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* > 1 . ABSTRACT 
\ ' '• • ' * ' ' " * -

In Part 1, the photpsens4£ized" •(electron-transfer-)" and' 

electrochemical oxidation of 1,1,2,2-tetraphenyl 

cyclopropane have been studied. The products obtained ". ' 

photochemically are 1,1,3,3-tetrSphehylpropene, 1,1,3- ' 

' triphenylmdene tetraphenylallene and 3-met;hoxy-l,l,3,3-

tet;raphenylpropene. The prodpct ratios are dramatically 
*- * «• . 

dependent updft solvent conditions,^ particularly^ sensitizer 

and solvent. The variations in p'foduct ratios $££ » •> 

• attributed to variations in. the *redox-"behaviour of the J^» 

sensitizer radical anj,on «nd upon the basie*ity and " i 
" ' . ' ' " . • * . ' ' • ' 

nucleophilicity of the medium. The oxidation products from -' 
<ft' 

the electrochemical study 'are the same as those from the r 

' • • V -
photosensitized (electron-transfer) study. Common . ' 

» * - '* 

intermediates have been identified and>a mechanism for <„ 
- * « -

formation of the products is proposed. », 

In Part II, the nature of .the one-electron two-centre* 

' bond^in^the radical cations of cyclopropane and 1,2- « 

divinylcyclopropane has been, investigated using ah initio-

self consistent field molecular orbital (SCF MO) 

calculations. The charge and spin distributions ̂ n several 

conformers of the cyclopropane radical cation.have are 

compared. From the energy difference between the'90t,90 

conformer, and the 90,0 conformer, the activation barriers to 

c_is.-£xfljis isomerization of the' cyclopropane and the 1,2-

divmylcyclopropane radicals are estimated. Similarly, from 
1 - » 

the energy difference between the 90,90 conformer and the 

xx 



* • * 
** 

'••J 

,0,0 conformer of the cyclopropane radical cati-on, the 
1 v ' 

barrier to the orbital symmetry allowed opening of the 

cyclopropane ring is estimated. The implication of these 

results to experimental data are di'scussed. 

In Part- III, the substituent eff̂ eJts on benzyl radical 

hyperfkte coupling constants'are investigated. .Emphasis is 

placed on the di'sjpussion of hype rcon jug at ion in the 
S * 

delocalization', of spin a"rfd the interaction of sulphur 

containing smbstituents'. " In general, substituents will 

interact as $-spin donors or a-acceptors^ in the para. ' 

position.* Substituents in the meta position give an 

vindication that inductive withdrawl of charge from the cr-

/framework decreases delocalization into the aryl ring. 

* 

' V 

* * • 

*\ 

I. 

XIX 
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Electrochemical: " C *- concentration 

D - diffusion coefficient 

E - potential 

1 - current 

<X - transfer coefficient 
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hfc - hyperfme coupling constant 

Infrared spectra: s - str.ong 
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All other abbreviations and symbols used are standard 

notation. 
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^. PART I. l,n-RADICAL IONS: PHOTOSENSITIZED (ELECTRON-

•*\ 

TRANSFER) VERSUS ELECTRON EM ICAL OXIDATION OF 

1,1, 2 ,^-TETRAPHENYLCYa&PR0P7AflE~ 

f 

1.1 INTRODUCTION 

K ~ ' 

» 

1.1.1 ASPECTS OF THE GENERATION OF'RADICAL IONS 

^ A The chemical and physical properties of ions and 

•radicals have been studied so extensively that we can 
» 

predict, with confidence, the course of a reaction involving 

t these intermediates. Radical ions, on the other hartd, are " 
B f 

not' as well understood*. In fact, there are an increasing 
number of reactions where the existence of radical ions is 

now implicated (1). While there is much/research 
0 

activity into the natjure and reactivity of radical ions m 

general, much of the. focus has been on the formation, 

properties and reactivit^of'radicak^cations (2). 

Radical cations are generated by the re"moval of one. 

** electron 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 fmass spectrometry),. 

t anodic oxidation and photomduced oxidation. Many aromatic 

hydrocarbons are oxidized by concentrated sulphuric acid 

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

radical cations are generally stable,^:his method has been 

'4 

4 — 



2ArH * 3H2S04 -— 2ArH,+ + 2H20 + S02 + 2HS04" 111 

used to characterize radical catifcns by electron spin 

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

1914 (4), concluded that a one-electron oxidation of* 

t 
phenothiazine had occurred, the mechanism by which aromatic 

hydrocarbons are oxidized in sulphuric acid solutions is 

still not* well established? However, It is believed that a\ 
» 

key step is the p'rotonation of the hydrocarbon (Equation 2-

4) (3c). , . ^r. 

ArH + H2S04 ^ ArH2
+ + HS04~ ' ' [21 

ArH + ArH2
+ » ArH2* + ArH

,+ . [3] 

ArH2' + 2H2S04 ss. ArH + + 2H20 + HS04 + S02 [4] 

A ' / 
The tmost convenient methods for the generation of 

radical ions.under mild conditions, however, are the 

photoinduced electron transfer and the electrochemical 

approaches. Since the work presented in this thesis has 

made use of both of these methods, it is useful to briefly 

describe some of the theoretical and physica'l aspects 

associated with the generation of radical ions in ±hese 

ways. 

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

molecule (A) in terms of a ground state charge-ftransfer 

model was'first described by Mulliken in 1950/(5). 

* 2 
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- . : • s 
Acpording to Mulliken, "the in teract ion of .a donor having a 

hVjh energy f i l l e d o r b i t a l (ie.7 low ionization poten t ia l ) 

and an acceptor having a low energy unf i l l ed •orbita-1 (ie.> 

high electron»af£i»l€y) can lead to an in terac t ion to form 
% • 

what he ca l l ed a "charge-transfer complex" (6). In 

molecular o rb i t a l terms, t h i s "ground s t a t e charge-transfer 

(CT) complex" was represented by a wave function of the form 

** 4 = â j<D,A> + b^(D+,A-) 15] 

* 

shown in Equation 5, where, V£(D,A) is the "no bond" wave 

function of the donor and acceptor and V^(D+,A~)' is the wave 
4 

function representing the transfer of an electron frdm D to 

A. The relative contribution of the two wave functions is* 

indicated by the size of the two coefficients (a and b). 

The relative size of these coefficients is governed, in the 

most simplistic approjrch, by the energy difference 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 ^ 

molecul^ is characteristic of the formation of a ground . 

state CT complex (7). The wave function associated with the 

electronically excited CT complex is shown in Equation 6 (in 

Jâ cfr-Equations 5 and 6 contributions from locally excited 



p? 

4 
VJ, 

\ = a*^(D+,A-) + b*^(D,A) » ' :[6T 

states and higher energy CT states have been neglected for 
I 4, > 

the sake of s i m p l i c i t y ) . For weak complexes, the 

c o n t r i b u t i o n of -L(D+,A~) in the groupd s t a t e i s sma l l and, 
* * A 

b << a, wh i l e no rma l ly , in t he „excited s t a t e , „ b << a . * 
* 

Ground s t a t e charge- t ra r f s fe r complexation i s not' 

necessary in order t o pho tochemica l ly induce,an e l e c t r o n 

t r a n s f e r between a donor molecule and an acceptor molecu le . 

The i n t e r a c t i o n of an e l e c t r o n i c a l l y exc i ted molecule , 

( e i t h e r D or A ) with a ground s t a t e molecule ( e i the r A or 

D) can a l s o l e a d t o t h e f o r m a t i o n of r a d i c a l ion p a i r s 

(Equation 7,8) (2). The g e n e r a l i t y of t h i s exc i t ed s t a t e 

• A + D* —• A ~ •+ D + [7] 

A* + D —* A ~ + D + I8] 

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

his now classic work, Welder mea'sured the fluorescence 

quenching rate constants (k_) for a series of typical donor-

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

fluorescence quenching rat̂ e constant is defined by Equation 



X 

-/. 

/ 

1 
'9, where K23 is.defined by Equation 10. The free-energy 

change associated with the electron transfer process (from 

the encounter complex to the-radical ion pair), AG 2 3, IS 

calculated from the oxidation potential of the donor 

(Eg^(D/D'+)), the reduction potential of the acceptor 

^Ere(g(A*~/A)),' the singlet energy of the excited species 

(EQ0) and the coulpmbic attraction energy gained by bringing 

11 the two^radical ions to the encounter distance (a) in a 

solvent of dielectric constant (e) (Equation 11). T̂he rate 

constants kj2.and k2j are diffusional rate constants 

A* 
* t 

% 

diffusion 

/ k21 
[* *r 

electron 
, transfer 

k23 > 
« k 

K32 

Scheme I 

\ * ^ L +Jkn/ki* + k-,-iV(k™K^ ' 2 1 ' * 2 3 T K 2 1 ' ^ 3 0 * 2 3 ) 
[93 



, - / 

(, 
\ 

\ 

K23 = k 2 3 / k 3 2 = 'exp(-AG 2 3 /RT) **' " 110]' 

* 

AG23 = 23.06 [E0X(D/D*+)V E red(A*~/A) - e 2 / a e ] -% EQQ t i l l 

and, t h e r e f o r e , can .be expressed in terms of t h e diffusion<, 

c o e f f i c i e n t s for t he two i n t e r a c t i n g molecules (8,9). The 

r a t e ^constants , i n v o l v i n g e l e c t r o n t r a n s f e r s (k 2 3 , k 3 2 anda 

k3n) a r e more c o n v e n i e n t l y expressed in t h e i r Arrhenius form 

(Equation 12). S u b s t i t u t i o n of these express ions i n t o [9] 

k.:.. = k^exp(- AG*.;/RT) [12] 

gives a new expression for k„ (Equation 13) wliich relates k„ 

to the free-energy change associated with the electron-

transfer ( AG„23) and the activation free-energy for 

electron-transfer ( A G * 2 3 ) . 

)> 

2.0 x 1010 M"1 s"1 

k" = _ _ _ J = [13] 
? 1 + 0.25[exp( AG*23/RT) + exp (-AG23/RT) ] 

Weller assumed that the AG*23 was a monotonous 

function of A G 2 3 (Equation 14), where," AG*2J(0) is the 

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

experimentally determined to be 2.4 kcal mol ). This model 

http://can.be


•» '-predicts" that for exothermic e lec t ron- t rans fe r quenching," k( 
t 

w i l l be at the diffusion cont ro l led l imi t . 

AG+23 = [( AG2 3 /2)2 4 t ( AG* 2 3 (0 ) ) 2 ] 1 / 2 ? + AG23/2 . [14] 

The empirical expression for AGO-J (Equation lT) has 

become known as the Wel ler equat ion and, i s used to p r e d i c t 
• > * 

the p o s s i b i l i t y of e lec t ron- t ransfer guenching of an 

e l e c t r o n i c a l l y excited molecule by a quencher molecule. 

This r e la t ionsh ip can be understood by considering the 

r e l a t i v e energies of the HOMO and LUMO of the interact ing 
* * , 

* y ^ 

~ molecules (Pigure 1). Consider, for example. Figure.-la." 

The molecule with the lower singlet energy is excited (in 

this case the donor molecule) and«the electron transfer can 

occur from the singly occupied 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. Ifthe 

singlet energy of the donor is greater than the energy 

difference between the HOMO and the LUMO then the electron 
transfer* process will be ex'othermic. Similarly, if the 

j 

acceptor molecule has the lower singlet energy (Figure lb), the eleepron transfer will occur from the HOMO of the donor 

to the singly occupied ̂ (originally the HOMO) molecular 

</ 
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t l 
D* ' 

Figure 1. A simplified molecular orbital representation of 
the photosensitized electron-transfer process. 

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 

energy"difference between the HOMO of the donor and the LUMO 

of the acceptor ite approximately EQX(D/D
 ,+)-Ere(3(A'

-/A), the 

first term of the Weller equation (Equation 11). 

Marcus (10) has derived an expression for k., similar 
• , Si 

to Equation 13. However, in this case, a different i 
expression for A G * 2 3 was used (Equation 15). The 

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

experimentally determined values of k~ when AG 2 3 is greater 

( 



AG*23 * AG*23-W> II + AG2 3 /4 AG*23(0)]„2 [15] 

than -15 k c a l m o l - 1 . However, -4he Marcus r e l a t i o n p r e d i c t s 
* 

that kq will decrease as the reaction becomes more 

x exothermic. This is known as the "Marcus inverted region" 

and, based on the experimental observations of Weller and' 

t * . 

many others, does not seem to apply to the photoinduced 

formation of radical ion pairs. 

There is still some question regarding the dynamics of 

the electron transfer in these donor-acCeptor systems. It 

is known that in non-polar solvents, some donor-acceptor ~ 

pairs which lead to radical ion formation in potfar solvents, 
* < * 

show emission due tofexciplex (or hetero-e'xcimer) formation 

(11). It is accepted that .exciplexes have some charge-

transfer character, and, the wave function*representing an 

exciplex includes contributions from locally excited states 

as well as the charge-transfer states (12, Equation 16). As 
\[/ex = c1V/

1(A*/D) + c 2 ^ ( A , D * ) + c3^3(A~,D+) 

+ c4Y£<A+,D~> [16] 
\ 

t he p o l a r i t y of the s o l v e n t i n c r e a s e s , the exc ip lex emission 

becomes r e d - s h i f t e d and a decrease in the f luorescence 

quantum y i e l d i s observed (13). * The decrease in the 

f luoracence quantum yield*was a t t r i b u t e d t o t he formation of 



^ ' 1 

\ 

A* + D n -—*. A* -D : ! • (A : D + ) * 

Scheme1 I I . 

solvated radical ion pa i r s (14, Scheme I I ) . In t h i s Schem'e, 
• - « . * . . * 

i t was assumed t h a t the r a d i c a l ion pa i r was formed from the 

i n i t i a l encounter complex (k.O and that the f luorescent 
- " „ » K 

exciplex formation, (A~D+) competes with electron transfer. 

In polar solvents, both k^p and k̂  (the-rate of ionic 

dissociation) increase. 

Ionic dissociation is an important factor in the study 

of radical ion reactions," especially t\M .rate of ionic 

dissociation relative to the back electron-transfer proces 
Masuhara and Mataga (15) have studied the ionic dissociation 

of donor-acceptor systems*^- solution. In this study, an " 

empirical relationship beiEn the quSaturifyield for ionic 
* * * ' 

dissociation ( V^) and the dielectric constant of the solvent 

s. 

( e ) was developed .(Equation 17), where p and q are 

constants . In a c e t o n i t r i l e , they found tha t the value of k-

was > 10° s . Others (16) have found that the ra te coristant 

for t h i s process in a c e t o n i t r i l e i s t y p i c a l l y 5 x 10 8 s~ . 

S 
% 



^ * 

logf^ - 1] = p/e + q ~ [171 

The rate constant^ for back electron-transfer process, 

on the other hand, ranges from 2 x 10f° s"1 to approximately 

10^ s-J- (2a). Farid #lid coworkers have found'that the 

quantum yield for formation of solvent.separated radical ion 

pairs increases, with increasing exothermidity for back 

^lectron^-transfer. t ThisXbehaviour was explained m terms of 

the .gap theory for ra^iatiViless decay and, was thought to 

correspond to the Marcos "inverted-region" of electron • * 

transfer. (10). „ ?y v \ \ 

Electrochemical methods altfo have become important to 

the study of radical cations. The\ electrode, simply/* is an 

electron transfer agent and, as suc&, allows the*formation 

of a radical cation in solution''which is relatively isolated^ 

from protons or counter radiqal ions (2c). There are a $" • 

large number of electrochemical techniques available (17).V 

These can be separated into two classes: voltammetric 

techniques and bulk electrolysis techniques,. The theory 

associated with these techniques is well developed (18) and <t 

so extensive that only a brief synopsis is possible. 

Woltammetric techniques usually-employ a three 

electrode cell: the working'electrode-, ft. which the \ -

electroanalytical measurementjp^re made, the counter (or 

auxiliary).electrode, which is of opposite polarity to the 

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

11 '. 



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

all other potentials are compared. 

The most frequently used voltamiftetric technique is 

cyclic voltammetry. This technique uses a stationary 

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

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

triangular wave ybltammetry) the potential at the working 

electrode is varied linearly with time and the current 

through the working electrode is measured. At some 

potehtial, Es, the direction of the scan is reversed and, 

again, the current through the working electrode is * 

measured. The result is a graph of current d) versus 

potential (E) which is called a cyclic voltammogram. 

For a reversible system (Figure 2, 19), the cyclic" 
% 

voltammogram exhibits several features. Consider, for 
* .+ * 

example the reversible couple, R -=̂  R . On the initial 

forward scan, as the oxidation potential of R is approached4 

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 radical, cation will 

be reduced and, the resulting cathodic current will reach a 

duffusion controlled limit at potential, E c. For a 

completely-reversible system, E_a - Epc = 56 mV and ipa = 
« 

ipc (17). Furthermore,*th$ peak potentials are independent 
of the sweep rate (v) and, the peak current is proportional 

to v^'r (EqWtion 18). The peak potential, E , is given by 

12 



V 

56mV^--E, 

s&» 

V-v 

Figure 2.1 A typ ica l cyc l i c voltammogram for a r evers ib le 
electrochemical reaction R •==. R*+. 

i » r 

Equation 19 (the constants A, DQX, and Cb refer to the 

e lect rode area, the diffusion coefficient of the 

e l ec t roac t ive species and the concentration of the 

e l ec t roac t ive species r e spec t ive ly ) , where E^/2 i s defined 

in Equation 20. A good approximation, however, i s where 

the standard p o t e n t i a l , E°, which has thermodynamic 

s ignif icance, i s given by Equation 21. 

ip = +0,4463 (n3F3 /RT)1 / 2 AD0X
1/2 ' C bv 1 / 2 

[18] 

13 



0 J 
Epa = E 1 / 2 - 1.109RT/nF 

[19] 

El/2 = E + RT/2nF ln(DR/D^«+X [20] 

E° = E : *l/2 [21] 

Unfortunately, many organic molecules do not show 

reversible redox behaviour. There are two soarces of 

irreversible behaviour to consider. If the oxidized or 

reduced form of tin*-electroactive species is unstable (i.e. 

it reacts) then distortions of the cyclic voltammogram 

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

(Scheme III). In tflis example, the electroactive species 

R'H 

R-

-• P' 

E 

C 

P* -e* ^ P+ 

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 

14 
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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 is electrochemical 

irreversibility. This type of irreversible electrode ' 

process is related to the heterogeneous rate constant for 

electron transfer (18,20). In cyclic voltammetric 

measurements, this is manifested in several ways; primarily, 

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

(Ep-Ep/2) which is generally greater than 56 mV (for a one-

electron transfefV'Eguation 23, where na is the number of 
i -

electrons transferred at, the rate limiting step). 

,(Ep)2 ~ (Bp)i = RT/anaF ln(v1/v2)
1/2 ' [22] 

6 Ep r^Ep/2 = 1.857RT/ an„F„ [23] 

In both Equations 22 and 23, a new parameter has 
« * 

-appeared, a . This is generally referred to as the transfer 

coefficient. The physical significance of the transfer 
1 r 

coefficient has been addressed by several workers (21). 

Consider the rates of the forward and reverse electron 

transfef processes; there will be an activation energy 

associated with>each. At equilibrium, the rates of the 

forward and reverse reactions are equtel. If, fof the redox 

15 

A 



V * 

couple R —•*• R*+, the potential is displaced from its 

equilibrium vfelue by an amount -nFAE,' then the activation 

energy for the forward reaction (R —*• R*+) will only 
} 

increase by sbme |raction of this. Similarly, the * 

.activation energy for the reverse reaction (R*+ —* R) will 

decrease by some fraction of -nFAE. The, fraction is 

called the transfer coefficient and, is related to the 

shapes of the potential energy surfaces of R and R*+ at 
fl "S 

different potentials (19). 

Bulk (controlled potential coulometric) electrolysis-is 

usually carried out in a separated (H'-type) cell in which 

the anode is separated from the cathode. The solutions are 

stirred and, generally, large surface area electrodes are i 

used. The1 Nernst diffusion model (}9) predicts that current 

(i) will decrease 'exponentially with time, (Equation 24). 

The time constant will 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 (5). 

i = i0exp(-ADt/V<5 ) [24] 

These two techniques, photosensitized (electron 

transfer) and electrochemical, have inherent advantages and 

disadvantages. However, from each method different 

16 



information can be gained about the system under study and, 

as such, the two methods complement one another. 

« 

\ 
V 

• 1.1.2 l,n-Radical Ions , 

This section is concerned primarily with the chemistry 

of l,n-radical ions; radical ions in which the radical 

centre and the ionic centre are separated by a' saturated 

chain of n-2 carbons (22). The 1,2-radical ion has been 

generated by the one-electron oxidation or reduction of an 

olefin. The 1,3- and 1,4-radical ions are generated by the 

oxidation or reduction of cyclopropanes and cyclobutanes. 

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. 3 

° f 

.The l,n-radical ions are an interesting cl^ss of ^ > 

intermediates since the radical centre and the ionic centre 

will be separated from each other; Some of the questions 

that can be addressed' are: (1) does the intermediate react 

as an ion or a radical or either; (2) does the radical 

centre interact with the ionic centre, i.e. how strong is 

the one-electron two-centre "bond in a radical cation 
\ -

compared to the three-electron two-centre bond"in the 

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

17 



prove to be synthetically useful? 

The first step in this general program has been to 

study the reactivity 1,3-radical cations generated by 

photosensitized (electrOn-transfer) and electrochemical 

methods. In- particular, the focus is on the 1,3-radical 

cation obtained by the one-electron oxidation Of 1,1,2,2-

-tetraphenylcyclopropane, and, the effect of the choice of 

sensitizer on "the course of the reaction. 
0 

* v 
1*1.3 The Role of the Sensitizer 

The primary role of the acceptor in photosensitization 

(electron-transfer) .reactions is to absorb a photon and, 

generate an electronically excited state (22). Encounter of 

this electronically excited molecule with an appropriate 

donor jaolecule can lead* to electron-transfer quenching and, 
v 

subsequent formation of the radical-ion pair. 

Unfortunately, it is not always possible to study the 

intrinsic reactivity of isolated radical cations by this 

method. Although it has not been generally recognized, the 

nature of the* acceptor radical anion often plays an 

important role. Several examples will illustrate this „ 

point. 

The ultimate reaction of the 1,2-diphenylcyclopropane 

(1) radical cation/sensitizer radical anion pair depends* 

upon the acceptor.' When 1,4-dicyanonaphthalene (DCN) is 

used as the electron accepting sensitizer, cis-trans 

isomerlzation of ,1 is observed (23). The proposed mechanism 

18 



for t h i s react ion, based on photochemically induced dynamic 

nuclear po la r i za t ion (CIDNP), indicates tha t back e l ec t ron-

t ransfer from the rad ica l anion to the rad ica l cation gives 

the t r i p l e t of 1 (the trimethylene) which subsequently 

isomerizes. The energy of t he . r ad i ca l ion pair i s greater 

than the t r i p l e t energy of 1. On the other hand, when 
6 

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

trans, isomerization occurs; CIDNP studies indicate that l' + 

is formed as before, but, in this case back electron-

transfer only yields the ground state singlet of 1 (23b). 

Apparently, cJLs-£xajis. isomerization of l'+ is slow enough 

that it cannot-compete with the back electron-transfer 

' process. 

In a similar example, the photosensitized (electron-

transfer) isomerization of quadricyclane (2) to 
® 

norbornadiene (3, Scheme IV) has been studied by Roth and 

coworkers using CIDNP (24). It was found that with TCQ as 

the sensitizer, 2+'readily isomerized to 3+', while, the 

reverse reaction did not occur. However, if 1-

cyanonaphthalene (CN) was used as the sensitizer (CN), the 

isomerization of 3 to 2 did occur. Roth concluded that 

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

entergy of the radical ion pair with TCQ as the sensitizer 

was below the triplet energy of 3. In the examples above, 

therefore, the 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 



Scheme IV» 

energy of the donor.' 

> 

In another reaction, photosensitization (electron-

transfer) of phenylcyclopropane (4, Scheme V) in methanol 

using 1,4-dicyanobenzene (DCB),as the acceptor, gives an 

almost equal mixture of the anti-Markownikoff addition 

product, methyl-3-phenylpropyl ether (5), and the 

photosubstitution product, 3-methoxy-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; methyl-3,3-

diphenylpropyl ether (8) is formed in almost quantitative 

20 
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yield (Scheme VI). 

In both cases the initial reaction of the radical 

cation is to add methandl to form the benzylic or t 

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.e. reduction of the radical. With 7, coupling 

between the diphenylmethyl type radical and the DCB radical 

aniqn cannot compete with reduction of the radical. The 

difference in reactivity is attributed to the differences in 

the reduction potentials of the intermediate radicals. The . 

diphenymethyl type radical is considerably easier to reduce 

than the benzyl type radical. While the reduction potential 

of this benzylic radical is not known, it will certainly be 

greater than that of benzyl (-1.43 V vs see, HMPA-THF, 26) 

and-may, in fact, be comparable to that of DCB (1.60 vs see, 

acetonitrile, 2a). It therefore seems likely that the , 

benzylic type radical and DCB radical anion wiL^be in 

equilibrium with the benzylic type anion and DCB. In the 

diphenylmethyl analogue .(the reduction potential of the 

diphenylmethyl radical is -1.16 V vs see, HMPA-THF, 26) the 

equilibrium will be largely in favour of the anion. So, in 

this case, it is the reduction.potential 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 



tij>, D C B ^ T " ^J^CH2CH2CHZ0CH^ 

Scheme V. 

hv, DCB // \\_CHCH2CH20CH3 
CH3OH \ = y I 

0 
8 

Scheme VI . 

/ ^ 
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cations (27). 
* 

^ There are other examples where the nature of the 

sensitizer can influence the course of the reaction. The 

,, product resulting from the anti-Markownikoff addition of 

methanol to 1,,1-diphenylethylene, methyl-2,2-

diphenylethylether (9) is isolated in good yield when CN is 

the sensitizer (28a). On the other hand, with D#J as 

sensitizer, the products obtained are diphenylmethane (10) 
t 

and the methylacetal of formaldehyde (28b, Scheme VII). The 

difference in this case is in the free energy associated 

with electron-transfer (calculated from Equation 11) between 

4 
a 

02.C =CH2 

0ZCHCH2OCH3 

9 

"2v»i i v , n 2 v / v * n 3 Cu£H > 0,CHCH,OCH, 

hv,< A • 02CH2 + CH3OCH2OCH3 
CH3OH 10 

Scheme VI I . * -

the excited state of» the sensitizer and the donor; the 

primary product, 9. With CN as sensitizer this is not a 

favourable process (28b). 
* 

Another important characteristic of the sensitizer 

radical anion that can influence the fate of the radical 

cation is basicity; the radical cation may deprotonate with 
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the radical anion serving a? the*base (29). The observed 

reaction will then depend on the reactivity of the radical 

-pair. The electron transfer process greatly increases the 

acidity of the donor (30) and the' basicity of the. acceptor; 

so, proton transfer should frequently be favourable. 

Apparently, proton transfer is not always rapid enough to 

compete with other reactions or this process would be much 

more common. 

* Awareness of the importance of these considerations 

developed from the observations Qf the reactivity of the 

1,1,2,2-tetraphenylcyclopropane (11) radical cation which 

were apparently inconsistent. It has been reported that the 

photosensitized (electron-transfer>|jfctedtion of 11 in 

acetonitrile solution using DCN as the electron accepting 
4 

sensitizer, gave 1,1,3,3-tetraphenylpropene (12) in good 

yield (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 formation of 13 was thought to involve the 1,1,3,3-

tetraphenylpropenyl cation, yet, it was known that this 

cation, generated by treatment of the alcohol precursor with 

acid, gave good yields of tetraphenylallene (14) (32, Scheme 

X); and,'the allene was not detected in either of the 

photosensitized (electron-transfer) reactions., 

A further complication was obvious from the work of 

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

mentioned above, 7 gives the methanoladdition product upon 
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A, 
Ph2 Ph2 

1 1 . 

h V , P C N 

CH,CN 
- • Ph2C=CHCHPh2 

12. 

Scheme V I I I . 

' * 

11 hP)40Qnrri 
TQNE,CH3CN 

Scheme IX. 

Ph2C=CHC(OH)Ph 2 —«. . . ~.~^r. ^ Ph2C—C—CPh, 2 CH3COOEt z 

14 

Scheme X. 

< 
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irradition in methanol with DCB as the acceptor. Similar 

irradiation of 11 gave good yields of 12; no l-metht>xy-

1,1,3,3-tetraphenylpropane (15) was detected. If the 

v'< 
i 

1,1,3,3-tetraphenylpropenyl cation were involved in this 

"reaction, 3-methoxy-l,l,3,3-tetrapheny'lpropene (16) should 

have been formed. 

. * These results were particularly surprising, not only 

because 15 was not formed, but also because 12 was 

apparently stable under these conditions.> It is well 

established that 1,1-diphenylethylene arid other arylalkenes 

ireact to form the anti-Markown,ikoff addition products under 

these conditions; by analogy, 12 should give 2-methoxy-

1,1,3,3-tetraphenylpropane (17). However, thi-s product also 

,was not observed. 

This large number of possible products from a 

relatively simple substrate (11) may not be unusual for 
* 

electron-transfer reactions. An understanding of the 

complex behaviour which determines the course of the 

reaction is essential to the development of synthetically 

useful reactions in this area. 
usft 

J f This section-describes the effect of different 

sensitizers on the photosensitized (electron-transfer) 

reactions of 11-. These results are compared to the 

•(electrochemical oxidation reactions of 11. 

( . • -. 

^ 
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1.2 RESULTS 

*J 

1.2.1 Photosensitized (electron-transfer? irradiation o_£ 11 

The pertinent characteristics of the electron accepting 

sensitizers used in this study are listed in Table 1. The 

reduction potentials were determined by cyclic voltammetry 

and, since analysis of the waves indicates the electrode 

processes are reversible, these values are thermodynamically 

significant. The anodic oxidation of 11, however, is not 

reversible; so, there is some uncertainty in the oxidation 

potential. The free-energies for the electron transfer are 

calculated using the Weller equation (8, Equation 11)." 

