note t the experimentally
§
determined m-bond strength in ethylene (86) is
approximétely the same as the o-bond strength in o

cyclopropane (85). The difference in the calculated

‘actlvatjpn energies (at’‘the 4-31G level) of 22% (17.5 kcal .

mol™l) and c,H,* (27.2 keal mol™l, 98) should therefore be

dicussed. The one-electron oxidation of ethylene leads to a ;

b4
species which has little internal strapn. It is tempting, .

"

therefore, to attribute the difference between the )
activation energies for ¢is-trans isomerization of 22% and
C2H4+ to the_ring strain in the cycloproéane radical cation:
We pust use caution, however, Eince the differenge between
the calculated activation barrier for isomerization in CqHg
and CoH, us“ng the same basis set ‘is not available. If thé’
calculated activation barrier for CyH, is significantly

J
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higher than thaf for C3Hg, the difference in the radical
cations may be meandingless. (One calculation using a double-
zeta basis set with polarization and diffuse functions
estimates the activation barrier for ethylene to be 62.5
kcal mol™l (100)). It should bé noted that the
=~experimentally determined torsional angle at the energy
minimum ig C2H4+ is .25 degrees; apparently a compromise
between 7-overlap and hyperconijugation (101). The ab initio
calculations failed to predict this conformational
preferedge. The planar.structure, however, is only 0.67

kcal mol~1 higher in energy than the twisted minimum.

2.3.3 The 1.2-Divi 10 Radical Cation (23%)
Several interesting features of 23% are evident. In
structures 23at, 23b" and 23c¢t (Figure 20) the vglues of
£CyC3Cy are similar to the bond angle in the unsubstituted
radical cation (Table 15). This is significant since using
the geomeéry of the allyl cation maximizes the w-overlap .
between the vinyl groups and the respective cyclopropane
carbons. This should have the result of lengthening the
C4C, bond sin®e it may be expected that the more effectively
the electron density is delocalized, the weaker the CyCqy
bond éhouldlbecome. The value of /C;C3C, in the 90,0
conformatioh is larger than that in the unsubstituted
radical ca£io£. This may be a consequence of the increased
steric interactions with the allyl system.at Cy. The steric

»

repulsions in structure 234" are predominant. Because of
a4
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Table 15. Relative energies of conformers of 2373, * -
Confgfmer‘ Energy (kcal moi 1y £C1C5Co (degregs)bN : \
4 .
23at ' 0.00 77.4 -
. 23t | "4.25 - 81.7
23¢t 13.43 : 77.9 T
X .
23a* ~ >100 >125 .
90,0¢ 16.00 : T 112.8
90,09 . 14.23, ‘ 113.0
90,0e , 14.56 N 109.1

83T0-3G energies relative to 23a™ for which the STO-3G total
energy is -267.34486 hartrees.

Prhe value of £CyC3Cy for the 90, 90 (2 Ay) conformer of 22%
is 75.8 degrees a % the STO-3G level. For the, 90,0
conformer, this angle is 102.1 degrees. The energy
dlfferenci between the 90,90 and the 90,0 conformers is 23.2
kcal mol .

CThe Cy v1ny1 group has. rotated in the direction of the Cf
methylene. The Cy vinyl group has the geometry of the allyl
cation.

drhe C, vinyl has rotated in the direction of the C
methylene. The C; vinyl group has the geometry of :%e allyl
radical.

€The Cz vinyl group has rotated in the dlrectlon of the Qf‘
methylene. The C, vinyl group has the geometry of the al vl
radical.



{ ?f\

CPU tfme restrictions it was not feasible to optimize the

¢

dihedral angles about the methylenes. However, it seems

o’

likely that the radical cation in this conformation shoufh

.undergo a facile Cope rearrangement since the activation

energy for the analogous rearrangement of ¢ig-23 i1s only 20
kcal mol™1 (102). ;

The charge and spin distributions in 23a* (the lowest
energy 90,90 conformer) and in the 90,0‘conformation are
shown in Figures 27 and 28 r;spectively. Only the 2A1
structure was considered for the cyclopropane system. The
experimental evideﬁqe obtained from CIDNP studies (23) is
best interpreted in terms of a structure ¢f this type.
Furtbhermore, involvement of the 2B2 structyge would render
two substyituents in spacially nog—equivalent env{ironments.

The los¢ of the symme%ry would complicate the choice of

mode Y geometries for each vinyl group. Finally, it seems
likely that a structure similar to the 2A1 geometry would be
involved in gjis-trang isomerization. ‘

The geometry of the vinyi groups was based on the STO-
3G geometry of the allyl cation. Since almost all of the
spin density appears on Cy in the 90,0 conform;tion, the
geometry of the allyl radical was used for the Co vinyl
group in this case. The difference in energy using the

allyl cation geometry at C5 and that using the allyl

radical geometry was only 1.8 kcal mol~1,
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. In the 90,90 conformation, both charge and spin are

delocalized into the vimyl groups. The C3 methylene still

»

has 18% of the charge (compared to approximately 20% in the

.unsubstituted case). Similarly, in the-90,0 conformation,

=

® only 10% of the charge 1s delocalized to the Qg‘methylene

and 12% to the C2 vinyl system (compared to 8% and 21%

respectively in the unsubstituted radical cation). *

. o
Essentlally all of the spin density rémains at the Cp V1ny1

»

system in this conformation. ) ..
2.3.4 Isomerization of 23* ! -

An estimate of the activation barrier for 1somerization
of the 1, 2—d1phenylcyclopropane radical catlon, which 1s
known not to isomerize rapldly, may- be obtained by comparlng
the energies of the 90,90 and 90,0 conformations of 23%.

This is a reasonable model considering the benzylic and

'.gilylic C-H bond dissociation. energies of toluene and

propene are approximately equal (42a). The calculated

energies of 23% relative to structure 23a™ are shown in
‘ L

Table 16.
The relative energies of 23at, 23b* and 23c* are

consistent with the results of recent calculaqione on

\

vinylcyclopropane (103); s-trang being more stable.

Structures 23a% and 23b* are geometric isomers having the

a

same conformation of the vinyl groups (s-Lzansf. The energy
difference between 23a* and 23b* (4.25 kcal mol™)l) is

similar to the energy difference observed from the thermal

n
~

+
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isomerization of l,2-diphenylcyclbpropéné (about 2.3 kcal

®

fol™L) (104). .°

L4
-

The energy difference betx:zeen‘23a+ and the radical
‘cation in.ihe 90,0 -conformation represenFs £hg.acbdvation
barrier for isoﬁgrization of the radical cation. The ‘value
of 14.23 kcgl moly ! indicates a bond weakening of
épproximqtely'Q kcal mol™! relative to the unsubstituted'
radical cation (Table 15). This may be compared to the ]
difference in o-bond strength gbserved experimentiily
ﬁétween*cyclopropane and 1,2-diphenylcyclopropane; about 30
kca}:mol'l (104). The effect of the substituents on the

‘stablllty of the transition state relative to the ground

state in the neutral molecule is expected to be far greater

than in the radical cation; there is charge .and spin

delocalization in both the-ground and transition state in

the radical cation. . ’ p

¥ t

N

In the photochemical generation of the radical ions,
this activation barrier would prevent cis-trans
isomerization of the radical cation. If a'preexponential
%actor of 1014 is assumed for the is;meriéatiqp (105), the
rate constant for gis-trans isomerization of the rad%cal
cation would be only 4.3 x 103 s~ at 300 &. - o

- .
2.4 CONCLUSION ™~

»

The activation barrier to gis-trans isomerization and

v 7

racemization of 22% may be comparable to the activation

_barriers to other reactions such as the rearrangement to
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propene radical cation (106). Only when electron
correlation is included does the calculated barrier to
isomerization become greater than éhe calculated barrier to
racemization. FElectron correlation increases the relative
energy of the 90,0 conformer but decreases the relative
energy of the b,o conforme?.
The 'm-overlap with vinyl groups does not R
substantially weaken thecone~e1ectronhiwp—geﬁtre bond of
+ 23% relative to 22%. This has'important experimental
implications. The g¢is-trans isomerization of the 1,2- . .
diphenyleyclopropane rad%gfl cation is not observéd'on the
hCiDNP time scale. However, it will be interesting to look
* at the teméeéature effect on this isomerization.
Férthermore, 1fr the optically active compound is prepared,
Lhé.relative rates of isomerization 4dnd racemization may be yfa
dbt@lqﬁd. lThis w1ll be interesting sMNice the rate 6f

@

racemization is slightly faster in the caSe of i,2—

' diphenylcyclopropane (104) .

¢ 3

e PR



A\

'3

kN

PART III. SUBSTITUENT EFFECTS ON BENZYL RADICAL HYPERFINE

N
COUPLING CONSTANTS.

v

3.1 INTRODUCTION

3.1.1 Linear Free Energy Relationships (LFER)

One of the most succeésful empirical models for the
study of the re}ationship between structure and reactivity
that has been developed is the linear free-energy
relationships (LFER). The best known LFER is the Hammett

equation (Equation 37) which is based oh the dissociation

constants for a series of substituted benzoic acids (107).
'

1y

3

log (K/K,) =plog w;‘)) =po [37]

In this Squation, the term log(K'[K'o) is definez as thHe
substltubnt.constant, or which is assumed to be aﬁ intrinsic
Lproperty‘of each substituent, and, p is the reactlQity
pargmeté; which is a measure of the sensitivity of the .
equilibrium constant to the nature of the substituent. This
empir}cal relationship is an LFER inasmuch as the
equilibrium constants are related to the change in the’
, Gibb's free-epergy (Equation 38).
~
,AG® = -RTInK . o 381

@
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The logical extension of the LFER 1s the correlation of
the substituent egfécts, not with changes in equilibrium
c?nstants; but witg changes in rate constants. In this
approach, the LFER is a correlation of the changes in
activation free—en;réies with a substituent, parameter. The
use of relationships of this kind has played an important
role in the elucidation of reaction mechanisms in ordanic
chemistry. .

