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BOND LENGTHS IN CYCLIC POLYENES 
A RE-EXAMINATION FROM THE VALENCE-BOND 

POINT OF VIEW

C. A. CouLSON and W. T. D ixon  
Mathematical Institute, Oxford

(Received 16 February 1961)

Abstract—The valence-bond resonance method for predicting bond lengths in conjugated hydrocarbon 
molecules has been reconsidered. New values are obtained for the variation o f the fundamental 
exchange and Coulomb integrals with bond length. Application to the cyclic polyenes CanHan shows 
that for large n there wiU be substantial bond alternation. Inclusion o f Dewar structures diminishes 
this alternation, but does not destroy it.

1. IN T R O D U C T IO N

T wenty-two years ago Lloyd and Penney^ made calculations of the bond lengths in 
certain small conjugated molecules (e.g. butadiene and benzene) using the valence- 
bond (v.b.) method of resonance. But since that time practically no further calcula
tions have been made with this approximation, and the molecular-orbital (m.o.) 
method has been almost exclusively adopted. During the last few years, however, 
several new considerations have been proposed, leading to substantial changes in our 
opinion with regard to several matters previously regarded as settled. Thus (1) the 
influence of the compressional energy is now recognised to be o f supreme importance 
in determining equilibrium bond lengths; (2) in any use o f an order-length relation
ship to link bond order with bond length, it is admitted that the covalent radius o f a 
trigonal carbon atom is less than that o f a tetrahedral carbon atom, thus leading to a 
displaced order-length curve, in which the C—C single bond length®»'̂  is about 1 50- 
1-51 Â; (3) in long chain polyenes and in large cycHc polyenes CanHgn the
bonds do not tend to equality® as n increases, but rather there is an alternating 
character represented, in an exaggerated form, by the famihar bond diagram 
=  — =  — =  . . .  =  —  = .  The situation o f equal lengths, as originally predicted® by
naive use o f simple bond order calculations, turns out to be a saddle point and not a
true minimum o f  the energy. For large molecules the alternation o f bond length is o f

 ̂E. H. Lloyd and W. G. Penney, Trans. Faraday Soc. 35, 835 (1939).
® J. E. Lennard-Jones, Proc. Roy. Soc. A  158, 280 (1937).
® R. S. Mulliken, C. A. Rieke and W. G. Brown, J. Amer. Chem. Soc. 63, 41 (1941).
* C. A. Coulson, Victor Henri Memorial Volume p. 15. Desoer, Liège (1948).
® C. A. Coulson and S. L. Altmann, Trans. Faraday Soc. 48, 293 (1952).
® H. J. Bernstein, J. Phys. Chem. 63, 565 (1959).
7 M. J. S. Dewar and H. N. Schmeising, Tetrahedrons., 166 (1959) who suggest an even shorter value 1 48 A . 
® H. C. Longuet-Higgins and L. Salem, Proc. Roy. Soc. A 251, 172 (1959) and later papers by the same 

authors.
® C. A. Coulson, Proc. Roy. Soc. A 169, 413 (1939).
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216 C. A. C o u l s o n  and W. T. D ix o n

the order o f 0 04 A. A  similar alternation is also predictedi»—though with rather 
larger disparity between the shorter and longer bonds, o f the order o f magnitude 
0 09 A—in the hypothetic bridged ring molecule pentalene CgHg (see I).

#

I

The results in references 8 and 10 were all obtained using the m.o. method, though 
without configuration interaction. It would seem desirable, therefore, to see to what 
extent the predictions depend on using this method. We have therefore thought it 
worthwhile to re-examine the same problems within the v.b. approximation. For 
tliis purpose it would have been pleasant to be able to use the numerical values o f  
exchange and Coulomb integrals obtained by Lloyd and Penney^, but we have not 
done so, and have preferred to work independently, though in a very similar spirit. 
In the first place the calculations of Lloyd and Penney require to be corrected so as to 
take account o f the revised C—C trigonal single-bond radius, referred to in (2) above; 
and in the second place Lloyd and Penney, in their anxiety to take full account o f all 
exchange terms, appear to us (see also reference 5 where further comments are made 
on this work) to have taken a ct-tt exchange integral equal in magnitude to tt-tt exchange 
integrals. A rough estimation o f these integrals suggests that this is not very probable, 
and so also does an elementary consideration o f the likely contributions to the ex
change integral from different regions o f space. When we allow for these two 
changes, somewhat different curves are obtained for the Coulomb integral Q(r) and 
the exchange integral J{r) as functions o f the bond length r.

The first part o f this paper is therefore concerned with using certain experimental 
molecular magnitudes to deduce empirical Q(r) and /(r) curves. In the second part we 
show that when proper allowance is made for the or-bond compressional energy, cyclic 
polyenes CgnHgn are not expected to be regular polygons except for small n (in complete 
agreement with the m.o. results) though the critical value of n at which alternation sets 
in cannot yet be predicted accurately, since the Dewar-structures and more highly- 
excited structures also serve partly to weaken the strong tendency o f the Kekulé 
structures to induce bond alternation. This surprising result differs from the usual 
belief that resonance among Kekulé structures tends to cause equality of bonds; but 
a very simple calculation does in fact show that this is not necessarily the case. Finally 
we present some detailed calculations for the cyclic polyenes CgnHgn in which 2n =  6 ,8  
and 10. Except in the case of benzene (2n =  6) these calculations are only illustrative, 
since neither CgHg nor Cio^io are planar molecules. But we believe that these calcula
tions, all made on the assumption o f planarity, are sufficient to illustrate the general 
conclusions obtained earlier. We have also tacitly assumed all the valence angles to be 
120°. Apart from benzene, tliis is manifestly impossible geometrically for small values 
o f n. But it is possible, and probably occurs, for the larger molecules which have been 
isolated experimentally, and which we shall discuss in Sections 3 and 4.

p. C. den Boer-Veenendaal and D. H. W. den Boer, Molec. Phys. 4 , 33 (1961).
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2. T H E  F U N C T IO N S  GO) A N D  J{r)

Let us represent the total energy o f a 7r-electron molecule in the form

• • •) ~  • • • ) “)“ •••)"!" • • •) (1)
where

r^,. .  . are the various bond lengths 
Eg is the total o-bond energy 
E„ is the total vr-electron energy 
E^g is the total n-cr exchange energy.

We shall now make the assumption that either E„g is so small in relation to the other 
terms of (1) that it may be neglected, or else it varies with bond lengths in so similar a 
way to Eg that it may be incorporated in this latter function. This seems very reason
able, at least for molecules such as those being considered in this paper, for the distri
butions of 7T and of a  electrons are effectively uniform. It might, however, be less 
valid if  heteroatoms were present, such as in pyridine. Thus (1) is replaced by

-̂ totalĈ 15 • • •) “  -̂ a(̂ l5 ' ' 4- . . . )  (2)

In order to use this formula to determine the Coulomb and exchange integrals Q(r) 
and J(r) we must choose two molecules for which E'totai is known experimentally; 
and we must also know the corresponding expressions for E„ and Eg. If we adopt the 
usual approximations o f orthogonality o f all atomic orbitals, then the method o f  
Pauling^^ enables us to write for ethylene

(3)

and for benzene, when all bonds are equal

^benzene( )̂ =  6{Q(r) +  0 -434 /(r)} (4)

In writing (3) and (4) we have made the usual assumption that Q(r) and J(r) are the 
same functions of r for benzene and for ethylene. This imphes—at very least—that 
we neglect direct meta- and para-interactions in the benzene ring. If we consider the 
two molecules at the same bond distance r, then b̂enzenê ^̂  _  and so,
using (3) and (4)

=  (5)

Empirical curves o f Æ'totaïC'') for  ethylene and ^E’totaiW for benzene are drawn in Fig. 1. 
According to (5) their difference enables us to draw the curve o f the exchange integral 
J(r). This is also shown in the figure.

In drawing the curves for E'totaiO') we have used Morse functions o f the usual form

W(r) =  (6)

where the values adopted (which, apart from Tq, are identical with those adopted by 
Lloyd and Penney) are as shown in Table 1. Any alteration in the latent heat o f  
sublimation of carbon would affect the values of ÏV. For purposes of comparison we 
have accepted for our own calculations precisely the same values as Lloyd and Penney. 
These differ very little from the best modern values, and in such a way as to make only 
very minute changes in the calculated bond lengths. The values o f in this table are

L. Pauling, / .  Cfiem. Phys. 1, 280 (1933). For a simple account see C. A. Coulson, Valence çç. 228-236. 
Oxford University Press (1952). .
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now firmly established, and the parameter (a) is dependent upon the fundamental 
breathing frequency of each molecule. It is worth reporting that in some preliminary 
calculations we had tried to avoid the complication of a Morse function, with its 
exponential terms, by using a harmonic oscillator expression lk ( r  — for the energy

- 2 0

- 4 0

- 6 0

E
(b)___- 8 0

UJ

-  120

-  140

-  160

Bond length, A

F ig . 1. (a) tota l energy Ftotai for ethylene (experim ental); (b) one-sixth  o f  total energy ^totai 
for benzene (experim ental); (c) £ ’<j(/-)-f (2(r) deduced from  (a) and (b ); (d) assum ed form  o f  

(o) J(r) deduced from  (a) and (b); (f) Q(r) deduced from  (c) and (d); crosses denote  
values o f  j(r) calculated by Altmann^*.