The results of the irradiations are summarized in Table 

2. Sensitizers 1,4-dicyanobenzene (DCB), 1,4- •-

dicyanonaphthalene (DCN), $, 10-dicyanoanthracene"(DCA), and 

methyl-4-cyanobenzoate (MCB)'all lead to formation of 

1,1,3,3-tetraphenylproperie (12) in acetonitrile solution 

(Scheme VIII). 
* ii 

Hixson and his coworkers (25), have reported that 12 also 

was formed from 11 upon irradiation in methanol solution. 
i 

This observation has been confirmed; when the 

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 acetonitrile-methanol-Od, 

the product (12) has deuterium (>95%) incorporated at the 
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Table 1. Ca lcu la t ed f ree energy change for e l e c t r o n 
t r a n s f e r from l l a . * * 

Acceptor W ^ l , 7 f r e d , „ AGET
b 

mol x) (V vs see) (kcal mol d-

l,4-dicyano-benzene('DCB) 98.6C , . 

l,4-dicyanonaphthaleneu(DCN) ,79.6C 

9,10-dicyanoanthracene(DCA) 66.6C 

methyl-4-cyanobenzoate(MCB)' 74.5 C 

tetracyanothethylehe(TCNE) d 

chloranil(TCQ) d 
f 

2 , 3 - d i c h l o r o - 5 , 6 - d i c y a n o - cj 
benzoquinone(DDQ) * 

aThe oxida t ion p o t e n t i a l of' 11 fiii=p]H36 V (Ep) in 
a c e t o n i t r i l e ( 1 , 2 ) . > w - ,' 

^ C a l c u l a t e d for e l e c t r o n t r a n s f e r from 11 using* the Wel ler 
equat ion (12) using e2/ae - 0.<06/ eV. ,.* r 

cReference(3a) . 

"In these cases formation of a\ charge transfer complex was 
indicated by a new adsorption band at long wavelength. The 
energy at the onset of the long^wavelength charge transfer 
absorption band is approximately 50 kcal mol~l.-

-1 .60 

-1 .28 

-0 .89 

-1 .77 

-0 .24 

0.02 * 

0.51 

-31.7 

-17 .6 

-14 .6 

-23.7 * 

-15 .5 

-20 .5 

^31.8 * 

•p1 ' 

1 • 
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Table 2. Pho tosens i t i z ed ( e l ec t ron t r a n s f e r ) i r r a d i a t i o n 
of 1 1 . 

Acceptor ' P r o d u c t ( s ) , Yield(%) 

DCBa 'b . 12 
1 

DCNa 'b 12 
65-75 

DCAa 12 

MCBa " HP«k 

TCNE a ' 13(19):14(1) 7 1 c 

TCQa 13(1) :14(9) 75 c 

DDQa 13(1) :14(3 .5) - 47 c 

~TCQb 16 87d 

a i n a c e t o n i t r i l e 

b i n a c e t o n i t r i l e - m e t h a n o l (3 :1 , v /v) 

c combined y i e l d of 13 and 14 

"combined y i e l d of 14 and 18; the decomposition produc ts of 16 
on a s i l i c a g e l column. 

* > 
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allylic position. Extended irradiation o'f 12 under these 

conditions does 'not cause incorporation of deuterium nor 

methanol addition. 

Using tetracyanoethylene (TCNE) as the acceptor, 

irradiation in acetonitrile, of the charge-transfer band 

leads to the .formation of 1,3,3-triphenylmdene (13) (3D. 

Careful analysis of this reaction mixture by high pressure 

liquid chromatography (HPLC) indicates the presence'„of a 

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

14 is 19:1) which was not detected m the previous 

work. Similar irradiation of this mixture, but/- with 

tetraethylammonium perchlorate (TEAP, 0.1 M) added, gives 

the same products in the same ratio. 

On the other hand, with chloranil (TCQ) as the electron 

acceptor,- irradiation of the charge-transfet complex in 

acetonitrile leads to the formation of tetraphenylallene (14) 

as the major product. Analysis of the reaction mixture by 

HPLO indicates the ratio of 13 to 14 is 1:9 with this 

sensitizer. « This ratio also doesh not change when the 

Irradiation is carried out in acetonitrile containing 0.1 M 

TEAP. When this irradiation was carried out in 

acetonitrile-methanol (3:1, v/v) the product is 3-methoxy-

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

When 2,3-dichloro-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 
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(1:3.5). 

I » 

\*2-.2 Controlled potential electrolysis M 11 

The results from the controlled potential oxidation of 

11 under"various conditions are summarized m Table 3. The 

anodic oxidation of 11 in acetonitrile (0.1>M TEAP) at 1.3 V 

(vs. see) leads to the formation of 1,3,3-triphenylindene 

(13)1; tetraphenylallene (14) was not-detected. When the 

electrolysis is carried out -under similar conditions, but 

with 2,6-lutidme (0.1 M) added to the anolyte, the product 

is predominantly (14); only a trace (<3%) of 13 is'present 

under these conditions. Electrolysis of 11 in acetonitrile-

methanol (3:1, v/v) result's m 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 
s 

acetonitrile (0.1 M TEAP) and*dichloromethane (0.1 M 

tetrabutylammonium perchlorate TBAP ). In acetonitrile, 
* 

two i r r e v e r s i b l e anodic waves are observed at Ep =-1.36 V 

and E = 1.58 V, a t a sweep r a t e of 400 my s - 1 . As the 

sweep'rate increases from 50 mV s~l, the r e l a t i v e height of 

the second, wave decreases and i t i s not de tec ted a t sweep 

rates faster than 1.0 V s~l (Table'4). 

The cycl ic voltammogram of 1,3,3-triphenylindene (13) 

r e v e a l s a sharp anodic wave (Ep - E p / 2 = 40 mV) a t 1.58 V a t 

a sweep r a t e of 400 mV s - 1 .< The c y c l i c voltammogram of t h i s 
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Table 3 . Cont ro l led p o t e n t i a l / e l e c t r o l y s i s of 11 

S o l v e n t 3 Conve r s ion^ ) -Cur ren t P f o d u c t t s ) 9 ~Yield(%) 
Yield (%)a 

*-te3CN 

CH3CN/O.IM 
2,6-lutidine 

CH'oCN/CHoOH 
(3T1 V/VJ 

4- T 

50 -c 

25 

75 

95 

•70 

io> 

»» 

•1 

" — ' • ' '• i," '-•' 

13 " . 

. 13 
14 ' 

16 
1" 

90 

2 
55 

82 

a0.lM TEAP 

bBased on recovered s t a r t i n g m a t e r i a l 

c T h e s e a r e r t h e o n l y p r o d u c t s d e t e c t e d by HPLC a t 5% 
conver s ion . -

Table 4. Cyc l i c Voltammetric Data for l l a 

Sweep Rate (.V s"1) E p l ( V ) b ipi,(f*A> E p 2 (V) b ip2(^A) 

0.050 

o-;ioo 

0.200 

0.400 

>S 

1.285 

1.244 

1.320 

1.360 

30 

40 

53, 

72 

1.504 

1.540 

1.564 

1.575 . 

9 

5 

. 3 

2 

4n a c e t o n i t r i l e (0.1M TEAP) 

' v s see 
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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,m value for 
!, 

this mixture (Figure 3). 

The cathodic sweep reveals the presence of a reversible 
*> 

wave afe E-jy2 = 0.34 V and an irreversible wave at 0.17 V. 

»- The intensity of the reversible wave decreases^if the 

cathodic sweep is delayed. 

At the 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 tritluoroacetic acid (5 x 10~3 M) turns the 

same colour. The cyclic voltammogram of this solution also 

reveals a reversible wave at E j / 2 = 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 second anodic wave at 1.58 V is not observed. There 

is a quasi-reversible wave at Ej/ 2 = 0.37 V. The onset of 

oxidation, again is accompanied by the development of a 
4g 

purple colour near the surface of the electrode as was the -

case in acetonitrile. 

1.2.4 Spectr.oeLectrochemical measurements ; , 

The anolyte turns purple as soon as the potential is 

applied, fhe visible absorption spectrum of this solution 

shows three broad absorption maxima ( X m a x = 568 nm, 459 nm, 
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I(M) 

k 

-0.5 

^ 

Figure 3 . Cycl ic voltammograms in a c e t o n i t r i l e , .._ .. 
a t 400 mV^s - 1 of (a) 11 (1.5 x 1 0 _ : J J l ) , (b) 
(1.5 x 10"-; M) and (c) 11 (1.5 x 1 0 " 3 M and 
(1.5 x 10~3M). 

0.1 M TEAP 
13 
13 
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382 nm) of approximately equal intensity. This spectrum is 

essentially identical to the spectrum 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 between 11 and TCNE, 

TCQ or, DDQ results in the development of a coloured* 
i ' v . 

intermediate with a similar visible absorption spectrum, 

within a few seconds of irradiation. This colour slowly 

disappears if the vessel is removed from the irradiation 

source. 
The rate of disappearance pf the coloured intermediate 

4 

can be measured using an electrolysis cell fitted with Pyrex 

windows. The rate of disappearance of the colour follows 

first-order kinetics with a rate constant of 2.87 x JO-'' s~x 

at 23 C*, The same rate constant is obtained whether 

monitoring the absorption at 460 nm or 570 nm (at 380 nm 

backg|K)und absorption interferes with the measurement). 

Furthermore, the rate"is independent of electrolyte 

concentration over the range 0.1 to 0.001 M TEAP (cell 

resistance precluded measurements at lower concentrations). 

The temperature dependence of the rate constant (Table 

5) leads to an estimate of the activation energy for loss of 

the intermediate of 21.8+0.2 kcal mol"?- and a preexponential 

factor (log A) of 14.5 + 0.3. 

1.2.5 fio.iy.ejit and a_c_±d. effects on ths. xailo 11 i 14 

i The products obtained by, treatment of 18, in mixtures of 

35 

http://fio.iy.ejit


Table 5. Effect of temperature on the rate of the 
unimolecular reaction ofk 1,1,3,3-
tetraphenylpropenyl cation in acetonitrile (0.1 M 
TEAP). 

-

» 

V 

f 

1 

T(C) 
¥ 

37.6 

33.2 

28.3 

23.2 

19.6 

11.9 

kobs(s h 

0.15+.01' 

0.092±.001 

0.053±.001 

- 0.029±.002 

0.017±.002 

% 0.0063+.0001 
0 

• 

*t 
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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 

tf&Lcid concentration at concentrations greater than 5 x 10~3 

M (Figures 4 and 5), and, independent of alcohol 

, concentration at concentrations less than 2 x 10~4 M 

(Figures 6 and 7). The ratio (3:4) decreases as the 

percentage of acetonitrile decreases (Figure 8). While 

there appears to be no significant differences between 

trifluoroacetic acid and trichloroacetic acid, 4-

toluenesulphonic acid gives a significantly higher ratio 

(13:14) in all solvent mixtures. 
a 

1.2.6 Oxidation potentials Q± 1,1,2,2-tetraaryl-

cyciopropanes dia-h) in dichloromethane 

The oxidation potentials (E-jy2, cyclic voltammetry) of 

a series of 1,1,2,2-tetraarylcyclopropanes are listed in 

able 6. All axe irreversible with Ep - E_/2 ranging from 

30 to 240 mV. The reduction potentials of the 

corresponding 1,1,3,3-tetraarylpropenyl 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 E^/2 vs Ecr
+ for lla-h and 19+a-f,h are 

shown in Figures 9 and 10 respectively. For lla-h, the 

correlation coefficient is 0.976 with a slope (0.059 p/an) 

of 0.19 V. For W^a-fi-h, the correlation coefficient is 

0.985 with a slope of 0.19 V. 
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0.85-, 

0.80, 

fraction 

of 
13 -

0.75. 

0.70. 

0.0 20 40 
~r~ 
60 

—r-

80 
~i 1 

100 

[18] (10"4M) 

Figure 4. Mole frac'tipn of 13 (the remainder being 14) 
versus [18] from the reac t ion Of 18 with 
t r i f luo roace t i c acid (1 x 10"2 M)in a c e t o n i t r i l e . 
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0.15H 

fraction 
of 

13 
0.10. 

0.05 

J 

0 
-1 r 
2 0 . 40 NT 

lv 

> 

80 
T 1 

1Q0 

[18] (10"*M) 

Figure 5. The mole fraction of 13 (the remainder being 14) 
'versus [181 from the reaction of 18 with -
trifluoroacetic acid tl x 1G~2 M) in 
carbontetrachloride. 
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0.80J 

fraction 
of 
13 

J> 
% 

0.60 

S , 

0.401 •~T—:—1 1 r^—1 1 r r 'i» 

20 40 60 80 100 

[TFA] (IO-4.M) 

Figure 6. The mole fraction of 13 (the remainder being 14) 
^ * versus the concentration of trifluoroacetic acid 

from the reaction of 18 (5 x 10~4 M) with 
trifluoroacetic acid in acetonitrile. 

• / 
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0.10-

fraction 
of 
13 

0.05 \ 

K 

0.0 —,— 

20 40 60 80 100 

[TFA] (IO-*M) 

Figure 7. The mole fraction of 13 (the remainder being 14) 
versus the concentration of t r i f luoroace t ic 'acid 
from the reac t ion of 18 (5 x 10~4 M) and 
t r i f luo race t i c acid in carbontetrachloride. 
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1-0—j 
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0.6-
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fraction 
of 13 04-

0.2-

[ ] 

O-fL-O-

0.2 

B 

0.4 

0 

D' 

O 
D 

• 

} * 
0.6 0.8 

fract ion CH3CN in CCI4 

^ 

O 

D 

^ 

Figure 8. The mole fraction of 13 (the remainder being 
14) versus the fraction (by volume) of 
acetonitrile in carbontetrachloride from the 
reaction of 18 with (a) # 4-toluenesulphonic 
acid, (b) • trifluoroacetic acid, and, (c)O 
trichloroacetic acid. 



Table 6. Oxidation Potentials of 1,1,2,2-tetraaryl-
cyclopropanes in dichloromethane O.lM TBAP 

11 El/2 (v)a VV2 (mV) 

a 

b 

CJLS. 

c 
trans. 
d 

e 

c_is. 
f 
trans. 

g 

\h 

H 

OCH3 

OCH3 

OCH3 

OCH3 

CN 

CN 

CN 

CN 

OCH3 

H 

H 

H 

H 

OCH3 

CN 

- H 

H 

CN 

OCH3 

H 

H 

OCH3 

H 

OCH3 

H 

CN 
• 
H 

CN 

CN 

H 

H 

H 

OCH3 

OCH3 

H 

H 

CN 

CN 

CN 

1.23 

1.14 

0.96 

0.96 

0.88 

1.52 

1.51 

1.51 

* 1.80 

1.14 

130 

160 

140 

140 

150 

170 

240 

240" 

r 150 ' 

220 

aV/6lts versus see. 
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Table 7. The reduction potentials of 1,1,3,3-tetraaryl-
propenyl cations (19+)a in dichloromethane 0.1 M 
TBAP. 

19 Xi X' i l / 2 ^ (V)1 Ep*Ep/2 (mV) 

a H 

° b OCH3 

1' OCH3 
c 
OCH3 

d OCH3 

e' CN" 

CN 
f . 

CN 

'g CN 

h OCH3 

H 

H 

H 
A 
H 

OCH3 

• CN » 
4. 

H 

H 

CN, ;• 
* * 

0CH3 

H 

H 

OCH3 

H 

OCH3 

H 

. CN 

H 

CN 

CN 

H* 

H 

H 
. 
OCH3 

. OCH3 

H 

H 

CN 

CN 

CN 

> 

i 

0.37 

0.22 

0.12 

0.12 

-0.04 

0.65 , 
t 

0.66 

0.66 

not obse 

0.31 .' 

90 

90 

90 

90 

90 

70 

'••80 
, 

80 

rved \ 

80 \ 
1 

t 

/ 
.-. 

1 

% 

aGenerated at the anode from the anodic.bxidation of lla-h. 

•Volts versus see. 
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Figure 9; Hammett p lo t of E 1 / 2 of l l a - h versusEff+ . 
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2.0 3.0 

Figure 10. Hammett plot of Ejy2 of 19^a-ffh versus L,a+ . 
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V. 
1 

1.3 DISCUSSION . 

1.3*1 Photosensitized and. electrochemical reactions oj. H 

The-pcoducts obtained upon photosensitized (electron- ' 

transfer! oxidation of 11 are remarkably dependent upon 

reaction conditions, particularly solvent and sensitizer. 

Although some of these observations were reported several 

years ago'(25,31), the mechanism has never been discussed in 

detail. 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"~ 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 absorbed by 

the vessel. The sensitizers have appreciable absorption 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 ' 

We'ller equation (Equation 11). With the quinone sensitizers 

(DDQ and TCQ) the triplet state is undoubtedly involved 

because of the rapid intersystem crossing in these cases 

(33). When the sensitizer forms a charge-transfer complex 

with 11 (TCNE, TCQ, DDQ), irradiation in the wavelength 

region of the charge-transfer transition can lead directly 

to the radical ion pair. 
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*JA hv 
[1] 

->• A* 

11 + A* 
[2] Ph2"+ '^Phj 

+ A" 

Phf+ ' Ph2 

BM_ 
[3] Phf^Ph2

 + B H + <H A ' ) 

A> 
141 

Ph2 " s Ph2 

H*(D+) 
[5] Ph2C=CHCXPh2 

X= H or D V* 

Ph, ' vPh, 4HA' 
[61 

I7L 

P h f + ^ P h , + HA" 

Ph 
B 
[8] 

H Ph, 

Ph 

A + BH+ 

Ph, 

P h / ' + v Ph, B 
[ g ] *- Ph2C=C=CPh2 , -f BH+ 

XH3OH 
110] 

,C=CHC(oCH3)ph2 + H+ 

Scheme XI, 
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The deprotonation of 11*+ (Scheme 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 ignored until it is needed a*gain to 

protonate another intermediate. In 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 fundamental 

importance to understand what is occurring and why. The 

first requirement is to estimate the pKa of^ll . 

Several thermochemical cycles have been developed which 

can be used to estimate the v&k of a radical cation from 

' available thermochemical data (35) . An ,estimate can be made 

if the oxidation potential of RH (E°RH) and the bond 

dissociation energy of RH (*AGBDE) are known. In this 

case, Equation 25 pan be used, ^ 

pKa = 0.73(-FE°RH +AG B D E +AG t r ( H + ) +A6 f ( H j + A<$iBom> [25] 

where AGtr(H+) is the free-energy change associated with 

the transfer of a proton from water to the solvent of ' 

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

hydrogen atom and, AG£SOin is the free-energy change 

associated with the isomerization of the cyclopropyl radical 

to the allyl radical, Figure 11. 
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AGisom ^ 

Ph2 Ph 

Figure 11. The isomerization of 2 ,2 ,3 ,3- te t raphenyl-
cyclopropyl radical to 1,1,3,3-tetraphenyl-
propenyl r ad ica l . 

To determine the pKa*of l l ' + , the v a l u e of E°RH i s 

estimated from the Eox (1.48V vs NHE) of the cyclic, 

voltammogram; AG t r(H +) i s 11 kcal mol"1 for . 

a c e t o n i t r i l e (36); AGf(H)g i s 48.6 kcal mol"1 and, 
/ , 

AGBDE(RH) is approximately 96+3 kc^l mol-J- (37). The f ree-

energy change associated with the isomerization from the 

cyclopropyl to the a l l y l i c s t ruc ture (Figure 11), must a l so 

be estimated. In the 'unsubstituted C-C3H5" radica l t h i s 

value i s approximately -25 kcal mol x (14). The extra ••• 

s t a b i l i z a t i o n associated with the four phenyl groups should 

not account for more than -14+3 kca l m o l - 1 (based on the 

AGBDE(C-H) for diphenylmethane (8*4 kcal mol - 1) r e l a t i v e to 

t̂ he AGBDE(C-H) for ethane (98 kcal mol"1)) so, A G i s o m 

should then be approximately -39±3 kcal mol-1-. Substi tut ion 

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

for the pKa of 11* + . 
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Another approach can be used to obtain an estimate of 

this number. The pKa of t̂ he ,1,1-diphenylethyl cation (in 

water) is approximately -6 (38). The pKa value in 

acetonitrile, based on the free-energy of transfer of the 

proton (11 kcal mol"1) and the hydrocarbon fragments (-2±2 

kcal mol-1, 39), should be about 0.6+1. This number must be 

corrected for the allylic stabilization gained upon 

deprotonation (-14+3 kcal mol"1) and the strength of the one-

electron two-centre bond being broken. An estimate of the 

stj»ngth of this bond may be obtained from the cycle shown in 

Figure 12. The value of AGBDE(C-C) IS estimated-from the 

Ph2 *
 + Ph2, 

FE° 
t P h 2 ^ n»h2 

\*<hDBtr*>^ + 
11 

AG BDE(c-c) 

11 

FE° 

Figure 12. Thermochemical cycle to estimate the strength of 
the one-electron»two-centre bond in 11*+. 
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activation barrier to thermal isomerization which is about 

30 kcal mol"1 (17). The oxidation potential E°2 should be 

approximately the same as the oxidation potential of the 
• 

1,1-diphenylethyl radical (about 0.5 V vs NHE) (40) and the 

oxidation potential of 11 is given above. The sum of the > 

GBDE(C-C) a n d FE°2 is greater than FE 0^ Consequently, 

the strength of the one-electron two-centre bond of 11*+ 

should bewabout 8 kcal mol"1. Therefore, the pKa 

of 11 , + should be -4+3 by this method. 
I * 

It is, therefore, not surprising that 11 *+ deprotonates. 

Furthermore, this process should be rapid because the C-H 

.bond being broken can be paraj-lel 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 DDQ) this occurs. In fact, even in those cases where 

the sensitizer is not reduced (DCN, DCB, DCA AND MCB), and 

12 is the product, protonation of the sensitizer radical 

anion still 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° B D E, AG
0£som and E° have been discussed above. The value 

of E r e d for DCN is in Table 1. Therefore, only an estimate 

of A G B D E ( C - H ) of the C-H bond to be made in DCNH* is 
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required (Figure 13). The enthalpy of reaction for J.,4-

dihydronaphthalene to give^fiaphthalene and two hydrogen 

atoms can be calculated (109.9 kcal mol-1) from information^ 

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

dihydronaphthalene is approximately 75+2 kcal mol-1 (42a). 

This would give a BDE of 35+2 for the second C-H bond. It 

is estimated that an a-cyano group decreases the C-H BDE 

by approximately 6 kcal mol"1 (42b).' On the other hand, the 

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

de*gree, and both cyano groups will be conjugated in the „ 

product.' The overall effect on the BDE may be as much as 

4+2 kcal mol . This would give a value of 22+3 kcal mol"1 

for AG°BDE(DCNH*). The »AG° for protonation of DCN*" by 11*+ 

would then be -27±6 kcal mol""1. Similar reasoning 
it 

suggests that protonation of the radical anion of DCB, DCA 

and MCB is also favourable. r 

AG0 

BDE 

+DCN 

AG0 

isom 

T19* + H'+ DCN 
11,+ + DCN-

AG& 
BDE(DCNH ') T19-

AGOT 

+ DCNH' 

11 + DCN 
# -

F(Ered"Eox) 

Figure 13. Thermochemical cycle to estimate the AG° for 
protonation of DCN* by 11* . 
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There are other possible mechanisms for the formation 

of 1J2 which involve H'A*f disproportionation of the radical 

19*, for example. However, the observed deuterium 

incorporation in 12, from methanol-Od, argues against this. 

The next step in the reaction scheme, Step 4, involves 
> * 

a reduction of 19* by the sensitizer radical anion. The 

redub&ion potential k>£ 19* is known (-0.94 V, DMF vs see, 

43). Table 1, which lists the reduction potentials of the 

i y 
sensitizers; indicates that the radical dnions of all of the 

aromatic nitriies are capable of reducing 19" to 19"; even 

DCA, where the electron .transfer may be slighty endothermic. 

Furthermore, the radical anions of the other sensitizers 

(TCNEI, TCQ and DDQ), which do not give 12 as a product are 

not. capable of reducing 19*. Following the reduction of 

19*, protonation (Scheme XI, Step 5) completes the mechanism 

for the formation of 12. 

The reduction of 19* and subsequent protonation of the 

carbjanion explains the high degree of incorporation of 

deuterium at the allylic position with no scrambling. The 

absence of observable isotopic scrambling in 12 also rules 

out reversibility for the deprotonation of ll"1" -(35). 

! An alternative mechanism for the incorporation of 

deuterium in 12 could be via deprotonation of 12*+ to form 

19*&followed by reduction and subsequent deuteration. 

However, when a solution of 12 and l,4-dicyanonaph#halene 

(DCN) are irradiated in acetonitrile-methanol-Od (3:1, v/v), 

no deuterium exchange is observed. 

1 
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These results raise several new questions. Since the 

formation of the highly delocalized radical, 19*, should be 

a driving. force for deprotonation of 12°*+, it is not 

immediately obvious why 11"+ deprotonates while 12*+ does 

not. Using a thermochemical cycle similar to that-above < 

(Equation 25), the pKa of 12 *+ also may be calculated. The 

oxidation potential (EQX4 of 12 is 1.80 V (vs NHE) and the 

free-energy associated with the bond dissociation is about 

72 kcal mol"1 (42a). The estimated pKa of 12 *+ is -5+2. 

Therefore, 12*+ should deprotonate in methanol. Since 

deprotonation of 12 *+ appears to be favourable from 

thermochemical considerations, the reason for the lack, of 

apparent acidity must be kinetic in nature. The relevant 

C-H bond in 12 *+, is perpendicular to the ir-system in the 

preferred conformation. Evidence for this conformational 

preference' is based on observed vicinal 1H-1H coupling 

constants (44). In %--% coupling in 12 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 -̂ H- H coupling 

constant is only 2 Hz (45). The proton chemical shifts for 

the allylic and vinyl protons in, 12 are 54.-75 and 56.45 

respectively. Those for 1,3-diphenylindene are 54.55 and 

5 6.49 respectively.Under these conditions it is not 

surprising that 12 , + does~ not deprotonate rapidly. 

The inability of both 11"+ and 12*+ to react with 

methanol also is unexpected (2a,27); especially in the case 
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of 12,+ since 1,1-diphenylethylene, under similar conditions, 

reacts to form the anti-Markownikoff addition product in • 

high yield (28). Also, 1,1-diphenylcyclopropane (7) and 

phenylcyclopropane (4) react to add methanol. Products 

resulting from the deprotonation of the radical cation of 4 

or 7 were not reported in eithex of these^cases (25). The 

radical cation 11*+ must preferentially deprotonate. The 

burfcy phenyl groups will inhibit the addition of methanol, 

allowing the deprotonation to compete effectively. The 

addition 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 becomes 

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 

olefinic 7T-bond. The phenyl groups, therefore, effectively 

hinder the addition of methanol. This conformational 

preference also accounts for the apparent lack of acidity of 

12 *+ and, has been observed in other systems (47). 

Consider next, Scheme XI, Step 6, the oxidation of 19'. 

The deprotonation of 11 *+ to A*~ (Step 3) and the electron-

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

is equivalent to hydrogen atom transfer from ll"1* to A* 

(Scheme XII)., In essence, the transition state can be more 

or less polar. Nevertheless, it is useful to consider these 

various steps independently in order to assess the 

energetics of the overall process. 

-r 
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H-+ + A - •[19'~- H — A' — 1 9 + - H — A " ] * 

[»•—H—A' ~l9+---H-/A-]i 

J9* + HA' 

19+ + HA" 

Scheme XII• 

If proton transfer were to occur between 11*+ and A*~k 

and if the reduction potential of HA* is greater than the 

oxidation potential of 19* (i.e., Eox(19*)-Ere(3(HA*)j < 0) 

then the subsequent electron transfer"to form 19+ would be 

r 

fast. On the other hand, if Eox(19*)-Ered(HA') > 0; then, 

even if hydrogen at:om transfer were t"o occur, the ion-pair, 

would undergo an electron transfer to generate the radical-

pair. 

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

TCQ, where 19+ is observed, that E0X(19*)-Ered(HA:) < 0. The 

electrochemistry of several quinones and hydroquinones (hot 

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

of hydroquinones in the presence of bases such as 
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pyrrolidine, 2,6-lutidine and pyridine results in a new wave 

at about 0.7 V below the oxidation potential of the 

hydroquinone (49). In the case of 1,4-hydroquinone*(QH2), 

the anodic wave for the oxidation of the hyclrdquinone 

disappears upon*addition of two equivalents of 2,6-lutidine 
/ 

to the anolyte (49b). ' Under these conditions, a new wave at 

Ep=0.67 V, was attributed to the oxidation of QH~ •=. Q + H
+ 

+ 2e~ (recently, Laviron (50) has measured the E° value 

fot the oxidation QH~ -=- QH* in an aqueous medium; 0.22 V 

>vs see). Similarly, the oxidation of TCQH2 in acetonitrile 

occurs at Ep=1.56 V. Addition of 2,6-liitidine (1.5 

equivalents) to the anolyte^produces a new wave at ED=0.60 V 

attributable to'the oxidation*of TCQH". Addition of 2,6-di-

t-butylpyridine has a similar effect, except/ forty 

equivalents must be added before the wave at E_ = 1.56 V is 

not observed. The new wave occurs at Ep=p.87 V. These 

if differences can be attributed to a steric effect with this 

hindered base (51). Since Eox(19') - tfred(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 

13 and 14 as well as the reduced acceptors. The mechanism 

for the formation of 13 and 14 via 19+ is shown in Scheme 

XI, Step 7-9. ' \ * 

'The proposed cyclization of-the cation 19+*is in 

apparent contradiction of reported behavior. »Treatment ofg 

1,1,3,3-tetraphenylpropenol (18) with 4-toluenesulphonic 
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acid in ethylacetate gave an almost^Quantitative yield of 14 

(32). With acetonitrile as solvent, ̂ however, treatment of 

18'with,4-toluenesulphonic acid leads to an almost 

quantitative yield of 13. As the percentage of 

carbontetrachloride in acetonitrile incjieâ es, the 

proportion of 14 progress ively^ncreases (Figure 8). A 

weaker acid (trifluoroacetic acid or trichloroacetic acid) » 

produces a much more dramatic effect than the strong acid 

(4-toluenesulphonic acid). 

These results are rationalized by considering the 

effect of the solvent polarity on the strength of the acid 

(or its conjugate base)(52). „ The dielectric constant of 

binary solvent mixtures of carbontetrachloride and 

acetonitrile as a function of mole fraction of 

carbontetrachloride is almost linear. As the solvent 

polarity decreases, the strength of the conjugate base 

increases so the deprotonation of 19+ by the conjugate base 

becomes more favourable. The«, strong acid (4-

toluenesulphonic 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 the 

equilibrium for salt formation, equilibria for acid 
r 

dimerization, (HA)2, homoconjugate ion formation, (A-H—A)
-, 

and, in the case of 18, the pKR+, are also important. In-, 
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geiHeraiU' weaker acids dimerize more readily in aprotic 

modiav^^On the other hand, hdmoconjugate ion formation is! 

^more favourably with stronger acids. The ability of the 

Conjugate base to accept a proton, however, depends on it) 

charge,, size, polarizability and, to some extent, steric, 

factors (ie. the same factors that are important in aqueous 

media). In the Reaction of 19+"in ethylaeetate, the solvent 

apparently acts as' the base. 

Examples of the formation of indenes from the allylic 

cations also have been reported. Pittman and'Miller (53) 
* #• 

found that allylic qations such as the 1,1,3-

triph^nylpropenyl cation' are stable'at low temperatiire in * 

strong acid. Warming these solutions induces cyclization to 

form stable< solutions .of the indany-1 cation. Quenching with 

base leads to an almost quantitative yield of the . 

corresponding indene. In these solutions,'the intermediate 

cyciohexatrienyl-cations were not observed, which implies 

that Scheme XI, Step x8 is rapid; probably a result of the" , . 

driving force for aromatization upon proton loss. 