Specific deviations from the Hanmett relationship have
led to the development of a plethora of substituent
parameters which are used to account for anomalous resonance
and/or inductive interactions. The most important of these
Substituent parametets are o*(108), 0-(109), 0; (110) ando;
(111). While the use of these substituent parameters has
extended the range of épplicabillty of the Hammett
relationship, the selection of an appropriale suﬁstituent
parameter scale has become ﬁuph more subjective (lléa).
furthermore, multiparameter extensions of the Hammett
re%ationshlp have made the evaluation of substituent effects

¢

more complicated. The use of extended Hammeft correlations
has invoked much critlcism“since‘devéatlons from the single
parameter treatment/invariably depend on a subjective choice
of substituents and usuvally a limited rgdée of substituents

(112b).

3.1.2 mmumﬂmummmmw

The effect of substituents on the rates of free radical
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reactions is not well understood. The rates of many free

radical reactions, 1in fact, correlate very well with
substituent parameters derived for ionic reactions (113).
This effect has been ratipnalized in terms of a polar effect

at the transition state (114, Figure 29). This polar effect

S

- =

. [R A X - R HX«-» ﬁ,-_,_,:,_,___;(]:‘ |
) ‘ &

Figure 29. Charge separated valence bond structures leading
> toapolar transition state in a hydrogen atom
abstraction reaction.

’ Iy
[
v

o«
encountered in free‘fadical kinetics has complicated the
evaluation of the effect of substituents on an isolated free
radical. There have Been many attempts to derive a
substituent parameter which reflects the effect of the
substitﬁent on free radicgls (115). In all of these cases,
the sigma dot (0°) scales were based on kinetic data; the
substituent effect on the free radical could be estimated
only after some assumption of the polar effect on the
relative rates was.made. It is, therefore, not surprising
that of the various free radical substituent parameters,
many fail to agree even in sign, let alone magnitude.

ﬁecently, Dust and Arnold {116) developed a new
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substituent parameter, sigma dot alpha (gy ) based on the
« -H hyperfine coupling constants (hfc) of a series of '
para- and meta- substituted benzyl radicals (Table 16,
Equation 39). Thdis approach is based on the premise that .
the extent of spin delocalization is Epversely‘proportlonal

to the «&-H hfc. The «~H hfc should be a measure of

the’ spin density in, the benzylic carbon 2p orbital (117).

. - th L
O — 1 — _1¥X Y .
o 1 thH [39]

This electron spin resonance (esr) approach has been
criticized by Jackson (118) who argued that the variation in
"hfc over the rangé’of substituents is too small to be
51gn;f1cant: _However, while the varaiation ;n hfc over the
fange of substituents is is only 10 percent, the magnitude
of the hfc can be determined to an accuracy of approximately
0.2 percent.

&«The Oz “scale has several other'advantages over other
kinetically deriv;d free radical subtituent parameters: (i)
the measured effects are free from polar factors (other than
intrinsic polar e€ffects); (2) since the radical is being
observed directly, any effects observed can be unambigupusly

. . . .

assigned to effects on the radical; (3) ‘be radicals are

generated in an unambiguous manner and (4) the esr
. ' . L
parameters can be alcurately determined.:

i

The usefulness of éhé qfscale depends upon the

)
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Table 16. 0y values calculated from the o -H hyperfine
- coupling constants in substituted %enzyl

. radicals?®. .

Substituent  Ogy Substituent 0y

4-SMe 0.063 °4-Cl ~ 0.011 4
4-COMe 0.060 4-~i-Pr 0.009
v 4-SPh 0.058 4-t-Bu 0.008 !

.4-COPh ' 0.055 4—S(0)2Me 0.9005

4~-COOMe 0.043 3-Me 0.002

4-CN ’ 0.040 4-0COPh 0.000

4~-SCOMe 0.029 H 0.000

4-0OMe 0.018 3-0OMe -0.001

4-0Ph . 0.018 3-~0Ph ~0.002 - » .
4-5(0) Me 0.018 4-0COMe -0.005 ’ )
4-5(0) ,Ph 0-.018 »3-C1 -0.007 '
4—Si(Me)3 0.017, 3-F - -q.009

4-5(0)OMe 0.016 4—CF3 -0.009 '

4-Me 0.015 4-F . =0.011

4-5(0) ,0Me  0.013 3-COOMe -0.014

4-Et 0.012 . 3-CF ~0,017

- 3-CN -0.026 '

w

acalculated from Equation 39.

4

reaction under study. Reactions with very large polar
effects (e.g. the ‘NBS bromination of substituted toluenes‘
(119)) correlate very well with ior{ic substituent '
parameters. In these cases, the cc;rrelatio}l with g; is
poor and, the extended Hammett treatment (including bothfi
ionic substituent parameters and 0y ) leads to no’
improvement of the correlgtlon coefficient (r) comp'ared to
the simple treatment with ionic parameters alone.
Reactions with very small polar effects, on the other

hand, (e.g. the rearrangement of substituteé 2-aryl=-3,3-

dimethylmethylenecyclopropanes (119)) correlate very well
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with Of * Correlation with ionic parameters 1s poor and,

.4

extended’Hammet; treatment leads to no improvement over the
correlation with gy alone.
More typically, however, there are reactions in which

the polar effects and the intrinsic free radical effects are

comparable d, 1n these cases (e.g. thé NBS bromination of

4-substituted-3~cyanotoluenes (115e)) the best correlation

»

is obta&ned,wiih the extended Hammett treatment. In these
g

‘systems, the relative ratios of p'to p (where p+ is 2
v o ¥

- L]
proportional to the senstivity of the activation free-energy

to free radical effects and‘ P is the sensitivity to ionic
effects) reflects changes on the relative contributitions of
free radical and ionic factors.

In the final analysis, the usefulness of thetﬁi.scale
will bei decided only after it has been applied to many more
reactiong. However, the available esr éﬁﬁa presents an
opportun;E§ to.study the interactions of a substituent with
a free raéical} The purpose of thingectioﬁ is to assess
thg inFeractions of the para an§ meta substituents in the
benzyl radical series. All of the esr spectra from the
previous study (116) have been remeasured and fourteen new
benzyl radicals habe been added. , .o

While the -interactions of the substituenfs are .
important in'generél, there are two classes of gubsﬁitqqmts
which are particularly interestiﬂg and these hgve been
studied as Part III of this thesis. The alkyl substituents
can delocalize spin density by hyperconjugation. The L

t

151 D

Vs



o
-
»

[4
asseé;ment of hyperconjuga}ﬁon in radicals compared to
hyperconjugation in eations is of fundemental intgrest. The
sulphur containing substituents are also interesting since
the role of the 3d orbitals on su%phur in the ineeracéion

with radicals is not clear.

- )

Begides the measured esr parameters, molecular orbital :

methods are ysed to investigate the interactions of the

]

substituents with the benzyl radicals. The adequacy of
molecular orbital theory to interpret substituent effects on
the measured hfc's ,of the benzyl radicals is determined and,

some general concepts which are important to the

. interaction of substituents in these radicals are pointed

out.

]
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3.2 ' RESULTS - .

The‘benzyl radica’ls were genérated in the esr cavity by
hydrogen atom abstraction from the corresponding toluenes or
by Promine atom abstraction from the benzyl bromide§. The
spect;a were rﬁgorded using a signil averager and plotted d
with an X-Y recorder via a 12 bit D/A converter. The benzyl
radical hyperfine coupling constants'(hfc) are shown in
Table 17. The hfc's were deterﬁined by inlpial measurément
of the lEne positions from the signal éverager and refinéd
by computer simulation (120). The coupling constants are
assigned to various positions on the baéis of calculated
spin densities and comparison to other spectra. For the
meta substituted radicals the assignment of the aryl \ '
hydrogen hfc's are considered tentative since the three
hfc's are typically within 1 G of each_ other. The
uncerta1nt§ Mk the measured hfc's is believed to be +0.03 G.
For the meta substituted radicals the uncertainty in the

aryl hydrogen hfc's 1s somewhat larger (+0.06 G), however,

the uncertainty in the o-H hfc is still +0.03 G.
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Table 17. Benzyl Radical Hyperfine Coupling Constants@.
X ay as as . ay ag ag
4-SMe 15.23 5.08 1.73 0.90° 1.73 5.08
4-COMe 15.28 5.00 1.75 0.50°  1.75 . 5.00
4-SPh ' 15.30 5.03 1.85, - 1.85 5.03
4-COPh 15.35 4.98 1.76 - 1.76  4.98
4-COOMe 15.55 5,05 1.75 0.379 1,75 5.05
4-CN 15.60 5.00 1.78 0.96  1.78 5.00
4-5COMe 15,77 5.03  1.81 - 1.81 5.03
4-S(0)Ph  15.83 5.10 1.80 - 1.80 5.10
4-OMe 15.95 5.02 1.60 0.75®  1.60 5.02
4-OPh 15,95 5.11 1.70 - 1.70 5,11
4-5 (0) Me 15.95 5,03 1.75 0.35p  1.75 " 5.03
4-5(0,)Ph  15.95 5.05 1.80 & - 1.80 5.05
4-SiMe 15,97 5.03 1.71 - 1.71 5.03
 4-5(0)0Me  15.99  5.07 1.73 - . 1.73 5,07
4-Me 16.00 5.05 1.60 s#ob  1.60 5.05
4-S(0,)OMe 16.04 5.03 1.71 - 1.71 5.03
4-Et 16.05 5.00 1.85 3.25¢  1.85 5.00
4-C1 16.07 5.24 1.75 0.50 - 1.75 5.24
0.60¢ .
4-i-Pr 16.10 5.10 1.80 2.85f *1.80 " 5.10
4~t-Bu 16,12 5.10 1.75 ' - 1.75 5.10
4-5(0y)Me 16.17 5.09 1.78 1.0 1.78 5.09
3,5-di-Me 16.19 5.20 3.35 6.08 3.35 5,20
3-Me 16.22 5.15 3,38P 6.15 . 1.75 5.00. -
4-0COPh 16.25 5.22 1.80 - 1.80 5.22
H 16.25 5.10 1.70 6.13 1.70  5.10
3-OMe 16.27 5.30 - 6.30. 1.65 4.50
3-0Ph 16.29 5.15 - 6.15 1.75 5.00
4-0COMe 16.33  5.27 1.80 - 1.80 5.27
3-C1 16.37 5.15 - 6.33 1.83 5.05
3-F 16.39 5,15 4.729 - 6.19 “1.80 4.95
4~CF4 16.39 , 5.19 1.76 6.88%  1.76 5.19
4-F 16.42  5.30 1.7% 14.439  1.75 5.30
3-COOMe 16.48 5.22 ° - 6.15  1.75 4.98
3-CF, 16.53 5.18 3.30P  6.13 1.80 4.38
3-CN 16.68 5.25 - 0.30¢  6.18 . 1.80 4.95
@ positions given in diagram below. X is the substituent.
Values are beljieved to be accurate #0:03 G.
b Hydrogen of CHs3. : )
€ Nitrogen of CN. ¢H
d Hydrogen of ethyl. . ‘ 1 2 .
€ Clo ¢ ) -
g Hydregen of isopropyl. , 6 2
F. :
h Fluorine of CFj. , ’