T a b l e  1

fVo (kcal/mole) a (Â - 1 ) ^ 0 (Â)

Ethylene 151 2-189 1-34
Benzene 124 2-093 1-40
Ethane 84 2-028 1-54

of a cr-bond. This expression is the one most widely used in m.o. calculations. But 
we found that the resulting J(r) curve was seriously affected by this, and its use gave 
absurd numerical results for the equilibrium bond lengths o f cyclic molecules. We 
therefore abandoned it, with regret. As an indication o f the serious dependence o f  
J(r) on the choice o f a Morse function of £ ' t o t a i ( f )  instead o f a parabolic law, we show 
in Fig. 2 rough diagrams o f J(r) and Q(r) obtained by both techniques. It will be 
noticed at once that the curvature o f J(r) is changed in sign. This implies that d^Jjdr^ 
also changes sign. N ow questions o f stability o f a given set o f bond lengths depend on 
the sign o f d^Etotaildr^. Thus, if  J{r) plays any significant part in fixing the equilibrium

S. L. Altmann, Proc. Roy. Soc. A 210, 327, 343 (1951).



Bond lengths in cyclic polyenes CggHgn 219

bond length—as it most clearly does—we can see why we may be led to unacceptable 
positions o f stability or instability, if  we abandon Morse functions in favour o f  the 
simpler parabolic ones. All our later work, therefore, will use only the Morse functions 
(6) and the parameters o f Table 1.

- 2 0 Q (p o ro b o lo )

E
- 4 0

-60

-80

00

Bond length ,  A

F ig . 2 . Curves showing difference between exchange integral /(r )  and Coulomb integral Q(r) 
with use of parabolic or Morse potential functions for ethylene and benzene.

We have still to determine Q(r) and £ ^(0  where this latter quantity is the or-bond 
energy for a bond of length r, so that

/  2 •  •  • )  =  +  •  •  •  (V

Equations (2), (3), (4) and (7) allow us to write
F benzene/

^a(0 +  <2(0 =  1-767 -  0 -7 6 7 E a " '(O (8)

We have shown this quantity in Fig. 1. Since it depends only upon equations (2), 
(3), (4) and (6) it is independent of any assumptions that we may make about the 
nature o f £„(r), other than that the tt-ct interactions are included in it.

Table 2, columns 2 and 3, shows the values o f J(r) and - f  Q(r), both in 
kcal/mole for various values o f r, in Â. This is the table o f values which we shall use 
in our later numerical work. At this stage it is not necessary to separate and 
Q(r), since in all our applications we shall find that it is their sum which appears. This 
would not be the case if  we were considering heteronuclear molecules, and then we 
should find that each was required separately. Simple analytical approximations to 
the functions in Table 2—valid to within 0-020 kcal. in the range T34 <  r <  
1-51—are

J(r) =  -41-199  H- 121-2(r -  1 42) -  114-2(r -  1-14)  ̂ (9)

Æ̂ (r) - f  Q(r) =  -105-905  -  39-6(/- -  1 42) - f  526(r -  1-42)2 

-1 0 0 0 (r  -  l-34)(r -  l-42)(r -  1-51) (10)
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The last figure in these numerical values is entirely without significance in any absolute 
sense : but for locatmg stationary values of the total energy it may have some signifi
cance.

There is not very much with which we may compare the numerical entries in 
Table 2. But Altmaniri^^ in some studies o f the ethylene molecule, calculated /(/•),

T a b l e  2

Kekulé and Dewar structures Kekulé structures only

/- - J { r ) +  Of')} - J { r ) ~{E a(r) +  0 (r)}

1-34 51-625 99-375 48-70 102-30
1-36 48-892 101-834 — —

1-37 47-557 102-839 44-86 105-54
1-38 46-236 103-707 — —

1-39 44-927 104-449 — —

1-40 43-650 105-056 41-18 107-53
1-41 42-411 105-539 40-01 107-94
1-42 41-199 105-905 38-83 108-27
1-43 39-992 106-183 — —

1-44 38-790 106-371 36-59 108-57
1-45 37-653 106-432 — —

1-48 34-336 106-148 32-39 108-09
1-51 31-206 105-211 29-44 106-98

using a full twelve-electron Hamiltonian. For the distances T34, 1 39 and T54 Â he 
found values —62 9, —52-4 and —28-6 kcal respectively. These vary in the right way 
as our values, and are o f the right order o f magnitude, though they differ by about 
10 kcal for short bonds. In view of the different types o f approximation involved in 
the two estimates o f J{r), this is probably as good agreement as may be expected.

If we wish to go further than this, and obtain expressions for E J f)  and Q{r) 
separately, we must use some additional data. The most natural is E J /) , which we 
could approximate as if  it were the energy of a single bond between two trigonal carbon 
atoms. For this purpose we use a Morse curve in which the equilibrium length is not 
1 -54 Â, as in ethane, but is taken to be 1-51 Â, to allow for point (2) in the Introduction. 
It is not quite obvious which values we should choose for Wq and a in equation (6); 
but we have, somewhat arbitrarily, chosen —84 kcal/mole and 2-028 A~^ respectively. 
With this choice we can draw the E J /)  curve o f Fig. 1, and so determine Q{r). For 
obvious reasons this curve is much less reliable than E J f)  - f  Q(r), but in the region 
1-34 <  r <  T54 Â, it may be represented approximately by

Q(r) =  -2 5 -2 7 5  +  49-9(r -  1-42) -  53-5(r -  1-42)2 ( 11)

The difference between (10) and (11) is, o f course, a representation o f E^O -
We have now obtained approximate values o f J(r), Q(r) and F„(r). These are ready 

for application to our cyclic molecules. But before proceeding there is a point to 
consider. In (4) we have used the energy expression for the 7r-electrons o f benzene, 
taking into account Kekulé and Dewar structures. It is not immediately obvious that 
we have any right to use this formula—and the implied J(r)—in larger molecules, 
where there will also be doubly-excited and more highly excited structures. But we 
shall assume that this is so, and shall try, when dealing with other molecules, to write
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down the expression for analogous to (4), neglecting all structures other than the 
Kekulé and first-excited ones, It is doubtful that inclusion of the more highly-excited 
structures would seriously affect the predicted bond lengths and stabilities, though it is 
known^^ that for sufficiently large conjugated molecules the more highly-excited

-2 0-2 5

-2 5
- 3 0

-3 0

-3 5

i
- 4 0

- 4 5

- 5 0

- 5 5
1-52 1-581-40 1-461-34

Bond len g th , A

F ig . 3. Curves showing variation o f  exchange integral J{r) and Coulomb integral Q{r) when 
Dewar structures are included and when they are not included.

structures dominate over the less-excited. However, we can make an alternative 
calculation, in which we consider only Kekulé structures. If we do this, equation (3) 
is unchanged, and equation (4) is replaced by

Ĵ benzenê -̂ ) =  6{Q(r) - f  0 400 /(f)}  (12)

By an entirely similar process, this leads to values o f J(r) and Q(r) which differ slightly 
from those previously determined (Table 2, columns 4 and 5). Fig. 3 shows, on a 
larger scale than Fig. 1, the variation o f /(/•) and Q{r) both with and also without 
inclusion o f Dewar structures in benzene.' The general variations are remarkably 
similar, leading to the view that predictions based on them would also be similar. 
Table 2 also allows a direct comparison o f the values o f J{r) and £■„(/•) Q{r) in these 
two approximations.

3. T H E  C Y C L IC  P O L Y E N E S  n L A R G E

Consider the cyclic polyene QnUgn» represented for the case of n =  4, by II. We 
are supposing that the molecule is planar. This is known not to be true for cyclo- 
octatetraene (II), but it must be more nearly true for the larger systems 2n =  18, 24

See C. A. Coulson, Proc. Roy. Soc. A  207, 91 (1951).
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and 30 synthesized by Sondheimer, Wolovsky and G a o n f  Let us suppose also, 
for the moment, that we use only the Kekulé structures. There are just two o f these, 
for all n, and they are represented by (a) and (b). We have allowed for possible bond 
alternation by letting the bond lengths be alternately and r^. If <  r^, as in the

la) (b)

diagram, the structure (a) will be more energetically bonding than (b), and, as Coulson 
and Altmann® showed for the case o f benzene (2n =  6), the resonance energy is 
drastically reduced as increases. Thus when =  1-39 Â they found that
the delocahzation energy, defined as the difference in between the localized bonding 
o f a Kekulé structure and the delocalized energy o f the corresponding resonance 
hybrid, was about 63 kcal/mole. But when =  1 39 Â, =  1-54 Â (they used the 
old value for the length o f a pure trigonal carbon-carbon bond), the delocalization 
energy was only 9 6 kcal/mole. We shall now show that even when 2n is large, reso
nance o f tins kind contributes relatively little to the delocalization energy, and is 
certainly insufficient to favour a regular shape with equal bond lengths.