It is clear, therefore, that the ratio of 13 to 1.4 is 

sensitive to the basicity of the medium. The-observed v , 

dependence^of the ratio of 13 to 14„on the sensitizer" (Table* 

'' * * <•" 

2) may be explained on this basis. The ratio of 13 to 14 

from the photosensitized (electron-transfer) irradiation 
t " * , ; . 

decreases in the order TCNE > TCQ > DDQ. This'follows 

expected base strength of the anions HA-. The difference in" 

•base strength of the anions (HA") can also account for the 
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qualitative observation that the steady state concentration 

of 19+ is greater with TCNE as the sensitizer /than with TCQ. 

\ ' The possibilty that 19* may cyclize to lead, 

ultimately, to 13, or, that 19* may disproportionate to give 

14 should be considered. Dietz, Peover and Wilson (43) 

found that a stable solution of 19 could be oxidized to 

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

esr spectrum}. The solution of 19* could be reduced back to 

19" with no apparent reaction. Furthermore, if 19* could 

cyclize to lead ultimately, to 13, it would then be 

surprising that 13 wasHiot observed as a product in the 

photosensitized (electron-transfer) reactions with the 

aromatic nitriles as sensitizers. 
4 . 

The irradiation of the charge-transfertcomplex between 

11 and TCQ in acetonitrile-methanol (3:1, v/v) leads to the 

formation of 16 in good yield (based upon HPLC analysis of 

the crude reaction mixture).' The isolation of 16 is not 

straightforward; only half of thi% ether, was eiuted from a 

silica gel flash chromatographic columneven though the 

compound was on the column for le.ss than 30.-minutes. The 

remainder of the material was recovered as 18 on elution 
» 

with methanol. «,The formation of 16 is consistent with the 

existence of 19+ along the reaction pathway. Treatment of 

18 in adetonitrile-methanol (3:1, v/v) with trifluoroacetic 

acid (10"2 M) produces 16 in good yield based upon proton 

magnetic resonance (•LHmr) spectroscopy and HPLC. » • 

Strong support for many of the mechanistic 
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considerations proposed in Scheme XI can' be obtained from the 

study of the electrochemical oxidation of 11. The 

Oxidation of 11 at a sphericaj. platinum electrode occurs at 

Ep = 1.36 V in acetonitrile (O.lM TEAP) using a sweep rate 

of 400 mV s . At sweep rates less than 1.0 V s"1 a second 

anodic wave (Ep = 1.58 V at 400 mV s"1) is observed. The 

relative, height of the second wave increases as the sweep 

rate decreases (Table 4). » The second wave is attributable 

to Vthe oxidation of 13, adsorbed on the working electrode. 

The sweep rate dependence is a result of a slow chemical 

step. The strong adsorption of 13 to the working electrode 

is evident from Figure 3. The sharp anodic wave at Ep = 

1.58 V is obtained for thê  cyclic voltammogram of'13. 

Addition of .an equivalent amount of 11 to this solution only 

results in an marease in the peak current for the second 

anodic 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 jn dichloromethane than in 

acetonitrile (54), so, this solvent was used in an attempt 

to detect the individual one electron transfer steps upon 

oxidation of 11. The first wave at Ep = 1.36 V in * 

dichloromethane appears to be identical to the wave in 

acetonitrile. Even at sweep rates as fast as 20 V s , no 
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evidence for two one-electron transfers is obtained. 

At the onset of oxidation (in acetonitrile), the -i 

solution near the surface of the electrode becomes visibly 

purple. The cathodic sweep reveals two waves. The first 

cathodic wave is reversible with Ei/2 = 0.34 V. The second 

wave is at Ep = 0.-17 V and is irreversible. The 

irreversible wave may be the reduction of a proton which 
A . 

occurs at Ej/ 2 = 0.24 V (55) in water, ie., the normal 

hydrogen electrode (NHE). A likely candidate for the 

coloured intermediate is 19+. when the cation 19+ is 

generated in the electrolysis cell from the alcohol 18 by 

the addition of trifluoroacetic acid, the voltammogram of 

the resulting purple,solution has the same reversible 

reduction wave at E j ^ = 0.34 V. 

Some uncertainty still remains regarding the 

mechanistic sequence of the anodic oxidation of 11 to 19+. 
I* V 

Two possible pathways are the ECE and the .EEC process 

(Figure 14). " For the ECE mechanism the deprotonation of 

11*+ is thermodynamically feasible even considering 

acetonitrile as the base (35) and, the oxidation of 19* 

would be rapid at 1.1 V. The alternative pathway (EEC) 

requires that the oxidation of 11"+ to 11 + + occurs at 1.1 V 

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

19+«' An estimate of the oxidation potential of 11*+ can be 

maVJe; it should be between the oxidation poteritia'l of 

tetraphenylethylene radical cation (1.45 V) (56) and the 

oxidation potential of the 1,1-diphenylethyl radical (0.3 V 
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(40)). Tha strength of the one-electron two-centre bond in 
* 

11*+ i s sma l l (see Sect ion I I ) so the oxida t ion p o t e n t i a l of 

1 1 " + should be c loser to the value for the 1,1-diphenylethyl 

r ad i ca l . Obviously, both pathways are thermodynamically 

f eas ib le . * 

Ph. 

a 

o 

Ph2< >Ph2 Ph^>Ph2 

Ph2< ^Phg 

Figure 14. The CE mechanism (path a) *andvthe EC mechanism 
(path b) for the formation of 19+ from 11*+. 

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.' Addlfion 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 trace of 13 is detected). 

In acetonitrile-methanol (3:1, v7v) (0.1 M TEAP) the product 

obtained is 16. This, of course, parallels the expected 

behavior of 19+. 

It is interesting to compare the controlled potential 

electrolysis (in methanol) of 11 to that reported for 1,2-

diphenylcyclopropane (cis- and trans-1) (57). In the case 

of 1,2-diphenylcyclopropane (1) the product from the 

electrolysis was l,3-dimethoxy-l,3-diphenylpropane (21). It 

was,proposed that the radical cation of the cyclopropane 

reacted with methanol to form the "benzylic radical which was 

then oxidized to the cation and reacted once again with 

methanol (ECEC). The radical cation of 1 showed no 

propensity for deprotonation under these conditions (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 electrolysis of 11 do'es not 

confirm unambiguously the intermediacy of-19-. .If methanol 

were to react with 11*+ (or 11++), the resulting 

diphenylethyl type cation could simply deprotonate to give 

16. Furthermore, since an excess of protons is produced in -

this reaction, l,3-dimethoxy-l,l,3,3'-tetraphenyipropane may 

be produced, and subsequently react via. an acid catalyzed 

elimination of methanol. Analysis of the reaction by' HPLC 

indicates that 16 is the qnly product formed, even at low 

conversion (<5%). The photosensitized (electron-transfer) 
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reaction of 11 -in acetonitrile-methanol (3:1, v/v) indicates 

that 11*+ deprotonates much faster than it reacts with 

methanol. Certainly the dication 11 + + will be as, or more, 

acidic under similar conditions. The formation of 16, via 

19+ under the electrolysis conditions is, therefore, 

reasonable. i 

Treatment of Iff, in acetonitrile (0.1 M TEAP), with 

trifluoroacetic acid, produces a coloured solution which 

exhibits three.broad absorption maxima at 568 nm, 459 nm and 

&b 3 8 2 nm attributed to 19+. This spectrum can be compared to 

the spectrum of 19" which exhibits visible absorption maxima 

at 564 nm and 463 nm (43). This similarity is expected; the 

energy difference) 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 

f 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 with absorption maxima at 566 nm and 458 

nm. It is reasonable to suggest that all three spectra m 

represent the same intermediate, 19 +aB f • 

The stability of 19+, the ease wittf which it is V ~ ^ 

generated electrochemically from 11, and the ease with which 

\ it is detected spectrophotometrically, makes it possible \Xr 

\ measure the rate of disappearance as a function of 

\ " 
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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 21.8+0.2 kcal mol"1 and a 

preexponential factor., log" A, o'f 14.5+.3. It is clear from 

the simple mechanism *in Scheme XI, Step 7-8, that this rate 

constant represents the rate of formation of,13. The ^te 

at 23 C is independent of the concentration of electrolyte', 

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. Similarly, the product ratio is the 

same with or without 0.1 M TEAP when TCQ is the acceptor; 

It is likely, therefore, that the rate constant for the 

formation of 13 will be the same in the photochemical 

experiments. , " tx 

It is'interesting to consider the activation parameters 

obtained for the reaction of 19+. The activation energy of 

21.8 kcal 'mol 1 is expected, for a reaction of this type. 

The'cyclization of the highly del oca lized cation is 

essentially an electrophilic aromatic substitution on an 
•0-

electron deficient r ing. The ac t iva t ion energies for the 

e l ec t roph i l i c aromatic subst i tu t ion on benzene' (in 

nitrobenzene) by several a lkylchlor ides (catalysed by"AlCl3) 

f a l l in the range 11 kca l 'mo l " 1 t o 20 kca l m o l - 1 (59). In 

these react ions , the ac t iva t ion entropies (AS0) are a l l 
4 

approximately -12 e.u. (i.e. large negative numbers). It is 
\ + 

puzzling, therefore, to find that in the reaction of 19 , 
67 
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r 

the activation entropy "is positive (5.?+l e#u.). 
. ' " • •• I ' 

There is a way to estimate the actuation entropy for 
1 this cyclization reaction. Intuitively,! the activation 

e"ntropy for a intramolecular reaction should be more 

positive than the activation entropy for an arialogous 

i . t . » . l ^ X „ reason. »!.'« b e c a l ^ e , r d e , o£ u,. 

transition state for both reactions should be similar, * 

however, in the, case of the intramolecular -reaction, there * 
' \ is more order in the starting material. ' Consider all 

analogous cyclization; the cyclization of the pentadienyl 

-radical to the 2-cyclopentenyl radical. » The'activation 
«• • * \ •> 

entropy for this reaction can be calculated; using Benson's--' 
V -. ' 

group additivities (60). Since the starting material is ' 

essentially rigid, the overall entropy change for this 

reaction is only --6,34 e.p. (group additivities fi6r*catlonic 

groups are not available so.a*€ree radical reaction has "been 

used in this example). *. This will be%a .reasonable estimate 
- • » • * ' . , " > • ' 

. (probably too 'negative* for the actiyation entropy. 

In the reaction of £9+,' however/ there are additional 

corrections. Rotation of the phenyl rings in 19+ are , ' -
•* " " 

restricted and generally, these systems (e.g. 
t ., -< .* 

triphenylmethyl) are thought to,take on a propeller-like^. 
-* • • - # - , , 

preferred conformation. At the transition state (as well as 
.. * • \ ' . ' \ 

t 

in the prod.uct)Vrotatiqn of .the three remaining phenyl rings, 
is not as restricted. The entropk associated with the 

. * * v » 
* single bond rotation'of a phenyl rin,g is 8.6 e.u. (61) and, 

• / " /V* 4, * 4 ' • 

for three phenyl r ings , t h i s would.account for 25.8 e.u. Of 

' T> . " * -

• - ' ' • / ' 
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course,'the phenyl rings will not be free rotating in the 

product. However, even,if only one-forth of this entropy is 

attained at the transition state, the total entropy change 

would be positive. 

1.3.2 Substituent effects on the. oxidation M lla-h 

The oxidation potentials (E^/2) of several substituted 

• 1,1,2,2-tetraarylcyclopropanes (lla-h) are listed in Table 
i 

%. While the unsubsituted derivative has been referred to 

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

this compound will be referred as lla, to'-distinguish it 

from the_other substituted derivatives. Similarly, the " 

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

19a+,(Table 7). 

All of the anodic oxidations of lla-h are irreversible. 

The Hammett equation for electrochemical reactions (Equation 

26) is often used to describe the effect on the equilibrium 

constants (E°) for a series of structurally related 

compounds in which the electron demand at the reactive 

centre is varied. In general, these plots have, slopes in 

the* range 0.1'to 0.8 V (19, • 62K While this relationship is 

meaningful for reversible ."processes, for irreversible 

processes the analysis is not *aa straightforward. 

' * * " * #" * 

% El/2. = (RT/ «naF)p<7 f261 
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Analysis of the oxidation of lla-h by the Hammett 

approach gives a slope of 190+20 mV, an intercept of 

1.25+.04 V and a 'correlation coefficient, r, of 0.976 

(Figur,e 9). There has been some controversy over the 

ability of a cyclopropane ring to transmit electronic 

effects (63). It is somewhat surprising that the oxidation 

potentials correlate as well as they do with the £ o* . It 

is tempting to conclude that this correlation is evidence 

for transmission of substituont effects through the 

cyclopropane ring. However,"this ring in the radical cation 

will not be intact and, the subst,ituent effect is probably 

derived from the'interaction' of the aryl ring in this open 

chain species with the.vacant p-orbitals. This idea of a 

product-like transition state is compatible with a slow 

electren*transfer (i.e. Hammond postulate)% 

Shono and Matsumura have measured the half-wave 
K 

oxidation po t en t i a l s of some 4-subst i tuted arylcyclopropanes 

(57). In t h i s work, a slope of 730 mV was obtained from the 

Hammett p l o t of E j / 2 ve r sus <j+. The s l o p e of the l i n e 

from the Hammett p l o t for l l a - h i s expected-to be one- for th 

of the slope obtained for the arylcyclopropanes only if the 

charge can be delocal ized into a l l^>f the a r y l rings at the 

t r ans i t i on s t a t e . One forth.of the l i n e reported by Shono 

and Matsumura i s 183 mV; remarkably c lose to the slope 

obtained in t h i s work of 190 mV for l l a - h . Some caution 

should be exercised s ince, for i r r e v e r s i b l e systems, the 

slope-depends on cena as wel l as the t r a d i t i o n a l p value 

JO 

1_J 



(Equation 26), where a. is the transfer coefficient and na 

is the number of electrons transfered at the rate limiting 

step. Furthermore, a limited number of substituents were 

used in this study so , the slope of the line may be biased 

in one direction. 

The Hammett plot of the reduction potentials (E]y2) of 

19+a-f,h has a slope of 190120, mV, an intercept of 0.38+.03 

mV and a correlation'coefficient, r, of 0.985 (Figure 4°)-

In the case of lla-h, the oxidations are totally 

irreversible in contrast to the reductions of l%+a-f,h which 

are quasireversible in this solvent. The equivalence of the 

slopes may be fortuitous. The Hammett equation for an 

irreversible electrochemical reaction (Equation 27, 19) 

includes the term- ana. The value of ana can be estimated 

from the shape of the voltammetric wave (17, Equation 23) or 

from the sweep rate dependence of the peak potential * 

(Equation 22). For lla, the value of an a is estimated* to* 

be 0.35 by both methods (see Table 4). Ho*wever, the value 

of ana does not appear to be constant for all of the 

tetraarylcyclopropanes studied. An average value is 0.28 , 

which leads^to an estimate of 0.89 for p. On the other 

hand, the value of .' cena for the quasi-reversible reduction 

of 19+ is 9.53, giving an estimate Of 1.72 for p. ^ 

Therefore, while the slopes of the original Hammett plots * 

appear to be the equivalent, the sensit.iv.ity of the • « * 
-r^ I « ' . 

transition state to changes "in electron demand (as* measteed 

by p) is, a*s should be expected, much greater, for 19+ than '' 
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for 11. 

1.4 CONCLUSIONS 
-

> 9 

One of the objectives of this study was*to understand 

' the apparently inconsistent reactions of 11 under 

photosensitized (electron-transfer) .conditions. Some of the 

factors which influence the reactions of 11*+ have been 

identified, fhe reactivity of 11"+ is dominated by its 

acidity. The calculated thermodynamic acidity of 11*+ is 

consistent with this conclusion, however, the kinetic 

factors which influence the deprotonation are not completely, 

understood. The implication from this work is that 

" geometric (including conformational) considerations are 

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 ha^e an influence on the course of the reaction. The 

reduction potential of the sensitizer not only is important 

to the initial electron-transfer step but, in the system-

studied, the ability to reduce the intermediate radical, 
19*, is the factor which determines whether-an oxidation (to 

* * * * 
* « ' • * ' • .form 13- or 11) or a rearrangements (to form 12) occurs. 

** 

v*Strong evidence'(deuterium incorporation in 12) .supports the 

' mechanism proposed'for the'formation of 12. 
' • 
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The oxidation products (13 and 14)-are formed via the 

carbocation 19+. This .intermediate cation has been observed 

spectroscopically in the photosensitized (electron-transfer) 

reaction. The results from the cdntrolled'potential 

electrolysis of 11 ( in which 19"*" is also identified as an 

intermediate) is also very strong^evidence*in' support of the 

proposed, mechanism. 

The effect of the sensitizer on the formation of 19+ is 
V • 
1 

not completely understood. While-it is clear that only 

those sensitizer radical anions which' are not capable of 

reducing 19' lead to the formation of 19 , the sequence of 

reactions need not include 19* as an intermediate. In these 

cases.,' the sensitizer radical anion may be serving as a * • < 

hydrogen atom acceptor. Since electron transfer <in the 

radical pair (after protonati,<frPbf the sensitizer radical* 

anion by 11*+) will be spontaneous, these differences are 

probably1 only differences in'ithe degree of electron-transfer^ 

at the transition state for the transfer of the llydrogen , 

atpm. - " 

The ratio of 13, to 14 is shovrf to he sensitive to the 

basicity of the medium. This product ratio from the, 

photosensitized (electron-transfer) reactions is consistent 
' 

with the expected basicities erf the reduced acceptors (HA ). 
'The sensitivity of the ratio to the. basicity of themedium V 

. ' • , . . * : ' ' ' - < * ' V 

and, theiisolvent effect on the basicity of acids, may be 

useful in the "future fdr the determination of relative pKa's ' -

of ''strong' acids ih-aprotic solvents. ' . k • ' 
"- [ 

• > • . " « * 

- „ J' - • 
. . « * , .» ' 
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The complex behaviour observed in this system must 

pertain to photosensitized (electron-transfer) reactions in 

•general. There are few, if any,' reported reactions of this 

type where the variation of the sensitizer has a dramatic 

effect on the products or product ratios. „Now that the 

possiftility has been recognized, there is an opportunity to 

learn much more about these systems and, to increase the 

synthetic utility of photosensitized (electron-transfer) 

reactions. ' t 

The substituent effects on the oxidation of lla-h 

indicate that all of the aryl groups can interact with the 

incipient* ionic centre. Since it is ,not expected that the 

substituent effects will be transmitted through the intact 

cyclopropyl ring, this result is best interpreted in terms 
ft 

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

transition state. 

1.5,' EXPERIMENTAL ' 

General - d , 

Acetonitrile (Fisher ACS grade) ifor preparative 

photolysis and electrolyses) as well as for electrochemical 

measurements was distilled successively from sodium hydride 

(lg/L) and phosphorous pentoxlde (2g/L), fdllowed by paasing 

through a column of basic alumina (lOOg/L), refluiing over 

calcium hydride fot 24 hours in an inejrt atmosphere and, ' /> 

finally^ fractional distillation"., Acetonitrile for t h e , 

* * * ' ,' ' 
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electrochemical measurements was used immediately after . 

distillation while that for preparative work was stored over 

3A molecular sieves. Tetraethylammonium perchlorate 

(Aldrich) was recrystallized three times from 90% ethanol 

and dried in a vacuum dessicator. Tetracyanoethylene 

(Aldrich) was sublimed and recrystallized three times from 

cnXorobenzene. Chloranil (Eastman) was p̂ flldfied by 

recrystallization four times from benzene. 2,3-Dichloro-

2,6-dicyanobenzoquinone (Aldrich) was purified by 

recrystallization four times from chloroform-benzene (4:li. 

1,4-Dicyanobenzene (Aldrich) was purified by sublimation 
» - — 

followed by recrystallization three times from ethanol. 

1,4-Dicyanonaphthalene was prepared by the method of Heiss*, 

Paulus and Rehling (64) from the reaction of o.-

phenyi^enediacetonitrile and N,N'-di-tert-

butylglyoxaldiimine. The l,4-"dicyanonaphthalene was , • 
> 

purified by column chromatography .followed by . * 

recrystallization from methanol (three times). Methyl-4-

cyanobenzoate was prepared^ijy^the acid catalysed ' • 

esterification of 4-cyanobenzoic apid (Aldrich) and purified t 

by recrystallization (ethanol). 9,10-Dicyanoanthracene was 

prepared by the reaction of cuprous cyanide with 9,10-
" , v ' ' ' ' ' ' 

dibromoanttira.cene (&§l-^na*~was-purified' by column •- * . 

chromatography followea by r e c r y s t a l l i z a t i o n (twice,from 
• " i • ' ' ' " " * * • < • - ' y . y 
benzene). The preparation of l , 1 l ,2 / 2- * • 

'" ** • « > ' ' 
tetraphenylcyclopropan.e (66), l,3,3!-tx?iphenylindenev C67) .and /V 

. " " • ' ' ' . " 

t e t raphenyla l l ene (32) have been" described. ; . * 
* ' ' " ' , . . , ' - • ' • • • 
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Hmr spectra were recorded" on a'varian T60 spectrometer 

or a Nicolet 360 MHz nmr spectrometer and are reported in 

parts per million downfield from TMS. ^Cmr spectra were 

. recorded on a CFT-20 nmr spectrometer and are reported in 

parts per million downfield from TMS. Infrared spectra were 

recorded on an air-purged Perkin-Elmer 180 grating infrared 
» 

spectrometer or a 'Pye-Unicam SP-1000 infrared spectrometer 
4 

and a*re reported in wavenumbers (calibrated against 'the 

1601.8 cm"1 absorption of polystyrene). Ultraviolet-visible 

absorption spectra were recorded on a Cary-Varian'219 

absorption spectrometer and are reported in nm followed by 

11tf molar extinction, coefficient. Elemental analyses were 

* r.it ! -.1 >iti' 1 ̂  Cl en ianalytics Inc. and agreed to within 0.3% 
' ' '• • 

of the calculated values. Melting points were obtained *>n a 

Ŝ ybron Corporation' Thermqdyne hot̂  stage and are uncorrected. 

HPLC analysis was'performed using a Waters Associates M-45 

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 carbontetrachloride (10 mL) a*d 

tetrabromoethane (8 mL) by sonication'for 3 minutes. ̂ The 

slurry;fces poured into a precblumn (18, cm x 1«.5 dia.) and 

.immediately tracked into the analytical column] ClO- cm x .6 cm 

dia.) with n-he*ptane at a' pressure^ of 3450%psi (using a 

Haskel air driven fluid pump). The eluant was progressively 

changed ̂ dfchloroform then methanol. ' The analysis was done 
• 4 » / 

"at a 'flow rate of .1.2 mL per minute* with 83%, methanol-water. 
,. /*' 
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The absorbance was monitored at 247 nm (the isobestic point 

of 13 and 14). 

To calibrate the HPLC, the apparentMnole fraction of 13 

'(based on relative,, peak heights) was converted to 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 mixtures of 13 and 14'and 

is linear between 5% and 95% 13. 

Electrochemical stsll and apparatus 

Cyclic voltammetric measurements were performed in a 

three electrode cell (10 mL volume) fitted with a cooling 
i 

jacket and a scintered glass frit through which nitrogen was 

passed in order to deoxygenate and stir the solution prior 

to measurement. The working electrode was a spherical 

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

and contacted with a Nichrome wire through a mercury pool. 

The counter electrode was a platinum coil embedded in Sjpft 

glass and. inserted .through a sidearm of the cell. The 

• reference Electrode was-a saturated calomel, electexode (see) 

which was isolated' from the solution by a .glass tuce 

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

capillary placed 0.5 mm f rom ?the surface 'of the working 

electrode. The working electrode was immersed in 

• concentrated>jutric acid for\thirty minutes, prior ,to .use, 

washed with 5% bicarbonate, water and methanol then dried in 
* ! . .-- . . . . 
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an oven at 60 C. The electrochemical cell was cleaned by 

immersion in concentrated nitric acid (2 hours),, followed by 

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

and dried at 100 C. 

Solutions were degassed with dry nitrogen (presaturated 

with solvent) for five minutes prior to each measurement, 

and, during the measurement, the nitrogen atmosphere was 

maintained above the solution. Substrate concentrations 
\ • 

were t y p i c a l l y ' 0 . 0 0 1 M in a t o t a l volume of 7-mL. 

The spectroelectrochemical c e l l consisted of a 4 cm 
> 

cylinder (2 cm diameter.) with optically flat Pyrex windows 

sealed at each end. The cell was surrounded by a water 

jacket. The temperature of the solution in the cell was 

maintained using a Polyscience'Corporation, Model 90 

'temperature controlled circulating bath; The solution in 

the cell was continuously stirred with a magnetic stirring 

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

working electrode, (platinum mesh, 4 cm x 0.5 cm)-" inserted, 

via an opening in the top of the cell, was held against the 

inside wall of the cell in order to keep it out of the light 

path. A thermistor probe (Cary 219 spectrophotometer 

accessory) was placed^in a second opening in the top of the 

cell and,'protruded only slightly (by approximately 2 mm) 

into the light path.- The reference electrode and counter 
"- 1 4 

electrojfe*<were isolated from the solution in a separate 

compartment which contacted the working compartment through 

* a»scinteredV gla'ss frit. This compartment was inserted 

1 * 3 . 
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through an opening in the side of the c«-l 1, "ml \u<„ '- •' I# e 

ground glass joint. The entire assembly was placed in tie 

sample compartment of a Varian-Cary '219 spectrophotometer. 

The substrate concentrations were 2.9 x 10 ""*•*, M. During 

each run, approximately 0.5 C were passed at constant 4 

current (.05 equivalents). The cell' was then open 

circuited, and, the absorbance of the solution monitored as 

a function of time. The solution was replaced with fresh 

solution after every third measurement. The temperature did 

not vary by more than +0.1 degree during any given 

measurement. __ ; 

Controlled potential electrolysis was performed with a 

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

elect*rode and counter electrode were platinum mesh (9 cm2). 

The reference electrode was introduced via a luggin 

capillary. ' 

Cyclic "vo,ltammetric measurements were obtained with a 

PAR (Princeton Applied Research) 173 potentiostat in 

combination with a PAR 175 universal programmer and a PAR 

179 ̂ digital coulometer. Controlled potential electrolyses 

and spectroelectrochemical measurements were performed with 

the use of the PAR 173 potentiostat. , »-

Irradiations were carried out in acetonitrile or 

acetonitrile-methanol (3:1) at a substrate concentration of 

0.1 M. Solutions were degassed by bubbling dry nitrogen for 

10 minutes prior to irradiation. Irradiations were carried 

out in 2 cm*I.D. Pyrex tubes (large scale) or 5,mm Pyrex nmr 
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tub.es. Two irradiation systems were employed. A 1 kW 

medium pressure mercury lamp (General 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 in a Pyrex cooling jacket 

connected to a Polyscience Model 90 Temperature controlled 

circulating bath. This jacket also served as a short 

wavelength (< 290 nm) filter. Reaction mixtures were 

chromatographed on'a flash chromatographic column or with a 

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

photosensitized (electronrtransfer) irradiation Q£ 11 iisins. 

1,^dicyanonaphthalene in-ftcetortitriie 

11 (100 mg, 2.9 x 10"^ mole)* and 1,4-dicyanonaphthalene 

(10 mg, 5.8 x 10~5 mole) were dissolved in acetonitrile (3.0 

mL), degassed by bubbling nitrogen for 10 minutes, and, 

irradiated at 10 C'(through a Pyrex filter) with a 1 kw lamp 
( 

for. 4 hr. HPLC indicated only one major product. *The 

solvent was evaporated under reduced pressure and the 

reaction mixture separated by medium pressure chromatography 

(silica gel, hexanes-dichloromethane gradient). 12 (66 mg,. 

73%) was isolatê a and) recrystallized from absolute ethanol 

to give' colourless crystals which melted at 126-1'28 C (lit. 

"127-128 (66)). •'•Hmr spectrum was identical to an authentic 

sample ( 5, CDC13, 7.20 (m, 20.H), 6.52 (d, *J = 10 Hz, 1H), 

4.75 (d, J*=10 Hz, IB)). ' 

» 
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Other compounds isolated from the column were unreaeted 

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

8 mg, 80 percent recovery). 

»* 
«* 

4. 

•Photosensjtirmi .(electron-transfer? irradiation oL 11 iisina 

1.4-dicyanonaphtKale'ne in acetonitri le-methanol-Od 

11 (30 mg, 8.7 x -10"*5 moles) and DCN (3 mg, 1.7*x 10~5 

mole) were dissolved in a mixture of a c e t o n i t r i l e and 

methanol-Od (3:1, ' v / v , .1.0 mL), degassed by buboling 

nitrogen for 5 min.r and, i r rad ia ted (through Pyrex) with a 

1 k# lamp for 1.5 hr (at 10 C). The s o l v e n t was removed 

under reduced pressure, and, 12 was i so la ted by medium 

pressure chromatography ( s i l i c a g e l , hexanes-dich'loromethane 

gradient) . iHmr\(Nicolet 36# MHz UMR spectrometer) showed 
\ . 

only the resonances a t 57.20 (m, 20H) and 56.52 (s , 1H). 

2Dmr spectrum showed only a s ing le t .at 54.78.. " \ * 

Pholiosensitized (el ectron-transf er) i r rad ia t ion o_£ 1 1 Jisinfl 
HP 

tetracyanoethylene 
11 (100 mg, 2.9 x 10~4 mole) and tetracyanoethylene (38 

mg, 3.0 x 10"4 mole) in acetonitrile (3.0 mL), were degassed 
v 

by bubbling nitrogen for 10 min. ands then, irradiated 

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

hrs. Within a few seconds of irradiation^ thtr solution 

became dark purple. This coiour slowly faded when the tube 

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

^ 
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A * 

i rradiat ion-was complete (monitored by HPLC),a co lour less 
* *• * 

so l id , which had'oijecipitated, was, f i l t e r e d and, the solvent 
i • . " . •» 

f was evapourated untfer reduced pressure. 
« * -i 

. The restidu'e, af ter evapouration, exhibited an xHmr 

spectrum (.5, CDCl-o, 4.90(s)) and an i r spectrum (KBr (cm-1), 

. 2819, 2606, 2484, 2274, 1^20, 1302, 1201, 996, 908, 561) *' 
V i 

identical»to an authentic sample of 

dihydrotetracyanoethylene (68).1 The crude yield was 28 mg 

C74%). , ' 

the precipitate was combined with the residue 'from the 

evaporation of solvent "and separated by medium pressure , 

chromatography (silica gel, hexanes-dichloromethane 

gradient) to givey13 (58 mg, 67%), 14 (3 mg, 4%) and 11 (14 

mg-). The identity of 13~a"nd 14 was confirmed by comparison to 

authentic samples o-f each (67, 32). 
v . ' 
Photosensitized (elect r^on-transfer?» i r rad ia t ion &L*11 n&ins. , 

* eh. lor an i l ' in . a c e t o n i t r i l e 

11 (100 mg, 2.9 x 10~4 mole) and c h l o r a n i l (63 mg, 3.0 x 

10~4 mole) in a c e t o n i t r i l e # .0 mL) were degassed by 
•« * 

bubbling nitrogen for 10 min. then, irradiated through a 
* V % 

sodium nitrite filter solution (> 400 m).at 10 C for 4 hrs. 