K (),
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3.3 DISCU§SION ‘

3.3.1 Interaction of Substituents with a Free Radical
There are some general features of the Op séale which
can be pointed out. Most of the para substituents
delo;alize unpaired electron density more effectively “
compared with the unsubstituted radical. On the other hand,
most of the meta substituents delocalize unpaired eléﬁtron
densitynless effectively than the unsubstituted radical.
The effect Bf meta and para substitution canAgive valuable
insight into the interaction of substituents with benzylic

\
radicals.

[

-

Substituents in the para position can interact directly'
with the unpaired electron|(Figure 30a). The substi?uents
fall into two classes. Those with non-bonded lone pairs can
interact with thé unpaired electron by donating an g}ectron

(Fi%ure 30b). In this case the substituent is a (-spin

' CH, CH, CH, ° :
X X C ’
N | ,

o

k]
‘A

»

a b c

i

Figure 30. Important valence bond contributors to 'the
delocalization of spin. (a) delocalization to
the para position, (b) (3 -spin.donating
substituent, {(c) a-spin accepting substituent.

. ' 3
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donor. ‘Unsaturated substituenks can inter%pt @ith the
unpaired electron by acceéting an elgctron‘(Figure 30c). 1In
this case the substliuent is an ’cr—gpin athﬁtor. The
orbital interactions can be represented usj :éimple
perturbation molecular orbital (PMO) theory (;21y: For the
B -spin donatlng’substltuents, the oqb§3a1 1nteract10ns are
two-orbital three-electron ;nteractlons (122) and lead to a
net one electron stabilization (Figure 31a). On the other
hand, for the (-spin ,accepting substituents, the orbital
interactions are three-electron three—orbltal interactions

and lead to a net two electron staﬁlllzatlon (122, Figqure

31b).

”»
1S

Froy this simple treatment, some qualitative
prediﬁtions caﬁ be made. For the [-spin donors, the ‘
stabilization energy will depend on the energy of the lone
.pair. As the energ; separaiion between the interacting
orbitals inéréases, the stabilization energy decreases
(123). It is expected that the energy separation will
increase as the ionization potential of the lone pair
increases. This eff?ct is equivalent tb a decreasing
contribution of the valence bond structure shown in Figure
30b. This rational leads to the correct prediction that the
order of increasing delocalization of unpairgd electron
density in the b,enzyi radicéal series is -F < -C1 < -OR < —éR
(Table 18). ' ‘

Similarly, as the energy of the 7 orbitals of the -
o~spin acceptors decreases, spin delocalization in the

“ (
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Figure 31.
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Table 18.: Ionization potentials of first-row and second-row

hydrides2.
Molecule Ionization Potential JeV)*
, ‘ HF 15.77 i
N HC1 . -~ 12,80 -
" Hy0 J : 12.61 '
H25 10.48
N »
‘aFrqm reference 122. . ’

'

-

unpdired electron density délocalization increases in the

order, -CF3 < CH3 < ~CN < COR. he 4-CF3 and the 4-CHj
substituents can be a-spin acceptors by considering
conjugation with a filled Uﬂngbital of the'grougras shown
in Figure 32. In thﬁs case, the stabilizing ;ffect will be
‘much smaller since the energy separation ‘between’ the -

ihteractlng’oibltals is expected 'to be much greater (124).
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This approach’'assumes that hydrogen as a substituent
has no stabilizing effect. As a resul?, the relative
\stabilizaFlon of the benzyl radical of a paﬁa substituent
can be predicted but, it is impossible to prédict a priori
where hydrogén will fit in the series. Furthermore, it is
not possible to rank the relative effect of the a -spin
" acceptors against the “(3-spin donors. The key omission in

v

this approach is that only effects on the wW-framework are
conéidergd; effects on unéaired electron delocalization |
through the o ~framework are ignored. Furthermore, since _
electron correlatlén'effepts'are important for the
. transmission of sﬁin from the 7 -framework to tﬂe '
0 —framework, it is not possible}ﬁo p;edict what this‘eﬁfect -
will bé . Since the meta substituents do not interact
appreciably with the "W—system, these substituted radicals
can be uséﬁ to assess %%e effect of %ubstltution on
délgcalizatlon in the U;frameéﬁfi: ‘
The interaction of mefa substituents in the benzyl

radical series may be straightforward. Correlation of’tﬁe
‘a -H hfe's with o, in fact, gives a slope of 0.6 and a
correlation coeffient (r) of 0.927 with the ten points

(Figure 33). The correlation of meta substituted

derivatives with also was noted by Creary (119bY from his
OSE;dy of the 2-aryl-3,3-dimethylmethylenecyclopropanes and
was related to the electrophilic nature of the E@dical. The
deéreased delocalization by inductive withdrawl ofs electrons

- *

will not Be unique to the meta substituents. The three para

A

s




®-H hfc
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Figure 33. @ -H hfc versus Op for the meta-substituted
benzyl radicals. .
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substituents whiéh lead to decreased delocalization
(relative to the unsubstituted radical) are ‘inductively
withdrawing substituents (the 0 values for 4-CF3, 4-F and
4~-0COMe are 0.53, 0.15, and 0.31 respectively (111)).

Certainly in the case of 4-F and 4-CF5 delocalization from
,

the @ -framework 1s expected to be small (125) so, in these

. cases, it appears that decreased delocalization of the

unpalred\ellectron density may also be related to the
inductive w%thdrawl of electrons. The decrpease in
delocalization bf unpaired electron denéity .as the
substituent becomes more electron withdra(w,ing in naturée
should not come as a complete surprise. The electrophilic
nature of many radicals:is w;ellvknown (126) and, while this
has often been considered to be a transition state polar
effect (127), it is not unreasonable that the benzyl radical
can be' intrinsically electrophilic. If, according to¢ the
McConnell equation (117), the « -H hfc is proportional to
the spin density in tlllme benzyl 2p orbital, then the
inductive w1thdrgwl of electrons in this system must lead to
a net withdrawl of [(-charge density from the w-system.

-'i‘he effect of perturbation of the- o’-framev‘iork on the
7 -spin distribution in benzyl radicals cannot be predicted.
The decreaseq delocalization by meta substituents is
predicted by HMO and INDO calculations (y_:._d_e infra) but even\
ab initio calculations fail to predict the decreased

delocalization in the 4-~fluorobenzyl radical (128).
w

-
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»
3.3.2 Molecular Qrbital Considerations

Two levels of theory have been used to investigate the
effects of substltutlon on delocallzatlon in benzyl
radicals. Huckei molecular orbital (HMO\k“?éory (129) uses
a simple T -basis set and, therefore, gives very
qualitative information about the effects on bonding in the

T—system. Tng most useful parameter from these calculations
is the free valence index which 1s a measure of bond order
(130). A useful approximation is that the free valence
index is proportional to spin delocalization in the T~

. system; 1.e. as the free valence index decreases, the bond

, order increases and, it is expected thaénthe higher bond
order will reflect greater delocalization. A plot of the
free valence index versus ther «-H hfc's of the benzyl
radicals (Figure 34) dives a reasonable correlagion;
' certainly, the trend is clear (the correlation coefficient,
ry is 0.937 for the 14 points). The important features of

. the results are: (1) the («-spin acceptors in the para

B

position have the smallest free valence index, (2) the B-
v 13

spin donors in the para position have a free valenc index

¢

smaller than ‘the unsubsfituted radical, and (3) none of the
meta substituted radicals have a'free valence index ieég
than that of the unsupstituped ;adical. The magﬁitude of”
the meta effect is greatly underestimated‘by this méthod,
howevér, iF is encouraginé't%at the effect is in the right
direction. , .

Semi-empirical methods may‘be more useful singe in

¢ 3
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free
\M‘(valence
index
i 1.08" \
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Figure 34. Free valence indéx at the benzylic position /\/—
versus the o-H hfc. ,
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these calculations all of the valence electrons on each
nucleus are considered. The intetmediate neglect of
differential overlap (INDO) method 1is an SCF procedugg but,

- it avoids the evaluation of many of the difficult two-

' electron integrals. Instead, some experimental results are
used to normalize (or parameterize) the calculated
observable properties. Thls¢mgthod is useful for
interpreting correlations in experimental data (74a{.