If we write and % for the Kekulé structures, and if  the ground state wave 
function is

then the secular equations to determine the vr-electrons energy E„ and the coefficients 
q , Cg take the form

(^Q i +  ~  2'^^ ~  i^Q i +  IIÔ2 +  nA +  n*̂ 2 ~  ^J^2 =  0

2 ^ r ï  ( n +  R Ô 2 +  -j- n / g  ~  +  ( o G i  +  n ^ g  - f  n / g  —  - J i  —  E J c g  =  0

(13)

In these equations and are the two Coulomb integrals, appropriate to bond 
lengths and fg, and J^, /g are the corresponding exchange integrals. The interesting 
feature o f these equations lies in the coefficient l / 2“~  ̂ multiplying the off-diagonal 
elements in the resulting secular determinant. In the case o f benzene this factor is 1/4, 
but for larger molecules it rapidly decreases, so that the roots o f the secular determi
nant are given essentially by the diagonal elements. In fact, if  <  fg the lowest root is 
approximately

2 ^ - V i - / g ) J
(14)

Thus the delocalization energy, which is given by the last term in (14) actually tends
F. Sondheimer and R. Wolovsky, Tetrahedron Letters'Ho. 3, 3 (1959).
F. Sondheimer and R. Wolovsky, J. Amer. Chem. Soc. 81, 4755 (1959).
F. Sondheimer, R. Wolovsky and Y. Gaoni, J. Amer. Chem. Soc. 82, 755 (1960).
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to zero as n oo. In the case where =  Jg the approximation (14) must be replaced 
by;

2 6  +
+  (1/2“-^) 
+  (l/2>^-^)

(15)

Here again it follows that for sufficiently large n, the delocalization energy tends to 
zero.

Thus on the basis o f Kekulé structures alone, the larger cyclic polyenes would not 
be expected to be as stable as the smaller ones.

But we can also show that for sufficiently large n, the regular polygon with =  fg 
is less stable than the alternating one with (say) <  rg. To do tliis we consider 

which is the sum o f E„ and E^ where EJj-^r,^ can be found from the 
equations (13), and where Ejirxr^ =  n^a(i'i) +  nF (̂^g). It is obvious from symmetry 
considerations alone that there is a stationary value o f the total energy when r-̂  =  
and their common value is such that

E ,{ r )  +  Q ( r )  +  î ( î  + =  0 (16)

Tliis common value differs very little from that appropriate to benzene, though it 
actually increases slowly with n. With r =  T400 for n =  3, it becomes T403 for n =  4 
and 1*413 for n =  5.

A tedious calculation, wliich we shall not reproduce, but wliich uses the appro
priate J{r) and Q{r) from Fig. 3, shows that, at these stationary values, jFtotai is an 
absolute minimum in the case of benzene, but a saddle point for n =  4 and n =  5 and 
all higher values o f n. Thus, using Kekulé structures only, benzene is predicted to be a 
regular polygon, but all larger even cyclic molecules should show bond alternation.

It is not possible to give a similar general demonstration when Dewar structures 
are included in addition to the Kekulé structures. But (see later) detailed calculation 
o f the energy contours for a variety o f values o f and shows that almost certainly 
precisely the same situation obtains. We conclude, therefore, that in the larger cyclic 
polyenes the configuration of greatest stability is one with alternating bond lengths, in 
agreement with the results o f m.o. theory.® But in our v.b. theory the alternation 
appears to set in earlier than in the m.o. theory. In view o f the approximations in 
both, such divergencies are not altogether surprising.

It is worth writing down the expression for the total energy, which results from 
solving equations (13) for E„ and then adding E„. It will be convenient to write for 
EJ{r^ +  6 (/'i), and ^g for E„{r^ +  SO'g). Then for benzene, where 2n =  6, and 
taking the negative value of the square root;

=  3^1 +  3(fg +  f(J i +  Jg) +  f (4 ( /i  — Jg)̂  +  /i/g}- 

for the case where 2n =  8,

=  4 ^ 1  +  4 ( ^ 2  +  t r ( A  +  / g )  +  i f {  1 6 ( ^ 1  —  / g ) ^  +  / i / g } - .

For the case where 2n =  10,

=  5^1 +  5<fg +  f r ( / i  +  /g) +  i&{64(J^ — /g)® +  /i/g}^.

Once again we see thé growing importance of — /g as the size o f the polyene 
increases.
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4. D E T A IL E D  C A L C U L A T IO N S  F O R  2n =  6 , 8 , 10 

In more detailed calculations for the smaller molecules of this type, we have 
included both Dewar and Kekulé structures. In the case of benzene, with i \  +  r̂ , 
there are five structures. The two Kekulé structures III(a)(b) will have dilTcrcnt weights 
but the three Dewar structures, o f which lll(c ) is one example, will all have the same

1-50

I 48

I 42

I 40

I 38

1-36

I 3 4

3' 33 3 47

3-

3''

3-'

>4 3-88 3- 23

17 3-97

4 0 0

3-

3*96

30

,0 4-

3 96

01

•  •
4 -0 0  3 S17

3-49 3 * 8 3-'47

1-79
1

3-33 3-47 3-54
1 1 1

3-33
1

I 36 138 I 4 0 I 46 I 5 0

Fig. 4. Calculated values of the total energy —E(r^,r2) for benzene, using Kekulé +  Dewar 
structures. The zero of energy is taken at F  =  —120 kcal/mole.

weight. The secular determinant is a 3 X 3 determinant. This has already been 
given by Coulson and Altmann® in equation (3) of their paper. We have verified 
that this is correct. In our symbols it is

2 4 ^  -  4(Ji +  J^)x^ -  2{3(/i -  /g)2 +  4 % } x  +  (J^ -  +  /g) =  0 (17)

where 6% =  3 6  ̂ +  3 Qg — E^.
By choosing various combinations o f and tliis equation can be solved numerically, 
and obtained. By addition o f EJ/^r.^  we obtain the total energy
A typical set o f such values is shown in Fig. 4. It is at once clear that the equilibrium 
value 1̂ =  2̂ =  I 40 A  is the position o f stable equilibrium, though the curve is much 
flatter along the line +  fg =  2 80 than along the line =  r^. This is just what we
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should expect from the known force constants o f benzene in the two corresponding 
normal modes B,,, and Ajg respectively.

In the case o f CgHg, there are 2 Kekulé structures and 8 Dewar structures, which 
divide up as in IV, where we have simplified the diagrams by only representing the 
TT-electrons.

\ / y \
degeneracy I

rz

The secular determinant is o f order 4 x 4  and the equation for the energy is

2048x4 -  160(7i +  /gjx® -  20(24(/i -  +  23% }x^

+  28(J, +  J2){2(J, -  J^f +  -  « { 7 ( A  -  AJ" -  2 0 / 1/ 2} =  0 (18)

where, now
8x  — 4 61 +  462 (19)

A  check on (18) may be found from the fact that it gives correct values when =  /g 
and when /g =  0. The significance o f (/j  — /g)^, which depends on the degree o f bond 
alternation, is very clear.

Fig. 5(a) shows a set o f values o f Æ’totO i/2) for various and fg. Along the line 
/"i =  fg we have a minimum energy at ri =  rg =  1*404 Â. But Fig. 5(b), which shows 
the variation o f energy along the line AB, where rj +  rg =  2*81 Â, suggests that the 
point (1*404, 1*404) is really a saddle point, and the stable configurations are at 
(1*375, 1*435) and (1*435, 1*375). Thus we predict a bond alternation with difference 
0*06 Â. This is o f the same order as that predicted by Longuet-Higgins and Salem®, 
but rather larger.

In the case of n =  5, there are three types o f Dewar structure :

\ /
/  \, \ /

2 I 2 

d egenerocy  © (D
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2-983-01

1-40 2-482-33 2-86 2-873-01

3-01
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1-38 3-01
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2-86 2-942 4 6 2-96 3-011-66

3 -0 0
1-36

1-34 0-61 1-66 2-792 33 2-762-58

1-481-46 1-501-441-38 1-40 1-421-361-34

r,, A

Fig. 5. Main diagram (a). Calculated values of the total energy —E{ri,r^ for hypothetical 
planar using Kekulé Dewar structures. The zero of energy is at £  =  —120 kcal/mole.

Small inset diagram (b). Curve showing total energy along the line AB of (a), i.e. where 
-|- rg =  2  81 A . The minimum energy occurs at r̂  =  1-37, rg =  1-44 A , and the equivalent 

position =  T44, rg =  1-37 A.

The secular determinant is o f order 5 x 5  and the equation for the energy eventually 
reduces to :

3 W  -  l l ( / i  +  +  J i ]  -  846/ 1/ 2)

+  x \J ^  +  /g)(682{/i« +  J i )  -  1018/ 1/ 2)

+  x[1043(/i4 -h J i ]  - f  % {7 1 8 2 /i/2  -  3302(/i« +  J i)]]

+  (.Ji +  /2)[/i/2(1730(/i2 +  J i )  -  4470/ 1/ 2} -  335{Ji +  J i)]  =  0 (20)
where

lOx =  5Ô1 +  5(22 -  K (21)

This equation was checked by putting J^ =  J2, when it is divisible by the equation 
derived ab initio
V IZ.

3 W  -  22Jx -  444/2% q. 55073 =  q (20a)
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The quintics obtained on inserting numerical values for J^, were solved by means o f  
the Oxford ‘Mercury’ electronic computer, and the energy surface (symmetrical about 
}\ =  /‘a, o f course) plotted. (Fig. 6).