The solution became only slightly purple within a few \ 

seconds of irradiation. HPLC "indicated that 13 (minor) and 
i 

14 (major) were formed. The solvent was evapourated under 

reduced pressure, and, the residue was dissolved in 

4 

dichloromethane, and the tetrachlorohydroquinone (insoluble 

82 

** 



r 

in dichloromethane) tyas filtered (42 mg, 67%) and identified 

by mass spectrometry ( M+(246), and, characteristic "M+2, M+4, 

M+6) and it (KBr (cm - 1), 3410.(s), 1415,(s'), 1312(s), 1205(s), 

888 (s), 720 (m), 708 (m) *). ' _ " 
* ' ' 

The dichlormethane was evapourated under reduced 

pressure and, the residue was separated by medium pressure 

chromatography (silica,gel, hexanes-dichloromethane % * J 

'* * \ 
gradien^.' Isolated from^the column were, 14 (47 mg, 67%), 
i3 (5 mg, 7%) .and 11- (30 mg}. . , * ' ( 

( 

Photosensitized (electron-transfer) irradiation * of H .using. ' 

chlQro-?,$-di,cyanobenzoquinon;£ in acetonitrile 

11 (100 mgv 2.9 x 10~4 mole) and'2,3-dichloro-5,6-~ 

di&yanobenzoquinone (68 mgv 3.0 x 10~4 mole) in acetonitrile 

(3.0 mL) were degassed by bubbling-nitrogen for 10 min.j 

* then, irradiated, through a sodium-nitrite filter solution (> 

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

within'a few seconds of irradiation. The solvent was 

, ^evapourated and the'residue extracted into dichloromethane. 

The hydroquinone.pfecipitate' (reductio'n. product) .was 
4 

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

•identified by mass spectrometry (M+(228), and, 
t • » 

characteristic M+2, M+4) and ir (KBr (cm-1), 3260(s), 

2260 (m), 1578(m), 1455 (s), 1360 (m), 1280 (s5, 1200 (s), ' 

* vi078(m), 892t*s), 778 (m), 748 (m), 703 (w) / 690(w) ). 

,The dichloromethane .was evapourated under reduced 

pressure and the residue was separated by medium ptfesstire 

8.3 4 ' " 
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* nf 

chromatography ( s i l i c a g e l , hexdnes-dichloromefehane 

g r a d i e n t ) t o g i v e 13 (7 mg, 10%),- 14 (25 mg, 35%) and 1 1 ( 2 9 

mg) . * v * •" 

Photosensitized (electron-transfer? irradiation n£ 11 using-
« V. 

chloranil .in acetonitr11 e-me/thanol (3: i . y/y) 
k * " 4 

11 (100 mg, 2.9 x 10~4 mole) and c h l o r a n i l ,(63 mg, 3.0 
v i , ' 

• x# lJ3^4 mole) in a c e t o n i t r i l e - m e t h a n o l ( 3 : 1 , V/v, 3.0 mL) ^ t 
« 

were degassed by bubbling nitrogen for 10 min.-,, then", 

irradiated through a sodium* nitrite filter solution (> 4GQC 

* nm) at 10 C fo.r 5 hr. The solvent was evapourated under 

reduced pressure, and, the residue was extracted with " ° 

i ^ dichloromethane (to separate the hydroquinone from the 

reaction mixture). The hydroquinone precipitate was • 
7 

f i l t e r e d (43 mg, 68%), and c h a r a c t e r i z e d asvabove. 
' * « y 

h - = The dichloromethane Was removed under reduced pressure 

and separated by medium pressure chromatography (silica gel, 

hexanes-dichloromethane gradient) to give 14 (7 mg, 10%), 18 

, '(54 mg, 77%> and 11 (33 mg). >^nalysis (HPLC) of;"the original 

reaction^mix-ture -indicated that only 16 was present; neither 

14 nor 18 were detected indicating that these products were a, 
' * ' " * ' ' ' result of decomposition of 16 on the silica gel column. 

Lied potential electrolysis oJL 11 in acetonitrile 

Into the anodic compartment of the, electrolysis cell, 

containing acetonitrile^ (0.1 M TEAP, ]00 mL), 11 (250 mg, 7.2 
J ' * 
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-\ 

- I 



• ; . * / - . ' i* 

x 1 0 ~ 4 mole) was dissolved. The'solution Was stirred and a 

constant potential of 1.3 V (vs' see) was applie'd. » Wh'en 90..8 

C had been consumed; the reaction was stopped. Thfe solvent 
' . . ' s * " 

was removed under reduced pressure, and, the residue taken 

up into benzene to* remove the-electrqlyte. After gravity 

filtration and removal of the benzene the mixture was 

separated, by medium pressure LC (silica gel,, hexane-

dicHloromethane gradient). The compounds isolated~w.ere 11* 
' , - * •* ° * 

(84 mg) a*nd 13 (142 mg, 8 5 % ) . The indentity of 13 was-. 

'confirme'd by comparison to an authentic sample (67). ^~ 

' . p 

Controlled potential electrolysis JQ£ l i in ± M presence M 

ijase. ^ 

11 (100 mg, 2.9 x 1 0 ~ 4 moles) was added to the anodic 
^ » » ! . 

» n ° 

compartment, of the electrolysis cell containing acetonitrile 

-100 mL (0.1 M TEAP) and 0„a,M 2,6-lutidine. The solution was 

stirred and a controlled potential of ,1.4 V was applied 
w ' ' { 

until 19.9 C were consumed. The solvent was removed under 
" J 

. reduced pressure, arnd, 'the residue was dissolved in benzene. . 

This solution was filtered (to ̂ remove TEAP) and the benzene 

was removed under reduced pressure. The mixture was 

separatedby medium pressure chromatography (silica gel, 

hexane-dichloromethane gradient). The compounds isolated 

were 11 (77 mg). and 14 (13 mg, 5 7 % ) . ,HPLC analysis of the 

fractions containing 14 indicated thepresence of'a trace • 

(<3%) of 13, The identity of 14 was confirmed by comparison 

to an authentic sample (32). 

85 



V . 

v: 

r Lied potential^electrolysis oj JJL in acethnitrire-

methanol -r" -̂  -.'«.. j ' 
f . > 

11 (100 mg, 2.9 x 10"4 mole) wat# added to" the "anodic • , 

compartment of the electrolysis cell containing a mixture of 
* • , v**v . 

acetonitrile and methanol (3:1, V/V, O.lM TEAP). The ' -
.' * 

solution was stirred and a controlled potential of 1.4 V was, 

applied until 60.1 C4had:been consumed. .The solvent was 
» o 

.evapourated and the residue dissolved in benzene. The \, , 

benzene solution was filtered and the solvent ,was, removed . t 

under^ reduced pressure. The mixture was separated by flash 
J" ( i f " - j 

chromatography^ (silica gel, .hexane-dichloroinethane " „ i* 
gradient>. The products isolated were 11 (27 mg) and 16 (43* 

17 % 

mg, 55%). Elution of the flash chromatographic column ..with 

methanol gave 18 (20 mg, 27%). 18 was jiot detected-by HPLC 

analysis or̂ -'-Hmr of the reaction mixture. 

golvent- a M acid, eliest on the. xa±io_ HHA 

t Stock solutions of acid' (1.1 x 10"
1 M) and 18 (5 x 10~3 

M) in acetonitrile and carbontetrachloride were prepared. 

The samples for each run were prepared by adding 1.0 mL of-,, 

the stock solution of 18 to each test tube followed by the 

appropriate volumes of acetonitrile and carbontetrachloride 

{Table 8) to a-total of 9.0 mL. . These solutions were 

equilibrated *£or 30 min. (in a Polyscience Corporation Model 

90 Temperature Controlled Circulating Bath) and finally, to 

these 'tubes; 1.0 mL of stock solution of acid was added." 
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-'The tubes were replaced in the temperature controlled bath. 

The reaction.was quenched with 2 g of anhydrous^potassium 

carbonate (BDH), the solution was decanted, and the solvent 
•" \' \ 

-"was evapourated.- The residue was dissolved in. 

dichloromethane, filteied and, the sample's were analysed by-

HPLC. . * • 

* * ,-

^ ^ " J* ,, <- * 

Table 8. Preparation ,of so lu t ions for the study ofHShe' 
s'fl^jpent and acid effect on the, r a t i o of 13:14 

. v 

\~ —-» 

Volume of -Volume of Volume of Volume of __ 
-Acid (mL)3 ' -18 to)bv/ CH3CN (mL) *CC14 (mL) 

-1.0 
tt 

•1.0 

1:0 

1.0* . 

v 1.0' 

1.0V • 

l'.O 

, 1 .0° 

° l . p c -

. 1 . 0 

1.0 

1.0 

1*0 

1.0 

* L.0 

1.0 

1.0C 

9.0 

8.0 

.6.5 

5.0 

3.5 

2.0 

4).5 

0.0 

0*0 

0.0 

1.0 

2.5 

4.0 

5.5 

'7.0 

8.5 

9.0 

9.0 

%CH3CN 

100.0 

"'90.9 

77.2 

63.6 

50.0 

1 36.3 

22.7 

9.1 

. 0.0 

al.l x l O ^ M stock solution in acetonitrile. , 

"5.0 x 10~3 M stock solution in acetonitrile.- s- \ 

*-stock solution in carbontetrachloride. " >r 
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4 'J. - . * The runs with trichloroacetic acid and trifluoroacetic 

acid we&e allowed-to react for 15 hr. However, the reaction * " v 

with 4-to3uenesulphonic acid was quenched after only 20 min.« 

since, in this solvent, 14 is slowly converted to,, 13. 

' Preparation oj^lla-h , . '-
v , » * - * 

Tfce l,l,2,2-tetraarylcyclopropanes.j»ere prepared by the 

addition of a diarylcarbene to a corresponding 1,1- l ' r 

dlarylethylene in benzene. The^iaryIcarbenes were 
I 

generated'by the photolysis of the corresponding of the 

diaryldazomethanes-through a sodium nitrite filter solution.» 
/ 

To-reduce the formation of tetraarylazmes, the 

dia-ryldiazomethanes were' added to the olefin solutions in 
-ten equal aliquots allowing the colour to disappear between 

each addition. 'The preparation'of the diary.ldiazomethanes 

and the diarylolefins from the corresponding benzophenones 

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

were isolated by medium pressure chromatography (silica gel, 

hexanes-dichloromethane gradient) and purified by 

recrystallization. The preparation di H a has„been reported 

(66K Detail's of the preparation^* separation and 

puification of llb-h are described below. * .' 

I. 1-(4-methoxyphenyl)-1,2,2-triphenylcyclopropane Hlb l 

Diphenyldiazomethane (0.9 g, 0.0046 'mole) in,, benzene 

(10 mL) was added to l-(4-methoxyphenyl0-l-phenylethy£ane' * 
Sr "* ** < * * * ' (1.0 g, 0.0048 moler in benzene (20 mD'as described* above. 

V 
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\ ' ' ' • - ' " * 

t " < 
The so lven t "was evapourated and the r e a c t i o n mixture was -v 

sepa ra ted by medium p r e s s u r e chromatography*. "The product ' ' 

r e c r y s t a ' l H z e d from <chloroform-methanol t o g i v e c o l o u r l e s s * 
° - i 

p l a t e s (mp 1 4 5 - 6 C). I r CKErT: '3050 (m), 2"839(w), 1608(m), 

" 1 5 1 2 ( B ) , 1290(m), 1 2 4 6 ( B ) , 1 1 7 ^ ( s ) , 102S (s)> 798"(m0, 6 9 9 ( s ) ; 

uv ( e thano l ) : 237(2.0000); 1Hmr (CD«13): **2.48(s,2H), 

3.69(s,3H) ' , 6.80(m; 4H), 7.05(m, 15H),- a n a l , c a l c d . fo r 

C 28 H 24 0 : c 89.-32, H 6 .43 ; found C 89.50 , JB 6.3$. 

> . - . * "Nv •• 

, 1,2-dj (4-methoxyphenyl? -1,2-diphenylcyc'lopropane (lie? 

> „(4-Methoxyphenyl)phenyldiazomethane (1.5 g, 0.0067 , 

mole) in benzene* (10 mL) was added t o l - (4 -me thoxypheny l ) - l -

pheny l e thy l ene (1.5 g, 0.0071 mole) in benzene (20 mL). The 

s o l v e n t wa's then evapourated- and the ' r e a c t i o n mixture 
"' < 

sepa ra t ed by medium p r e s s u r e chromatography. The c i s isomer 
„ ~ i ' • 

was r e c r y s t a l l i z e d from ch lo to fo rm-e thano l t o g i v e 

c o l o u r l e s s pr isms (mp 139-41 C). I r (KBr):," 3040 (w), 2833 (w), 

1608 (m),* 1 5 1 0 ( B ) , 1495 (m), 1477jm), 1245 ( s ) , 1033 (m), ; 

826(m), 697(s) ; uv (e thanol) :"* 236(17000); ^ m r ' (CDC1-,):* 

2.43 (ABdd, 2H, J=5Hz) , 3.69 ( s , 3H), 6.80 Cm, ,8H), 7.02(m, 
10H); a(nal . c a l c d . fo r C 2 9 H 2 6 0 2 : C 85 .68 , H 6 .45; found*C 

85.60/, H 6.56*. 

The t r a n s isomer was r e c r y s t a l l i z e d from chloroform- « 

e£han\>l, t o g i v e c o l o u r l e s s pr isms (rap J205r6 C). I r (KBr):* 

3030 (w)\ 2830 (m), 1 6 0 6 ( B ) , 1509 ( S ) , l\51 (m), 1289 (m), -

1241 ( sh ) 1031 (s)/, 834 (m), 692(m); uy (ethanol):% 235(17000); 

1 H m / (CDC'l3): 2«,44(S, 2H), 3.68* (s', 6H), 6,78 (m, 8H) , ' 

P. 
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"4 . ; • . . . . , • • v • - \ ; 

7.04(m, 8H5; a n a l Js.ca l e d . fo r C29H26°2 : c $5 .69 , H 6 . 4 5 ; " , ' 

founds C 85.'48„ H 6130. 1 . • 

lfK2,2-tetra<4-iRethoxypben-yl?cyclQprgpane-illdl * 

. Di(4-methoxyphenyl)diazomethane (1.0 g, 0.004 mole5*in 

. ' /J •• "; * • 
benzene (10 mL), was added t o l , l~d i (methoxyphenyl )e thy lene 

. H v -
(2.0 g,' 0.008 mole) in benzene (20 mL). The s o l v e n t w&s 
evapourated and the r e a c t i o n mixture was separa ted by f l a s h 

' chromatography ( s i l i c a g e l , adichlormethane),. The product 

conta ined a t r a c e amount of f l u o r e s c e n t impuri ty which cohld 

be removed on ly by careful* chromatography of the\product« 
* •• 

( c o l l e c t i n g t he ' l a s t few f r a c t i o n s as t he compound e l u t e d ; / , 

bas i c a lumina, haxanes -d ich lo romethane*grad ien t ) . The > 

' product was r e c r y s t a l l i z e d from chloroform-hexanes t o g i v e 
** > 

c o l o u r l e s s n e e d l e s (mp 215\15.5 C). I r (KBr): -3030(w), 

2832(m), 1605 ( s ) , 1507 ( s ) , 1461 (m), 1290)m), 1241(s)> «,-
* * 

1105 (mV, 1 0 3 1 ( B ) , 837 (m), 748 (m); uv* (e thanol) :* 233 
' '„ * 

(32000?; 1Hmr (CDC13): 2.34(s, 2H), 3.7*0(s, 12H),- 6.74(m, 

16H1; ana'l. calcd. for "C31H3Qb4: C 79.83, H 6.45; fo\ind: C 

'.79.81, H 6.37. ' ' .. *k . •' 

" 1. l-5i (4-cyanophenyl) -2.2-diphenylcy.clopropane " (lie) 

Di(4/*cyanophenyl)diazomethane '(1.3 g, 0.0053 mole) in' 

' benzene (l6 mL) was added to 1,1-diphenylethylene (1.0 g, 

* V 0.-0056 mole) in'benz'ene ,(20 mL). The solvent was then 

evapourated and the reaction mixture was separated by medium 

..pressure Chromatography. The product was recrystallized 

* f' 

«' x 
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# * / • ' 

frorr chloroform-e' thanol t o g ive c o l o u r l e s s n e e d l e s , (mp 211^ 

'19tC)r I r H p r ) : 2 2 2 2 ( s ) , 1 6 0 0 ( B ) , 14*95 (s) ; | l 4 4 8 (m), 
0 <• 

1 3 W w ) , 828(m>, 738(ro), 705(m), 56 | (m) ; uv ( e t h a n o l ) : ,243 

.(260D0r, 260 (20(^00^; 1Hm«r (CDCl3)*i 2.64 ( s , 2H), 7.10 (m, 

10H), 7.26(rt, -8H); a n a l , c a l c d . fo r C29H2"0N2 : C 87?85, H 

5.0F;_ found: fC^S7.9"65 H 5.28. t > • ' k 

1,2-(Dicyanophenyl)-1,2-diphenylcyclopropahe (lit? 

4-(cyanophenyl) phenyl dia^zpitiethane (0.2 g, 0.0009 mole) 

in benzene .(5 mL) was added t o l - ( 4 - c y a n o p h e n y l ) - l - • 

pheny le thy lene (0.2 g, 0.001 mole). The s o l v e n t was 

v \ ' " evapourated and-t,he r e a c t i o n mixture separa ted by medium-
*., . ' -

V ' ' i r - p r e s s u r e chromatography. The c_is. isomer w a s . r e c r y s t a l l i z e d 

. from chlorform-eth/anol t o g ive c o l o u r l e s s need les (mp 201-
S . . 

202°C). I r (KBr): 3060(w), 2 2 2 7 ( s ) , 1605(s)„, 1 4 9 6 ( s ) , 

.14491m); 1400 (w), 1008(m), 833 (m), 761(m), 6 9 5 ( s ) , 628(m); 
\ - » * 

uv (e thano l ) : 241 (27000), 255(22000); 1Hmr (CDC13): 

2.64(ABdd,"^H^J = 6Hz), 7.10.(m, 10H), 7.32(m, 8H); a n a l . ' 
\ 

k c a l c d . f o r p 2 9 H 2 o N 2 : C .87.85, H 5.08; found: C 87.72, H 

5 , 0 1 . '' ^ 

• % v The i rans" i somer was r e c r y s t a l l i z e d from chloroform-

' e thaha l t o g i v e c o l o u r l e s s p l a t e s (mp- 106-109 C). I r (KBr)': 

3060 (w), 2227 ( s ) , 1606 ( s ) , ' 1 5 0 1 (m), 1444 (w), 1400 (w), 

1008(w), 849(m>, 7 0 1 ( s ) , 675(«i), 621(m); uv ( e t h a n o l ) : 241 

(27000) , 255 (20000); 1Hmr (CDCI3):, 2 . 6 5 ( s , 2H), 7.15(m, 

10H), 7.22(m, 8H).; a n a l , c a l c d . fo r C 2 9 H 2 0 N 2 : C 87C85, H 

5 .08; found: C 87.69, H 4 .99 . 
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1.1 .2 ,2- te t ry(4-cyanophenyl>cyclopropar ie ( l l q ) 

' , , Di(4-cyanophenyl)diazome*thane (0.5 g, 0.0020 jnole) m 

benzene (10 mL) was added, t o l , l - d i ( 4 - c y a n o p h e n y l ) e t h y l e n e 

(0.5. g, 6.0022 mole) . The s o l v e n t was evapoura ted and the 
• < * . * •<, . 

. r e a c t i o n jnixtuFe was separa ted by medium p r e s s u r e 
„» * . ," " - % * * / 

chromatography. The ye l l ow s o l i d was^ r e c r y s t a l l i z e d ' t h r e e 

t imes from chloroform-haxanes t o g i v e c o l o u r l e s s p l a t e s (mp 

233-44 C). I r (KBr)': 3060 (w),, 2227 ( s ) , 1 6 0 5 ( s ) , 1 5 0 2 ( B ) , 

• 1448(w), 14.05 (m)f 1178(w), 1005 (w) , ' ^51 (w), 752(m), 630(w); 

uv ( e thano l ) : 243*056000), 260 . (38000); ^ m r " (CDCI3): .* 

2 . 6 8 ( s , 2H), 7.20 (m, 16H); a n a l , c a l c d . fo r C3.2HJ8N4: C v 

8 3 . 4 1 , H 4 .04 , N 12 .56 ; found: C 8 3 . 1 1 , H 3.^82, N 1 2 . 5 1 . 

l . l-Di^4-cyanopheny1)-2. '2-di(4-methoxyph*enyl) cyclopropane 

( l l h ) , " • 

Di(4-cyanophenyl)diazomethane (1.2 g, 0.0049 mole) in 1 ' 

. .benzene (10 mL) was added t o l , l - d i (4 -me thoxypheny l ) e thy l ene 
« V 

(1.2 g, 0.005 mole) in benzene (20 mL)." The s o l v e n t was 

then evapoura ted and-|the r e a c t i o n mixture separa ted by , -

medium p r e s s u r e chromatography. The product was 

r e c r y s t a l l i z e d from chloroform-ethan 'ol t o g i v e c o l o u r l e s s 

* n e e d l e s (mp 203-4 C). I r (KBr):. 2840(w), 2 2 3 0 ( B ) , 1 6 0 8 ( s ) , 

1 5 1 0 ( s ) , 1 4 5 2 ( B ) , 1290 (m), 1 2 5 0 ( s ) , 1112(w), 1 0 2 8 ( B ) , $ 

850(m), 756(m); uv ( e t h a n o l ) : , 233 (37000), 270 (14000); 

1Hmr (CDClq): 2.53(s., 2H), 3 . 7 1 ( s , 6H), 7.00(m,16H); a n a l . 

'• c a l c d . f o r C 3 1 H 2 4 N 2 0 2 : C 81 .55 , H 5 .33 ; found: C 81.24, ft 

5 .39 . 
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'PART I I . l,n-RADICAL IONS. THE NATURE- OF. THE ONE-ELECTRON 

' . TWO-CENTRE BOND IN CYCLOPROPANE RADICAL CATIONS:" 
-. ' • - r , 

AN SCFMO APPROACH. ^ ., 

* • » 

2.1 ' INTRODUCTION - » / . 

2.1.1 'Molecular Orbital Uagflrv. 

A major goal of physical organic chemistry is the study 

• of the relationship between structure and reactivity. In a 
i 

superficial sense, structural information may only mean 

molecular geometry and, there are many methods available t« 

elucidate molecular geometries in the solid, liquid or gas 

phase. Normally, however, it is the electronic structure 

, that is important in determining the reactivity of,a 

molecule. For ionic or free radical reactions the 

relatMnship. between structure and reactivity *is well 

understood. In these cases the observed reactivity of a 
< 

molecule can have specific structural implications. In the 

• case of radical ions, however, the relationship is not as 

Well developed. While the study of the reactivity of 

radical ions is relatively straightforward (see Part11), the 

study of the structure of these intermediates is not always 

" m 
poss ib le . Experimental techniques used in . the study of the 

. e lec t ronic s t ructure of radical ions include esr 
- « 

^ * spectroscopy (3,72) and CIDNP (23,24,73). Molecular o r b i t a l ' 

t h e o r y a j s o i s an important method for the study of the 

' I e lec t ronic s t ructure of radical ions. 93 



*the fuhdementals of quantum mechanics are descrifeeV. in 
t . # 

* % 

d e t a i l in several ' exce l len t books (74). This introduction 
w i l l not dwell on the mathematical'development of the ' 

• ' • V* •% 

pert inent equations since"only a q u a l i t a t i v e understanding 

.Qf the se l f -cons i s ten t f i e ld molecular o r b i t a l (SCFMCO is"", 

.necessary. - ' * * * N 

* N ' ' ' I 
• The electronic energy expeptation value of a' system of 

interacting paTticles is given by the Schroedmger equation 
(Equation 27) «. 

• 

A 
HY(i,2,...,n) = £#11,2,. ..,n) •- " [27i 

% 
where H is the Hamiltonian operator; E is the electronic 

energy and ̂ ci,2, ...,n)- is'the wavefdnction describing the 
< ** * - , 

spatial motion of all of the electrons moving in a-potential, 

field.* The ,wav.efunction-for a'many electron system.can be 

expressed as a product of one-electron wavefunctions 

(Equation 28)*. This is known as a-»Hartree product. •_ ; 

#Cl,2,...,n) ;= ,A1(l)'/
/
2(2)....^(n) " t28i 

Each of the one-electron molecular orbitals can be expressed 

as a linear combination of atomic orbitals (LCAO). 
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f=.Ec> 
JI ' J 

[29] 

. - The^objective of molecular orbital theory is to solve 

the Schroedinger equation by finding a solution for the . 

wavefunction.* If the Hamiltonian operator can be expressed 

as a sum of one-electron Ha'miltonian operators then the 

solution for the one-electron wavefunctions,\1/ , would be 
* ^ • ^ , 4 , I 

straightforward. Unfortunately, the e lec t ron-e lec t ron 

r e p u l s i o n i s a two e l e c t r o n term and as such, the 

Hamiltonian operator cannot be expressed as a sum of one-
» « i 

elec t ron operators . However, each ele«HLrronycan be t reated 

as if i't were "interacting with the average of the 

insta'ntaneous f i e ld presented by the other n-1 e lect rons and 

*, the po ten t i a l f i e ld of the nuc le i . This treatment leads to 

' a new operator-which can be wri t ten as an "effect ive" 

'on<P-electron Hamiltonian operator. The set of resul t ing 

equations i s known as fpe Hartree-Fock equations "(Equation 

r30) . 

fy=e^ = i,n [ 30 ] 

* 

A 
• . /The Fock Hamiltonian operator, F, has the form 

A 
F = Hcore+ E ( 2 J K ) 

J J 
[3-1] 
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where Hcoreis the one-electron Hamiltonian operator for an 

electron moving in the the potential field of the bare 
« 

nucleus; J-, is the coulomb operator which represents the 

electron-electron repulsion that results if the electrons 

are" constrained to the orbitals in which they are originally 

assigned (i.e. it assumes that the electrons can be 

distinguished from each other); and, K.. is the exchange 

operator which is a consequence 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 r, , from 

the Hartree-Fock equations cannot be obtained directly. The 

best MO's are eigenfuhctions of the Fock Hamiltondan 

operator. However, this operator is defined in terms of the 

coulomb and exchange integrals which, in turn, depend on the 

MO's (ft). Therefore, the solutions must be obtained by 

some iterative procedure. ^ 

One method to determine the MO's (̂  ) would be to 

evaluate the coefficients, c , from'Equation 29. This LCAO 

approach is also an iterative procedure. The equations used 

in this case are known as the Roothaan equations. These 

equations differ from the-Hartree-Fock equations in that 

they are algebraic, not differential equations. The matrix 

elements of the Hartree-Fock operator (from the Roothaan 

equation's) has the form / 

^ = H M „ + E PXa(</*z>|\<7)-I-(M\|pa)) 132] 

96 
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where RnV is the (§ore Hamiltonian operator; P. is an 

element of the density•function matrix (Equation 33); 

occ 
1,1,1 = 2^-CM C 

fLV W^V\ 
133] 

and, (Ju-̂lXcr) is a two electron integral (Equation 34). 

WXo-) = < ^(i)V?(1)| 1 |^(2)^(2) > 
hi 

[34J# 

Again, this is a situation in which the coefficients * 

be^ng evaluated^ (c«j,) are terms in'''the Hartree-Fock 

operator. The iteritive procedure involves guessing at the 

* initial set of coefficients (using the core Hamiltonian 

operator only), thenr calculating the density matrix ejJWments 

and hence evaluate the electronic energy and obtain, the 

Hartree-Fock Hamiltonian operator. The eigenvectors of F 

are used to get a second approximation of the density matrix 
H 

and, the procedure is repeated until the variation in the 

electronic energy, falls within a preset threshold. 

For open shell systems the procedure is similar. 

However, the electrons with a-spin and -/5-spin are treated 

independently. This gives rise to a set of ai-MO 

coefficients and a set of /?~M0 coefficients. In this case, 
r v 

i t i s poss ib le to define not only e lectron density 

associated with each nucleus, but unpaired spin density as 
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s> well. The full density matrix is 'defined as 

\ p = p«+ p0 [35] 
0 * 

and the spin"density matrix is defined as 
» 

6 P = P01- P*3 

2.1.2 Basis s_e_La ., 

[36] 

-%• 

' Molecular orbitals may be obtained to essentially any 

accuracy desiredby altering the number.,, of basis functions 

in the LCAO expansion. The best basis set is not 

necessarily the largest basis set for a given /(problem. The 

larger basis sets require more computing time and the 

benefits of the increased accuracy of the MO must be 

balanced against the increasingSdemand onxhe computing 

system.o Several types of basis sets are available which 

vary in sophistication: 

(1) 7T-Basis set. . 

This basis set. consis ts of a s ing le p-atomic 

o rb i t a l on each heavy atom perpendicular to the 

'molecu la r p l a n e . This type of b a s i s s e t i s used in 

Huckel MO theory. 
'«! 
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(2) Valence basis set. 

/" This basis includes all of the, AO's in the valence 

shell (e.g. carbon requires 2s, 2]?x, 2p„ and 2p z 

orbitals). The semi-empirical jmolecular orbital 

methods use this basis set. 

(3) Minima.l basis set. > ,. 

This basis set includes the core electrons as well 

as thervalence electrons. This is the minimum number 

of basis functions per atom required to describe all of 

the**occupied AO's of each atom. Because th,is basis set 

is so small for ab initio calculations, quantitatively 

accurate results are not usually obtained. However,, 

the essential bonding interactions and many 
J' \ ^ 

usemil qualitative properties can be obtained with this 
basis set. ' , J 

i 

(4) Extended basis sets. 

These basis sets use more basis functions than is 

necessary to describeWii of the occupied AO's. 

* Included*in this class of basis sets is the split 

valence basis set in which the number of basis 

functions in the valence shell is increased. Also 

included are the double zeta basis set which uses twice 

as many basis functibns as the minimal basis set and, 

. the polarized basis set which uses basis functions of 

higher angular momentum than the highest occupies AC?; 
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The minimal and extended basis se ts are employed in ah. * 

i n i t i o molecular o rb i t a l theory. 0These wavefunctions take * , 

into account electron in teract ions .only in an average way. 