The calculated hfc's for several meta and para &
substituted benzyl radicals are shown in‘Table 19. The ,
raéio oé the experimental hfc to the calculated hfc is
approximately constant for most of thé radlca}s. It is
clear, however, that the spin distribution in th; beﬁzyl

, . . )
s. radical is not adequately reproduced for quantitative

* -

‘evaluation of the effects. As in the HMO calculations, the

generai Ffends are reproduced. Again, Eﬁxe meta effect is A
$ n

underestimated ahdrihe decreased delocakization in the 4-

fluorobenzyl radical is not predicted. With ,this semi- .
empiri'cal methd it is not necessary to*have a p'[orbital ony
the substituenf in order to increase delocalization. The
para alkyl substituents, however, all have the same -H

t* hfc. It may still be possible, however, to assess the

]
.importance of hyperconjugation (131) in these radicals fiom,

{

Other semi-empirical calculations on substituted benzyl

. the INDO calculations (vide infra).

radicals,have been reported (132). The results of all of
¢
the semi-empircal methods, in general, do not agree with

~y <
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v o . \ Table 19. CaIcula’ted (INDO) hyperfine cc;ﬁpl' g constants
for some substituted benzyl radic®¥s?..
. / Substituent ay . asp agz ay \\ ag ag v
”T‘r&/,:::':;‘ - i “ = [‘ -
L EL 4-CN -16.73 .-6.52  3.98  1.22 .98 ° -6.52
- (0.932) (0.767) (0.447) (0.786) (D.s7) (0.767)
" . . . . .
4-Me -16.86 -6.43 . 3.67 7.18 .67 -6.43
(0.949) (0.790) (0.436) (0.905) (0\.436) (0.790) ¢ _
4-Et -16.86 —6.38 3.66 ,‘b a 3\g§ ¥46.38 D
+ (0.952) . (0.783) (0.505) . (ol\ 05) (0.783) |
4-i=Pr  ~16.86 ~6,39 3,70 * b 3.\7‘0 -6:39 ,” N
) * %0.954) (0.798) (0.486) (0.486) (0.798)
) 4-t-Bu' , -16.86, -6.38  3.72 b 3.§\2' ~6.38 ~
. - L0-956)  (0.799) (0.470)° (0.470) (0.799)
- . . % \ . i e .8
4-F -16.92 -6.51 3.63 13,43 % 3.6} -6.51 -
“~_ (0.970) (0.814) 10.482) (1.07}4)‘ (0.482) (0.814) ' *
! ‘w * e b ' ] N
' >( 3-Me . =-17.00 =-6.55 ~3.74 -5.75 3.64, -6.51"
L J , (0.954) (0.786) ('0,_.9(.)4‘) ~(1.070) (0.481) (O_.?EB)
+ SN \ £ i
. H ~17.01  -6.43  3.61 » +5.63 _ 3.6]l1 -6.43 .
. ) . (0.955) (0.793) (0.471) (1.089) (0*2'47}*) (0.793)
. ¢ v ’ » ! .
3"F —170_03 * '16.45 .7'7'070 "5.56* . 3-69 l;a-ﬁnsl’
, .. (0.962) (9.767) (0.613) (1.113) (0.488) (0.791)
., 3-CN -17.05 -6.84 +-1,72 —5.94’;*}‘r 3.78 =-6.65 '
(0.978F - (0.767) . (9.4]:7) (1.040) (0,476). (9‘744)
o _ . " : | S RN
\ ’( dThe ratio ‘of the experimental hfc to the calculated hfc is K6 -.
i . in parentheses.’ . . ' -, -
'v,' . - : ¢
¢ ,bThese hfc'c depends.on, the pteferred conformation of the
o ,qw-H bond wit¥ regspect to the aryl ring. Co —
!" . -, - ” ! S o 4 , .V" L
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experimental results. The relative changes upon

. substitutjon show a general trend, but, these methods will

be of limited value for the development of a microscopic

theory to describe all of the observed effects. The fact

that HMO theory gives the same qualitative resnlts as INDG

MO theory suggest that (as expected) the T ~-effects are the

.
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%*‘morevthan flfty years, to the.orlginal proposal’ of

. contrlbutlons ef sterlc an sfélectgonic (both inductive and

dominant interactions which determine the extent of
delocalization of the unpaired electron. The interactions
between‘the 0 - and the ™- systems are too complicated
for most lejels of moleculat orbital theory, and detegpining

the equilibrium geometries, even at the INDO MO level, would

. not be feasible ®n most compﬁting systems. However, these

factors must play an important role in determining the spin
’

. distributions in the benzyl radicals.

' e

'3.3.3 Hyperconjugative Effects

* . The variation in‘carbocation stability as a function of

the degree of branching of an adjacent alkyl group has

received much attene;ﬁh (133) ~over a period extending back

»

hyperconjugatlon 1nvolv1ng an adJaCent C-H bond (134). .

Unamblguous ev1dence for hypercdnjugatlon has been.difficult

to obtaln. The problem is assessing the relatlve ’
by 3

. hyPerconjugatlve) factors from relatlve rate data (135). 1In

addltlon, the adjacent C-C bond'can part1c1pate in

’ [ 4

-hyparconJugatlveuinteract19ns. Brown and his coworkers
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Nevertheless, there is a need to define ang understand. the

L]
L3

addressed this problem in their study of the rat’es of
solvolysis of alkyl substituted cumylchlor&deé {}36). In
this work the relative contribution of infuctive donation by
the alkyl group was esﬁimated from the rate of golvolyéks of
the meta subsf&tﬁted compounds. “On this basis it-was found
that hyperconjugation to each C-C bond -is approximately 80
peféen; of the effect to C-H boqu. N

Although there is good evidence that hyperconjugative

" effects contrfibute to the delocalization of free radicals

(137), essentially nothipg is known about the effect of

variation of alkyl branching on the ﬁype;conjugative
interactions in these' species. .This void of fundamental
knowledge may be a result of the justifiable realization
that the effect‘of ‘adjacent alkyl branchlng on the rate of
most radical reactions will be small; too small perhaps to
be accura%ely measured by kinetic methods and, probably
complicated by steric or transtion state polar effects. For
example, in the 2-aryl-3,3-dimethylmethylenecyclopropane
rearrangements (fog which the polar effect will be small)

the rates of reaction of the 4-methyl and the i-text—butyl ,

X

derivatives are within 5 percent of each other (113b).

. T
effect of branching on the delocalization of an unpaired

electron.

LS
)

The study of the alkyl substituted benzyl radicals

[

offers an opportunity to evaluat% this; effect in a system
. . + N
free from steric and polar effects. All of thse radicals

.
o 167 ” ‘
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have «o-H hfc's le;s than tha; of the unsubstituted benz§l
radical. This is indicative W the abilit{; of a para-alkyl ‘
group to delocalize spin density from the aryl.ring. The, 4~
methyl substituent, which has the greatest effect of the
alkyl substithents, decreases the a-H hfc'to an extgnt
almost as large as that of a 4—$ethoxy'sgbstituent Table
17). o . ‘

Of course, this délocalization includes both inductive .
and hyperconjugative effects. The inductive effect can be J
estimated from the «-H hfc of thé 3-methylbenzyl rad&cal.
In this case the effect is small, but inductive donation by »
a methyl group appears to increase delocalization. h}though
the esr spectrum of the 3-fert-butylbenzyl radicil has not |
been measured, the effeét\of the mgta—metpjl substifuent is .
so small that the o«-E hfc for the 3~£gxt-ﬁuty1benzyl : 5
radical is expected to be close (within experimental erfor)“*-
to that value for the 3-methylbenzyl radical. Since ﬂ~
inductive effects are very similar in the meta :;d paxa' ‘
positions (138), an inductfve delocaiization amountdng to,

0.03 G is estimated for all of the alkyl substituted benzyl

tu
radicals. Therefore, the extra delocalization by methyl,

i

which is attributed to hyperconjugation, amounts to 0.22 G ' o~
and, for the xgxt butyl group 0.10 G (hoth with an errbr e
limit af 0. 04 G). Thls means that hyperconjugatlon to a C-C ‘ f )
b;nd.ln a radical 1s‘approx1mately 55 pe;cént of " 'J “’: ) !
hyperconjugaglon to a C-H bond.. y - ‘ ,-,‘ “\‘

* A

While the varlatlon between the 1ndiv1dua1‘members of ' . BT
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the series (Table 17)'is not large, the overall difference
_between the 4-methylbenzyl and the 4—:g;h—bdtylbénzyl
radical is significantly greater than the experimental - " -
error. When the spectra are éﬁreqtly cempared, the order of
increasing w-H hfc is -Me < ~Et < =-i-Pr < —t;Bu.a However,
since the differences are so small, the error in the .
estinate of the contributi;n of the C—b and the C-H bonds to
hyperconjugation is,quite large (+20 percent).

The extent of hyperconjugation involving the C-H bond
is indicated by additional coupling to tne substituent.

While the barrier to rotation of the alkyl grouﬁé is

undoub%edly low, there will be preferred conformations which >

A "~ P
\ minimize the,stg(}c repulsions between the [3-methyl groups

A

‘and the meta hydrogens on the aryl ring (139). Maximum - CT

£

"~hyperconjugation requires the C-H bond to be parallel to the-

I

aryl carben 2p orbital. The conformational dependence on

hyperconjugation of the C-H bond with respect to the plane
of the aryl ring follows a 51n29relatlonsh1p (140," Equation
40) wheze 0 is the dihedral angle between the C-H bond and

\ ]

the, plane of the ring.