It turns out that there is a much more definite minimum in this case (n =  5) than 
in the case n =  4. This occurs at =  1*365 Â, /*a =  T455 Â leading to a difference

I 4 6

I 4 4

I 42

2 50
•40

o<
1-38

1-36

1-34

1-32

1 3 8 I 52I 4 0 142 1-44 1-541-36 1-46 1 4 8 1 5 0

F i g . 6 . Calculated values o f  the total energy —E{ri,r^ for hypothetical planar C jqH io» using 
Kekulé and Dewar structures. The zero of energy is taken, as in Fig. 5, at J5 =  —120 kcal/mole.

o f 0*09 Â in the two bond lengths. From this result, it would appear that bond alterna
tion tends to increase with the size o f the rings (i.e. when including singly-excited 
structures in the calculation). It seems to us rather unlikely that subsequent addition 
o f  doubly-excited and higher structures would materially alter this. But it should be 
mentioned that the inclusion o f the Dewar structures has led to a distinct change in the 
bond lengths : for a similar calculation using only the two Kekulé structures leads to 
bond lengths not greatly different from the values 1*51 and 1*34 Â  appropriate to 
non-resonating single and double bonds.

The difference in energy between the unsymmetrical and symmetrical structures 
can be seen, from Fig. 6, to be about 0*2 kcal. This, although quite definite, is not 
large, so that molecules o f this kind would show rapid interconversion at room tem
perature. Further, since the interconversion motion would be slow at the saddle point, 
an X-ray diagram might easily show an apparently symmetrical appearance.

5. C O N C L U S IO N

The discussion just given seems to us to show that in many respects the v.b. 
technique leads to very similar results to the m.o. technique, when applied to cyclic
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polyenes CgnHgn. Small members o f this series will tend to have equal bond lengths, 
but larger ones will definitely show alternation. With Kekulé structures only it is 
found that beyond 2n — 8 there is very little resonance, so that one of the two struc
tures dominates the complete wave function. Even in the symmetrical configuration 
the resonance (more strictly, delocalization) energy is much smaller than in benzene. 
Inclusion of Dewar structures tends to favour more nearly equal bond lengths, but 
bond alternations o f the order of 0 1 Â may occur.

Note added in proof: Since the m anuscript was written, we have included doubly-excited structures in the 
description o f  the eight and ten m em bered rings. T his m akes alm ost no difference to the calculated bond  
lengths in the equilibrium  configurations.
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BOND LENGTHS IN CONJUGATED POLYENES

W. T. D ixon
Mathematical Institute, Oxford*

{Received 17 February 1962)

Abstract—Some conjugated polyenes have been examined using the valence-bond approximation 
including a-bond compressional energy.

The appropriate exchange and coulomb integrals were obtained as functions of bond length, using 
spectroscopic and thermal data for benzene and ethylene.

These semi-empirical functions were then used in investigating linear and cyclic polyenes.
It was found that the bond lengths predicted for butadiene were in excellent agreement with 

experiment and that there should be appreciable bond alternation in longer chains. Similarly for 
n >  3, it was found that bonds should alternate in the cyclic polyenes CanHa» and that the degree o f  
bond alternation tends to increase with n.

This agrees qualitatively with the recent application o f simple molecular-orbital theory (including 
(T-bond compression) to long chain and large cyclic polyenes.

1. IN T R O D U C T IO N  

In a previous paper,^ bond lengths were examined in cyclic polyenes from a valence 
bond point o f  view.

Values for exchange, coulomb integrals and u-bond energies were calculated from 
Morse functions obtained empirically for the C— C bond energies in ethylene and in 
benzene.

Thus if : =  E„(r) =  cr-bond energy
J =  J(r) =  exchange integral

Q =  Q(r) =  coulomb integral
then the bond energies of ethylene and ‘symmetrical’ benzene are given by:—

Eethylene =  E „ - f  Q - f  J 
Ebenzene =  E^ -j- Q -|- 0 4J
Ebenzene =  E^ +  Q +  0*4341 (including Dewar structures)

From these equations and the Morse functions describing E ethylene and Ebenzene in 
terms of r, the bond length, J(r) and E„(r) +  Q(r) were obtained.

This procedure was almost identical with that o f Lloyd and Penney,^ except that cr-Tr 
exchange interactions were assumed either to be negligible, or to vary in the same 
way as the term (E  ̂ +  Q), in which they could therefore be included.

To investigate cyclic polyenes then, assuming alternating bond lengths ij, rg, 
expressions for total energies were found in terms of J(rJ, J(rg), Eg(rJ -j- Q(ri),
Eg(rg) +  Q(rg). The energies associated with various pairs r̂ , rg could then be cal
culated and plotted on a contour diagram. The position of the absolute minimum of 
energy could thus be assessed.

It was found that for n >  4, the stable configuration of the cyclic polyenes CgnHgn 
was the one with alternating bond lengths. Inclusion of Dewar structures smoothed 
out but did not destroy this effect.

* N ow  at the Dyson-Perrins Laboratory, Oxford.

 ̂ C. A. Coulson and W. T. Dixon, Tetrahedron 17, 215 (1962).
® E. H. Lloyd and W. G. Penney, Trans Faraday Soc. 35, 835 (1939).
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Recently, calculations have been carried out more accurately by means of the 
‘Mercury’ computer. This has enabled us not only to tackle new problems, but also 
to recalculate the cyclic polyenes for n =  3, 4, 5.

The functions J(r), E„(r) +  Q(r) had to be determined more accurately and the 
following table shows some of the numerical values* which were used:

r(Â) J(r)
Ea(r) +  Q(r) 
(kcal/mole)

1 34 51 6493 99-3507
1 36 48-9067 101-3163
1 38 46-2496 103-6891
1 40 43-6817 105-0308
1 42 41-2055 105-8977
1 44 38-8226 106-3412
1 46 36-5338 106-4079
1 48 34-3392 106-1405

Approximate analytical expressions for these functions are:
J(r) =  -4 1 -2 3  +  121 2(r -  1 42) -  114 2(r -  1-42)2

E„(r) +  Q(r) =  -105-89  -  39-6(r -  1-42) +  52-6(r -  1-42)2
-  1000(r -  l-34)(r -  l-42)(r -  1-51)

(Correct to ±0-02 kcal/mole)

2 .  L I N E A R  P O L Y E N E S  C g .H g n + z  

There has been much discussion about bond lengths in long chains^-® and it seems 
clear, from the absorption spectra, that bond lengths should alternate even when the 
chains are very long. Since this has been predicted by various MO treatments®»' ,̂ it
would be interesting to see whether the valence-bond method leads to similar con
clusions.

In the calculations reported in this paper, Kekulé and Dewar structures are in
cluded in setting up secular determinants. Inclusion of more excited structures was 
not thought worth while, since their effect should be negligible according to the 
results obtained for cyclic polyenes (in which excited structures are more favourable). 
The following results were obtained :

B o n d  l e n g t h s  i n  o r d e r , s t a r t i n g  f r o m  o n e  e n d  o f  t h e  c h a i n  

( s y m m e t r i c a l  a b o u t  c e n t r e  b o n d )

Ethylene 1-34 (Â)
Butadiene 1-345 1-479
Hexatriene 1-348 1-477 1-353
Octatetraene 1-347 1-477 1-353 1-476

* It need hardly be said that these figures are not accurate to so many significant places on an 
absolute scale, but in order to find stationary values, a high degree o f relative accuracy is required.

» H . Kuhn, J. Chem. Phys. 17, 1198 (1949).
* M. J. S. Dewar, J. Chem. Soc. 3456 (1952).
® W. T. Simpson, J. Amer. Chem. Soc. 78, 3585 (1956).
® S. Huzinaga and T. Hasino, Prog. Theoret. Phys. 18, 649 (1957).
 ̂Y. Ooshika, J. Phys. Soc. Japan 12, 1238 and 1246 (1957).
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The bond lengths in butadiene have been found by electron diffraction® to be 
1-337 ±  0-005, 1-483 ±  0-01 (A) so that there is excellent agreement here with ex
periment. There is very little smootliing out of the bonds even in octatetraene, 
compared with simple MO predictions;® i.e. for octatetraene: 1-361 1-424 1-379 
1-419 (A). It would appear then, that bond lengths should alternate in long chains 
also—and to a greater extent than expected from the simple MO method.

3. C Y C L IC  P O L Y E N E S  C^^H^n

The problem of bond lengths in cyclic polyenes was attacked on three levels of 
complexity:

(i) Considering Kekulé structures only.
(ii) Including Dewar structures.

(iii) Including also doubly-excited structures, (i.e. two long bonds)
It is well known that the so-called ‘excited structures’ become more important as the 
number of atoms increases, because of the rapid increase in the number o f canonical 
structures with n, i.e. in the case of cyclic polyenes :

Number o f Number o f Number o f
Kekulé Dewar doubly-excited

n structures structures structures

2 2 0 0

3 2 3 0

4 2 8 4
5 2 15 2 0

6 2 . 24 54

When bonds are assumed to alternate, care has to be taken to see which structures 
are degenerate and which are not. For example, adopting a set o f Rumer diagrams 
which correspond to actual bond diagrams, there are ten types o f doubly-excited 
structures when n =  6, including these, labelled 7, 8 :

\
7 8

Now 7, 8 are not degenerate, in spite of having the same number of bonds, lengths 
rj, rg (unless r̂  =  rg). This becomes clear if superposition diagrams are drawn, when 
some corresponding matrix elements are found to differ,—unexpectedly, from a 
naive point o f view. e.g. with the Kekulé structure ‘1’, H i, ^  H ĝ:

\
/

1,7 1,8

A. Almenningen, O. Bastiansen and M. Traetteberg, Acta Chem. Scand. 12, 1221 (1958). 
' C. A. Coulson, Proc. Roy. Soc. A169, 413 (1939).