The e f fec t of t h i s i s t ha t the c a l c u l a t e d energ ies are in 

er ror , t y p i c a l l y by one'percent. On an absolute b a s i s . t h i s 

i s not much, however, for some problems i t i s too la rge . « 

For example, the t o t a l energy of a carbon atom i s 

approximately 1000 eV. Chemical bond energies involving 

carbon are t y p i c a l l y 100 kcal mol x , which i s about 5 eV per 

bond. Attempting to ca l cu l a t e a bond energy by taking the 

difference between the Hartree-Fock molecular and atomic 

energies "can lead to- r e s u l t s with large e r rors . The 

difference between the exact energy and the Hartree-Fock 

energy i s known as the' cor re la t ion energy. 

2.1.3 B_a_£i£ Functions 

The two most common basis functions employed alee the* 

Slater type orbital (STO) which has the form exp(-ar) and 

the Gaussian type orbital (GTO) which has the form 

exp(-ar2). In both cases, r refers to the radial distance 

from the nucleus. The "evaluation of two-electron integrals 

involving STO's is expensive in terms of computing time. A 

solution to this problem is to use GTO's for the basis 

functions since the evaluati6n of the two-electron integrals 

is much faster. The GTO, however, is more rounded in the 

region ĵ J the nuclear cusp and it falls off more rapidly at i 

100 
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large distances from the nucleus in comparison to an STO. Vi 

As a result, more„ GTO's must be used in order to adequately 

describe each atomic; ortfital. " -

^ A" typical example "is the STO-NG ba^is set, a minimal 

basis set in which .N GTO's are used to approximate each STO. 
. . . ' » 

Similarly, a -split valence basis,, set* such as the K-LMG basis 

set uses K GTO's to approximate the* STO'S* for the core, -

atomic orbitals, L GTO's to approximate each STO for the * 

v,aience atomic orbitals at a small distance fr.om the nucleus 

r and, M GTO's to approximate each STO for the 'valence atomic 

orbitals at' large distances from the nucleus. More GTO's . 
I 

are needed to approximate the inner GTO's since in this 
region the GTO is much less adequate. 

2.1.4' Bonding in Cyclopropane , 

, It is useful to review the models of bonding in 

cyclopropane (75) and how these models are used to • N 

rationalize the chemical and physical properties observed. 
« 

The bonding arrangement of cyclopropane resembles the 

bonding in ethylene more c lose ly than i t resembles the 

bonding in alkanes insofar as they "undergo analogous 

react ions (e.g., acid catalysed addit ion, cycJ.oadditions, 

ca ta ly t ic* hydroge^ation). 

The most simple model (conceptually) thatf has, been used 
1 * to describe the hondmg in cyclopropane was propojsed by 

Walsh in 1949 (76). In the Walsh model the three ring J 

carbons are sp2 hybridized*j,^JI^e^ioicupied MO's determine 
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the nature of the C-C bonds (Figure 15a). One sp z o rb i t a l 

points toward the centre" of the ring; the' other,,two sp2 

o r b i t a l s are used to form the" C-H bonds. This l e a v e s a p -

o r b i t a l in the plane of the ring from which symmetric (e's) 

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

analogy to bonding in o lef ins pan be understood with t h i s 

model; the o rb i t a l ' of a'-̂  symmetry i s analogous to the o--

bond in the' cr—7T description of o lef ins while the two 

o r b i t a l s of e' symmetry are analogous to the 7T-M0 of 

o le f ins . 

a ̂  

7T 

e**B^o 
a 

^igure 15. (a) The Walsh model of bonding in cyclopropane 
and (b) the a fir descript ion c of bonding 

\ in o l i f k i s . / > 
w 
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An a l t e r n a t i v e model for ^bonding in cyclopropane, i s the . 

valence bond model proposed by Coulsori (77). * In t h i s model, 

the C-C bonds a re formed from the o v e r l a p of two sp° 
, V 4 . ; '. 

o r b i t a l s . The sp 5 o r b i t a l s are formed- from the > ' 
,. < ' « *' '< o 8i* 

rehybridization of a p - o r b i t a l with a sp'5 o r b i t a l . The 
\ ' ' c' • 

d i r e c t i o n of the sp o r b i t a l i s not in the s a m e ^ i r e c t i o n as ' 

the in ternuclear axis and thence, the term "bent bond" has 

been app l i ed to t h i s model. As in the Walsh model, the 

valence bond" model requires that the Ĉ H bond be formed from 

an sp 2 o r b i t a l on the carbon atom. Ole f ins have an 
4 0 „ 

analogous bent bond descript ion (Figure 16)*. , 

s 

Figure 16. Valence bond model for bonding in (a) v 
"cyclopropane and (b) ethylene. 

^ • * 

•* 0 j 

t S 

I t should be pointed t h a t the Walsh model and the 

valence/bond model are merely different in te rpre ta t ions of 

the'samte molecular o r b i t a l (78). Both models predict 

c o r r e c t l y the experimental fact that the locus of maximum * 

e lec t ron density does not l i e 'along the internucleauf axis . 

The cyclopropane C-H bond lengths are shorter than normal 

a l i p h a t i c bonds and, the *3C-H spin-spin coupling constants 

s 
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i&eas,ur;ed for some cyclopropane derivatives (79) indicate 

that the cyclopropane ring carbons*have 32 percent "s" 

character. ° This is ".also predicted by both models (actually 

,the models "predict the "s" character to be,33 percent). 
" ' • ' <• 

*~~ , The mechanism by which thê ' Cyclopropyl group interacts* 

with an adjacent T-system has been ojie" of continuing 

0 " controversy. If the Walsh model is considered,* it is 

" ' apparent that the most stable conformation should be when 

°' the X-system lines up parallel to the plane of the ring.', 
x * 4 

This is known' as the "bisected conformation". On the other 

, .hand', in the valence bond model, a wider range over which s 

effective overlap is possible is predicted (Figure 17). 

39° 

,s 

.5 Figure 17. The o v e r l a p of adjacent s p J and p o r b i t a l s as a 
function of- dihedral angle. 

m 
If t h i s type of overlap i s present in cyclopropane 

de r i va t i ve s , then conjugative transmission of e lec t ron ic • 

effects through the cyclopropane ring should be poss ib le . 

.However, experimental r e s u l t s (gften contradictory) have ' 

on3*y prolonged Jthe controversy" (63,79). The general 
m 

consensus that has emerged is that the cyclopropyl group can 
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s •effectively stabilize a positive charge but cannot extend 

conjugation. This may be understood qualitatively since 

there is a larger coefficient in the Walsh orbital of the 

cyclopropyl carbon adjacent to the 7TTcentre (80). This 

concentration of. electron density helps to stabilize a 

positive 'charge, by depleting electron den'slty at other 
* ' » 

siteŝ , electronic" effects may not be transmitted. 

2.1.5 The Cyclopropane Radical cation 

The structure and reactivity of the radical cations of 

cyclopropane and its derivatives are of considerable 

interest and have been the subject of both experimental and 

theoretical investigation. Most of the theoretical studies 

(81) have been directed toward the interpretation of the 

photo'electron 'spectrum of the parent molecule. In 

cyclopropane, removal of the electron from either of the two 

degenerate Walsh MO's of e1 symmetry (76) leads to two 

possible structures of C2v symmetry for the radical cation 

(Figure 18). One of these species, having the trimethylene 
A-

ty*pe structure, will have a *A^ ground state while the 

other,' which resembles the 7T-complex between ethylene and 

CH2
+ will have a 2B 2 ground state. Recent calculations by 

* 

Collins and Gallup (81a) using the method of targeted 
correlation, suggest that these two species correspond to 

» 
saddle points on the radical cation surface. The minimum, 

having Cg symmetry, is approximately half way between these 

structures on the surface. This result has been criticized 

I 
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by Radom and coworkers (82) who questioned whether or.not 

the effect was real. '""" 

Although th'ese theoretical studies have been useful in 
» 

explaining the photoelectron spectrum of cyclopropane, they 

generally have not provided information that can be used to 

understand the reactivity of the radical cation. Evidence 

obtained from chemically induced dynamic nuclear 

polarization (CIDNP) spectra (23) indicates' that-most radical 

cations of alkyl and a»ryl substituted cycloproparTes tend to 

favour the ^Aj type structure. There is evidenced however, 

that in some special cases, such as the radical cation of 

benzonorcaradiene, the radical cation may assume the B2 

structure (83). 

Theoretical calculations'investigating some of the 

reactions of C3H6 (84) hav^ yielded estimates of the 

activation energies for the loss of H, H2, H2 and CH2 . 

One important reaction, which has received little attention 

from, a theoretical point of view, is the thermal cis-trans 

^isomerization of the cyclopropane radical cation. 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. 

" Much that is known about the nature of bonding in 

cyclopropanes (85) and olefins-(86) comes from experimental 

investigation of their thermal reactions, particularly,e_is.-

iLLans. isomerization. Since direct observation of the parent 

cyclopropane radical cation is difficult, similar data for 
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l̂  / * * 
this system is not available. There is evidence, however, 
that the radical cation of 1,2-diphenylcyclopropane (23) 

\ \ ' * 

does"\not rapidly isomerize. In\this work, however, the 

radical cations were generated tyAph'otosensitization 

(electron-transfer). Under these conditions, all other 

reactions mus*compete with back electron-transfer. Since 
, . * » 

it is unliJcely that there is a significant activation 
4. 

barrier for this process (the rate constant fo*r back 

electron-transfer will be > 1010, 2a), it is impossible to • 

determine the lower limit for the barrier "to cis-trans 

•> isomerization. . . " <• . 

The purpose of this section is to investigate the 

nature of the one-electron two-centre bdfcd in"the 

cyclopropane radical cation. Ajb_ initio calculations have 

been used to obtain equilibrium geometries for the 

cyc-lopropane radical cation (22+) "in the 90,90 conformation 

(both 2A^ and 2B 2 states), ̂ the 90,0 conformation, and in the 

0,0- conformation. The conformers are named aocord'ing to the 

convention established by* Hoffmann (87) in which the two 

numbers represent the rotational-angles of the two principal 

methylene groups relative to the plane of the three carbons. 

' The partial surface for, twistineSfef one of fcjie methylenes in 

the 2Aj state to the transition state* for ci's-trans 

isomeHization (the 90,0 conformer) is also studied. The' 

energy difference between the 90,0 conformer and the 90,90 

conformer ("j.Aj)' is an estimate of 'the* barrier to cls.-±xanjs, 

isomerization, while the energy difference between the- 0,0 

• ' _ 
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conformer and the 90,90 i^h^h conformer is an estimate of 

the barrier to racemization. This study has been extended 

to the 1,2-divinylcyclopropane radical cation; the results 

are pertinent to^the l,2Jdiphenyl derivative for,which some 

experimental data are available. ' *„ 

t ' 

vo 

V 

*W «r"^ 
4 
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2.2 Details 'of Calculations 

Standard ah initio SCFMO calculations were carried out 

with the GAUSSIAN 80 system of programs (88a) on a Perkm-

• Elmer 3230 minicomputer or the GAUSSIAN 76 program (88b) on 
i 

> a Control Data CYBER 170-720 mainframe computer system. 

Gradient techniques (89) were used faf^geometry _ 

optimizations. Calculations were performed with STO-3G, 4-

31G and 4-31G* basis sets with valence electron correlation 

incorporated by using Mrfller-Plesset perturbation theory 

(90) terminated at the second- (MP2) and third- (MP3) order..' 

jThe energies-of the radical cations were computed using the 

4 open-shell, spin-unrestricted (UHF) procedure (91). ' 
r . 

Complete geometry optimizations of 22 and 22T (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 #ere carried out at the 

4-3JG level (Table 9). " 

--' • Calculations on the 1,-2-divinylcyclopropane radical 

cation (23+) were carried out only usin'g the STO-3G basis 

set. A complete geometry optimization was not feasible. 

The 4-31G optimized geometry for 22 T ( A^) 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 vinyl groups. The vinyl groups were placed in 

the plane of the corresponding methylene to ensure maximum . 

overlap through the 7r-sy,stem. In £xaji£.-23+, the C 2 axis was 

maintained and in c_ia-23"r the plane of symmetry was 

^ maintained. (The aonformers are best described using the 
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nomenclature derived for conjugated polyenes (in this case 

1,3,5-hexatriene) since 23 + is structurally similar. Four 

conformers in the -90,90 conformation were considered (Figure 

19): 2s%j^n£-4s-£i3ILS.-3-£xan£ (23a+), 2s-c_is-4s-c_i£-3-

txanja (23b+), 2s-iLraiL£-4s-jLLans.-3-cl& (23c+) and 2s-e_is.-4s-
4 * 

c_is.-3-cls. (23d+). The geometry for '23 + in the 9^0 

"conformation was derived using'a similar approach. In this 

case, however, the STO-3.G geometry for the allyl radical 

(92, Figure 18b) was used as a model for the vinyl group on 

C2, wĥ jjh was twisted into the plane of the cyclopropane ' 

group (y_lde_ jjifxa). In all cases, the C1C3C2 angle of the 

cyclopropane group was optimized. 

a 

F i g u r e l 8 . Equilibrium geometry (STO-3G) for (a) the a l l y l 
cation and (b) the a l l y l radical (reference 92), 
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Table 9. Equilibrium geometries of 22 and 22+ (4-31G)a. 

r * 
— p — p _ _ p __,. 

P a r a m e t e r 2 2 9 0 , 9 0 ( 2 A r ) 90 ,90 (2B2) 90>O(2A") 0,0 (2A) 

1.400 
1.720 
lST^O 
1.072 
1.072 
1.072 
1.072 
1.069 
1.069 

1 1 7 . .2 
1 1 7 . 2 
1 2 0 . 6 
, 4 8 . 0 

126 .7 • ' 
126 .7 
. * 0 . 0 ' 

0.0 
• 0.0 % 

0.0 

9 0 . 0 
90.^0 

aAll bond lengths are in A and all angles are in degrees. 
I CO 
DInterriuclear distance. 

di is the angle representing the wagging motion of the C^ 
methylene. It is the*angle between the C«C3 bond and the 
intersection of the plane of the C methylene with the plane 
of the carbons. Q^iis measured with respect to the C-̂C-j 
bond. 

a 6& is the angle.representing the rocking motion of the C^ 
methylene. It is the arigle between the line which'bisects 
the HCjH methylene and the line*which. .is the intersection of 
the plane of the methylene and trie plane of the carbons. 

e $i is the angle representing the tortional motion of the 
C^ methylene. It-is the angle between the plane of trfe C^ 
methylene and the^lane of the carbons. 
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r12* 
r 1 3 
r 2 3 
r 1 4 
r 1 5 
r 2 6 
r 2 7 
r 3 8 
r 3 9 

ZHCnH 
ZHC2H 
ZHC3H 

Zc1c2c3 

a c 
a2* 
a 3 
CO-.0" 

" 2 d ' , 
^ 3 

e ^ 
tit el* 

1.503 
1.503 
1.5&3 
1.072 
1.072 
1.072 
1.072 ' 
1 .072 
1 .072° 

1 1 3 . 7 
113 .7 
1 1 3 . 7 

k 6 0 . 0 

150 .0 
150 .0 

0 . 0 

0 .0 
,0.0 
0 . 0 

9 0 . 0 
9 0 . 0 
9 0 . 0 

1.941 
1.483 
1.483 
1.072 
1.072 
1.072 
1.072 
.1.075 
1.075 

1 1 8 . 2 
1 1 8 . 2 
1 1 3 . 6 
* 81 .7 

1 7 9 . 9 
1 7 9 . 9 

0 . 0 

' 0 .0 
y"o .o 
f \ 0.0 

9 0 . 0 
9 0 . 0 
90 .0 

( 2 . 3 2 2 ) b 

1.434 
1.569 
1.076 
1.076 
1 .071 
1.070 
1.080 
1.080 

1 1 7 . 2 
1 2 0 . 9 
1 1 1 . 3 
1 0 1 . 2 

1 
1 7 5 . 0 
1 7 9 . 5 

5 . 8 

0 .0 
5 . 3 
0 .0 

9JD.0 . . 
0 . 0 ' 

9'0.0 

( 2 . 5 3 5 ) b 

1.430 
1.430 
1.072 
1 .071 
1.072 
1 .071 
1.119 

, 1.119 

1 1 7 . 8 . 
117 .8 

93 .0 
1 2 4 . 8 

"*180.0 
180 .0 

0 .0 

1.5 
- 1 . 5 

* 0 .0 

0 .0 
0 .0 

9 0 . 0 
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2.3 DISCUSSION * "„ 

c 

2.3.1 Structure of 22+ 

'The equilibrium geometries (4-31G) of* the 22 and 22+ in 

the 90,90 cpnformation (2Aj and 2B 2 states) the 90,0 (pseudo 

2A") conformation and the 0,0 conformation ,(2A) are shown in , 

Table 9.„ The symmetries and energies of all of the occupied 

MO's of 22 and *22+ are shown in Table 1.0. The structures , 
T. 

0 0' <- * 

for the ^A^ and B 2 states are qualitatively similar to 

those using semi-empirical (81b,c,d,84) and other ab initio 

methods (81a). The equilibrium geometry of the 90,0 

"conformer and the 0,0 conformer have not been reported 
i 

previously. While the structures of these species are of 
great interest, the spin and charge distributions are the 

> - „ -

» important factors in the,, study of reactivity. 

An interesting feature of the ''Aj ..structure is that the 

Value of Oi] (defined in Table 9, .Figure 20) indicates that 

Cj, C3, Hj and H2 lie in one plane whi<le C2, C3, H3 and H4 

lie in another plane .(indicative of sp^ hybridization at C^ 

and C2). This geometry allows effective bonding between Cj 

^ and C2 even though ZC^C3C2 has increased relative to that of 

cyclopropane. Another interesting aspect of this 
t 

structure is the geometry at C3. Although substantial 

changes have occurred at C^ and C2 virtually no change 

(relative ,to cyclopropane) 'in the C3H bdnd length or the 

HC3H angle occurs. This may be rationalized using the Walsh 
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Table 10. Orbital energiesa and symmetry labels of the 
. occupied MO's oS 22 and 22+. < 

Molecule, 
or Ion * MO 4-3lG//4-31Gb MO 4-3lG*V/4-31Gb 

22 

(D3h) 

la'-
le'! 
le'«. 
2a«: 
2e»; 
2e'! 
la"' 
3a'-

i e n ; 
le"! 
3e'! 
3e>: 

-11.2009 
-11,2004 
-11.2004 
-1.1400 
-0."8199 
-0.8199 
-0.6729 
-0.6283 
-0.5106 
-0.5106 
-0.4118 
-0.4118 

la'1 

le'I 
le'' 
2a'3 
2e'. 
2e'< 
la-: 
3a'i 
le". 
le"' 
3e>: 
3e-: 

-11.2005 
-11.2046 
-11.2046" 
-1.1282 
-0.8180 
-0.818a 
-0.6664 
-0.6280 
-0.5116 
-0.5116 
-0.4163 
-0.4163 

22+ 

(90,90) 

(C2v)a 

a-MO 

lai 

Qi-MO 

lb2 

2al 
3ai 
2bo 
4a2 

lbx 

5a^ 
la2 

3b2 

2b ]_ 

6a^ 

j8-MO 

lb2 

laj 
2al 
3ai 
2b? 
4a* 
lb;i 
5a^ 
la2 

O K 2 

2b-, 

•11.5345 
11.5344 
11.4708 
-1.3087 
-1.1598 
-1.0820* 
-0.9468 
-0.8644 
-0.8381 
-0.7889 
-0.7640 
-0.6433 

' 

•11.5220 
11.5219 
•11.4750 
-1.3660 
-1.1063 
-1.1054 .. 
-0.9372 . 
-0.8512 1 
-0.8284 
-0.7690-
-0.7589 *> 

la-r 
lb2 
2al 
3ai 
2b2 
4ai 
lbl 
5al 
la2 
-3b2 
2b1 
6al 

£n 
lai 
Ib2 
2ai 
3ai 
2b2 
4a i 
lbl 
Saj 
la 2 
3b2 
2b, 

-11.5389 
-11.5387 
-11.4754 
-1.3876 
-1.1550 
-1.0792 
-0.9402 
-0.8656 
-0.8360 
-0.7879 
-0.7661 
-0.6438 

-11.5270 
-11.5269 
-11.4793 
-1.3562 
-1.1055 
-1.0523 
-0.9318 
-0.8537 
-0.8281 
-0.7661 
-0.7611 
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2 2 + 

(90 ,90) 

(C2v) 

a-MO 

a-MO 

Q!-MO 

l a l 
2a-. 
ib2 
3 a i . 
4ai 
2b2 
lbx 
5al J 2bJ/ 
la2 
6ai 
3b2 

/3-MO 

lai 
lb2 
2aj 
3a-i 
4al 
2b2 
lbl 
5 a l 
2bJ 
la2 
6a,l* 

-11.5291 
-11.5129 
-11.5121*< 
-1.4142 
-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 

• -0.8167-
-0.7798 -
-0.7286 

laj 
2ai 
lb2 
3al 
4an 
2b-> 

lb? 
5ai 
2b2 
la 2 * 
6aj 
3b2 

/3-MO 

l a l 
ib 2„~ 
2aj 
3al 
3ai 
2b2 
lbx 
5a^ 
2b2 
la2 
6aj 

-11.5352 
-ll'.5157 
-11.5146 
-1.4017 
-1.1387 
-1.0925 
-0.9479 
-0.8831 
-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 

a-MO 

22+ 

1 

(90,0) 

<cs) 

*> 

la' 
2a' 
3a' 
4a' 
5a' 
6a* 
la" 
7a* -
2a" 
8a' 
9a' 
3a"' 

j3-MO 

la' 
2a1 

3a l 
4a" 

fll.5984 
-11.4619 

•-11.4495 
-1.3570 

. -1.1711 
-1.0648 
-0.9433 
-0.8804 
-0.7945 
-0.7768 
-0.7618 
-0.5875 

• 

-11.598*7 . 
-11.4647 • 
-JL 1:4 313 
-1.3482 

la" 
2a *•' 
3a' 
4a' 
5a' 
6a' 
la" 
•ia' 

' 2a" 
8a» ' 
/9a' 
3a" 

/3-MO 

la rl 

,2a' 
*3a' 
4a' 

-11.6053 
-11.4679 
-11.4549 
-1.3503 
-1.1675 
-1.0622 
-0.9407 
-0.S770 
-0.7967 
-0.7766 
-0.7616. 
-0.5866 

-11.6056 
-11.4703 
-11.4282 
-1.3417 
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5a' 
6a' 
la" 
7a' 
2a" 
8a' 
9a' 

„ -1.1304 
-1.0127 
-0.939.5, 
-0.8734 
-0.7761 
-0.7621 
-0.7477 

5a' ' 
6a' 
la" 
7a' 
2a" 
8a1 

9a' 

-1.1289 
-1.0137 
-0.9365 
-0.8728 
-0.7778 
-0.7638 
-a.7489 

tf-MO '|8-MO 

22+ • lb 
la 

(0,0) * 2a 
3a 

(Co) 2b 
4a 
5a 
3b 
4b 
5b 
6a 
7 a 

ec-MO' 

la 
lb 
2a 
3a 
2b 
4a 
5a 

-3b 
4b 
5b 
6a 

r -11.4970 
-11.4970 
-11.4780 
-1.3572 
-1.1992 
-1.0460 
-0.9030 
-0.8638 
-0.8169 
-0.7942 
-0.7593 
-0.5304 

-11.4827 
-11.4819 
-11.4817 
-1.3352 
-1.1354 
-1.0318 
-0.8930 
-0.8518 
-0.8241 
-0.7824 
-0.7611 

lb 
la 
2a v 
3a -
2b 
4a 
5a 
3b • 
4b 
5b 
6a 
7a 

/3-MO 

la 
lb 
2a 
3a 
2b 
4a 
5a 
3b 
4b 

1 5b 
6a 

-11.5038 
-11.5038 
-11.4838 
-1.3519 
-1.1957 
-1.0416 
-0.8999 
-0.8617 -
-0.8146 
-d.7957 
-0.7610 
-0.5324 

» 

-11.4897 
-11.4895 
-11.4875 
-1.3294 
-1.1351 
-1.0319 
-0.8918 
-0.8513 
-0.8219 
-0.7854 
-0.7648 

aAtomic units. 

DTh>e basis set «n the left refers to the basis used for the 
single point calculation; the basis set on the right refers 
to the basis set used to optimize the geometry. 
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Figure 20. Pictorial representation of the angles (X and R. 

model for, bonding; since the electron has been removed from 

a molecular orbital which is bonding between C^ and C2*, 

large changes at C3 are not expected if there is still 

substantial bonding between C^ and C2 in the radical cation. 

The magnitude of ZC^C3C2 (only 81.7, degrees) is an 

indication that there is considerable CjC2 bonding 

interaction in this species. Furthermore, the Mulliken 

overlap population (Table 11) between Cj and C2 is another 

indication that there is bonding overlap between these 

atoms. However, this overlap is very much reduced in 

comparison "to the overlap between the carbon atoms in 22. 

The value of a in the 2B 2 structure is much smaller 

than that in the 2A^ state. Since this structure is 
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Table 11. Mulliken overlap populations for the carbons in 
22 and 22+ . 

Molecule 
or Ion - Basis Set c1c2 

Overlap 

c l C 3 
C2C3 

22 

22 + (2A2) 

22^' '(2B2) 

22 + (90,0) 

22+ (-0,0) 

4-31G//4-31G 
4-31G*//4-3lG 

4-31G//4-31G 
4-31G*//4-31G 

4-31G//4-31G 
4-31G*//4-3lG 

4-31G//4-31G 
4-31GV/4-31G 

4-31G//&-31G 
4-31GV/4-31G 

0.1705 
0.2646 

0.0226 . 
0.0597 , 

» 

0.2060 
0.3057 

-0.0326 
^-0«.0169 

T O . 0 6 0 9 
-0 .0588 

0.1705 
0.2646 

0.1922 
0.2608 

0.0883 
0.133 2 

0.2557 
0.3297 

0.3025 
0.3654 

0.1705 
0.2646 

0.1922 
\fl.2608 

\ -
0.0883 
0.1332 

0.2097 
0.2508 

0.3025 
0.3654 
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described as a TT-complex between ethylene and CH2
+, it is 

useful- to consider an arigle jS which is defined as the angle 
t 

between the C-j^ bond„and the intersection of the plane of 

the methylene with the plane of the carbons (Figure 20). In 

. this case, (3 has a value of 167.2 degrees (for ethylene 

the corresponding angle would be 180.0 degrees). The 

lengthening of the CjC3 and C2C3 bonds and concurrent 

shortening of the CjC2 bond are consistent with the 

structure predicted by the Walsh model. The Mulliken overlap 

between Cj and C2 has increased relative to 22, while the 

^overlap between Cj and C3 and between C2 and C3 has 

decreased. The overlap between, the carbons, however, is 

still large compared to the overlap between C^ and C2 in the 

2Ai"sc>ate. The antisymmetric MO extends over all three 

carbons, consequently, the equilibrium geometries of all 

three methylenes in this state differ substantially from 

those in cyclopropane. 

The equilibrium geometry of 22+ in the 90,0 

conformation is very close to the Cs point group (a2 is 

179̂ 5 degtees). Consequently, the symmetry label of the 

singly occupied s'tate is "pseudp"-2A" (Table 10). The CjC3 

bond has shortened while the C ^ 3 bond (the plane of the 

C2 methylene has rotated 90 degrees) has lengthened. The 

"CjH and C2H bond lengths, the«HCH angles and the value of 

Qij and a 2 are those expected for sp
2 hybridized'carbons. 

On the other hand, the longer C3H bond, the larger value of 

Z-Clc3-C2 and the smaller HC3H angle are characteristic of a 
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normal alkane bond (i .e . sp-3 hybridized). Further 
4 u 

investigation, in fact, reveals that the CjC3 and C2C3 bond 

lengths are similar to those calculated for the11-propyl 

cation (92). In the case of the 1-propyl cation, the C^C3 

and C2C3 bond lengths (using a 3
fc2lG basis set) were found 

to be 1.438A and 1.536A^ respectively. In contrast, for the 

«"* 90,0 confarmer of 22, the CjC3 and C2C3 bonds are almo^ 

equal in length (93). 

The 0,0 conformer of 22 + has C2 symmetry and exists as 

a 2A ground state. However, since the value of a± and G!2 

in this conformer are very close to 180.0 degrees (actually 

179.95 degrees), it could be classified in the C2v point 
i n 

group and, as such would have a *A^ ground state. While 

there is substantial overlap between Cj and C3 and between 

C 2 and C 3, there is no bond between Cj and C 2 (Table 11). 

.The CH bond lengths,the HCH angles and the value of o^ and 

a2 &e consistent with sp2 hybridization at Cj and C2. The 

geometry at C-J, however, is very different. The value of 

ZCjC3C2 is anomalously large (124.8 degrees),the C3H bonds 

are anomalously long,and the HC3H ariigle' is smaller than 

expected (Table 9). 4This unique geometry can be understood. 

The steric repulsion'between the hydrogens on Cj and C2 • 

.could be responsible for the unusually large,value of 

ZCjC3C2. The value Of 124.8 degrees is close to the value 

expected for a bond angle in an sp-6 hybridized carb*on. If 
• o ' 

it is assumed that the hybridization at C3 is sp"' then, each 
C-C bond would be forriled with one of the three available sp2 

1 * • 
'' • " ' . \ 
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orbitals on C3. "This, arrangement would^ leave one sp
2 and 

one p orbital to form the two C-H bonds. Rehybridization of 

the sp2 and p orbital's leads to the formation of two sp5 

orbitals. The increased "p" character of these new orbitals 

leads to much longer <C-H bonds (e.g. C(spJ)-H bonds are 
o * 

longer than C(spz)-H bonds). Furthermore", the angle between 

two sp5-orbitals-is 101.2 degrees (78) which is larger than 

the 93.0 degrees obtained for the 0,0 conformer but, 

nevertheless, is m'the right-direction. * ' -

The, charge and spin,distributions in each of these 

structures are shown in Table -J.2 and 13 respectively. In 
o ' ' * 

the <SA2 structure only 20% of the charge is delocalized to 

the C3 methylene. Similarly, most of, the^rpin density 

remains between Ci and Cj." This, of course, is consistent 

V -
with the Walsh model described previously. The electron 

density distribution in 22 (Figure 21)- is symmetrical 

around the three carbons. However, the electron density 

distribution in 22 + (2Aj) illustrates tĥ e decreased electron 

density between Ci and C2' and, in fact, resembles very 

clo'sely the distribution expected for a trimethylene type 

structure (Figure 22) . * 
4S 

In the ZB2 structure the charge is,almost equally * „ 

distributed between the three methylenes; 30% on the C3 

methylene and 35% on-each of the C^ and C2 methylenes. The 

spin density, however; is almost entirely localized on C3. 