-,

x LN

B-hfc = B, + Bysin?(§) [40] ¢

Y + a.
X

2

‘d“ ' h" v . *
Fer the INDO calc&lations( the values of B, and B; are

> ] . *
constant for all of the alkyl substituents, w1th values of
O n‘ ’ 1 '

0 5+9 1 and 13 540. 2 respectively. It has been found that
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for an ethylaryl system, the low energy coﬁférmpr paéjéhe"

methyl group perpendicular tb the.plane of the ring ( 0 =30

degrees) and the high energy conformer has the methyl in the

plane of the ring ( 9<— 60 degrees). Conversely, for an
1sopropy1ary1 system, the low energy and high’ energy
conformers occur at 0 =0 degrees and "6 =90 degrees
respectively (139). Since the barriers to rotation are low
(g 2 kcal mol"l), the alkyl groups do notvadopt exclusively
one conformation; how;ver, the Boltzmann distribution of

¥

conformers is affected.
r - r}

The rotational barriers of alkyl groups in free

radicals can be calculaied from the measured o-H hfc and

the sin%?reiationship (139). yor the nitroethane and’ the 2-

v

nitropropane radical anions, rotational bdrriers of

. approximately 1.4 kcal mol'l have ¢een determiﬁed in this

the benzyl radlcal series shows unlltatlvely similar |, ¢

&

‘results.y

. ¥ A
» »

LIt ﬁs‘possible to asse®ss the relative importance of C-C

L3

and C~H hyperconijugation 'ih the benzylﬂredicals'from the -
INDO calculations since this effect is due to interactions
with the Wrsystem. The calculated spin den51t1es on the
carbon atoms of the/text*butyl grogﬁnof 4<Lg;t—bﬁtylbenzyl'
raglcal and on the hydrogens of j:he:;;aet}{yl graoup of the 4~

methylbenzyl radical aréwshown in Table 20.. The ~® ¢ .

.

.contribdtion from the sp1n polanﬁzatlon mechanism for

6\ b

transm1551on of spin (137 74a) .is estimated from the spln

:

¥ 4 .

"
4 ¢ M
f

‘way (141). The hfc assoclated with the alkyl substltuent in

(3

4
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density on the atom at 0 =0 sine; th;re is no contgibutioy !
from hyperconjugation in this conformation. Subtractien of
this value fiom the calculated §pin density at each B+~atom

: will give an indication of thé degree of hyéercgnjugative

. i;teraction of the alkyl group. It is found that for the 4- i

methybenzyl‘radical the contribution of hyperconj&gation is

. about 96 percent of the total spln,delocalizétion while for

the 4-tert-butylbenzyl radicaf,the contribution of )
hyperconjugation is 93 percent. These results can ée ' .
compared to those %or‘fhe ethyl radical (INDO) wﬂere it is

k-3

v - N - - ’
found that 93 percent of spin delocalization is

[
Table 20. Hyperconjugative interactions of C-H and C-C
! - rL . bonds. LT .o ﬁ
: . ‘Spin ﬁensity on the (3-Atom
3 o M *
(degrees) : . HR cb ratio®
b 0.0 * . 0.0011 0.0011 -
7 . ., 30.0 ) 0.0072 1 0.0052 < 0.67 o
. 60.0 o 0.0193 0.0127 .° 0.64
. : ‘ ¢ N “
. ‘ . . 90.0 0.0255 0.0163 0.62,
» # , "
aHydrogens Of the mﬁthyl group-ln 4-methy1benzyl radlcal.
Tt bCarbons of the :g;t—but group in 4 Lgxt—butylbenzyl ' *3
1 \ . radical. -ﬂ* X \
' o . CCaldulated. by subtractlng themsp;n density“from,the spin
. .- : poelarization mechanism ( f: =0) from the spin density on the 4 .
T atom. The ratio,.of the difference is an estimate. of the . o,
‘ " relative con rlb@tgoh of hypercoﬁjugataon. Ce o~
5! .3; K] " : ’ ' . %
¢ o . PR . : . s .\"
S S ' ot S L ‘
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hyperconjugative (74a). The results in Table 20 also show . ¥

that C~C hyperconijugation is about 65 percent of C~H
hypercorijugation. This result compares favourably with the

results determined experimentally from the esr spectra.

« -
-

3.3.4 The Effect of Sulphur Substituents ' :
Ig'geneﬁgl, it is found that the order ofmm
@elocalization of‘gpin densit§ by the sulphur containing
substituehts is: =-SR > ~S(OIR > -S(0R (142,143).  The
- effect of R depends on theloxidatién state of the sulphur.
: In the case of the sulphide, the 4-methylthio
. "

%ubstituent delocalizes spin more effectively than the 4-
tolylthio group (144). This order is reversed for the . “
correspondlng sulphinyl and sulphonyl groups. Furthermore,

the dlffe;enag in oo-H hfc for the 4-methylthio- and the 4—

tolylthiobenzyl, the 4-methylsulphinyl- and 4- ' .
tolylsulphinylbenzyl and the 4—methylsulphony1-— and 4= . .

tolylsulphonylbehzyl radicals increases .as the oxidation

state 1ncreases (these differences. are -0.07 G, 0:12 G and !
0.22 6 respectlvely, Table 13}; Any explanatlon of the
interaction of the sulphur containing substdituents with "the

benzyl xadlcag must natlonalize both the dlrectlon and " "

-
{ . 3

magnitude of thesé trends\\“//’\~ - v a '

. It jis useful to rév1ew bffzfly the effects of sulphur -« ‘ Jd
« N \ ’ o '
containing substltuents in 1on1c reactlons. ‘The‘Hammett o '*r’

w’ ° - »

‘galues for some sulﬁhur coptalnlng substltuents (145 l42a) o e 2

are“ﬁhown in Table 21. The electron~w1thdraw1ng ablllty of o T
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_Table .21, Hammett O. constants for several sulphur ,
' containing substituents.

Substl*euent o Referex;xc,:e
4-SMe ’ : -0 .504"7 . 145a

' 4-SPh T, 0.075 ‘ 145a ~ |
4-s(0)Me - o oias 1456 '
‘4-s©rh 0T 1452 '
4=5(0)Me . 0.72 1 1454 ‘
4-5(05) Ph (RN 0.70 145a

-~ oy b - - - 5. * »

. 4
» ¥ i

the substltuent J.ncreases as the oxldatlon sta!e ;,ncreases.

Sulphide may act as an electron—donatlng group (146)

' *

an electron-withdrawing group (I47) depending on the
elec‘trgn'demandﬁgf the,aryl or alkyl group to which it is

" bound. .The eleci:ron-—don'atiqg ability of ’theu4~me'thyItJhio

substiﬂtuent, is indicated by the 0+ value (146) (0* = -0.60).

- 2

or

. The ability of sulphide to act as both an acceptor or a . -

#

¥
donor has been explained by molecular orbital -theory (148).

Bernardi, Wplfe and thelr cox{ork‘elrs have suggested that,

-

v relat;ve to o»yﬁgn, sulphur forms a stronger p-Tr-bond' to
e

. ,&adjacen't cationie cesﬂ:re (1486).* “The' ablllty of sulphur
&»

stablllze an adjacent carbanlon ‘ha's béen rat;onalhzed in

LI

LI 4

f gg%ups.' The 'de'gree.to wl‘}c'h 3d orbitals are mVolvea i
\ L

‘. 3 173 i A, A . . "
- N . R : .

an

to

C ', Sulphinyl and sulphonyl groups are electréh-wztthdraw ng
the,

£

L

s

terms,o,f Polarlzablllty (lfc) and hyperconjugatlon (148a). |,

o
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stabilization of adjacent carbanions has been a subject of

o

confgg;érsyw(l42c); however, there 1s convincing evidence
3

a -

. that 3d-orbitals can intéract in the sulphone. Ramasamy and

coworkers (149) found, from a study of angular correlation

4

of bositron‘annihilation radiétion; that a well-marked
increase fn the region of d-orbital radial momentum is
observed for arylalkyl sulphone;. Suchlgn increase was not

found for sulphides. Work by Wolfe and coworkers {150) also

has suggested that the role of d-orbitals in c«-sulphinyl

ﬁreviously'believed.

The trends observed from the esr parameters of the

substituted benzyl radicals are similar to those observed
; .
for the analogous methyl radicals (Tables 17 and 22).

¥
P4

. . \ - / o
o Ct ’ . i - ) T
. ® ~ » - ) & ) -
.Table 22. Hyperfine couplinyg constants for some- Substitited
methyl radicals/(XCHy*)2. . N
“ X a-HhEc (G) - . 7Y-H hfc (@)
L . ' . . ) 3’
‘ ; e Y S
) -SMe 16.5 : 3.6 4
, . , @ A (A’ \ N
. ' =S(0)Me  20.0 - ,
] - ¢ " v . £l - N
-S(0y)Me ° 22.3 % e2.1 ‘
. . -H: 220§ n"" l
AReference’ 143. ‘;\‘ ., . Qﬂ S K )
» - ' * . w‘“ » &
[ ] . f “‘ . , . N
‘ >, ' Yo !
N . - . n“ N ]
’ 4 “ i : L4 w ‘, Ll ‘ L
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and (-sulphonyl carbanions may be more important than Py
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The delocalization of a free radical by an adjacent

sulphide group ‘has been studied by esr spectroscopy

(143,151) and molecular’oibital theory (122). The observed -

rotational,ba}riers for XCH, radicals (where X=0Me,SMe)
suggest that the T-bond formed for X=SMe is stronger than
that for X=OMe. Thié;%;jult has been rationalized by

Bernardi, Epiotis, Wolfle and their coworkers (122) who

"suggest that the'twé orbital three electron intéraction

(Flgure 35b) is more 1mportant than the 3d orbital effects.

- Thls greater. stablllzatlon by sulphur is thought to be a-

consequence of the lower lone pair ionization potential

“ (Table 18) and, hence, the greater polprizability, of the

e

13

.

sulphur. relative to oxygen.