8 7 8  W. T. D ix o n

The following table summarizes the results obtained:

Kekulé structures Including Dewar Including doubly-
only structures excited structures

n ri“ rg" AE" ri“ ra“ AE" ri" AE"
2 1-393 1-393 1-393
3 1-400 1-400 1-400
4 1-346 1-493 0-89 1-375 1-435 0-023 1-378 1-432 0-013
5 1-343 1-506 1-06 1-360 1-460 0-25 1-365 1-455 0-16
6 1-340 1-510 2 8 1-355 1-471 0-40 1-358 1-465 0-294

“ ri, T2 are adjacent bond lengths, in Angstroms.
* AE is the height o f the saddle-point above the absolute minimum, in Kcal/mole.

There is apparently an increasing tendency towards bond alternation with in
creasing n. Inclusion of excited structures decreases, but does not destroy, the 
effect. Doubly-excited structures seem to have a relatively small effect on the energy 
surfaces.

These results are in quahtative agreement with the MO work by Longuet- 
Higgins and Salem,^® who predicted that if  rings are large enough, the stable con
figuration should be one with alternating bond lengths, the difference between adjacent 
bonds being about 0 04 A. However, they found that for rings of the type Qt+gH^t+a, 
the less symmetrical form should be the more stable when t >  8 ; i.e. for rings larger 
than about C34H34. This contrasts with the results given in this paper, which indicate 
that bond alternation should occur in rings when n >  4.

4. C O N C L U S IO N

There is some experimental justification for this type of V.B. method because of :
(a) The excellent agreement between predicted and experimental bond lengths in 

butadiene.®
(b) Bond alternation is predicted for long chains (in agreement with the most 

recent interpretations of the UV spectra of long polyene chains).®»’
(c) Bond alternation is predicted for large cyclic polyenes, (the UV spectra of 

QgHia, C24H24 are difficult to explain if adjacent bonds are assumed to be equal in 
length).^^

It appears, then, that this method predicts bond alternation in both long chain and 
large cyclic polyenes. Though the degree of bond alternation is rather larger than
that predicted by the simple MO method, the two approaches do seem to lead to
similar qualitative results, in these cases.

Acknowledgement—I would like to thank Professor Coulson for his encouragement and suggestions 
in preparing this paper.

H. C. Longuet-Higgins and L. Salem, Proc. Roy. Soc. A251, 172 (1959).
“  H. C. Longuet-Higgins and L. Salem, Proc. Roy. Soc. A257, 445 (1960).
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Free Radicals formed during the  
O xidation and Reduction of Peroxides

T jik  ruductifju o f  h y d rogen  ])oroxido by  transi Lion 
m eta l ions is th o u g h t to in v o lv e  h y d ro x y l rad icals as 
in term ed ia tes^  ^Vo h a v e  found th a t  d iln tu  so lu tio n s  
o f  tita n o n s ion  an d  h y d rogen  peroxide (about  
react to g eth er  to  form  a free radical o f  sh ort life . T his  
h a s been  observed  by using a flow sy stem  in w h ich  the  
rea c ta n ts are m ixod  ju s t before entering  th e  c a v ity  o f  
ft Y uriau electron  sp in  rosonanco spectrom otor. T he  
sp ectru m  is a  s in g le  lin e near (7 =  2, w id th  a b o u t 3 
gauss, th e  in te n s ity  o f  w h ich  a t  m ax im u m  ilow -rate  is 
proportiona l to  [Ti^+] and  [HnOs] w hen  th ese  are low .

T he rad ica l m a y  bo -O il or OaH, accord ing  to  th e  
reactions^:

Ti®+ +  H„0.,->Ti^+ +  O I I -+  -OH  
■0H  + + - OoH

T here is ovidonco, how ever, th a t  th e  p erh y d ro x y l  
rad ica l g iv es  a  m u ch  broader signal b ecause, w h en  
hyd rogen  peroxide^, 7-butyl hydroporoxido, and  
cu m y l hyd rop erox ide  are o x id ized  by eerie ion , sing le  
lin os o f  w id th  27, 14, an d  6  gauss, resp ectiv e ly , are 
observed , prosiun ab ly  eorres^^ending to  poroxy  
rad ica ls :

C o'++  i?0,H ->C o® ++  H + -f h’O;

A n  a tte m p t to  ob serve  th e  7-butoxy rad ica l in  thu  
rea ctio n  b e tw een  7-butyl h yd rop eroxide  an d  tita n o n s  
io n  resu lted  in  th e  app earance o f  a  q u a rte t o f  in te n 
s it ie s  1 : 3 : 3 : 1, th e  d istan ce  b etw een  a d ja cen t  
p ea k s b e in g  a b o u t 24 gauss. T his is a p p aren tly  duo  
to  th e  m e th y l radical® arising from  th e  reaction s:

Ti® I--f M oaC O O n ->T i'+ +  o n - +  Mo^CO- 
' M 0 3 CO—:-Mo,CO-f CHs-

■ T hese resu lts su g g est th a t  th e  rad ica l ob served  in  
th e  reaction  b etw een  hyd rogen  p eroxid e and tita n o n s  
ion  is h y d ro x y l.

T he sign a l corresponding to  th is  rad ica l d isappears  
w lion th e  rea cta n t so lu tio n s con ta in  variou s a lip h a tic  
or arom atic  com poun ds and  is rep laced  b y  sp ec lra  o f  
now  radical in term ed ia tes . F or exam p le, 2-pro]ianol 
g iv es  a  se p te t  to g e th er  w ith  a w eaker q u artet, j^eak- 
to -p eak  d ista n ces b e in g  a b o u t 20 and  24 gauss, r esp ec
t iv e ly . T hese are sim ilar to  s]ieetra  p re\-iously  
ascribed to  M egC-OlT an d  C II 3 w h ich  wtu'o olisrvrved in



th e  solid  s ta te  a t  low  toniporatures®'* oxco^it th a t th e  
hyperfino lin e-w id th s w h ich  wo obsorvo are narrow er  
(approxim ately  1-5 and  2-5 gauss, rospoetivoly).

Those resu lts confirm  th a t  th e  h y d ro x y l rad ical is 
very  rea ctiv e , m a y  bo ob ta in ed  in aqu eou s so lu tio n  a t  
room  tenqiorature, and  can bo used  to  generate  o ther  
free rad icals. A  d iscussion  o f  a ll th e  sp ectra  and  a  
doscrii^tion o f  th e  flow sy s tem  w ill bo pu b lished .

W . T . D i x o n  
I t .  O . C. N o i i m a n

D y so n  Perrins L aboratory ,
U n iv e r sity  o f  O xford.

•Url, N., C hem . l ie v .,  50, 375 (10 5 2 ). I l ig u in s o n ,  W. C. B., S u t to n .  
) ) . ,  a n t  W r i d i t ,  1’. ,  J .  C hent. 8 n c .,  1380 (1053). (Sco C a h ill , 
A. B., a n d  T a u b e ,  11., J .  A m c r .  C h em . S o c .,  74. 2 3 1 2  (1052) ).

* S.aito , E., a n d  B io lsk i, B . IT. J . , J .  A m e r . C h em . S o c .,  8 3 , 4407  (1901). 
• L u c k ,  C . B . ,  a n d  O o rd y , W ., J .  A m c r . C hem . S o c .,  7 8 , 32-10 (1050).

G o rd y , W .,  a n d  M cC o rm ick , C . G .,  ib id . ,  7 8 . 3243  (1050).
* F u j l tn o to ,  M ., a n d  I n g ra m ,  D .  J. E.,  T r a m .  F a r a d . S o c .,  54, 1304

(1058).
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An Intermediate in H m nolytic Aromatic Substitution 
By \V. T . D i x o n  and R . O. C. N o r m a n  

( D y s o n  P e r r i n s  L a b o r a t o r y ,  O x f o r d  U n i v e r s i t y )

B e n z e n e  reacts with titanous ion and hydrogen 
peroxide, to give phenol and biphenyl. We here 
report evidence that the resonance-stabilised radical 
(I) is an intermediate.

H OHH OH H. pH
H H

( I )
H

Warm, acidified aqueous solutions of titanous ion 
and hydrogen peroxide, each saturated with benzene, 
were allowed to react in a flow system less than 
0 02 sec. before entering a cell in the cavity of a 
100 kc./sec. Varian V4500 electron spin resonance 
spectrometer. The resulting spectrum (Figure) re
placed the signal attributed to the hydroxyl radical 
which we have observed in the absence of benzene.^ 
The reconstruction shown is based on coupling with 
two single protons (coupling constants, 36 0 and 
13 4 gauss) ( ±  5%) and two pairs of protons 
(coupling constants, 9 3 and 2-9 gauss) 5 %). This 
is consistent with the adduct (I) in which coupling 
would be expected with the six protons on carbon 
atoms but not with that on oxygen.®

When phenol was used in place of benzene, the 
formation of the phenoxy-radical was confirmed by 
its spectrum® (coupling constants: o-H, 6 4; m -H , 
17; p -H ,  9 7 gauss). This is almost identical in form 
with half the spectrum ascribed to radical (1), as 
expected from examination of the appropriate 
canonical structures, and leads to the assignment of 
three of the coupling constants for radical (I) (9 3, 
2 9, and 13 4 gauss) to o~, m-, and />-protons, respec
tively, The smaller couplings for the phenoxy-radical 
arise from the additional possibility of délocalisation

of the unpaired electron on to the oxygen atom. The 
largest splitting observed for radical (I) is evidently 
due to the proton on s/7®-carbon, which is favourably 
situated for interaction with the rr-electron system in 
which the unpaired electron is found.