It is interesting that while there is excess spin density 

on Cj and C2, the Fermi contact is negative. This is 
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T a b l e 1 2 . - Atomic c h a r g e d e n s i t i e s of 22 and 2 2 + a . 

Molecu le 
or Ion Atom 4-3 IG/ /4 . -3 IG 

, 6 .346 
6 .346 

9 6 .346 
, 0 .827 

0 .827 
0 .827 
0 .827 ~ 
0 .827 

* 0 .827 v 

* 4 

6.210 
-6 .210 
6 .393 
0 .696 
0 .696 
0 .696 
0 .696 
0 . 7 0 1 
0 . 7 0 1 

4-

f 

-

-

to 

fi% 

•3 lG*/ f^-3 lG 

<Ui» 

. 6 . 3 5 2 
6 .352 
6P.352 
0 .824 
0 ,824 
0 .824 
0 .824 
0.824' 
0 .824 * 

' 

6.243 ' 
6 .243 

' 6 . 3 5 9 
0 .687 
0 .687 
0 .687 
0 . 6 8 7 : — -
0/T02 

- 0 . 7 0 2 

22 

2 2 + (2AW 

Hi 
Hc 
H< 
H-

*9 

H 3 H 4 

I5 

Hc A 

22 + (2B2) 

H* 

H« 

6 .269 
6 .269 
6 .316 
0 . 6 8 8 
0 .688 
0 .688 
0 .688 
0 .688 
0 .688 

6 .275 
6 .275 
6 .327 
0.6*7 
0 .687 
0 .687 
0 .687 
0 .687 
0 .687 

22+ (90,0) 

H, 

5 .946 
6 .298 
6 .512 
0 .676 
0 .676 
0 .722 
0 .762 
0 .703 
0 .703 

* 

5.992 
6 .365 
6.47.7 
0 .663 
0 .663 
0.710 
0 .747 
0 .706 
0 .706 % 
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V 

V 
22+ (0,0) 6.126 

6.126 * 
6.613. 
0.723 
0.725 
0.723 
0.725 
•0.618 
0.618 

S.191 
6.191 
6.521 
0.707s-
"0.712 
0.707 
0.707 
0.629 
0.629 

aAtomic units. 

W 

Sable 13. Atomic spin densities and Fermi contact in 22+a, 

4-31G//4-31G 4-3lG*//4-3lG 

Ion Atom 
spin 

'density 
Fermi 
contact 

spin 
density 

0.652 
0.652 • 
-0.186 
-0.043 
-0.043 
-0.043 
-0.043 
0.027 
0.027 

0.112 
0.112 
0.902 
0.000 
0.000° 
0.000* 
0.000 
-0.063 
-0.063 

-0.027 
1.271 
-0.121 
0.001 
0.001 
-0.092 
-0.094 
0.031 

Fermi 
contact 

0.080 
0.080 
-0.048 
-0.015 
-0,015 
-0.015 
-0.015 
0.015 
0.015 

-0.006 
-0.006 
0.117 
0.003 
0.003 
0.003 
0.003 
-0.023 
-0.023 

0.002 
0.214, 
-0.040 
0.000 
0.000 

X0.032 
-0.032 
0.018 

2 2 + ( 2 A,) 

22+ (2p2) 

J 
V it 

1 
22 + ( (90 ,0) 

c3 

H4 
H 5 

H7 

HQ 

c1 

r2 

S3 
H 4 
He 

-H< 
He 

c1 

c2 
C 3 
H4 
•H5 

H 6 
H7 
H 8 

0 .677 
0 .677 

-0 .218 
-0 .050 
-0 .050 
-0 .050 
-0 .050 
0 . 0 3 1 
0 . 0 3 1 

0 .112 
0 .112 
0 .923 
0 .000 
0 .000 
0 .000 
0 .000 

-0 .074 
-0 .074 

-0 .012 
1.3T18 

-0 .153 
0 . 0 0 1 
0 . 0 0 1 

-0 .107 
-0 .106 
0 .036 

0 .106 
0 . 1 0 6 

-0 .057 
-0 .017 
-0 .017 
-0 .017 
-0 .017 
0 .016 
0 .016 

-0 .002 
-0 .002 
0 . 1 5 2 
0 .004 
0 .004 
0 .004 
0 .004 

-0 .026 
-0 .026 

0 . 0 0 1 
0 .265 

-0 .050 
0 .000 
0 .000 

-0 .036 
-0 .036 
0 .020 
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22+ (0,0) 

*e 

, 

. 

Eg 

Cl 
^2 
C3 
H4 
H5 
H6 
H7 
H8 
H9 

0.036 

0.797 
QJ797 
-0.187 
-0.063 
-0.058 
-0.063 
-0.058 
-0.083 
-0.083 

0.020 

0.137 
0.137 

-0.041 
-0.022 
-0.021 
-0.022 
-0.021 
-0.047 
-0.047 

0.031 0.018 

0.760 
0.760 
0.141 
0.054 
0.049 
0.054 
0.049 
0.086 
0.086 

0.107 
0.107 
-0.026 
-0.019 
-0.019 
-0.019 
-0.019 
-0.050 
-0.050 

aAtomic u n i t s . 

because the a spin density on these two atoms i s in the p 

o r b i t a l s which form the "TT-bond" of the ethylene par t of 

the complex. There i s excess spin in the o t h e r \ o r b i t a l s . 

Since a p - o r b i t a l has no Fermi contac t with the nuc leus , t he « 

net Fermi contact (from the "s" character of the orb i ta l s ) 

has a s l i g h t excess of /3-spin (94>. The s imi l a r i t y of the 

o +' 
B2 s t a t e of 22 to a <7r-complex i s supported by the 

4} 

electron density distribution for this species (Figure 23). 

Thus, the description of the 2B 2 state as complex between 

CH2
+ and ethylene is appropriate. 

The charge and spin distributions in the 90,0 conformer 

are unusual. The charge is localized essentially on the C^ 

methylene (71%) and to a lesser extent on C2 and C3 (21% and 

8% respectively, Table 12). The spin, on the other hand 

(Table 13), is localized almost completely on C2; the 

remainder is on C3. These spin and charge distributions may 

be understood qualitatively by considering two 
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L^ 

Figu re ft." Electron^density 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 is 0.002 au. 
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* >. 

Figure 22. Electron density distributi 
•conformer, 2A^ state) •* 

on in 22+ (90, 90 
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\ 

Figure ,23. Electron density distribution in 22+ (90,90 
conformer, 2B 2 state). 
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possibilities. In the first, the spin is localized on Cn. 
* > 

w This may be describedkas an "ethyl cation-methyl radical" 

pair. ?<In the other case the charge is localized on C2; this 

• would be an "ethyl radical-methyl cation" pair. Since the 

ionization potential of the methyl radicâ L is greater than 

the ionization potential of the ethyl radical (95) the 

former case would be expected to be, energetically 

favourable. THW alternate ̂ ngthenmg of-the C2C3 bond and 

shortening of the C-^ bond may be a result of theoharge 

polarization. The redistribution of the electron density in 

order to stabilize the positive charge leads to antincreased 

negative charge on C3 at the expense of removing electron 

density from between C2 and C3. The weakened C2C3 bond is 

reflected by the increased length. 

In the 0,0 conformer of 22+, 85% of the charge is on 

the Cj and C2 methylenes and only 15% of the charge is on , 

the CT methylene. .The large negative.charge on Co is likely 

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 Ci and Cn. It is found, however, 

that while C3 has an excess of ex spin density,, the hydrogens 
* • - * 

bonded-to C3 do no±. have, as expected, an excess of jgspin 

.density.' Iristeadr "these hydrogens also have an excess of cC 

spin density. The reason for this unusvfal behaviour is not 
\ c 

understood. 
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2.3.2 Isomerization-of 2 2 ^ ^ . 

The surface for cJLs.-££aiis isomerization and 

racemization of 22 has been studied experimentally (85) and 
, * « f 

by molecular orbital methods (93, 95). The theoretical 
. •> 

r calculations predict that the barrier to racemization is 
•• t * „ „ 

less than the barrier to isomerization. This effect has 

been rationalized' in terms of orbital symmetry allowed -

opening of*the cyclopropane ring. At'the transition state 

(the 0,0 conformer! there is "pseudo-conjugation" through 

the central'methylene, leading to the "allowed" conrotatory 

closure to give 22. The energy difference between the 
' 7 ~ •' ' 

barriers for isomerization ?,and racemization has been 
i t ~~ 

estimated to be approximately 2.5 kcal mol--1 (95). 

There has been interest, recently,xin the. applicability 

of orbital symmetry rules to the electrocyclic reactions of 

. odd-electron species (96). It is .interesting to compare the 

^results obtained for the isomerization and racemization of 
1 

22+ to those results for 22. At the'outset, it.should be 

noted that the work of Collins and Gallup (81a) predicted 

the energy of the ^Aj copformer to be 6.6 kcal mol higher 
4 

than that of the 2B 2 structure. The results obtained from . 

this study show that at all levels of theory used, the 2Aj 

structure is lowest in energy (Table 14). Furthermore^ 

recent experimental results have comfirmed that the unpaired 

electron occupies the 6aj orbital (97). 

, The calculated barrier to e_is-£xaiL£ isomerization' of 22 
/ 

using a minimal basis set and configuration interaction of 
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the ground s t a t e and a l l s ingle and double subs t i tu t ions i s 

52.6 kcal mo l - 1 (93). This i s an- underestimate of the 

experimental value (65 kcal mol" , 85) since CI was 

performed only on the 90,0 comformer. There should be a 

l a r g e n e g a t i v e co r r ec t i on to the energy of 22 when CI i s 
4- 0 

included., S^nce,! for 22"r (^Ai), the electron has been 

removed from an orbitali which is predominantly bondijag 

between C^ and C2, the strength of the resulting one-
T 

• electron, two-cefltre bond should be B O more than half of the 

experimental bond strength in 22. ̂  The calculated strength 

of, the one-electron, two-centre bond depends on the basis 

set used (Table 14). However, even at the MP2/4-31G* level, 

the bond strength is still less than half of the 

experimental value. ' It is clear that as the basis set 

becomes more sophisticated, the calculated bond strength 

increases and, that inclusion of polarization functions has 

as great\an effectj|as electroh correlation.^ 

The calculated activation energy associated with 

racemization u(Table 14) is greater .than the activation 

energy for isomerization when electron correlation is not 
4* 

included. However, the effect of electron correlation is to 

reduce the calculated bafrier to racemization (in contrast 

to the effect of electron correlation on isomerization which 

I is to increase the barrier). The result is that the 

"calculated bafrier to racemization is much less than the 

calculated barrier to isomerization when electron 

correlation is included, This energy difference is as much 
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Table 14. Relative energies of conformers of 22+ (kcal 
mol"1). 

4-31G 4-31G* MP2/4-31G MP3/4-31G MP2/4-31G* 
^ohformer //4-31G //4-31G //4-31G //4-31G //4-31G 

g o ^ ' o M ^ ) 

90,90 (JB2) 

.90,0 (2A") 

0,0 (2A) 

0.00a 

6.16 

17.54 

20.72 

0.00b 

4.10 

22.17 

26.24 " 

0.00c 

2.64 

24.13 

16.22 

0.00d 

3.21 

24.24 

16.60 

0.00 e 

« 1.16 

30.09 

20.58 

a Total energy is -116.5735881 hartrees. 

b Total energy is -116.6324484 hartrees. 

c Total energy is -116.8123945 hartrees. 

d Total energy is -116.8406159 hartrees. 

e Total energy is -116.9798358 hartrees. 

as 10 kcal mol"1; far greater than the analogous energy 

difference calculated for racemazation versus isomerization 

in 22. 

The conrotatory closure of the 0,0 conformer of 22+ is 

an allowed process by orbital symmetry. Since this 

conformer has a 2A ground state, the singly occupied MO is 

symmetric with respect to rotation about the C2 axis. 

Examination^of 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 
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conformer is structurally related to the allyl radical (a 

protonated allyl radical),. The singly occupied MO of the 

0,0 conformer is, in fact, very similar to the singly 

occupied MO of the'allyl radical r (Figure 24). 

t l 

Figure 24. Representation of the occupied MO's of (a) the 
0,0 conformer of 22+ and (b) the allyl radiqM, 

The partial surface for twistingof one methylene from 

the 2A\ state of 22+ to the 90,0 conformer has been 

obtained. The fully optimized geometries of 22+ in the 

90,0; 90,10; 90,20; 90,30; 90,60;and 90,90 conformers 

reveals several interesting trends. The energy profile for 

twisting is*shown in Figure 25. It is clear that near the 

transition state, the tortionaljSurface is very "soft"; i.e. 

since there is .little bonding between C^ and C2, rotation of 

C2.has only a small effect on the relative energy. Near the 

2Aj structure, however, small changes in 02 result in 

larger changes .in the relative energy. This is expected 

since the one-electron, two-centre bond is be^ng broken by 
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16.0 

12.0-
Energy 

(kcal mol"1) 
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0.0 
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90 -60 -30 0 30 60 90 

62 (degrees) 

Figure^25. Energy versus tortional angle (02) for the 
twisting of the Co methylene in the 90,90 (2A2) 
conformer to the 90,0 conformer of 22+. 
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4 

twisting. This can be compared to twisting in the ethylene 

radical cation (98) where" the toptional potential is much 

softer. At a tortional 'angle of 30 degrees, the energy 

change is only 1.6 kcal mol - 1 at this level of theory ' . 

(compared to over 1 kcal mol~* in 22+). 

The geometric changes.associated with twisting are also 

of interest^ As the tortional angle is decreased from 90 to 

0 degrees,,, there is a progressive increase in «the value of . 

ZC^C3C2. This is expected as the extent of bonding between 

Cj and C2 decreases (Figure 26a). 

The associated wagging of the methylenes (Ĉ  and C2) is 

particularly 'intriguing. Salem and his coworkers, in their. 

study of the isomerization of 22, found that large pyramidal 

distor.tions were associated with the trimethylene structures 

(99a). For the 90,0 conformer<(of 22) this distortion from 

planarity was 14 degrees for the carbon which had twisted 
> * • - t ' ' 

(93). At the'STO-3G l e v e l , a'pyramidal d is tor t ion of the C2 

' methyljbe (in the 90,0 conformer of 22+) of 28 degrees i s m 
obser^p. However, at the.4-3lG level, this distortion 

'completely disappears. ' Salem was using a minimal basis set 

of-STO's in >his work and, the possibility that the 
• ' , ' • • * 

distortions is a basis' set related problem must be 

considered/ < 

The wagging motion of the C-i methylene of 22+ as the 

tortional angle is decreased from 90 to'O degrees reveals 

that initially* there is a small pyramidal" distortion away^ 

from the central methylene (Figure ,26b). This distortion 
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Figure 26. (a) ZC1C3C2 versus tortional angle (02), (b) 
wagging angle of the C± methylene (â ) versus 
tortional angle (02) and (c) wagging angle of 
the Co methylene .(cc?) versus tortional angle 
(#2) for twisting of the C2 methylene. 
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reaches a minimum near 09=3O degrees and, near the 

transition state undergoes an inversion such that at the 

transition state, the C^ methylene is pyramidally-distorted . 

towards the qentral methylene. The inversion near the 

transition state is best rationalized as a result of the 
> „ 

steric repulsion between the hydrogens of the Cj methylene 

and the hydrogen of the C2 methylene. The 'initial 

pyramidalization away from €'he central methylene can lead to 

increased hyperconjugative interaction between C3 and the 

hydrogens bonded' to C3. This explanation would account for 

the trend observed, however, the 90,0 conformed is a 2A" 
** • 

state and is antisymmetric with respect to reflection (i.e. 

any bonding overlap with one hydrogen would be cancelled by 

an antibonding overlap with the other). »L 

The C2 methylene slowly pyramidalizes away from the C^ 

methylene as the tortional angle decreases (Figure 26c) and 

reaches a maximum near #2=15 degrees. At the^transition 

state, there is no pyramidal "distortion at the C2 methylene. 

This motion may be a response to increased steric 

interaction with the Ĉ ' methylene which moves towards one of 

the hydrogens bonded to C2. The observation that the 

distortion of the C2 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 15 degrees, further pyramidalization of the C2 methylene-

becomes less favourable energetically than • 

depyramidalization of the Cj methylene! So, while the 
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wagging .motion of th^/C2 methylene can be ra t ional ized as a 

a motion coupled to the motion .of C^, i t i s not immediately 
* 

clear why pyramidalization of Cj 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 tfie trimethylene system where the 

distortions are large. For 22+, where the distortions are 

much smaller,-this suggestion seems less likely." However, 

* this represents a non-dynamic path between the 90,90 ( A^) 

comformer and the°9O,0 (2A") conformer since the 

conformation of the Cj methylene is fixed. 

It is interesting to notev^at the experimentally 

determined 7T-bond strength in ethylene (86) is 

approximately the same as the cr-bond strength in -**» , 

cyclopropane (85). The difference in the calculated 

activation energies (at'the 4-31G level) of 22+ (17.5 kcal , 

mol"1) and C2H4
+ (27.2 kcal mol-1, 98) should therefore be 

dicussed. The one-electron oxidation of ethylene leads to a 

species which has little internal, strain. It is tempting, 
-

therefore, to attribute the difference between the 
* 

activation energies for cis-trgns isomerization of 22+ and 

C2 H4 + t 0 t h e rin9 strain in the cyclopropane radical cation: 

We must use caution, however, since the difference between 

the calculated activation barrier for isomerization in C3H6 
L 

and C2H4 using the same basis set 'is not available. If the 
calculated activation barrier for C2H4 is significantly 

•' / 
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higher than that for C3Hg, the difference in the radical 

cations may be meaningless. (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 - 1 (100)). It should be noted that the 

-experimentally determined torsional angle at the energy 

minimum in C 2H 4
+ is ,25 degrees; apparently a compromise 

between 7T-overlap and hyperconjugation (101). The ah initio 

calculations failed to predict this conformational 

preferetKe. The planar-structure, however, is only 0.67 

kcal mol" higher in energy than the twisted minimum. 

2.3.3 JJifi 1.2-Divinylcyclopropane Radical JĈ JLIOJQ. I21+L y 
Several interesting features of 23 + are evident. In 

structures 23a+, 23b+ and 23c+ (Figure 20) the values of 

/CjC3C2 are similar to the bond angle in the unsubstituted 

radical cation (Table 15). This is significant since using 

the geometry of the allyl cation maximizes the 7T-overlap , 

between the vinyl groups and the respective cyclopropane 

carbons. This should have the result of lengthening the 

CjC2 bond since it may be expected that the more effectively 

the electron density is delocalized, the weaker the C^C2 

bond should become. The value of /.CjC3C2 in the 90,0 

conformation is larger than that in the unsubstituted 

radical cation. This may be a consequence of the increased 

steric interactions with the allyl system.at Cp The steric 

repulsions in structure 23d+ are predominant. Because of 
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Table 15. Relative energies of conformers of .23"*"a. +a 40 

Conformer 
* 

Energy (kcal mol,*) ^cic3>£2 (degrees)1 

23a"1 

23bH 

23cH 

23d+ 

90,0C 

90,0d 

90,0e 

0.00 

*4.25 

13.43 

>100 

16.00 

14.23, 

14.56 

./ 

77.4 

8*1.7 

77.9 

>125 

112.8 

113.0 

109.1 

aSTO-3G energies relative to 23a+ for which the STO-3G total 
energy is -267.34486 hartrees. 

bThe value of ZC1C3C2 for the 90,90 (
2^) conformer of 22 + 

is 75.8 degrees at the> STO-3G 'level. For the, 90,0 
conformer, this angle is 102.1 degrees. The energy 
difference between the 90,90 and the 90,0 conformers is 23'.2 
kcal mo 

nee 
I"1. 

cThe C 2 vinyl group has. rotated in the direction of the Co 
methylene. The C2 vinyl group has the geometry of the allyl 
cation. 

* 
"The C2 v i n y l has r o t a t e d in the d i r e c t i o n of the Co 
methylene. The C2 v inyl group has the geometry of the a l l y l 
r ad ica l . ' " 

The C2 v i n y l group has r o t a t e d in the d i r e c t i o n of the Ci _ 
ethylene. The Co vinyl group has the geometry of the a l l y methyl« 

rad ica l . 
fyl 
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CPU time restrictions it was not feasible to optimize the 

dihedral angles about the methylenes. However, it seems 

likely that the radical cation in this conformation should 

-undergo a facile Cope rearrangement since the activation 

energy for the analogous rearrangement of c_is.-23 is 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 

» o 

shown in Figures 27 and 28 respectively. Only the ^A-^ 

structure was considered for the cyclopropane system. The 

experimental evidence obtained from CIDNP studies (23) is 

best interpreted in terms of a structure pf this type. 

Furthermore, involvemejit of the 2B 2 structure would render 

two subsftituents in spacially non-equivalent environments. 

The lossr of the symmetry would complicate the choice of 

mpdej^geometries for each vinyl group. Finally, it seems 

likely that a structure similar to the 2A^ geometry would be 

involved in cis-trans isomerization. 

The geometry of the vinyl groups was based on the STO-

3G geometry of the allyl cation. Since almost all of the 

spin density appears on C2 in the 90,0 conformation, the 

geometry of the allyl radical was used for the C2 vinyl 

group in this case. The difference in energy using the 

allyl cation geometry at C2 and that using the allyl 

radical geometry was only 1.8 kcal mol"1. 
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Figure 27. Charge^and spin d i s t r ibu t ions In 23a+. Thesspin 
dens i t i es are in par'entheses. - * 
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(0 003) 

H ' 
0 039 

(0 056) 

0 104 
H(-0 071) 

0.081 
.H ( -0 071) 

C^O 099 
/ ( T071) 

/ 0 082 
H(-0.072) 

Figure 28. Charge and "spin distributions in the 90#0 
conformer of 23+. The spin densities are in 
parentheses. • ' - , 
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In the 90,90" conformation,, both charge and spin are 

delocalized into the vinyl groups. The C3 methylene stili 
» 

has 18% of the charge (compared to approximately 20% in the 

.̂unsubstituted case). Similarly, in the-90,0 conformation, 
it 

$ only 10% of the charge is delocalized* to the Co' methylene 

and 12% to the Co vinyl system (compared to 8% and 2-1% 

respectively in the unsubstituted radical cation). * 

Essentially all of the spin density remains at^the C2 vinyl 

system in this conformation. 

2.3.4 isomerization o l 23.+ t ' • 

An estimate of the activation barrier for isomerization 

0"f the 1,2-diphenylcyclopropane radical cation, which is" 
t 

known not to isomerize rapidly, rttay* be obtained by comparing 

the energies of the 90,90 and '90,0 conformations of 23+. 

This is a reasonable model considering the benzylic and 

allylic 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 
» 

Table 16. 

, The relative energies of 23a+, 23b+ and 23c+ are. 

consistent with the results of recent calculations on 

vinylcyclopropane (103); s-tiaRS. being more stable. 
« 

Structures 23a+ and 23b+ are geometric isomers having the 

same conformation of the vinyl groups (s-txajis.). The energy 

difference between 23a+ and 23b+ (4.25 kcal mol"1) is 

similar to the energy difference observed from the thermal 
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isomerization of l^-diphenylcyclopropaJne (about 2.3 kcal 

rifol"1) (104). , , 

The energy difference between 23a+ and the radical 

'cation in the 90,0'conformation represents the.activation 

barrier for isomerization of the radical* cation. The -value 

of 14.23 kcal mol\-1 indicates a bond weakening of 

approximately'9 kcal mol - 1 relative to the unsubstituted 

radical cation (Table 15). This may be compared to the 

difference in a-bond strength observed experimentally 

between1-cyclopropane and 1,2-diphenylcyclopropane; about 30 

kcal.mol"1 (104). The effect of the substituents on the 

stability 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 
<r 

delocalization in both the*ground and transition state in 

the radical cation. » , 

In the photochemical generation of the radical ions, 

this activation barrier would prevent cis-trans 

isomerization of the radical cation. If a preexponential 

factor of 101** is assumed for the isomerization (105), the 

rate constant for cis-trans isomerization of the radical 
, •» 

O _ 1 ° i 

cation would be only 4.3 x 10° s x at 300 K. -

2.4 CONCLUSIONS 4* 

The activation barrier to cis-trans isomerization and 

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 the calculated barrier to 

racemization. Electron correlation increases the relative 

energy of the 90,0 conformer but decreases the relative 

energy of the 0,0 conformer. 

The TT-overlap with vinyl groups does not 

substantially weaken the.one-electron „two-pentre bond of 

23+ relative to 22+. This has'important experimental 

implications. The cis-trans isomerization of the 1,2-

diphenyl'cyclopropane radical cation is not observed on the 

CIDNP time scale. However,- it will be interesting to look 

at the temperature effect on this isomerization. 

Furthermore, if?the optically active compound is prepared, 

the relative rates of isomerization afnd racemization may be 

obtained. This will be interesting ssnce the rate of 

racemization is slightly faster in the case of 1,2-

diphenylcyclopropane (104). 

r 
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PART III. SUBSTITUENT EFFECTS ON BENZYL RADICAL HYPERFINE 

COUPLING CONSTANTS. 

3.1 INTRODUCTION 

3.1.1 Linear, fxse. Energy' Relationships (LFER) 

One of the most successful empirical model* for the 

study of the relationship 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). 
* 

log(K/K0) =Plog(K'|A)) =p(J t [37] 

/ 3 

In (this equation, the term log(KVK') is defined as the 

substituent constant, a, which is assumed to be an intrinsic 

property of each substituent, and, p is the reactivity 
,* 

parameter which is a measure of the sensitivity of the 
' 4 

equilibrium constant to the nature' of the substituent. This 

empirical relationship is an LFER inasmuch as the 

equilibrium constants are related to the change in the' 

, Gibb's free-energy (Equation 38). 

AG 0 rs -RTlnK , ' ., [38] 
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The logical extension of the LFER is the correlation of 

the substituent effects, not with changes in equilibrium 

constants,' but wit^ changes in rate constants. In this 

approach, the LFER is a correlation- of the changes in 

activation free-energies with a substituent, parameter. The 

use of relationships of this kind has played an important 

role in the elucidation of reaction mechanisms in organic 

chemistry. 

Specific deviations from the Hammett relationship have 

led to the development of a plethora d£ substituent 

parameters which are used to account for anomalous resonance 

and/or inductive interactions. The most important of these 

substituent parameters are cr+(108), a-(109), Oj (110) and«crR'* 

(111). While the use of these substituent parameters has 

extended the range of applicability of the Hammett 

relationship, the selection of an appropriate substituent 

parameter scale has become muph more subjective (112a). 

Furthermore, multiparameter extensions of the Hammett 

relationship have made the evaluation of substituent effects 

more complicated. Th.e use of extended Hammett correlations 

has invoked much criticism since deviations from the single 

parameter treatmenfinvariably depend on a subjective choice 

of substituents and usually a limited range of substituents 

(112b). 

3.1.2 Substituent 'Effects on. free. Radical Reactions 

The effect bf substituents on the rates of free radical 
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reactions is not well understood. The rates of many free 

radical reactions, in fact, correlate very well with 

substituent parameters derived for ionic reactions (113). 

This "effect lias been rationalized in terms of a polar effect 

at the transition state (114, Figure 29). This polar effect 

r+ . - . . - +-|+ 
|R H X — R H- X — R H-- -XJ* 

I I 
Figure 29. Charge separated valence bond structures leading 

to a polar transition state in a hydrogen atom 
abstraction reaction. 

encountered in free|,radical 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 

substituent on free radicals (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 aJLtex ssms. assumption oJL the. x&lar eJLfecjt on the 

relative rates wasjnade. It is, therefore, not surprising 

that of the various free radical substituent parameters, 

many fail to agree even in sign, let alone magnitude. 

Recently, Dust and Arnold J(116) developed a new 
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substituent parameter, sigma dot alpha ( a^ ) based on the 
* 

a -H hyperfine coupling constants (hfc) of a series of 

paxa- and meta- substituted benzyl radicals (Table 16, 

Equation 39). This approach is based on the premise that , 

the extent of spin delocalization is inversely proportional 

to the cc-U hfc. The cr-H hfc should be a measure of 

the* spin density in. the benzylic carbon 2p orbital (117). 

• a « = 1 - ^ -

This electron spin resonance (esrhapproach has been 

criticized by Jackson (118) who argued that the variation in 

hfc over the range of substituents is too small to be 

significant. However, while the variation in hfc over the 

range of substituents is is only 10 percent, the magnitude 

of the hfc can be determined to an accuracy of approximately 

0.2 percent. 

The o"* scale has several other advantages over other 

kinetically derived free radical subtituent parameters: (1) 

the measured effects are free from ̂ polar factors (other than 

intrinsic polar e'ffects); (2) since the radical is, being 

observed directly, afty effects observed can be unambigupusly 

assigned to effects on the radical; (3) t&e radicals are 

generated in an unambiguous manner and (4) the esr 

•parameters can be accurately determined* • 

The usefulness of the CL'scale depends upon the 
« * 
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Table 16. %* values calculated from the cC-H hyperfine 
coupling constants in substituted oenzyl 
radicals3. 

Substituent <tf Substituent °k 

4-SMe 
4-COMe 
4-SPh 
,4-COPh ' 
4-C00Me 
4-CN 
4-SCOMe 
4-OMe 
4-OPh 
4-S(0)Me 
4-S (0)2Ph 
4-Si(Me)3 
4-S(0)0Me 
4-Me 
4-S(0)2OMe 
4 -E t 

0 .063 
0.060 
0 .058 
0 .055 
0 .043 
0 .040 
0 .029 
0 .018 
0 .018 
0 .018 
0-.018 
0 .017 , 
0 .016 
g .015 
0 .013 
0.012 

-4-C1 " 
4 - i - P r 
4 - t - B u 
4-S(O)2Me 
3-Me 
4-OCOPh 

H 
3-̂ OMe 
3-OPh 
4-OCOMe 

t 3 - C l 
3-F ' 
4-CF3 
4-F 
3-CQOMe 
3-CF 3 
3-CN 

0 . 0 1 1 
0 .009 
0 .008 
0.D05 
0'.002 
0 .000 
0 .000 

- 0 . 0 0 1 
V0 .002 
- 0 . 0 0 5 
-0 .0O7 
- 0 . 0 0 9 
-0*.009 
- 0 . 0 1 1 
- 0 . 0 1 4 
-0 .017 
-0.<026 

" C a l c u l a t e d fr.om E q u a t i o n 3 9 . 

r 
reaction under study. Reactions with very large polar 

effects (e.g. the NBS bromination of substituted toluenes 

(119)) correlate very well with ionic substituent 

parameters. In these cases, the correlation with o£ is 

poor and, the extended Hammett treatment (including both 

ionic substituent parameters and o£ ) leads to no ' 

improvement of the correlation coefficient (r) compared to 

the simple treatment with ionic parameters alone. 