Figure 35. . Th dalocallzatlon of a radical by an adjacent
. sulphur substituent; (a) localized spin in aryl
ring, (b) sulphur as a [-spin donor and, (c)
" sulphur as an a-gpin acceptor.
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' The 4-tolylthiobenzyl radical has a larger «-H hfc
‘than that value for the 4-methy1th%obenzy1 radical. Hudson
and coworkers (I51a), on the other hand, fgund that ih the

" analogous.methyl radicals the a-H hfc for the
phenylthloyethyl radical ‘'was smaller than that for the
methylthiomeﬁhyl radical. 'In the case of the benzyl’

Aradicalé thé observed effect may be due to cross-conjugation

in the 4-tolylthio derivative. If it is assumed that

delocallzatlzn by sulphlde groups are a result of sulphur
actlng as a B-spln donor (Flgure 35b), then, cross-
conjugaf{on by an aryl ring would in effect reduce the
electron density availaéle to st;bilize the radic?l centre
. . (i.e. increase tﬁg ionization poteﬁtial). JFurther support
~for'this reagbning may be found. The a-H hfc is Jarger
in the 4~th1&lacetylbenzy} raﬁicél than that in the 4-

tolylthiobenzyl radical. This is consistent with the above

-,

explanation. The lone pair on sulphur will be conjugated
r l -

more effectively:;d acetyl than to tolyl. Clearly, if the
?\‘ sulphide group participated predoﬁinantly as an,<w-spin
o accep;or,(Figure 35c)'(i.e. if conjugation through the
sulphur wer; possible) the effect would be in the opposite’
direction (152). éimilarly, it is found\that the oa-H hfc
ﬁor 4-methoxybenzyl radical is the same as that for 4- )
phenof&benzyl radical. On the other hand, the 4-*

. acetoxybenzyl radical actually 1s less delocalizing relative

N to d£e unsubsﬂltuted radical. ThlS, again, may be .

rationalized in tgfms of cross~conjugation. The decrease in
[ , ) ’

"




.

%

the éontribution of the two-electron two-orbital interaction
allows the effect of inductive withdrawl to be observed
(vide supra). The inability of 4-phenoxy to effectively
paftic1pate ip cross—conjugation is consistent with the
small effect féund for the sulphide as well as the decreased

-

polarizability of the oxygen.
) L . Q

Delocalization by ~S(Q)R ' C 4
‘It is'evideht from the «-H hfc's that the 4-

.methylsulphinyl group is kess delocalizing than the 4- s

'
methylthio group (Table 17). This trend was.also observed

in the methyl radical series (143) (Table 22). The P
sulphinyl group is still able to participate in tﬁe two-

orbital® three- ;iectron delocalization (Figure 35b) since ig

has one»lone pair of electrons. The delp&alizing effect is

less than it is for the corresponding sulphide since the

electronegative ligand will contract the orbital containing

the lone pair (149). There is some spectroscopic evidence .

that the methylsulphinyl group can-be a net resonance

donor; however, 1f the methylsulphinyl group .is para to a

-strong donating group, it can become a resonance acceptor

(153).

In the delocalizatiofiuf a benzyl radical by a =+ e’
. sulphinyl group, does Ahe sulphinyl group act as a net dgnor

r

or a net acceptor? The the hyperfine coupling constant
assigned to the substituent methyl group is much less for ‘

the 4-methylsu1ph1ny1benzy1 radical than those values for

' - 177
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‘eithef the 4-methylthiobenzyl radical of the 4-

o ..

methylsulphonylbenzyl rédical. It has'been suggested that
the coupling to the methyl groidp in'the methylthiomethyl
14 ¢

raéical is a result of hyperconjugative interactions with

L 4

L g y
in positive spin density while spin polarization leads: to

negative spin density in the ?ethyl group. In the case of §

the methylsulphinylmethyl radical, the smaller Yalue ﬁ%r'a;

reflects contrlbutionS'ffom both of these mecha;isms. Fhis

trend is also observed in tpe analogous benzyl radicals so

a similar explanation may be offered. However, since only

the magnitude,of the hyperfine couplihg constant 1s known

and not the sign, it 1s still impossiblé determine from :

this evidence if the Zulphinyl group is a net (-spin donor ;

or a net (-spin acceptdr. ' . ‘ :
ReplacemenF of the substgtuent methy14gf?up with tolyéx .

leads to a decrease in the. «a-H hfc. It is tempting to -

conclude from this evidence that the'sulphlnyl group is a :

net w-sgin acceptor since the cross—conﬁugative effect

found in the sulphide derivative is not observed. However,

the delecalization offered by the sulphur accepting spin :

density is far less than that gbqerved in.the 4-

metﬁylsulphinylbepzyl radical (vide infra). Replacement of

the metﬁy} group by to;yl can Have two Qgposing affeGEsn

The first, which causes a‘'decrease iﬁ delocalization of spin

. ) * . N \"
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" than those in the 4~methylsulbﬁiny1benzyl radical very

. R
den51tyf 1s cross- conjugatlon which has already bemf
discussed. The second effect, which léads to an ‘increase in
dé ocalizatﬂbn of spin dehsfty may be ‘a result of further

. . e
stabhilization of the MO which is accepting the spin. It is

possible that the 34 orbitals on sulphur,ghhich contract irf

the'éresence'of the highly electronegative oxygen,

i

contribute. Since Jrossfconjugation will be less effectiVe

.

than in the sulphlde (the lone‘palr is also contracted) it

[l

1s nhot surprising that the stabilization of the MO which is

acfeptlng spin is comparatively more 1mportant. Hence, the

1

sulphinyl group is a net spin donor.

Y

LI

Delocalization by -5(Q,R ,
“éince tﬁe sglphur in the 4-methylsulphonylbenzyl.

“~ -

radi¢al has no lone pairs,,delocalization'of a free radical
) “u
is only possible w1th/sulphpr as an- -spin acceptor. Even

though the -3d orbitals are contracdted to a greaper'egtent

llttle delocallzatlon results (the o-H hfc is only 16.17

Q). Under the moAt favourable conditions for 3d orbital

- 3

, interaction, extra defgcaleatlon, compared to the

unsubstltuted radical, only amounts tq an\gffect og‘0.0Q G

’(comparéd to 1.02 G for the corresponding sulphide where

-

L 4
lone pair interactiops dominate). The conclusion that the
4-methylsulphinyl group is a net [-spin donor,, therefore,
seems reasonable. The extra delocalization gained when the
methyl group is replaced by tolyl (or phenyl) is almost

% o
W - “ ¢ u

L] *
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. . twice as lai:ge as that found in the sulphinyl derivative.

PR e I3 “
".This serves to.reinforce the idea‘that the tolyl group

interacts to further stabilize the MO which 1s accepting the

spin density since the "interaction with the more highly

2 ‘

o * " contracted 3d orbitals’'should be more effective. . ;
L » \ ohq - ’ * ’ ° » P ‘;‘a
. i i v . ’ "
Y mwmnm_mmmmmzm . - O,
2 Wh11e it 1s found that the 4—methylsu1ph1nate group is T
¢ \. '
less delocallzlng than the 4-methylsu1ph1ny1 group & the
I correspofiding 4-methylsuLphonate group is more delocalizing .

. i (Y e
than the 4-methylsulphonyl group. "Adain, these trends may |
be ratlonali'zed ﬁsing the siﬁxple concepts outlined above”.

The 4—methylsu1ph1nate group will be more, deloca.lizmg than

the isomeric 4—methylsulphonyl group since the former has a t@ .

“

lone pair of electrons on the sulphur. Since the 4~ Ca

]

’ methylsul’phlnyl group is a net [B-spin donor, the, .
»
_replacement of methyl with methoxy will further contract the

v \hlone pair. This less polarizable lone pair leads to the .*
. . } "
. effect observed. ..

-

' v The 4-methylsu1phonate group is somewhat different.:
! S'lnce the sulphur has na lone pairs, the effect\}’the thlrd

s oxygep is.to further con,tract the 34 orblta}s. Rather than

]
.+ becoming a less effective R-<spin donor (as in the 4-
methylsulphinate group), the 4-methylsulphonate group

Yo ' a p r
becomes a more effective «-spin acceptor. PO
. ' s s v
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. *  no evidence for restricted internal rotation in the 4-

It 1smore difficult to interpret t-h%’a effects of the

sdbstltuents on the observed esr parameters for the methyl

.. , 0 N o
radicals since the substituents may induce changes in

-

conformation at the rad?cal centre. 1In adéition, the

-
> . v

possibility of throudgh space interac%ipns cannot be . - i[

precluded. One, of the advaﬁta@es of studyfng the esr ¥

parameters of the benzyl radicals is that.the substituent,. '\

@

undoubtedly, w1i]’have a negligible effect on the !

conformation of the benzylic carbon. Thereforé, the a-H,

. hfc's of the benzyl radicals should not correlate w@?h the

. R L 2 .
o-H hfc's of the methyl radicals. However, there 1s a.trend

,at least} for the four substituents in T@bie 22.” 'Phere are.

A ]

. - - 5

, .
also obvious difﬁérences. ) ¢

2

The,strong carbon-sulphur W—ngd in-the

‘methylthiomethyl radical leads to reséglcted internal

4 L

f « " 4
rotation at, temperatures as high as -20 ¢ {151a). There 1s -

el

methylthiobenzyl radigal at -30 C (the two'ggta hydrogens

still appeat to be equlwglent). . o

R | ¢ -

[) ¥ . 4 . - . - " [y
- e y/ .
3.4 CONCLUSIONS . ) .

1

’ 3

Substituentssin the para position of a benzylic radical

will generally increase delocalization of the unpaired
electron densxty«relatlvé to the unsubstituted radical. The
f1

two:important interactions of substituents with the radical

o Ll

are two-orbital, three~electron interactions (for
L}

substituents witH a non-bonding lone paif of electrons) and

. -
l . .
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. ?

three-orbital, three-electron interactions (for substituents-

. . ' . ) m
+ which are unsaturated). The three-orbital, .three-electron
r &

P S ’ ‘\:

interactions -are normally more effe€tive than the two-

A E + . .

. ogpitai, three-electron intéractions since the former 1e5g

- 1 » "1

to a nét two-electron stabilizgtion'wﬁi;e the latter leads .
. : Y
to only 'a net ohe-electron stabilization.

The ﬁg;a_substitutéd benzylic radicals will generally .
decrease the delocalization of unpaired electron dersity.

e L 4 ‘ . Ts .
This effect is interpreted as an inductive effect, primarily .
H N - B ’

.'on the O -framework and 1s related to'an intrinsic-

. I

.