Our assignments for radical (I) receive further 
support from the similarity of the coupling constants

T l IIII ' I T I ' I 'II" r ■|TT“ '

f f

Spectrum  o f  the in term ediate, an d  reconstruction  
based  on the coupling constants given  in the tex t.

to those of the related radical, cyclohcxadienyl (CHg, 
50; o-H, 10 6; m-H, 2 6; p -H ,  10 6 gauss).^

The formation of radical (I) is consistent with the 
absence of a hydrogen isotope effect in the formation 
of both phenol and biphenyl when benzene is oxi
dised with Fenton’s reagent, which behaves similarly 
to the system of Ti®+ and HgOg.® Finally, the radical 
(I) is analogous to the intermediate postulated in the 
phénylation of benzenoid compounds on the basis of 
kinetic isotope effect measurements® and product 
analysis.’

One of us (W.T.D.) thanks the D.S.I.R. for a 
maintenance grant.

{R eceived, D ecem ber 20th, 1962.)

 ̂ D ixon and Norman, Nature, 1962, 196, 891.
* Ingram, “Free Radicals as Studied by Electron Spin Resonance,” Buttcrworths Scientific Publications, London, 

1958, p. 174.
® Stone and Waters, Proc. Chem. Soc., 1962, 253.
* Fischer, J. Chem. Phys., 1962, 37, 1094.
" Lindsay Smith, and Norman, unpublished observations.
* Convery and Price, J. Amer. Chem. Soc., 1958, 80, 4101; Chang Shih, Hey, and Williams, / . ,  1959, 1871.
’ DcTar and Long, J. Amer, Chem. Soc., 1958, 80, 4742.



P rep rin ted  from  th e Jou rn al of th e C hem ical S ociety ,
M ay, 1963, (572), p a g es 3119— 3124.

572. Electron Sj)in Resonance Studies of Oxidation. Part I.
Alcohols.

By W. T. D ixon and R. 0 . C. N or.man.

W hen acid ic so lutions of titan ou s ion and hydrogen peroxide react 
im m ed ia te ly  before passing through the c a v ity  of an electron sp in  resonance  
spectrom eter, a s in g let is observed in the spectrum  w hich is a ttrib uted  to  
th e  h yd roxyl radical. T he add ition  of alcohols to  th e  reactants resu lts in  
the rep lacem ent of th is signal by the spectra  of organic radicals form ed b y  
abstraction  of a hydrogen atom  from  a C -H  bond or (in one case) b y  add ition  
to  C=C. A n alysis of th e  spectra  g ives ev id en ce abou t th e  structures of the  
radicals and hence abou t the course of the reaction .

C oupling con stan ts for protons in  different environ m en ts are reported  
and discussed.

F ree radicals produced by the abstraction of a hydrogen atom from alcohols have been 
extensively studied by electron spin resonance spectroscopy.^»® The technique which 
has been used consists of freezing a mixture of hydrogen peroxide and the alcohol,
transferring the resulting glass to the cavity of an electron spin resonance spectrometer,
and then observing the signals produced on ultraviolet irradiation. Hydroxyl radicals 
are produced initially and these diffuse and react with the alcohols.

From the point of view of studying the hyperfine structure of the spectra this solid- 
state method suffers from the disadvantage that the individual lines are considerably 
broadened by anisotropic coupling and complete resolution is not always obtained. 
Irradiation of solutions does not provide a practicable method for studying the radicals 
because they are generated comparatively slowly and are usually too short-lived to reach 
a steady concentration large enough for observation. We therefore investigated the 
possibility of generating radicals by a fast reaction, using a flow system in which the 
radicals could be observed less than 0 02 second after the reactants had been mixed.

We first studied in this way the reduction of hydrogen peroxide by transition-metal ions, 
which is reported to give hydroxyl radicals.® When ferrous ion reacted with hydrogen 
peroxide only a spectrum of six peaks, ~100 gauss apart, due to manganous ion impurity, 
was observed, and this signal could have masked one due to the hydroxyl radical. When, 
however, titanous ion, which did not give a detectable signal itself, reacted with hydrogen 
peroxide in acidic solution a sharp line of width 1 gauss was observed.*

The radicals likely to be present in this system are hydroxyl and perhydroxyl, produced 
by the reactions :

Ti®+ + HgOs -— >■ Ti-»+ -I- -OH -b OH-
•OH +  HgOg HgO -f -OgH

The spectrum of the perhydroxyl radical had been observed previously when hydrogen 
peroxide was oxidised by eerie ion, and consisted of a very broad singlet of width 27 gauss.® 
We repeated and confirmed this observation, and also examined the peroxyl radicals 
obtained by the oxidation by eerie ion of t-butyl and cumyl hydroperoxide, each of which 
gave a singlet.^

Spectra which have been ascribed to hydroxyl and perhydroxyl radicals have been 
observed in the solid state; both are doublets.® It is reasonable, however, that both 
spectra should be singlets in aqueous solution- at room temperature because of the rapid 
exchange of the proton with the solvent. Coupling with a hydroxyl-proton in solution 
has been reported, but only in a very strongly acid medium.’

* The stability and resolution of the spectrometer have been greatly improved since our preliminary 
result was reported.'*



We therefore attribute the signal from titanous ion and hydrogen peroxide to the 
hydroxyl radical. In support of this assignment, titanous ion and t-butyl hydroperoxide 
gave a quartet (1 : 3 : 3 : 1 ; coupling constant 22 gauss) characteristic of the methyl 
radical.®’*̂ This is consistent with the formation of the t-butoxyl radical which is known 
to break down to methyl;

Ti=+ +  McsC-OjH 

Me.,C-0- •

Ti^+ +  McjOO- +  OH - 

-CHj + MejCO

The amplitude of the signal from the reaction of hydrogen peroxide and titanous ion 
was examined as a function of the flow rate and the concentrations of the reactants. At 
constant concentrations the amplitude increased with increase in the flow rate, and the 
variations of log (amplitude) with log (concentration) at the maximum flow rate (about 
5 ml. per second) are shown in Fig. 1. At low concentrations the slopes of both plots are 
unity, indicating that the radical concentration is proportional to [Ti®+] and to [HgOg].

O,

0  4
O 0 3 0 9 1-5

F ig . 1. V ariation  of signal w ith  
reactan t concentrations. 

« H ., 0 2 ; O TF+.

l o g  ( c o n c n , ^

Two further observations were made. First, when sulphuric or perchloric acid was 
used to acidify the reactants the signal was much larger than when hydrochloric acid was 
used, possibly because of complex-formation by chloride ion. Secondly, when ferrous 
ion was added to the titanous solution the amplitude of the signal decreased, but the 
singlet was still observable despite the presence of the spectrum due to manganous ion. 
Evidently the one-electron reduction of hydrogen peroxide by titanous ion proceeds 
more readily than that by ferrous ion, as previously suggested.^^

Aliphatic Radicals.—A lien  aliphatic alcohols were added to the reactants the signal 
ascribed to *0H was replaced by spectra due to organic radicals. In the simpler cases 
these were readily analysed.

(a) Monohydric alcohols. Methanol gave a triplet, each of whose lines is apparently 
an incompletely resolved doublet (Fig. 2). This corresponds to the expected radical 
•CHg'OH in which there is coupling with the two protons on carbon and possibly very 
weak coupling with the proton on oxygen.

t-Butyl alcohol gave a triplet of septets (Fig. 3) which is ascribed to "CHyC(CH3)o"0H 
formed by abstraction of a p-hydrogen atom. It should be noted that, although the 
stronger coupling is due to the protons on Ĉ , the six Cg-protons also give rise to significant 
splitting.*

Ethanol gave two quartets (Fig. 4), corresponding to CHg*CH(OH)’ in which the 
stronger coupling occurs with the three Cg-protons, and which is formed by abstraction of 
a-hydrogen.

Isopropanol (Fig. 5) gave a septet, expected for (CHg)gC(OH)' formed by abstraction 
of a-hydrogen, on which was superimposed a weak quartet. The latter is ascribed to

* The designations a, jS, etc., refer to the position of the group concerned relative to that of the 
hydroxyl group, and Cj, Cj, etc., refer to the position relative to the carbon which bears the unpaired 
electron.



•CI-Î2‘CH(0H)*CH3, formed by abstraction of (3-hydrogen, which is to be expected by 
analogy with the result for t-butyl alcohol. Two of the three hydrogen atoms which 
couple with the unpaired electron are in a different environment from the third, but it

F ig . 2. Spectrum  from m ethanol.
F ig . 4. Spectrum  from  ethanol.

F ig . 3. Spectrum  from  t-b u ty l alcohol.

F ig . 5. Spectrum  from  propan-2-ol.

F ig . 6 . Spectrum  from  
propane-1,3-diol.