Reactions with very small polar effects, on the other 

hand, (e.g. the rearrangement of substituted 2-aryl-3,3-

dimethylmethylenecyclopropanes (119)) correlate very well 
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with a* . Correlation with ionic parameters is poor and, 
*• 

extended Hammett treatment leads to no improvement over the 

correlation- with OQ. alone. 

More typically, however, there are reactions in which 

the polar effects and the intrinsic free radical effects are 

comparable and, in these cases (e.g. the NBS bromination of 

4-substitutedl-3-cyanotoluenes (115e)) the best correlation 

is obtained.with the extended Hammett treatment. In these 
* 

"systems, the relative ratios of p'to p (where p* is 

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 the o$ scale 

will be decided only after it has been applied to many more 

reactions,. However, the available es.r data presents an 

opportunity to„study the interactions of a substituent with 

a free radical. The purpose of this section" is to assess 

the interactions of the para and mgta substituents in the 

benzyl radical series. All of the esr spectra from the 

previous study (116) have been remeasured and fourteen new 

benzyl radicals have been added. ' * 

Whiile the -interactions of the substituents are « 

important in general, there are two classes of substituejpts 

which are particularly interesting and these have been 

studied as Part III of this thesis. The alkyl substituents 

can delocalize spin density £y hyperconfjugation. The ' , 
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•assessment of hyperconjugat»*Lon in radicals compared to 

hyperconjugation in cations is of fundemental interest. The 

sulphur containing substituents are also interesting since 

the role of the 3d orbitals on sulphur in the interaction 

with radicals is not clear." 

Besides the measured esr parameters, molecular orbital 

methods are u,sed' 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. 

4 
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3.2 ' RESULTS - . ' 
t 

The benzyl radicals were generated in the esr cavity by 

hydrogen atom abstraction from the corresponding toluenes or 

by bromine atom abstraction from the benzyl bromides. The 

spectra were recorded using a signal averager and plotted 
• * * 

t 
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 determined by initial measurement 

of the line positions from the signal averager and refined 

by computer simulation (120). The coupling constants are 

assigned to various positions on the basis of calculated , 

spin densities and comparison to other spectra. For the 

Dieta. 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 

uncertainty fa the measured hfc's is believed to be +0.03 G. 

For the meta substituted radicals the uncertainty in the 

aryl hydrogen hfc's is somewhat larger (±0.06 G), however, 

the uncertainty in the cr-H hfc is still ±0.03 G. 

• -r 
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Table 17. Benzyl Radical Hyperfine Coupling Constantsa. 

X a' 

4-SMe 
4-COMe 
4-SPh ' 
4-COPh 
4-COOMe 
4-CN 
4-SCOMe 
4 - S ( 0 ) P h 
4-OMe 
4-OPh 
4-S(0)Me 
4 - S ( 0 2 ) P h 
4-SiMe 3 
4-S(0)0Me 
4-Me 
4-S(02)OMe 
4 -E t 
4-C1 

4 - i - P r 
4 - t - B u 
4-S(0 2 )Me 
3 , 5 - d i - M e 
3-Me 
4-0C0Ph 
H 
3-OMe 
3-OPh 
4-0C0Me 
3-CI 
3-F 
4-CF 3 
4-F 
3-C00Me 
3-CF 3 
3-CN 

1 5 . 2 3 
1 5 . 2 8 
1 5 . 3 0 

, 1 5 . 3 5 
1 5 . 5 5 
15 .60 

' 1 5 . 7 7 
1 5 . 8 3 
1 5 . 9 5 
1 5 . 9 5 
1 5 . 9 5 
1 5 . 9 5 
1 5 . 9 7 
1 5 . 9 9 
16^00 
1 6 . 0 4 
1 6 . 0 5 
1 6 . 0 7 

1 6 . 1 0 
1 6 . 1 2 
1 6 . 1 7 
1 6 . 1 9 
1 6 . 2 2 
1 6 . 2 5 
1 6 . 2 5 
1 6 . 2 7 
1 6 . 2 9 
1 6 . 3 3 
1 6 . 3 7 
1 6 . 3 9 
1 6 . 3 9 , 
1 6 . 4 2 
1 6 . 4 8 
1 6 . 5 3 
1 6 . 6 8 

5 . 0 8 
5 .00 
5 . 0 3 
4 . 9 8 
5 . 0 5 
5.0*0 
5 . 0 3 
5 . 1 0 
5 . 0 2 
5 . 1 1 
5 .03 
5 . 0 5 
5 .03 
5.07i 
5 .05 
5 .03 
5 .00 
5 .24 

5 .10 
5 .10 
5 .09 
5 .20 
5 . 1 5 
5 . 2 2 
5 .10 
5 .30 
5 .15 
5 .27 
5 . 1 5 
5 . 1 5 
5 .19 
5 .30 
5 .22 
5 . 1 8 
5 . 2 5 

a P o s i t i o n s g i v e n i n d i a g 
, V a l u e s a r e b e l i e v e d t o 
D Hydrogen 
^ N i t r o g e n 
d Hydrogen 
® C I . 
f Hydrogen 

" P I n n r i n o 

of CH3 . 
of CN. 
of e t h y l 

* 

". 

of i s o p r o p y l . 

1.73 
1.75-
1.85. 
1.76 
1.75 
1.78 
1 .81 
1.80 
1.60 
1.70 
1.75 M 

1.80 / 
1 .71 
1.73 
1.60 
1 .71 
1.85 
1.75 

1.80 
1.75 ' 
1.78 
3 . 3 5 w 
3 . 3 8 b 

1.80 
1.70 

-
-

1.80 • 
-

4 .729 * 
1.76 
1.75' 

" -
3 . 3 0 h 

- 0 . 3 0 c 

ram b e l o w . 

0 . 9 0 b 

0 . 5 0 b 

-
-

0 . 3 7 b 

0 . 9 6 ° 
-
-

0 . 7 5 b 

-
0 . 3 5 b 

-
-

6 # 0 b 

-
3 . 2 5 d 

0 . 5 0 e 

0 . 6 0 ? 
2 . 8 5 f 

-
1 . 0 5 b 

6 .08 
6 .15 , 

-
6 .13 
6 . 3 0 -
6 .15 

-
6 .33 
6 ~ 1 9 u 
6 . 8 8 h 

1 4 . 4 3 9 
6 .15 

. 6 . 1 3 
6 . 1 8 , 

1.73 
1.75 . 
1 .85 
1.76 
1.75 
1.78 
1 .81 
1.80 
1.60 
1.70 
1.75 
l.fiO 
1.71 
1.73 
1.60 
1 .71 
1.85 

' 1 .75 

' 1 . 8 0 
1.75 
1.78 
3 . 3 5 
1.75 
1.80 
1.70 
1.65 
1.75 
1.80 
1.83 

* 1 . 6 0 
1.76 
1.75 

. 1.75 
1.80 
1.80 

5 . 0 8 
5 .00 
5 .03 
4 . 9 8 
5 .05 
5 .00 
5 .03 
5 .10 
5 .02 
5 . 1 1 
5 .03 
5 .05 
5 .03 
5 .07 
5 .05 
5 .03 
5 .00 
5 .24 

* 5 ,10 
5 .10 
5 .09 
5 .20 
5 .00, -
5 .22 
5 .10 
4 .50 
5 .00 . 
5 .27 
5 .05 
4 .95 
5 .19 
5 .30 
4 . 9 8 
4 . 3 8 
4 . 9 5 

X i s t h e s u b s t i t u e n t . 
be a c c u r a t e ±0*03 

-

i 

* 

CH2 

' I 1 

6 
Y \ 

G. 

\ 

2 
e 

-

*)3 

(4 
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3.3 DISCUSSION 

3.3.1 interaction o± Substituents Kith a. Free Radical 
«> 

There are some general features of the 0cb scale which 

can be pointed out. Most of the paxa substituents 
tr 

delocalize unpaired electron density more effectively 

compared with the unsubstituted radical. On the other hand, 

most of the me±a substituents delocalize unpaired electron 

density less effectively than the unsubstituted radical. 

The effect of meta and para substitution can give 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 substituents 

fall into two classes. Those with non-bonded lone pai-rs can 

interact with the unpaired electron by donating an electron 

(Figure 30b). In this case the substituent is a /5-spin 

a 

tx 

b 

c 
' II •x , 

c 

Figure 30. Important valence bond contributors to *the i $ 
delocalization of spin, (a) delocalization to 
the para position, (b) @-spin .donating 
substituent, -(c) cc-spin accepting substituent. 
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donor. Unsaturated substituents can interact with the 

unpaired electron by accepting an electron \(Figure 30c). In 

this case the substituent is an 'a-spin acceptor. The 

orbital interactions can be represented us:yw;simple 

perturbation molecular orbital (PMO) theory (>21|v For the 

|8 -spin donating substituents, the .orbital interactions are 

two-orbital three-electron ̂ interactions (122)„ and lead to a 

net one electron stabilization (Figure 31a)I On the other 

hand, for the cp-spin .accepting substituents, the orbital 

interactions are three-electron three-orbital interactions 

and lead to a net two electron stabilization (122, Figure 

31b) . 
i. 

From this simple treatment, some qualitative 
•4 

predictions can be made. For the /3-spin donors, the 

stabilization energy will depend on the energy of the lone 

pair. As the energy separation between the interacting 

orbitals increases, the stabilization energy decreases 

(123). it is expected that the energy separation will 

increase as the ionization potential of the lone pair 

increases. This effect is equivalent to 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 unpaired electron 
* 

dens i t y in the b,enzyl r a d i c a l s e r i e s i s -F < -Cl < -OR < -SR 

(Table 18). 

S imi la r ly , as the energy of the x o r b i t a l s ' o f the 

a-spin acceptors decreases, spin de loca l iza t ion in the 
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• \ tl / ' • .Q'Q •: 

Figure 31. Molecular orbital interactions of a substituent 
with a radical: (a) 'j8-spin donor and (b) ff-
spin acceptor. , 
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Table 18. • Ionization potentials of first-row and second-row 
hydrides3. 

Molecule Ionization Potential .^eV)* 

HF 15.77 
HC1 . - 12.80 ^ \ 
H20 , * • 12.61 x 

H2S 10.48 

a
 aFrom reference 122. 

benzyl radical also sftould decrease. This leads to the 

i ' * 

correct qualitative prediction that, for these substituents, 

unpaired electron density dMocalization increases in the 

order, -CF3 < CH3 < -CN < COR. V h e 4-CF3 and the 4-CH3 
substituents can be a-spin acceptors by considering 

. 4 

conjugation with a filled a-orbital of the grouj%-a"S shown -

in Figure 32. In this case, the stabilizing effect will be 

"much smaller since the energy separation between'the 

interacting'orbitals is expected'to be much greater (124). 

9 
c 

* * 

/ • \ 

, N , 

\ ' it 
V 

\ It / 

• * r^ 

- eft? 

C Mm,,, 

•v > * 

Figure 32. The interaction of a methyl-group with a-
radical. 

P 
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This approach'assumes that hydrogen as a substituent 

has no stabilizing effect. As a result, the relative 

stabilization of the benzyl radical of a para substituent 

can be predicted but, it is impossible to predict a priori 

where hydrogen will fit in the series. Furthermore, it is 

not possible to rank the relative effect of the a-spin 

acceptors against the '-jS-spin donors. The key omission in' 

this approach is that only effects on the 'Jr-framework are 

considered; effects on unpaired electron delocalization 

\ 

through the cr-framework are ignored. Furthermore, since 

electron correlation "effectŝ  are important for the 

transmission of spin from the 7T-framework to the ' 

Q" -framework, it is not possible to predict what this effect 

will be . Since the mata substituents do not interact 

appreciably with the * TT-system, these substituted radicals 

can be used to assess ̂ che effect of substitution on 

delocalization in the 0"-framework. 

The interaction of meta substituents in the benzyl 

radical series may be straightforward. Correlation of the 

a -H hfc's with crm , 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 (119b? from his 

.study of the 2-aryl-3,3-dimethylmethylenecyclopropanes and 

was related to the" electrophilic nature of the radical. The 

decreased delocalization by inductive withdrawl of-electrons 

will not Be unique to the mejta substituents. The three* jiaxa 
* i * * 

a 

ft 
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0.0 0.4 0.8 

cr. m 

Figure 33. cc -H hfc versus crm for the m^ta-substituted 
benzyl radicals. , 
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substituents which lead to decreased delocalization 

(relative to the unsubstituted radical) are inductively 

withdrawing substituents (the Op values for 4-CF3, 4-F and 

4-0C0Me are' 0.53, 0.15, and 0.31 respectively (111)). 

Certainly in the case of 4-F and 4-CF3 delocalization from 

the 7T-framework is expected to be small (125) so, in these 

cases, it appears that decreased delocalization of the 

unpaired.electron density may also be related to the 

inductive withdrawl of electrons. The decrease in 

delocalization Of unpaired electron density as the 

substituent becomes more electron withdrawing in nature' 

should not Come as a complete surprise. The electrophilic 

nature of many radical,s<is well known (126) and, while tnis 

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 CC -H hfc is proportional to 

the spin density in the benzyl 2p orbital, then the 

a 

inductive withdrawl of electrons in this system must lead to 

a net withdrawl of /3-charge density from the ir-system. 

The effect of perturbation of the- cr-framework on the 

TT-spin distribution in benzyl radicals cannot be predicted. 

The decreased^ delocalization by meta substituents is 

predicted by HMO and INDO calculations (vide infra) but even 

ab initio calculations fail to predict the decreased 

delocalization in the 4-fluorobenzyl radical (128). 
m 

* 
•» 
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3.3.2 Molecular Orbital Considerations 

Two levels of theory have been used to investigate the 

effects of substitution on delocalization in benzyl 

radicals. Huckel molecular orbital (tJMOl theory (129) uses 

a simple ir-basis set and, therefore, gives very 

qualitative information about the effects on bonding in the 

7T-system. The most useful parameter from these calculations 

is the free valence index which is a measure of bond order 

(130). A useful approximation is that the free valence 

index is proportional to spin delocalization in the ir-

. system; i.e. as the free valence index decreases, the bond 

order increases and, it is expected that the higher bond 

order will reflect greater delocalization. A plot of the 

free valence index versus the" cc-H hfc's of the benzyl 
. f 

radicals (Figure 34) gives a» reasonable correlation; 

certainly, the trend is clear (the correlation coefficient, 

r, is 0.937 for the 14 points). The important features of 

. the results are: (1) the cr-spin acceptors in the para 

position h'ave the smallest free valence index, (2) the |8-

spin donors in the para position have a free valence index 

smaller than (the unsubstituted radical, and (3) none of the 

me_ta substituted radicals have a free valence index ̂ ess 

than that of the unsubstituted radical. The magnitude of 

the meta effect is greatly underestimated by this method, 

however, it is encouraging* that the effect is in the right 

directioni 

Sem.i-empirical methods maybe more useful sinpe in 
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Figure 34. Free valence index at the benzylic position 
versus the a-H hfc. 
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H 
these calculations all of the valence electrons on each 

nucleus are considered. The intermediate neglect of 

differential overlap (INDO) method is an SCF procedure but, 

it avoids the evaluation of many of the difficult two-

electron integrals. Instead, some experimental results are 

used to normalize Cor parameterize') the calculated 

observable properties. This+method 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 , 

ratio of the experimental hfc to the calculated hfc is 

approximately constant for most of the radicals. It is 

clear, however, that the, spin distribution in the benzyl 

radical is not adequately reproduced for quantitative 

evaluation of the effects. As in the HMO calculations, the 

general tfends are reproduced. Again, tfee meta effect is A 

underestimated arid the decreased delocalization in the 4-

fluorobenzyl radical is not predicted. With .this semi-

empirical method it is not necessary to*have a p orbital 0% > 

the substituent in order to increase delocalization. The 

para alkyl substituents, however, all have the same -H 

• hfc. It may still be possible, however, to assess the 
* 

^importance of hyperconjugation (131) in these radicals from, 
J 

, the INDO calculations (y_idje. infra). 

Other semi-empirical calculations on substituted benzyl 

radicals.have been reported (132). The results of all of 
t 

the semi-empircal methods, in general, do aot agree with 
* 
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* * 
Table 19. Calculated (INDO) hyperfine coupling constants 

for some substituted,benzyl radicals9.. 

Substituent aj a 2 a3 a4 i a5 a6 

-, = 1 * • 
4-CN -16.73 .-6.52 3*.98 1.22 ta.98 ' -6.52 

(0.932) (0.767) (0.447) (0.786) CO.4*7) (6,767)" 

4-Me -16.86 -6.43 . 3.67* 7,18 3.67 '-6.43 
(0.949) (0.790) (0.436) (0.905) (0̂ .436) (0.790) < . 

4-Et -16.86 -6.38 3.66* b' 31&6 ^6.38 
> (0.952), .'(0.783) (0.505) , Wl505) (0.783) 

4 - i - p r * 1 6' 8 6 "6.39 3.70 < b 3.\70 -6.39 , " 
•(0.954) (0.798) (0.486) (0.486) (0.798) 

4-trBu' . -16.86. -6.3f " 3.72 'b 3.72' -6.38" 
40.956)* (0.799) 0̂.'470) ' (0.4170) (Q.799) 

\ ' . . 
4-F -16.92 -6.51 3.63 13.43,' 3.63' -6.51 

(0.970) (0.814) f0.482) U.074). (0.482) (0.814) 

3-Me . -17.00 -6.55 -3.74 -5.75 3.64, -6.51 ' 
*.* (0.954) (0.786) (0.904) - <1.070) (0.481) (p.768) 

• . " " i *" * ' 

H -17.01 -6.43' 3.61 \ *-5.63* 3.«1 1 -6.43 . 
(0.955) (0.793) (0.471^- (1.089)*1 (OC471) (0.793) 

3-F ' -17.03 ^-.6.45 *-7'.70 -5.56% 3.69 ,**-6.51* 
. . (0.962) (4.767) (0.613) (1.113) ' (0.488). (0.79J,) 

' 3-CN -17.05 -6.84 —1.72 -5.94*^ 3.78" -6\65 
(0.978? • (0.767) .(0.417) (1.0r4O)% (0,476). (0,744) 
, * 4 '. 

V ' '• — ' ' » * -
aThe ratio of the experimental hfc to the calculated hfc is . 
in parentheses.' . • / f 

.These hfc'c depends ..on̂  the preferred conformation of the 
jC-H bond witn* reep.ect to the aryl ring. * 

•fr * - * • - / -•* 

X .•' 

' • I 

•\ 

t 
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experimental results. The relative changes upon 

substitution 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 results as INDO, 

MO theory suggest that (as expected) the 7r-effects are the 

dominant interactions which determine the extent of 

delocalization of the unpaired electron. The interactions 

between the <7 - and the 7T- systems are too complicated 

for most levels of molecular orbital theory, and determining 

the equilibrium geometries, even at the INDO MO level, would 

not be feasible on most computing systems. However, these 

factors must play an important role in determining the spin 
t 

distributions in the benzyl radicals. 

. • "'3V3.3 Hyperconjugative Effects 

*• » The variation in'carbocation. stability as a function of 

the degree *f branching of an adjacent alkyl group has 

,r~ received much attention (133) over a period extending back 
-t v ' - * *" 
• \: more* than fifty years, to the-original proposal of 

"r , 1 ' * " 
0 •« <hypercon*3ugation involving an adjacent C-H bond (134). » 

Unambiguous evidence for hypercdrijugation has been ,d i f f i cu l t 
.* . ' ' " ' . 

to obtain. The problem i s ^assessing the r e l a t i v e 

V 

t . 1 

. contributions, of s t e r i c an*llectjcojii,c (both inductive and 
> . . . *. 

« t * 

hyperconjugative) factors from relative rfcte data (135). In 

addition, the adjacent C-C bond;can participate in 

•hyp&rconjugative-.interact Tons. ' Brown and his coworkers 
v < * * • - f 

* «* * ' 1 



r 

addressed this problem i'n their study of the rates of 

solvolysis of alkyl substituted cumylchlorides (136). In 
Ik 

this work the relative contribution of inductive donatio'n by 

the alkyl group was estimated from the rate of solvolysijs of 
*» * 

the meta substituted compounds. On this basis it- was found 

that hypercon}ugation to each C-C bond ds approximately 80 

percent of the. effect to C-H bonds. 

Although there is good evidence that hyperconjugative 

effects contribute to the delocalization of free radicals 

(137), essentially nothing is known about the effect of 

variation of alkyl branching on the hyperconjugative 

interactions in theser species. .This void of fundamental 

knowledge may be a result of the justifiable realization 
i 

that the effect of adjacent alkyl branching on the rate of 

most radical reactions will be small; too small perhaps to 

be accurately measured by kinetic methods and, probably 

complicated by steric or transtion state polar effects. For 

example, in the 2-aryl-3,3-dimethylmethylenecyclopropane 

rearrangements (for which the polar effect will be small) 

the rates of reaction of the 4-methy'l and the 4-tert-butyl 

derivatives are within 5 percent of each other (119b). 

Nevertheless, there is a need to define and understand, the 

effect of branching on the delocalization of an unpaired 

electron. 

The study of the alkyl substituted benzyl radicals 

offers an opportunity to evaluate this/ effect in a system 

free from steric and polar effects. All of these radiqals 

* * • - 167 ' 



have tf-H hfc's less than that of the unsubstituted benzyl 

radical. This is indicative ̂ pc the ability of a para-alky 1 

group to delocalize spin density from the aryl,ring. The, 4-

methyl substituent, which has the greatest effect of the 

alkyl substituents, decreases the a-H hfc to an extent 

almost as large as that of a 4-methoxy substituent Table 

17). • ., , 

Of course, this delocalization includes both inductive ' 

and hyperconjugative effects. The inductive effect can be 

estimated from the cc-H hfc of the 3-me'thylbenzyl radical. 

In this case the effect is small, but inductive donation b^ > 

a methyl group appears to increase delocalization. Although 

the esr spectrum of the 3-t£l£.-butylb,enzyl radical tias not 

been measured, the effect vof the mejta-methyl substituent is 

so small that the a-H hfc for the 3-text-butylbenzyl J l 

radical is expected to be close (within experimental error> *• 

to that value for the 3-methylbenzyl radical. Since 
IK 

inductive effects are very similar in the meta and paxa 

positions (138), an inductive delocalization amounting to „ 

0.03 G is estimated for all of the alkyl substituted benzyl 

radicals. Therefore, the extra delocalization by methyl, 

which is attributed to hyperconjugation, amounts to 0.22 G >•%,-

and, for the IfixJt-butyl group 0.10 G (hoth with an error "'* 

limit of 0.04 G). This means that hyperconjugation to a C-C; 
., « i * i 

bond-in a radical is-approximately 55 percent of .» • 

hyperconjugation to a C-H bond.. * t . - •^ 

While the variation between the individual"1 members of '' . '• 
* 

.16*8 



the series (Table 17)' is not large, the overall difference 

between the 4-methylbenzyl and the 4-tert-butylbenzyl 

radical is significantly greater than the experimental *" • 

error. When £he spectra are directly compared, the order of 

increasing "cc-H hfc is -Me < -Et < -±~Pr <. -t-Bu. However, 

since the differences are so small, the error in the 

estimate of the contribution of the C-C 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 the substituent. 

While the barrier to rotation of the alkyl groups is 

„ undoubtedly low, there will be preferred conformations which 

\ minimize the ,sfe$*ie repulsions between the /g-'methyl groups 

\and the m£ta hydrogens on the aryl ring (139). Maximum , 
4 

•hyperconjugation requires the C-H bond to be parallel to the" 

aryl cirbon 2p orbital. The conformational dependence on 

.. • hyperconjugation of the C-H bond with respect to the plane 

of the aryl ring follows a sin^*9relationship (140/ Equation 

40)t where 6 is the dihedral angle between the C-H bond and 

the,.plane of the ring. 

v, j8-hfc'= B 0 + B l Sin
2(0) t • ' [40] 

i $ 0 

2 •• From the INDO calculations^ the values of B 0 and B^ are 

jj constant fdr all of the aljtyl substituents, with values of 

0.5+0.1 and 13.5+0.2 respectively. It has been found that 
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4 
\ » * "' 

for an ethylaryl system, the low energy conformer $as the 

methyl group perpendicular tb the ..plane of the ring ( 6 -30 

degrees) and the' high' energy conformer has the methyl in the 

plane of the ring ( 0 ~ 60 degrees). Conversely, for an 

isopropylaryl system, the low energy and high"energy • 

conformers occur at 6 =0 degrees and *p =90 degrees 

respectively (139). Since the' barriers to rotation are low 

(< 2 kcal mol""'3-), the alkyl groups do not^adopt exclusively 

one conformation; however, the Boltzmann distribution of 

conformers is affected. 
t> 

The rotational, barriers of alkyl groups in free 
, '• 

radicals can be -calculated from the measured cf-H hfc and 

the sin% relationship (139). F̂or the nitroethane and'the 2-

nitropropane radical anions, rotational barriers of 

< approximately 1.4 kcal mol"-1- have^een determiried in this 

way (141). The hfc associated with the alkyl substituent in 

the benzyl radical series shows qualitatively similar , 
\ 

"results." 
to \t 

$ * 

. I t 'is possible to assess the r e l a t i v e importance of C-C 

and C-H hyperconjugation ih the benzyl r ad ica l s "from the -

INDO ca lcu la t ions since t h i s effect i s due to in terac t ions 

with the . TTr-system. The ca lcula ted spi<n dens i t ies on the 

carbon atoms of t h e ^ e x t - b u t y l grou£-of 4-tej±-ti4tylbenz'yl* 

r a d i c a l and on the hydrogens of the :meth^yi -group of the 4-

methylbenzyl radical are*.shown in Table «20l^ The * * ••* 

-contribution from the "spin polar iza t ion mecharfl'sm for , 
» » ' " ' * ' . • ' i * * 

transmission of spin (137,74a) . i s estimated from the spin * 

.•v v I « . ; ' . n o ' 
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density on the atom at 6 =0 since there is no contribution 

from hyperconjugation in th£s conformation. Subtraction of 

this value from the calculated spin density at each ^--atom 

will give an indication of the degree of hyperconjugative 

interaction of the alkyl group. It is found that for the 4-

methybenzyl radical the contribution of hyperconjugation is 

about 96 percent of the total spin.delocalization while for 

the 4-£ej±-butylbenzyl radical.the contribution Of 
« * 

hyperconjugation is 93 percent. These results can be 

compared to those for, the ethyl radical (INDO) where it is 

found that 93' percent of spin delocalization is 

Table ,20. Hyperconjugative interactions of C-H and C-C 
bonds. * -

•+-

(degrees) 

'Spin Density on the (ft-Atom 

. <Ha CD. ratio0 

0.0 *• 

30.0 

60.0 

90.0 

0.0011 

0.0072 

0.0193 

0.0-255 

0.0011 * 

" 0.0052 « 

0.0127 .' 

0.0*163 ' 

-

0.67 

0.64 

0.62 

aHydrogens of the methyl group-in 4-methylbenzyl radical. 

"Carbons, of the j^r±-butyV9F° uP *-n 4-t£xJtrbutylbenzyl 
r ad i ca l . - -***\, . . . 
cCalculated«by subtracting the*spjn d e n s i t y from, the spin 
po la r i za t ion mechanism C 6: =0) from the. spin density on the 
atom. The ratio„.of the difference i s an estimate", of t he 
r e l a t i v e contribution of hypercoAjugation. ' 
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hyperconjugative (74a). The results in Table 20 also show 

that C-C hyperconjugation is about 65 percent of C-H 

hyperconjugation. This result compares favourably with the 

results determined experimentally from the esr spectra. 

3.3.4 The. JE£f£c± af Sulphur Substituents 
*-* 

In general, it is found that the order oi 

delocalization of spin density by the sulphur containing 

substituents iss -SR > -S(0)R > -S(Oo)R (142,143). The 
t 

• effect of R depends^ on the oxidation state of the sulphur. 

In the case of the sulphide, the 4-methylthio 

substituent delocalizes spin more effectively than the 4-

tolylthio group (144), This ̂ rder is reversed for the 

corresponding sulphinyl and sulphonyl groups. Furthermore, 

the difference in cc-H hfc for the 4-methylthio- and the 4-

tolylthiobenzyl, the 4-methylsulphinyl- and 4-

tolylsulphinylbenzyl and the 4-methylsulphonyl- and 4-

tolylsulphonylbehzyl radicals increases .as the,oxidation 

state Increases (these differences'-are -0.07 G, 0.-12 G and 

0.22 G respectively, Table 17b. Any explanation of the 

interaction of the sulphur containing substituents with the 

benzyl radical must rationalize both the directio"n and „ 

magnitude of these trends.V_^/ - - , •. ' 

It is useful to re'view briefly t*he effects o"f sulphur ' 

containing subptituents/in ionic reactions. T̂he* Hammett <r 

values for some sulphur containing substituents (145,142a)-. 

are "̂ hown in Table.*21. The electron-withdrawing ability of 

". ., - ' * -• 172 ' t ; ., -r ' v 



Table .21", Hammetfc o, constants for several sulphur 
containing substituents. 

I 
Reference 

145a 

145a ' 

145b 

145a 

145a* 

145a 

Substituent 

4-SMe 

4-SPh ' , 

4-S (0) Me 

4-S (-0) Ph 

4 TS(0 2)Me 

4-S(02)Ph 

a 

* 

• 

* 

* 

ft 
' ^ 

a 

-0 .<0 47 

0.075 

' 0.48 

0.47 . 

0.72 

.* 0.70 

the substituent increases as the oxidation state Increases. 
' . • * . " ' - • " 

Sulphide may act as an electron-donating group (146) or 
- • # 

an electron-withdrawing group Q'47) depending on the 

electrpn demand,of the.aryl or alkyl group to which it is " -

bound. .The electron-donating ability of the„4-methylthio 

substituent, is indicated by the o+ value (146) (o + = -0.60). 
n I 4 s 

. The ability of sulphide to act as both an acceptor or a : --

dorjor has been explained by molecular orbital -theory, (148). & 
t • - i 

Bernardi/ Wplfe and ' t he i r co^orke^s have suggested t ha t , 

* r e l a t i v e to ox>y|tan, sulphur forms a. stronger . -7r,-bond« to an 
' / • • • - * - % . ' . • - ' " 

.adjacent cat ionic cesttre (148d).' The a b i l i t y of sulphur to 

s t a b i l i z e an adjacent carbanion ha's be'en ra t iona l ized in 
V I * 

terms of p o l a r i n a b i l i t y (148c)'and hyperconjugation (148a). lf 

' ' * Sulphinyil and! sulphonyl groups are electron-withdrawing 

groups.' The degree.to wWricb. 3d o r b i t a l s are iriVolve'd in/ the, 

. • . * * • • • • ' , * . ' ' " " " / • ' 

- • ' ' T / * 
^ k * •* . . . . * . 