. . .

electrophilicity of the benzyl radical system. 'The decrease -
' ) ‘ T A

in spin delocalizatioh relative to the.unsubstituted radical -

by induétlwe‘withdrawl of .electrons 1s observed with para,

1 p - . i .
. substituents which do not'intgract effectively with the 7-

v A @
»

“systeﬁ. P . ,
.
Theralkyl éubqtzéuents can incréqsé delocalization by |

hyperconjugat{ve interactions. The @-H hfc's for these

substituent indicate that hypefponjdgatlon,to a‘G-C bond.of

the alkyl group 1s approximately 55 percenﬁ as effectfve as

-~

hyperconjugation to a C-H bonH.‘ZINDO calculations agree

¥ 4 . » A

"with this result.

The delocalizing effects of sulphur containing

o

substituents on berzyl radicals are easily rationalized. A
4 '

group such as 4~8R is a net p—spin donor. If R is an
electronegative group or a conjugating group then .

"delocalization of spin density relative to 4-SMe is

v i

decrgased’as a result of aecreaspd polarizability of the

v
. R *
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lqn; paiis o;‘éioi;—conjugatioh. " ° o .

A gro%p such as 4-S(O)R pay Se.} ’E—spiﬁ donor and§an .

, ¥ -spin accepfog? When R is an'elegy;pnggative,éroup : ‘

" §-5(0) Me ‘ .

decreases as a resulf of the decreaseﬁ poiarizabiliégkof ;ﬁe' )
»

'lone pair. On the other haﬁd,’when R is-a conjuéafing group ’

’ L W .
delocalization of spin density?relative to

. delocalization relative to 4-5(0)Me i;lc'rgases as a result ‘of
‘? v ’ a { ¢
‘énhanced stabilization of the MO accepting the spin density.

. A group such.as 4-S(09)R 1s a net abépln aqggptorl
A v 4 * *

.

If'R 15 an electronegative group or a-conjugating gro%p thenl Y
- - % 4

Tt

v ~

. %Jelocalization of spiq~dqn51ty relati%e to 4-8(62)Me g

.increases as a result of 3d orbithl contraction & enhanced ~ -
N’ 8

)

v

stabilization of the accepting MO. ,
. The interpretation of the substituent. effects on sﬁ%n
. delocglization by MO theory met with only limited succé%s.

T , . [} Y ) .
qglle the general trends are reproduced, moJe quantitative. *

o

agreement is not obtained., One problem with this approach

1s that model geometries must be used since it is not .o ov
. L]

feasible to optimize each structure. Furthermore, the ’ .
* A I3

;  effects of electron correlation on the spin distributiop in

r'd
N .

these systems is another important'factor which is nph

4 ~ P . . - ,
considered in these calculations. " ..
» » hY 1 . p
" i N “
v 4 ’ Y \ ‘
1 + N
“ L)
v L}
. - ‘ . « il “ '
[ . - ° o 4 “u 4
& ’ ¢
LY d A4 ’ 5
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3.5  FXPERIMENTAL ' ’ .

Y e
® *
-

t

3.5.1 General Informatiod ™ : '

. . .
v
, ' ~ . A ]
hd v " k2
.

P

R 4 . .
H/-* Es sr spectra were recorded on a Varian Assoc1ates E109B

b

?+electron paramagnetlc resonance spectrometer equ1pped with a

&

»

liqyid-°nitrogen varlable temperature accessory.. All spectra

L
were recorded Wlth the ald of the Nlcelet 1170 51

w0
‘ ? o, v

P A
averager. Typlcaliy lﬁ)epectrq were.averaged (2 m¥

al’

spectrumd).. Coupling cohstants were measured directly YTrom
| !
the oscrllbscope and refined by com?htet simulation (120) ‘e

us1ng the 1BM-PC. All. spectra were reprodu01b1e thhln the .

L]

‘experimental error. The*estlmatedwuncertalnty of 0.03 G is

-

the. 11m1t of resolutlon of the recording dev1ce Jused to plot

t?e exper1menta1 spectra and the 51mulat10ns 1Hmr spectra

@re recorded on a Varian T=60 spectrometer and are reported

g°
N -

in parts per million'doﬁnfield from TMS. Infra red spectra
\ Ry

" v

were Eecorded on a Pye Unicam SP1000 infra red specfrometer

\ o . o s .
" and aré reported in wavenumbers. Melting points were-

' Y
recorded on a Sybron Corporation Thermodyne ‘hotstage

,{uncorrected) . . :

;
N . 3 * - R na
. 1’ ~J »
* . -
. . v 7 -
o~ ’ 1] [
3.5.2 “Materials ' N\
.

Di-tert-butyl peroxide (DTBP) and‘triethylsilane were

qbtained- from Pfaltz and Bauer Inc. and were used withﬁut
€ ’ .

further purificatien. Hexamethylditin™wgs obtained from

Alpha Products and used without further purificatioﬁ. 4~
2 R . . . \

4
¥ . -~ :

® . ‘\‘

-
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Methoxyacetophenone (PMA), was obtained from Aldrich Chemical

“«

Company inclfaqd was récm?stallized twice from 95% ethanql' "

:

‘ p{}or to use. Chlorobenzene (J. T. Baker Chemicals Inc.) -

was stirred over concentrated sulphuric acid, washed ..
wor . N v

'

- ,
successively with water,aéaturated sodium bicarbonate and .

water, dried over anhydrous magnesium sulphate and @istilled"
) T
*hroudh a Vigreux column. -~

4

? 3
3.5.3 Prepartion of Bena§h Bromides

- , . Lt ’ [} M .
. The method of Ggicevﬁﬁd Owen (155) was used for the

e

)

conversion of substituted benzyl alcohols to phe bromides.
&
Typically, the benzyl alcohol (0.02 mol) was dissolved in

benzehe (100 mf). Hydrogén bromide gas was passed through

the solution,for 1 hour or until the solytion was saturated.
The réactants&here heated to reflux and the water which °
formed was removed via a Deanﬁgpark trap. The solution was-

then dried over anhydrous magnesium sulphate, filtered and

the solvent removed at reduced pressure. The bromide was .

T *

then purified gy sublimation.

s
v
3
LI

'

v s
14 e I N

-y 4—Ethypenzjf alcohol (2.0g, 0.015 mole,. Aldrich) was

saturated with anhydrous hydrdgen bromide (1 hour) and the &“
S 3 - ; /
resulting solution was refluxed far 1 hourwith B Dean-Stark

» ¢ *

3

ond »
dissokved in benzene (190 mL). The soIﬁtion,was'then

" a * -
trap. The solution was dried over anhydrous magnesium .

L4
4,

sulphate, filtered and the,solvent was reémoVed pﬁder reduced .

L

185 * A
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4

.

. pPressure. The product was purlfled by vacuum dl=t111at10n
(88 Cat 1 torr) to’ give 2 g (70 percent) of the bromlde
(156). lnmr (CDC13): 7 18 (m, 4H), 3.80 (s, 28), 2.65 (d,

2|, 1.23 (¢, 38). ; a _ .

The 4-(2- Prbpyl)benzyl alcohol (3. Og, 0.020 mole,

Aldrlch) was dlssolved in berntzene (100 mL). The solutldh

was then saturated with’%nhydrous~hyé€§gen'promide (1 Hour)

and refluxed‘for 1 keur with a Dean-Stark ‘trap. The

“ a - 1
solution was dried over anhydrous magnesium sulphate,
v 4 e
filtered, and the solvent was removed under reduced

0
.
- '

.nressure. The product was purlfled by vacuum dlstlllatlon
}{52 C at 0.02 torr) to give 3.1 g (73 percent) of the
bromide (157). lumr (cbCly): 7.17 (m, 4H),- 4.38 (s, 2m, "

2.87 ,(m, 1H), 1.22 (4, 6H). . . s

e°

.
o

¥,

! J

— . -

r3 L 4
. 0 ’
The ‘benzyl &lcohol (3.0 g, 0.02 mel, Aldfich) was

dissolved in benzene (100 mI). This églut}on was then

o »

saturate& with anhydrous hydrogen bromide (1 hour) and the

resultlng solutlon .refluxed for 1 hour with 4 Dean-Stark /;J

i ®

'trap. The 50lution was then dried over anhydrous magnesium

. Foao
sulphate, filtered and éhe solvent, was removed at reduced

pressure.\ The brofiide was purifﬁeﬂuby vacuum sublimationy

» (40 C, 0.1'Torr) to give qgléurless«crystals. The yie}g wasg o

2.8.g, 658 (mp 43-44 C, 11t. 44 ©) «(155). lHmr (CDE13);

. o
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7.21 (s,4H) ¥ 4.43 (s,20), 2.45(s,3H)."

] - ’ " -

te . .0 0 .
. 4v(Methylthio)bénzylalcoﬁol (é‘O'g, 0.02 mol) was

s

dlssolved 1n dlch;oromethane (100 mL). To thls solutlon, at™

a El

0 C, 3~c¥ﬂoroperbenzo1o acid (8.0 gy 0.045 mol) 1n B

t

]

_dichloromethane (50 mL) was added ‘arqpwise -over 30 minutes. ,

a @

o

The mlxture was stlrred for 18 hours, filtered, "washed

sucqessively ﬁith 5% %odium hydroxide and water then dried
y A ) . .

over anhydrous maQnesxum'sulphate. Evapouration of the

-
Y

solvent at re&uced pressure gdave 2.4 g of t e benzyl - alcohol
C(67%). T o T «

The benzyl alcohdl '(2.4:g, 0.013 mol) was dissol%edQ%h‘
benzene~(100 mL) and the solution” was saturated with. . .

anhydrous hydrogen b\omlde. The result;ng solutlon was

re@luxed under a Dean-Stark trap (2 hours), dried with ~

> - - ¥

" 7.82 (m,4H), 4.53 (s,3H), 3.07 (s,3H).

anhydroue magnesium sulphate and the solvent eyapourated at

_ reduced pressure. The crude bromide was purlfled by "~

sublimation (iZO'C, 0.1 Torr) to give, cblourleés crystals.