F ig . 7. Spectrum  from  
propargyl alcohol.

F ig . 8 . Spectrum  from  a lly l alcohol. .

is shown later that the coupling constants of Ĉ - and Cg-protons are very similar when 
there is no hydroxyl group on Ĉ .

Aliphatic alcohols of more complex structure, such as propan-l-ol, butan-l-ol, and



biilan-2-oI, gave spectra of great complexity which corresponded to the presence of at 
least two radicals in each case. Isobutyl alcohol also gave a complex spectrum, but it 
contained four lines of equal intensity, rather more intense than the remainder, consistent 
with the presence of (CH3)2CH-CH(OH)* in which (unequal) coupling occurs with the 
Cj- and Cg-protons.

{b) Dihydric and -poJyhydric alcohols. Propane-1,3-diol gave two triplets (Fig. 6), 
compatible with a radical 'Cl^OFIj'CHg'CHvOIL Pinacol gave a triplet, and penta- 
erytiiritol a doublet, corresponding to •CHg-CMe(OH)'CMeg'OH and •CH(0H)-C(CHg-0H)3, 
respectively.

The two a[3-diols, glycol and propane-1,2-diol, behaved differently: each gave a triplet, 
similar to that from methanol, superimposed on rather ill-defined lines. It is possible 
that the initially formed radicals undergo further reaction, including C-C bond cleavage, 
and that the observed radical in each case is ‘CPIg'OH, for formaldehyde is one of the 
products of the oxidation of glycol by Fenton’s reagent.

(c) Unsaiuratcd alcohols. The two unsaturated alcohols examined behaved differently 
from each other. Propargyl alcohol gave four doublets (Fig. 7) (coupling constants: 
18-5, 10-2, and T2 gauss), consistent with the resonance-stabilised radical CH=C*CH(OH)* 

'CH=C=CH*OH in which the principal coupling occurs with the two protons on carbon 
and the smallest coupling arises from the proton on oxygen.

Allyl alcohol gave a spectrum consisting of a sextet on which was superimposed a weaker 
quartet (Fig. 8). Neither spectrum corresponds to the radical •CH(OH)-CH=CHg which 
would be formed by abstraction of hydrogen, but they are compatible with the products 
(1) and (11), respectively, of the addition of "OH to the double bond. The former contains

C H ,-C H -C H 2  -CHj-C H — CH j

I  '  I  I I
OH OH OH OH

(I) (II)

five protons, and the latter three, which are expected (by analogy with the coupling 
constants for Ĉ - and Cg-protons in similar environments; see Table 1) to give the same 
coupling and hence a sextet and a quartet, respectively.

The greater concentration of radical (1) than (II) is in accordance with the finding 
that, in an olefin CHg=CHX, the methylene group is normally more reactive than the 
substituted carbon atom towards free-radical addition.

{d) Phenol and qumol. Phenol gave the phenoxyl r a d i c a l ( c o u p l i n g  constants: 
o-H 6 4; m-H T7; 9-7 gauss), and quinol gave the semiquinone radical (coupling

T a b l e  1.

Coupling con stan ts of radicals.
Coupling constants (gauss) 

Alcohol Type of spectrum - C ,-H  C ,-H  C^-H
CHg-OH

(CH,)zCH"OH

(CH;),C"OH Three (1 : 2 ; 1 ) septets (1 : 6 : 1 5 : 2 0 :  15; G;  1) 21 3 1 3
(CHJgCH-CHg'OH

(CHz'OH);
HO"CH(CH,)"CH:"OH 

[C(CH,)2-0H]:
C(C H n-O H ),
CHjXH-CHj-OH

* This result is approximate because the com plexity of the spectrum made it difficult to determine 
the centres of the peaks.

Type of spectrum - C,-H. C,-H
Triplet ( 1 : 2 : 1 ) 17-2
Two (1 : 1) quartets (1 : 3 : 3 : 1) 15 0 2 2 - 0

Septet ( 1  : 6  : 15 : 20 : 15 : 6  : 1) 2 0 - 0

and weak quartet (1 : 3 : 3 : 1) 2 2  0 2 2 - 0

Three ( 1 : 2 : 1 )  septets (1 : 6  : 15 : 20 : 15 : G ; 1) 21 3
Quartet (1 : 1 : 1 : 1) 12 7 2 0 - 0

2 0  0

Triplet ( 1 : 2 : 1 ) 18-4
Triplet ( 1 : 2 : 1 ) (19 5) *
Two (1 : 1) triplets (1 : 2 ; 1) 16-0 19-0
Triplet ( 1 : 2 : 1 ) 22-4
Doublet (1:1) 16-3
Sextet (1 : 5 : 10 : 10 : 5 : 1) 20-5 20-5

and quartet (1 : 3 : 3 : 1) 2 1 - 0 2 1 - 0



T a b l e  2.

su b stitu en ts on th e  coupling constan ts of C^-protons.

Substituents Source
Coupling
constant

R R' (gauss)
H (CH,),CH-OH 2 2 - 0

H -C(CH,),-OH (CH,),C-OH 21 3
II -C(CH,)(OII)-C(CH,):-OH 22 4
II -C H (O H )-C II/O H CH;:CH CH;-OH 21 0
-CHz'OH 20 5

If C H /O H 17-2
-C H , CHyCH.'OH 15 0

(CH,)Xl-I-CHj-OH 12-7
HO-[CH,lyOH 16-0

16-3

The effective abstraction of hydrogen from OH rather than from

Proton environment 

•CHRR'

•CHR-OH

constant 2-4 gauss).
CH is here favoured by the resonance stabilisation in the radicals formed.

Coupling Constants.—The coupling constants obtained for the radicals formed by 
abstraction of hydrogen are set out in Table 1. The probable error in the data is 5%.

The coupling produced by a C^-proton is influenced by the environment, as is apparent 
from examination of the data in Table 2.

Substitution of the hydroxyl group for hydrogen at the Ci-carbon appreciably reduces 
the coupling constant of the C^-proton; the values of -CHg’OH and -CHg are 17 2 and 22 
gauss, respectively. This may arise from reduction in the spin density on carbon due to 
the mesomeric effect of oxygen {e.g., «CHg'OH -< >■ "CHg"+0H).* The resulting stabilis
ation of the radical may underlie the greater ease of abstraction of hydrogen from a- 
than from (3-carbon. Comparison of the coupling constants for the C^-protons in methanol 
(17 2 gauss) and ethanol (15 0 gauss) shows that there is a small reduction when hydrogen 
is replaced by methyl.

The coupling constants of Cg-protons are hardly altered by the substitution of hydroxyl 
for hydrogen at the C^-carbon; the small variations are probably within experimental 
error. Comparison of the coupling constants for the C^-protons in pinacol and t-butyl 
alcohol with those of Cg-protons shows that the coupling of a Cg-proton is approximately 
equal to that of a C^-proton when there is no hydroxyl group on the C^-carbon. As 
discussed earlier, this supports the assignments made for the quartet from propan-2-ol 
and the sextet and quartet from allyl alcohol.

Conchisions.—The following conclusions are drawn:
{a) The hydroxyl radical abstracts a hydrogen atom from aliphatic alcohols, a-CH 

being rather more reactive than (3-CH.
(b) Unsaturated alcohols may undergo either addition or abstraction, depending on 

their structure.
(c) The unpaired electron in the resulting radical is strongly coupled with both Ĉ - 

and Cg-protons, the extent of coupling being dependent on the nature of the adjacent 
groups.^

(d) Coupling with Cg-protons was observed in only one case, that of t-butyl alcohol. 
[This is unlikely to be exceptional, for we have also observed such coupling in the spectrum 
of 'CH(CH3)'0 'CHg'CHg, derived from ether.]

{e) Coupling with a proton on oxygen is normally too weak to be observed. There 
are indications of its occurrence in the spectrum from methanol, and that from propargyl 
alcohol has been interpreted in these terms.

E x p e r im e n t a l

A V arian (100 kc. sec .“ )̂ V 4500 electron sp in  resonance spectrom eter w as used. T he flow  
sy stem  (Fig. 9) consisted  of tw o  concentric tub es carrying th e  reactan t solutions, th e  inner one

* We are indebted to a referee for this suggestion.



havin g  four sm all holes a t its  end through w hich th e  inner solution  w as forced in to  th e  outer  
one, perpendicularly to  the direction of flow. T he dead-space w as about 0-1 m l. and the  
m axim um  flow-ratc w as 5 ml. sec .“ .̂ In  th is w ay the reacting m ixture entered the fla tten ed  
section  of an aqueous solution  cell in the spectrom eter w ith in  0 - 0 2  sec. of m ixing.

F l a t t e n e d  
a q u e o u s  cell  

( 6  XI xO'Icm. )̂ • Cavi ty

/ \
—  S o l u t i o n  I

'— ' S o l u t i o n  2

F ig . 9. F low  system .

T he spectrum  of th e  hy d ro x y l radical w as observed as follow s. One reactan t so lu tion  
conta ined  15% titan ou s chloride so lu tion  (B .D .H ; iron-free) (20 m l.) and concentrated  sulphuric  
acid (14 m l.) in w ater (2 1.), and th e  second conta ined  100-vol. hydrogen peroxide ( 6  m l.) and  
concen trated  sulphuric acid (14 m l.) in  w ater ( 2  1.). T he spectrum  w as scanned a t least tw ice  
during th e  passage of 4 1. of so lu tion  through th e  ca v ity .