* • 
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stabilization of adjacent carbanions has been a subject of 

controversy (142c); however, there is convincing evidence 

f that 3cF-orbitals can interact in the sulphone. -fiamasamy and 

coworkers (149) found, fpom a study of angular correlation 

of positron annihilation radiation-, that a well-marked 

increase in the region of d-orbital radial momentum is 

observed for arylalkyl sulphones. Such.an increase was not 

fouhd for sulphide's. Work by Wo'lfe and coworkers (150) also 

has suggested that the role of d-orbitals in ct-sulphinyl 

and cr-sulphonyl carbanions may be more important than * 

previously believed. 

The'trends observed from the esr parameters of the 

«. substituted benzyl radicals are similar to those observed 
j 

for the analogous methyl radicals (Tables 17 and 22). 

Table 22. Hyperfine coupling constants for some-substituted -' 
methyl radicals/(XCH2*>.

a. • « ' 

X ' -̂irTTfc <G) < . T-H hfc (G) • " •" 

-SMe 16i5-

-S(0)Me 20.0 

-S(02)Me .* 22.3 

-H 22.9 

aReference' 143. 

0 

3;e-

* '2.1 

^ 
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Delocalization hZ r£B. 

^ '* «. -

The delocalization of a free radical by an adjacent 

sulphide group -has been studied by esr spectroscopy 

(143,151) and molecular orbital theory (122). The observed 

rotational^ barriers for XCH2 radicals (where X=OMe,SMe) 

suggest that the ""-bond formed for X=SMe is stronger than 

that for X=OMe. This, result ha.s been rationalized by 

Bernajrdi, Epiotis, Wolfe and their' coworkers (122) who 

suggest that the' two orbital three electron interaction 

(Figure 35b) is more important than the 3d orbital .effects. 

This greater-stabilization by sulphur is thought to be a • 

consequence of the lower lone pair ionization potential 

(Table 18) and, hence, the greater polarizability, of the 

sulphur, relative to oxygen. 

S(On> *9(On)R 

a b 

Figure 35. . The, deJocal iza t ion of a radicaJL by an adjacent 
sulphur subs t i tuen t ; (a) loca l ized spin in a ry l 
r ing, „(b) sulphur as a 0-spin donor and, (c) 
aulphur 'as an ce-spin acceptor. 

\ ' . . .* * " * • ^ . 
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The 4-tolylthiobenzyl radical has a larger CC-H hfc 

than that value for the 4-methylthiobenzyl radical. Hudson 

and coworkers (151a), on the other hand, found that in the 

analogous.methyl radicals the cr-H hfc for the 

phenylthiomethyl radical'was smaller than that for the 

methylthiomethyl radical.. 'In the case of the benzyl 

radicals the observed effect may be due to cross-conjugation 

in the 4-tolylthio derivative. If it is assumed that 
% 

delocalization by sulphide groups are a result of sulphur 

acting as a /3-spin donor (Figure 35b), thenr cross-

conjugation by an aryl ring would in effect reduce the 

electron density available to' stabilize the radical centre 

. (i.e. increase the ionization potential). Further support 

for this reasoning may be found. The cc-H hfc is larger 
y 

in the 4-thic)lacetylbenzyl radical than that in the 4-

tolylthiobenzyl radical. This is consistent with the above 

explanation. The lone pair on sulphur will be conjugated 

more effectively tt0 acetyl than to tolyl. Clearly, if the 

sulphide group participated predominantly as an cr-spin 

acceptor.(Figure 35c) (i.e. if conjugation through the 
i 

sulphur were possible) the effect would be in the opposite' 

direction (152). Similarly, it is found that the or-H hfc 

for 4-methoxybenzyl radical is the same ,as that for 4- ,; 

phenoxybenzyl radical. On the other hand, the 4-' 

acetoxybenzyl radical actually is less delocalizing relative 

to ttie unsubstituted radical. This, again, may be 

rationalized in tf<ms of cross-conjugation. The decrease in 

176 



the contribution of the two-electron two-orbital interaction 

allows the effect of inductive withdrawl to be observed 

(side, supra). The inability of 4-phenoxy to effectively 

participate in cross-conjugation is consistent with the 

small effect found for the sulphide as well as the decreased 
t 

polarizability of the oxygen. 

Delocalization to rSJplB 

It is;evident from the cf-H hfc's that the 4-

methylsulphinyl group is less delocalizing than the 4-

methylthio group (Table 17). This trend was^also observed 

in the methyl radical series (143) (Table 22). The 

sulphinyl group is still able to participate in the two-

orbital*three- electron delocalization (Figure 35b) since it 

has one lone pair, of electrons. The delpcalizing 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, if the methylsulphinyl group .is para to a 

* strong donating group, it can become a resonance acceptor 

(153). 

In the delocalizatidn~"of a benzyl radical by a > """*--

,-sulphinyl groujp, doesyyie sulphinyl group act as a net dqnor 

or a net acceptor? The the hyperfine coupling constant 

assigned to the substituent methyl group is much leas for 

the 4-methylsulphinylbenzyl radical than those values for 
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'either the 4-methylthiobenzyl radical or the 4-

methylsulphonylbenzyl radical. It has'been suggested that 

the coupling to the methyl group in'the methylthiomethyl 
c 

radical is a result of hyperconjiugative interactions with 
*• / \ 

the spin on sulphur, while coupling in the 
methyl sulphohylmethyl radical is a Kesultojf spin sult^oifs] 

polarization (143). The hyperconjugative mechanism results 

in positive spin density while spin polarization leads-, to 

negative spin density in the methyl group. In the case of <j' 

the methylsulphinylmethyl radical, the smaller value for'ax 

reflects contributions -from both of these mechanisms. Jfhis 

trend is also observed in the analogous benzyl radicals so 

a similar explanation may be of&ered. However, since only 

the magnitude,of the hyperfine coupling constant is known 

and not the sign, it is still impossidbleikp determine from 

this evidence if the Sulphinyl group is a net /?-spin donor 

or a net cc-spin acceptor. 

Replacement of the substituent methyl ^ihnp with toly\,T 

leads to a decrease in the* cc-H hfc. It is tempting to -

conclude fr*om this evidence that the sulphinyl group is a 

net cr-spin acceptor since the cross-conjugative effect 

found in the sulphide derivative is not observed. Howev̂ er̂  

the delocalization offered by the sulphur accepting spin 

density is far less than that observed in.the 4- . 

methylsulphinylbenzyl radical (slide, infxa.). Replacement of 

the methyl group by tolyl can have two Apposing ©ffeifts.̂  

The first, which causes a*decrease in delocalization of spin 
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density,'is. cross-conjugation which has already beer/ 

discussed. The second effect, which leads to an 'increase in 

de1 localization of spin density may be a result of further 

stabilization of the MO which is accepting the spin. It is 

possible that the -3d oebital'S on sulphur, which contract iri 

the presence of the highly electronegative oxygen, 

contribute. Since cross-conjugation will be less effective 

"than in the sulphide (the lone pa;ir Is also contracted) it 

is jnot surprising that the stabilization of the MO which is 

accepting spin is comparatively more important". Hence, the 

sulphinyl group is a net spin donor.' 

Delocalization Jay.- -S(On)R 

Since the sulphur in the 4-methylsulphonylbenzyl. 

radical has no lone pairs, .delocalization of a free radical 

is only possib'le withy sulphur as an- cc-spm acceptor. Even 

though the -3d orbitals are contradted to a greater extent 

than those in the 4-methylsulphinylbenzyl radical very 

little delocalization results (the cc-H hfc is only 16.17 

G>). Under the mos\t favourable conditions for 3d orbital 

interaction, extra delocalization, compared to the 

unsubstituted radical, only amounts to, an\effect of 0.08 G 
V * ' 

(compared to 1.02 G for the corresponding sulphide where 

lone pair interactions dominate). The conclusion l̂ hat the 

4-methylsulphinyl group is a net /Jyspin donor,, therefore, 

seems reasonable. The extra delocalization gained when the 

methyl group is replaced by tolyl (or phenyl) is almost 

** 
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twice as large as that found in the sulphinyl derivative. 
f • "r • ( 

'.This serves to.reinforce the idea*that the tolyl group 

interacts to further stabilize the MO .which is accepting the 

spin density since the interaction with the more highly 

contracted 3d orbitals'should be more effective. 

.up 

\ j * 

Delocalization by. -S(Q?QMe and ~S (62? QMS' x 

While it is found that the 4-methylsulphinate group is 
.' . ( 

less delocalizing than the 4-methylsulphmyl group y the 

corresponding 4"-methylsulphonate gr'oup is more delocalizing 

than the 4-methyl'sulphonyl group. "Again, these trends may 

be rationalized using the simple concepts outlined above. 

The 4-methylsulphinate group will be'more.delocalizing than 

the isomeric 4-methylsulphonyl group since the former has a 

lone pair of electrons on the sulphur. Since the 4- . „ . 

methylsulphinyl group is a" net /?-spin donor, thex , 

replacement of methyl with methoxy will further contract the 

, lone pair. This less polarizable lone pair leads to the „•' 
i 

effect observed. 

The 4-methylsulphonate group is somewhat^different.". 

Since the sulphur has no lone pairs, the effect or the third 

oxygep is«to further contract the 3d orbitals. Rather than 

• becoming a less effective p-spin donor (as in the 4-

methylsulphinate group), the 4-methylsulphonate group 

becomes a more effective cc-spm acceptor. 6 . 
6 
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It is more difficult to interpret the effects of the « 
' ' ', • *' " 

% substituents on the observe-d esr parameters for the methyl 

radicals since the substituents may induce chaflges in 
o 

i conformation at the radical centre. In addition, thff 

» possibility of through space interactions cannot be - - \ 

precluded. One. of the advantages of studying the e'sr v 

parameters of the benzyl radicals is that»the substituent,,\ 

-y undoubtedly, will have a negligible effect on the t 

conformation of the "benzylic carbon. Therefore, the cc-feo 

. hfc's of the benzyl radicals should not correlate w/feh the 
' C > ' \ 

CC-H hfc's of the methyl radicals. However,' there is a, trend • 
,at least) for the four substituents in Table 22." There are» 

r 
a l so obvious differences. 

The,strong carbon-sulphur x-bond in-the 

>» 

'methylthiomethyl radical leads to restricted internal 

rotation at .temperatures as high as -20 C U51a). There, is 

.no evidence for restricted internal rotation in the 4-
« i ft 

methylthiobenzyl radical at -30 C (the two meta hydrogens 

still appear to be, equixajLent). * 

0 " . y • - ' 

• '• s 

3.4 CONCLUSIONS -

Substituents/idn the para position of a benzylic radical 

will generally increase delocalization of the unpaired 

electron density ̂ relative to the unsubstituted radical. The 

two*important interactions of substituents with the radical 

are two-orbital, three-electron interactions (for 

substituents with* a non-bonding lone pair of electrons) and 
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three-orbital, three-electron interactions "(for substituents* 

• which are unsaturated). The three-orbital,.three-electron 

, interactions -are normally more effectTVe than the two-
\~~r •> t ' / ' ' 

„ orbi tal , three-electron interactions since the former lead 
1 • * , 

to a net two-electron stabilization while the lat ter ' leads ' •** 
f 4*** 

r 
to only 'a net ohe-electron stabil ization. 

The meta substituted benzylic radicals wil l generally 
* • 

* decrease the delocalization of unpaired electron density. 
* • * 

This effect is interpreted as an inductive effect, primarily . 
, - *• „ , „ 

-on the cr -framework and is related to an intrinsic 
r 

eleetrophilicity of the -benzyl radical system. "The decrease -

in .spin delocalizatioh relative to the. unsubstituted radical r „ 

by induct njfe A/ithdrawl of .electrons is observed with r̂ aia, 

suostituents which do not'interact effectively with the ir-
system. / 

The alkyl substituents can increase delocalization by 

hyperconjugative interactions. The <x-E hfc's for these 

substituent indicate that hyperconjugation, to a G-C bond.of 

the alkyl group is approximately 55 percent" as effective as 

hyperconjugation to a C-H bond. ;INDO calculations agree * 

'with this result. * ' 

The delocalizing effects of sulphur containing 
a 

substituents on berizyl radicals are easily rationalized. ; 

group such as 4-SR is a net R-spin donor. If R is an 

electronegative group or a conjugating group then 

'delocalization of spin density relative to 4-SMe is 
t , 

decreased'as a result of decreased polar izabi l i ty of the , 
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lone paiirs or' cross-conjugation. ^ 

A group such as 4-S(0)R may be.i S-spin donor andean 
*k ^ • ' 

, 0/ -spin acceptor? When R is an electronegative ,group -
to * . 

delocalization of spin density*relative'to 4-S(0)Me 

decreases as a result of" the decreased polarizability of the 

•lone pair. On the other hand, when R is a conjugating group 

delocalization relative to 4-S(0)Me increases as a result Jo£ 
a 

Enhanced stabilization of the MO" accepting the spin density.' 

A group s.uch„as 4-S(Q->)R is a net cr-spm acceptor'. 

If R is an electronegative group or a-conjugating group then 
; % • > 

delocalization of spin-depsity relative to 4-S(02)Me 
.increases as a result of 3d orjbit'al contraction G£ enhanced 

" * / 

stabilization of the accepting MO. ^ 

The interpretation of the substituent effects on spin 

. delocalization by MO theory met with only limited success. 

^ . 

While the general trends are reproduced, moije quantitative. • 
%v • » ' - ' * 

agreement is not obtained., One problem with this approach 

is that model geometries must be used since it is not 

.feasible to optimize each structure. Furthermore, the 

effects of electron correlation on the spin distribution in 

these systems is another important factor which is nc/t 
t 'N " . 

considered in these calculations. J 

"V 

« 
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3.5 EXPERIMENTAL 
a * w ' 

3.5.1 General Information 

" X 

-*) 

** • * 'Esr spectra were recorded on a Varian Associates E109*B • -

> electron paramagnetic resonance spectrometer equipped with a 

liqifid'nitrogen variable temperature accessory. All spectra 
• • » v 

were recorded with the aid of the Nicelet 1170 sigjial ' 

averager. Typically le^spectra were, averaged (2 miktes per 

. spectrum!)- Coupling constants'were' measured directly Trom 

the oscilloscope and refined by computer simulation ̂ (120) 

using the IBM-PC. ,All- sprectra were reproducible'within the • 
< « • * . ' • 

* , * 

experimental error., ' The«estimated ̂ uncertainty of 0.03 G is 
, * ' .. 

". the. limit of resolution of 'the recording device„used to plot 
L, • ' " ' 

the experimental spectra and the simulations^. -"-Hmr spectra 
*wjere recorded on a Varian T-60 spectrometer and are reported 

, • i ° . ' 

in parts per mil lion downfield from TMS. Infra red spectra 

were recorded on a Pye( Unicam SP1000 infra red spectrometer 
4 

• ' and are repor ted in wavenumbers. Melt ing po in t s were -
v 

recorded on a Sybron Corporation Thermodyne -hotstage 

^uncor rec ted) . . 

' v—^ . . ** 

3-.5.2 Materials ' * , , \ 
Di-ter-fc-butyl peroxide (DTBP) and trjLethylsilane were *• 

<jbtained> from Pfaltz and Bauer* Inc. and were used without 

further purification. Hexamethylditin^Nes obtained from" 

Alpha Products and used without further purification. 4-

' ' " ' * , v 
> v. 
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Methoxyacetophenone (PMA), was obtained from Aldrich Chemical 

Company Inc. 'and was r ec rys t a l l i zed twice from 95% ethanol ' 
* 

prior to use. Chlor'obenzene (J. T. Baker Chemicals Inc.) 

4 was s t i r r e d over concentrated sulphuric acixl, washed . > 
- W " • 

successively with water, saturated sodium bicarbonate and „ 

water, dried over anhydrou,s magnesium sulphate and distilled 

. 'through a Vigreiix column. -"" 

3.5.3 Pr^partion of Benzfri Bromides 

The method of Grice and Owen (155) was used for the 

conversion of substituted benzyl alcohols to the bromides. 

f 

Typically, the benzyl alcohol (0.02 mol) was dissolved in 

benzefoe (100 mL).. Hydrogen bromide gas was passed through 

the solution,for 1 hour"or until the solution was saturated. 

^ , .The reactants were heated to reflux and-the water which ' 

formed was removed via a Dean-&tark trap. The solution was* 

then dried over anhydrous magnesium sulphate, filtered and, 

the solvent removed at reduced pressure.- The bromide was 

then p'urified by sublimation. 

4-EthylbenzylbrQmifle 

• *» 4-Ethybenzyl alcohol (2.Qg, 0.015 mole,, Aldrich) was 
** '< 

* _̂ " • 
dissolved in benzene (1D0 mL). The solution was then ' 

saturated with anhydrous hydrogen bromide (1 hour) and the 
,* - / / 

resulting solution was refluxed far 1 hour"with fe Dean-Stark 
. . . *NI ' 

trap. The sdlution^was dried over anhydrous magnesium 
v~ *• * 

sulphate, filtered and the,solvent was removed under reduced 

M • -
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* ** * 
**-

pressure. The product was purified by vacuum distillation » 
* - .« »j * 

(88 C a t 1 t o r r ) t o ' g i v e 2 g (?0 p e r c e n t ) o f ' t h e ' b r o m i d e 
(156). 1Hmr (CDC13)>: 7.18 (m, 4H)<, 3.80 (S, 2B), 2.65,, (q'f 

" " * ' <*> 
2 H ) , 1 .23 ( t , 3 H ) . , *'„ , " " . 

4-(2-Propyl)benzylbfomide * • 

The 4'-(2-Pr6pyl)benzyl alcohol (3.0g, -0.020 mole, 

Aldrich) was dissolved in berfzene (100 mL). Th$ solution 

was then saturated with/anhydrous'hydrogen* bromide (1 h'dur) 

and refluxed"for 1 hour with a Dean-Stark trap. The 

solution was dried over anhydrous magnesium sulphate, 

filtered, and thi solvent was removed under reduced 

.pressure. The product was purified by vacuum distillation 

<62 C at 0.02 torr) to c[ive 3.1 g (-73 percent) of the ^ . 

bromide (157).* 1Hmr (CDC13): 7.17 (m, 4H),.,4.3 8 (s, 2H>)V* 

2.87 ,(m, 1H), 1.22 (d, 6H). * . . / 

- K 

. ( " J ' ' ; ' 
4- (Me'thy'ltjluo? benzylbroifr3.de „ ' 

The 'benzyl a l c o h o l (3.0 g,< 0.02 mol, Aldr ich) was * 
4 

d i s s o l v e d in benzene (100 mL). This s o l u t i o n was then 

s a t u r a t e d with anhydrous hydrogen bromide (1 hour) and the 
1 • ' , • • \ 

r e s u l t i n g s o l u t i o n ^ r e f l u x e d for 1 hour V i t h A Dean-Stark . ) 
/ v 

'trap. The solution was then dried over anhydrous magnesium 

sulphate, filtered and the solvent,was removed at reduced 

pressures The bromide was purified by. Vacuum sublimation^. 

' (40 C, 0.1*Torr) to give colo'urless.-crystals. The yield was-

2.8-g, 65%.*' (mp 43-44 C, lit. 44 C)'-(155). 1Hmr (CDC13)^ 
si 

» <a* 
c * 

; 186 . • * ! • " 
/ 

t > 

http://benzylbroifr3.de


4 -

7*21 (s,4H),** 4.43- (s„2H), 2.45 f$,$H) .* 

v 

» ^ f * , * 

4->(Broniomethyl?Jphenyl methyl sulphone •. * 

4-r(Methylthio)be'nzylalcohol (3;0 g, 0.02 mol) was % • , * 
"• i ' * • « 

d i s s o l v e d in jdichloromethane (100 mL). To' t h i s s o l u t i o n , a t * . 

0 C, 3fChloroperbenzdic acid (8.0 g> 0.045 mol) i n ' / 1
 v-

dichloromethane (50 mL) was added dropwise -over 30 minutes . , *-

' ' ' -t 
The mixture was s t i r r e d for 18 hours , ' f i l t e r e d , washed 

s, 

s u c c e s s i v e l y with 5% sod-ium hydroxide and water then dr ied 1 
', ' • > 

over anhydrous magnesium ' su lpha te . EVapouration of the 
• '» * " \ 

' s o l v e n t a t refiuced p re s su re .gave 2.4< g of ©he benzyl a l c o h o l 

^ (67%). ' K • * ' . , '* 

The benzyl alcohol (2.4*%,* 0.0l3 mol) was dissolved.,Ai 

benzene' '(10*0 mL) a'nd the solution was saturated with, " - •**"*?*>> 

anhydrous -hydrogen brqmide. The resulting solution^was •> .* ' 

refluxed under a Dean-Stark trap (2 hours), ̂ dried" with 
- * » . 

anhydrous magnesium sulphate and the solvent eyapourated ^t • • 
reduced pressure. The crude bromide was purified by ~N 

• sublimation (120 C, 0.1 Torr) to give^colourless., crystals. 
M *•"* - ' 4 *• » 

- The yield was 2.0 g, 62%. (mp 94-96 CVlit. 95-95.8 C) 

, (158). ir (CHCL3) c m \ 1155 (s), 1322(g); -̂Hmr (CDCi3): 
$ ' • < '— - x . 

7.82 (m,4H), 4.53 (s,2~H), 3.07' (sf3H). 

3.5.4" Preparation Q±. Substituted Toluenes ' 

Most of the toluenes are available commercially 

*• (Aldrich),. The preparation of some of the toluenes have , 

been>described previously (116). 
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•I 4. 
imethyldJLph-enylsalphide 

4,4'-Dimethyldiphenylsu^phoxi^e (5.0 g, 0.022 mol) was 
\ * } * 

added to a *sti'r#ed solut ion of cobal t ( I I I ) chloride 
-' - * . . < 

, - ^ ' hexahydrate (9.6 g, 0.040 moi) in ethanol (300 mL). The 
' ' •• ' solution^was cooled to J0 C. Sodium 'Borohydrlde (7.6 g, 0.2 

* * 

mol^ was added over a 1 hour period. The reduction 

i proceeded as outlined by Chasar (159). * Water was added, the 
' . f t . \ , ' 

mixture stirred for a ftfrther 1 hour and,) then', the mixture 

<* was p'oured m t 6 water (500 mL). The solution was washed 

wijbh diethyl ether (three 100 mL portions). The ethereal 

extracts we're dried and-the ether removed'at reduced 

\ ' ,, * pressure leaving'an ethanolic solution from which the 

product crystallized. The yield was 4.0 g, 85%.. (mp 55-

57 C; lit. 57T5 C (160)). 1Hmr (CDC13); 7.17 (m,8H), *2.30 

/ 

I 

*\ 

* (s,6H). 

4,4'-Dimethyldiphenylsulphone 

4,4la5Pimethyldiphenylsulphoxide (5.0 g,0.022 mol) in 

dichloromethane (100 mL) was allowed to stir at 0 C. -3,-

Chloroperbenzoic acid (4.2 g, 0.024 mol) was added over 1 

hour. The reaction mixture stirred for 18 hours. Workup 

consisted of washing, the dichloromethane solution with 

water, 10% sodium bicarbonate solution and finally with 

water. The dichloromethane was" dried over anhydfcous . 

magnesium sulphate, filtered and solvent removed at reduced 

pressure. The product was-recrystallized twice from 
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chlorobenzene t o g i v e c o l o u r l e s s ' p l a t e l e t s ' . The y i e l d was,. 

4 . 4 ^ , '81%*. (mp 157-15'8 C; l i t . 158.1 C ' (161)) . 1Hmr 
4 

• (CDC13): 7.50 (m^8H), 2.33 (s ,6H) . ' . ' . , -
1 1 * l ' „ 1 » 

4-Methyldiphenvlsulphone . ' 

^ *4-Tolylsu.lphonylchlori'de '(5.0 q,\ O.^ymoD'^ in benzene 

(50 mL) was added dropwise to a stirred solution of aluminum' 

chloride (4.0 g, 0.*03 mol) in benzene (100 mL) 'over'20 

minutes. After the additibn w»s complete, the mixture was 

slowly warmed to 60 C and stirred at that temperature fifttil 

the"evolution of hydrogen chloride had subsided (about 30 

minutes)-. The mixture was then refluxed for an additional 1 
* 4 

hour period aftet which it was carefuLly poured- onto 200 g 

of crushed ice. This mixture was heated to break up the 
complex,* the layers were separated and and the organic layer 

washed successively with 5% sodium bicarbonate and water., 

The solution was then dried over anhydrous itfagnesiumi ,v 

.' sulphate and the solvent evapourated at reduced pressure.' 

Recrystallization of the crude product from ethanol afforded 

colourless crystals. The yield was 4.8 g, 69%. (mp 128-

129 C; lit. 129 C (162)). Ir (CHClo) cm"1: 1161(B), 

1320(s);>
1Hmr (CDC13): 7.55 (BJ,,9H), 2-33 (s,3H)r , , 

1 

Methy l (4 - to ly l su lph ina t e ) , * " 

The s u l p h i n i c e s t e r was prepared by the method of F i e l d ' 

and Locke (163>. To a r e f lux ing s o l u t i o n of 

d i t o l y l d i s u l p h i d e (3 gf) 0.012 mol, A ld r i ch Chemical Company 
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Inc.) chloroform (25 mL) and, methanol (25 mL) in a 250 mL < 

t h r e e neck f l a s k , / l e a d / t e t r a a c e t a t e (25 g) in chloroform 

(100 mL) was added dropwise over a 1 hour pe r iod . "The , 

s o l u t i o n w a s ^ l l o w e d t o r e f l u x f o r ' a n a d d i t i o n a l 2*4 hours . 

Most of the? s o l v e n t (100 mL) was d i s t i l l e d from the r eac t i on , 

f l a sk , and, water W0 mL) was added. The mixture was ~ 

cooled , f i l t e r e d t h r o u g h ' C e l i t e and washed with water u n t i l 

a l l t r a c e s Of ' l ead were removed.(163). The s o l v e n t was d r i ed 

and the s o l v e n t was-removed a t reduced p r e s s u r e . The-y ie ld* 

was 3.8 g f 93%. I r (NaCl d i sk ) cm".1'. 1080 ( s ) ; 1Hmr-"* 

#'(CDC13): 7.42 ferfUH)/ 3.40 . (s ,3H), 2.37 <S,3H). 

• 4 - T o l y l t h i o l a c e t a t e U _ . 

* A c e t y l c h l o r i d e (4.7 g,'0.06rmol) in benzene (50 mL) was 

addted dropw,i£ 

.molFin.benzv1 

Lse'tO abso lu t i on of 4 - t h i o c r e s o l (7.5 g, 0.'06 "• 

izene (100 mL) over 15 minutes . The s o l u t i o n was * 
*. ' 

* 
warmed to reflux for 1 hour. The reaction-mixture was 

« > 

cooled then washed three,times with 10% sodium hydroxide and 
< 

twice with water, then, dried over anhydrous magnesium 

.. sulphate. The' solvent was removed at reduced pressure. The 

product was purified by. ddsbillation (85 C, .0.1 Torr (152)). 

1 If (NaCl cfl§k) cm*1: 1712(s); 1Hmr (CDCL3): 7.22 (br' 

s,4H)," 2.33 (s,6H). 
. A I 

* • 4-Meth'yldiphenylether 

This ether was prepared by the method of Bacon and 

Stewart (164). A mixture of 4-cresol (10.8 g, 0.1 mol), 
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-. : ' *' * 

.- • ' * %'C. 

bromobenzene 07.85-g, •O.OS-mol) f"cupr oil's oxide (7.15 g, 0.05, 

mOl) m 2,4,6-tnmefehylpytidirie >(25 mL) was refluxed for 48,. 

hours. The mixture was poured into 6-M HC1 (200'mL)' and 

extracted .with ether (2 x 200 mL}. The ether laye'r wâ s then 

washed with 5% sodium hydroxide solution and water, then-, 

dried over arthydrous magnesium sulphate. THe solvent was 

removed at -reduced pressure and the product purified by 
9 a i ' 

d i s t i l l a t i o n (104 £, 0.1 To-xr). The y i e l d - w a s 5.0 

LHmr (CDC13) 7.00 (m,-9H), 2.30 (s,3jf?).. 
* | F fc 

55%. 

& 

•HJM 

3.4.5/ skL- Experiments 

* 

jfc* 

'Toluenes. A static solution of DTBP (0.5 mL) and the 

toluene (lOOmg) with PMA (45 mg) 'was irradiated in 'the esr 

spectrometer cavity using a filtered (methanol in'a quartz 

tube) 1 kW Xe-Hg high-pressure"lamp. Temperatures ranged '*• 
^ *' ' > 

from 20 C t o -6.0 C (depending oh the s o l u b i l i t y ) , with the -

• m a j o r i t y o€ t he samples examined^at,-20 C. A l l samples,, were 
* >, " * 

purged with nitrogen for 5 minutes prior* to irradiation. 

Benzylbromides. Two methods were used to generate the . , 

benzyl radicals. In method 1,-a static solution'of DTBP 

(0.2 mL), triethylsilane (0.2 mL) and the bromide (50-1Q0 

mg) diluted if necessary with chlorobenzene was purged with 

nitrogen and irradiated as described, above in the esr 
4 

spectrometer cavity. In method 2, a solution of the bromide 

(50-100 mg) 'in tert-butylbenzene or chlorobenzene was- • 



continuously purged while hexamethylditin (0.1 mL) was 
. -ft. ' 

injected via the nitrogen purge tube. I t was necessary to 

have a gla^ss wool plug in the purge tube to f i ' l t e r . t h e 

fiexamethylclitin. This solution, was i r radia ted as described 

above. The use of chlorobenzene allow^eekcooling of the 

sample to temperature's .as low as, -20 C without prec ip i ta t ion 

of the hexamethylditin. • 
' ' '* . 

* t * > 

s* 

4 \ , '* ' r-
3.4.6 Control Experiments, „. 

* 
The linearity of the field was checked against the line 

of ̂ [Cc(NH3)5Cl]Cl2 doped with 2% [Co(NH3)5Cl]Cl2 (165). The 
,, # . 

% ^ 1 

\ 
-4 

accuracy of the field was checked against tha colpling 
* , t*. > * . " "^S j ' 

1 -* constants for Wursters blue perchlorate in ethanol'.*/ The esr 

spectra of the benzyl radical, the 3-cyanobenzyl radical, 

• and the 4-fluorobenzyl radical all have been shown to be 

«. independent of solvent (up to 50% v/v chlorobenzene or 
W .carbontetrachloride) and temperature (20 C to -60 C) (116). 

f ' • Similarly, the esr spectra of the 4-tolylthiobenzyl radical 

sho.ws no solvent effect (up to 50% v/v chlorobenzene^) or 

temperature effect (20 C to -60 C). The.spectra of the 4-

* i 

V 

>* 

N 

* 

methylthiobenzyl radical and the 4-methylsulphonylbenzyl 

*» radical show no temperature dependence" between 0 C and -
* .-

- 60 C. The insolubility of the bromides in DTBP precluded 

' •,•-/ checking the esr spectra in the absence of solvent-

„ 'HoweVer, for each of ,the bromides, similar -spectra were 

* obtained using either chlorobenzene or dimethoxyethane as 

solvent. ' . 
4* 
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