L4
Y

The yield was 2.0 4, 628. (mp 94 96 8 11! 95 95.8 )
(158). ir (CHCL3) cn§g$~/1155(s{, 1322(3): ler (CDC13):

v

. »
€

: .,
L , . . .
4 Preparation of Substituted Toluenes

. ¥ Most'of the toluenes are available commercially

. ) . ? ., . .
¥ (Aldrich)., The preparation of some of the toluenes have * .

beep. described previously (116).

§

! i
r . -

. f
.
‘ . ’
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,1 L 4,4'—Dimethyldlphenylsu}@hoxige‘(5.0 g, 0.022 mol) wés
} -

‘added to a\stirﬂed solution gf cobalt(III) chloride .

A
hexahydrate (9.6 g, 0.040 mol) in e%hano} (300 mL)7 The @{,)

Pl \ 3 ‘ -
* solution was cocled to 0 C. Sodium ﬁorohgdﬁide (7.6 g, 0.2
mol) was added over a 1 hour perxod The reduction
A proceeded as outllned by Chasar (159). Water was aéded, the

{ . Vs .
mixture stlrred for a further 1 hour and;>theh} the mixture

o f _ was poured inté water (500 mL). The soiuflon was washed
¢ a

with diethyl ether (three 100'mL portibns). The ethereal

extracﬁs‘ﬁere dried and-the ether removed at reduced

o

pressure leaying"an ethanolic solution from which the
product crydgalllzed. The yield was 4.0 g, 85%., (mp 55-
57 C; lit. 57.5 C (160)). lhmr (CDC13¥: 7.17 (m,8H), 2.30

. Al

“ (S'GH). . o

» N -
oW \g A
g 4'_:D' '—\I] ] 3. ] ]' 1 ] ‘

4 4'3D1methyldlphenylsu1phox1de (5.0 g,0.022 mol) 1in
dlchloromethane (100 mL) was allowed to stir at 0 C. .31
Chlofope:benzozzkac1d (4.2 g, 0. 024 mol) was added over l
hour. The reaction mixture stlrFed for.18 hours. Workup
consjsted of washing,éhe dichlérometgane selution with
water, id% sodium bicarBonatg solution ané finally with
water. The dichloromethane was dried over anhyd‘ous..
magnesium sulphate, filtered and solvent removed at reduced
pressure. The product was<recrystallized twice from

v
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- (CDC14): 7 50 (meH), 2.33 (S,GH). R .

. & o ' . -
13

chlorobenzene te give colourlesseplatelets. The yleld wa§~
A

3

4.4-9, " 81%«. (mp 157-158 C; lit. 158. 1c (161)). limr

L

4 ’
[}

’ N N
. ° - .« \ . .
&% 0

Id »

adﬁ—Tolylsulphonylchlorlde (5.0 g,ko'fﬁfmol) in benkene

(50 mL) was ddded dropwise to a stlrred solutlon of aluminum’

y?

chloride (4.0 g, 003 mol) in benzene (100 mlL) over * 20
mlnutes. After the addition ;;s complete, the mlxture was

slowly warmed go 60 C and stirred at that temperature gmtil
i & F ! I * o
thé”évolutlon of hydrogen chloride had/i;%sided (aont 30

L

minutes). The mixture was then refluxed for an additional 1 °*
hour period after which it was barefuLly poured onto 200 g

< .
of crushed ice. This mixture was heated EG break up the

complexy the layegg were separated and and the organie layer

e ¢ .

washed sﬂccessively with 5% sodium bicarbonate and water. |

The solution was then dried over anhydrous magnesium »
Ll . ') .

" sulphate and the solvent evapourated at reduced pressure.

¢ { v ‘ o
Recrystallizatton of the crude product from ethanol-affordgﬁ
] "
colourless crystals. The yi1eld was 4.8 g, 69%. (mp 128-
129 C; 11t. 129 C (162)). Ir (cHCl3) em™l: I161(s), -

1320(s); YHmr (CDCly): 7.55 (m,9H), 2.33 (s,3H), ..
/ f.

® .

N

The sulphinic ester was prepared by the method of Field !
and Locke (163), To a refluxing solution of :
ditolyldisulphide (3 g, 0.012 mol, Aldrich Chemical Company

' > L] El
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Inc.) chloroform (25 mL) and methanol (25 mL in a 250 mL

three neck flask,, 1eédytetfaacetate (25 g)lln chloroform

- ’

(100 mL)’wés added dropwise over a 1 hour period. The '

»

. solution was™®1lowed to reflux for'an additional 74 hours. .

Most of the solveht (100 mL) was distilled from the reaction ,

£1ask r and, water (20 mL) was added. The mixture was ~
cooled, filtered through Celite and wééhed with water ufitil

all traces of- lead werE removed _(163). The solvent was dried -
X .

b [

and the solvest was. removed at reduced pressure. The-yield’

was 3.8 g, 93%. Ir (NaCl disk) em~1+ 1080(s); lHmr.”

#(CDC15):  7.42 @f,4H); 3.40 «(s,3H), 2.37 (s5,3H).

+

'!—I' lylthiolacetal & . '

v « - ]

LA ' . e
» Acetylchloride (4.7 gALOG'mol) in benzene (50 mL) was
A add??&dropwise:tb g .solution of 4-thiocresql (7.5 g, 0.06 "

»mol)7in.benzene (100 mL) over 15 minutes, The solution wag -

- @
* 13 -

, warmed to reflux for 1 hour. The reaction  mixture was

#

cooled thenlwashed three.times with 10% sodium hquox1de and

. twice with water, then, dried over anhydrous magnesium

»

sulphate. The'soiveﬁfﬂwas removed at reduced pressure. The
! product was purified b&.ddstillation (85 ¢, 0.1 Torr (52)).
"1t (Nacl K en™l: 1712(s); lBmr (cDCLy): 7.22 (br-

)

s,4H), 2.33 (s,6H). -

4 - \ » ,;/
? / , . \
né - " This ether was prepéked"by the method of Bacon and

. Stewart (164). A mixture of 4-cresol (10.8 g, 0.1 mol),

v . '
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bromobenzene (7 85 g, 0.05 mol), cuprou‘s ox:Lde (7. 15 g, 0. 05

. mbl) in 2, 4 6—tr1methylpyrldlne (25 mL) Was refluxed for 4&

\

b )
hours. The mlxture was poured 1nto 6M HC1 (200 nL) and -
’ ” . 3

extracted,w1th ether (2 b 200 mL). The ether 1ayer wd's then .

» @

waéhed with 5% sodium hydroxide solutign and water, themy,

* dried over anhydrous magneeium sulphate. THe solveg} was,

-

. removed at reduced pre%sure and the product purifled by

@ o 4

dlstlllatlon (104 g, 0.1 Torr). The yleld was 5. 0’3‘ 55%.

lome (cnc13) e 7.00 (m,9M), 2. 30 (s,3H) ..
) . - @.d'?""'
3.4.5 Ebr- Experiments P ’ —

» . - R N

- < [ -

QY

®
3

--/ . - A :u
v. . ﬁ
‘Toluenes. A static solution of DTBP 50.5 mL) and the

i

f 2 - \ »
* toluerde (100mg) with PMA (45 mg) ‘was irradiated in ‘the est
spectrometer cavity u31ng a filtered (methangl in'a quartz

tube) 1 kE Xe-Hg hlgh-pressure lamp. Temperatures ranged

© \«

+ from 20 C to -60 C (depending on the SOlublllty)n with the .

. L 4 v - Tt .
'majority of the samples examined.at -20 C. All eample&‘yere

purged w1th.pitrogen for 5 minutes pr1£r‘to irradiatron.
o . v

A v ¥ ’ ) K

Benzylbromides. Two methods were used to generate the, .

»

‘benzyl radicals. In method 1,-a static solutlon'of prep *
\

(0.2 mL), trlethylsllane (0.2 mL) and the bromlde (50 1Q0
mg) diluted if necessary with chlorébenzene was purged with
nitrogen and irradiated as descrlbed,above in the esr

. ' .
spectrometer cavity. In method 2, a solution of the bromide
(50-100 mg) 'in tgrt—buty}benzene or chlorobenzene was- - .

I

?
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.4
c&htinuously'pgrged while hexamethylditin (0.1 nlL) was
injected via the nitrogen purge tube. It was necessary to
have a glass wool ﬁlug in the purge tube to filter-the

ﬁexamé%hylﬁltin, This dolution was 1rgadiatéd as described

above. The use of chlorobenzene allowed\sfoling of the
- . :
sample to EFmperaturésLas,low as, =20 C without precipitation

s
i

of the hexamethyilditin. o v -
, B
‘,( ﬁ‘,d ) ¢ : P '
3.4.6 Control Experiments . '

Tﬁs linearity of the field was checked against the line
of ‘[cﬂNH‘B)gc‘l]cizﬁdoped‘wii}:h 28 [Co(NH3)5C11CLy (165). The
accuraéy of the field was qﬁecked aga%nsfxgy coppling
coggéa;ts f;r Wdrsteré blue perchiorate in ethanoib/ The esr
spéctra of the bénzyl radical, the 3-cyanobenzyl radical,
gnF: the 4-fluorobenzyl radiéal all have been shown to be
iﬁd?pendent of solvent (up to 50% v/v chlorobenzene or
ﬁgérbongetrachloride) and temperature (20 C to -60 C) (116).
Similarly, éhe esn,gﬁectra of the 4~tolylthiobenzyl rad;cal
shows no solvent effect (up to 50% v/v chlorobenzen® or
temperatiire effect (20 C to —-60 C). The.spectra of the 4-
methylthgebenzyl radical and the 4-methyls£1phonylbenzyl
radic%l show no temperature dependence between 0 C and - .
. 60 §. The insolubility of the brom?@es in DTBP precluded'
checking tﬂe esr spectra in the absence of solvent.
:HoweVer, fot each of the bromides, similar*gpectra vere

obtained using either chlorobenzene or dimethoxxpthane as

solvent.

+
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