O rganic radicals w ere observed b y  adding th e  appropriate a lcohol to  each of th e  reactants  
to  m ake the so lu tio n s ~ m / 1 0  w ith  respect to  th e  alcohol.

One experim en t w as carried o u t w ith  a so lu tion  satu rated  w ith  t-b u ty l hydroperoxide. 
In  other experim en ts th e  concen tration  of either tita n o u s chloride or hydrogen peroxide w as  
varied w h ile  th a t of th e  other reactan t w as k ep t constan t. T he flow -rate could be reduced  
b y  m eans of an adju stab le  c lip  on th e  e x it  side of th e  ca v ity .

E x p erim en ts w ere also carried o u t w ith  eerie su lp hate (0 3 g ./l.) in  N-sulphuric acid as one  
reactant, and hydrogen  peroxide ( 1 0  m l./I. ; 1 0 0 -vol.) and satu rated  so lu tion s o f t-b u ty l
hydroperoxide and cu m yl hydroperoxide, in  N-sulphuric acid , su ccessive ly , as th e  second  
reactant.

One of u s (W. T. D .) than ks th e  D .S .I .R . for a m aintenance grant.
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701. Electron Spin Resonance Studies of Oxidation. Part 11.̂  
Aliphatic Acids and Substituted Acids. '

By W. T. D ixox, R. 0 . C. N o r m a n , and (in part) A. L. B u l e y .

T he electron  sp in  resonance spectra  of th e  radicals form ed b y  the reaction  
o f th e  hy d ro x y l radical, generated from titan ou s ion and hydrogen peroxide  
in acid solution , w ith  a lip hatic  acids, a-chloro-acids, a -hydroxy-acids, 
a,3-unsaturated acids, and a num ber of o ther a lip hatic  com pounds are re
ported. C onclusions are draw n abou t th e  courses o f the reactions; 
th e  a c tiv a tin g  or d eactiv a tin g  effects of su b stitu en ts on th e  ease of 
abstraction , b y  *0H , of hydrogen  from  C.-H; stab ilising  influences in th e  
radicals so form ed; and th e  variation  in the coup ling  co n stan ts of protons in  
different environm ents. P articu lar a tten tio n  is g iven  to  th e  dependence of 
th e  coupling of Co-protons on th e  conform ation of the radicals.

W e have shown previously that the electron spin resonance (e.s.r.) spectra of short-lived 
organic radicals can be observed by mixing acidified solutions of titanous ion and hydrogen 
peroxide, in the presence of organic compounds, immediately before they flow into an 
aqueous cell in the cavity of the spectrometer.^ Evidence was presented that the primary 
reaction is the one-electron reduction of the peroxide by titanous ion to give the hydroxyl 
radical, which then reacts with the organic compound. Attention was confined in Part I 
to the reactions of aliphatic alcohols, arid it was-shown that the technique both enables 
conclusions to be drawn about the mode of reaction of organic compounds with the 
hydroxyl radical and makes possible a systematic investigation of the variation in the 
magnitude of the coupling constants of protons in different environments with the un
paired electron in the radical. In the latter context the advantage of studying these 
radicals in solution instead of by solid-state techniques was stressed.

We now report results for a number of other aliphatic compounds, with particular 
reference to acids, a-chloro-acids, a-hydroxy-acids, and unsaturated acids. The data 
obtained for these compounds, together with the radicals to which the spectra are assigned, 
are set out in Table 1. Some of the more interesting spectra are reproduced in Figs. 
1—6. 1

Abstraction from  Saturated Compounds.— (a) Acids. Whereas the presence of an alcohol 
in approximately O-lM-concentration caused the complete disappearance of the signal 
ascribed to *0H, a similar concentration of acetic acid made little difference to this spec
trum. When the concentration of acid was increased, however, the amplitude of the singlet 
decreased and there appeared with increasing intensity a spectrum consisting of a triplet 
together with a weaker quartet (Fig. 1). , Finally, at a concentration of acetic acid 
>2m, the singlet was entirely eliminated.

The triplet (coupling constant, 2T8 c) is ascribed to "CHo-CO^H, for which coupling 
constants of 21  ̂ and 20 4 g  ̂have been reported previously. The quartet is the spectrum 
characteristic of the methyl radical,^ and it is concluded that methyl radicals are formed 
by the abstraction of a hydrogen atom from the carboxyl group of acetic acid, followed by 
decarboxylation  ̂of the acetoxy-radical :

CHa'COgH +  "O H  C H y C (= 0 )0 -  +  H .,0 . , ' (I)
C H a -C (= 0 )0  -C H a'+ CO %  (2)

There was no indication of a spectrum which could be attributed to the acetoxy-radical 
(which should appear either as a singlet or as a quartet of much narrower splitting than 
the spectrum of -CHg), and this is consistent with the view that reactions (1) and (2) are 
essentially simultaneous.® -
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F ig . 1. Spectrum  from  acetic  acid.

yn
F ig . 2. Spectrum  from  chloroacetic  acid.

'V \ j
-V

F ig . 4. Spectrum  from  lactic  acid.

F ig . 3. Spectrum  from  chloral hyd rate .

F ig . 5. Spectrum  from  d ie th y l ether.

F ig . 6 , Spectrum  from  cy clo b u ta n e-1 ,1-d icarboxylie  acid.

( 7 0 1 )



Malonic acid was less reactive than acetic acid, but at concentrations > 2 m the signal 
due to "OH was eliminated and the spectrum consisted of a triplet (1 :2 :  1) whose coupling 
constant was the same, within experimental error, as that of the triplet derived from acetic 
acid which was assigned to "CHg-COgH. It is therefore probable that this same radical 
was present, formed analogously to the methyl radical from acetic acid:

•OH
CO%H-CHa"CO,H C O ^ H -C H .-C O / CO^H CH,- +  C O , (3)

The "OH singlet was eliminated by a smaller concentration of propionic acid than was 
required by acetic acid. The spectrum obtained was too complex for complete analysis, 
but its strongest lines constituted a triplet of triplets, and this spectrum may be assigned 
with reasonable confidence to "CHo-CH -̂COoH, formed by abstraction of a p-hydrogen 
atom. As expected, this spectrum differs from that of the isomeric radical, "CH(CH3)-C0^H, 
obtained by y-irradiation of a single crystal of L-alanine.^

Pivalic acid in OTm concentration caused the complete replacement of the "OH signal 
and the appearance of an intense spectrum which consisted of a triplet of septets similar to 
that obtained from t-butyl alcohol.^ This is ascribed to •CHo-C(CH3)2-COoH and represents 
another example of the occurrence of weak splitting by Cg-protons.^

Formic acid gave a singlet of width about 2 G (cf. ref. 7) situated about 5 g  upheld from 
the "OH singlet. This may be the spectrum of either H"C02" or "COgH.

(b) oL-Chloro-acids. Chloroacetic acid was more reactive than acetic acid and only 
a 0-2.M solution was n e c essa ry  for complete replacement of the "OH signal. , The resulting 
spectrum (Fig. 2), near g =  2, consisted of two quartets, each line being of the same 
intensity, indicative of coupling with °̂C1 and '̂Cl nuclei in the radical "CHChCOgH.

Dichloroacetic acid was much less reactive and the "OH signal was not eliminated even 
at molar concentration. The resulting spectrum, similar to that obtained from chloral 
hydrate (Fig. 3) but less intense and partly obscured by the residual "OH singlet, was a 
septet of pattern approximately 1 : 2 : 3 : 4 : 3 : 2 : 1, as expected for "CClg-COoH.

a-Chloropropionic acid gave a comparatively simple spectrum consisting of a basic 
quartet each of whose lines was resolved into four. This is attributed to "CC^CHg) COgH, 
and shows that «-abstraction is dominant over fi-abstraction. The origin of some less 
intense lines was not clear, but by analogy with propionic acid some abstraction from the 
(3-position would be expected.

{(■) cc-Hydroxy-acids. The a-hydroxy-acids examined were all more reactive than the 
corresponding unsubstituted acids and 0-1m solutions were sufficient to cause the complete 
disappearance of the "OH signal. The spectra given by lactic acid (Fig. 4) and malic 
acid are assigned to the radicals "C(0 H)(CH.3)-C02H and "C(0 H)(CH2-C02H)-C02H, re
spectively, which are produced on the abstraction of «-hydrogen atoms; these results 
indicate that the hydroxyl group activates the adjacent C-H bond towards reaction with 
•OH, as suggested previously,^ and as expected by analogy with the products formed by 
«-hydroxy-acids with Fenton's reagent which behaves similarly to the titanous-peroxide 
system.* ■ i ; . ,

Two features of the spectra derived from a-hydroxy-acids are of particular interest. 
First, the narrow doublet splitting of each line {e.g., Fig. 4) shows that there is weak 
coupling between the unpaired electron and the proton of the hydroxyl group, as has 
previously been observed in the spectrum of "CH(OH) COgH, derived from the y-irradiation 
of a single crystal of glycollic acid.^“ We did not observe such coupling in the spectra 
from alcohols with the exception of propargyl alcohol, although in the case of the triplet 
from methanol each line was apparently an incompletely resolved doublet,^ and the present

* It has f^een shown that the two systems behave similarly in the hydroxylation of benzenoid 
compounds.* Although free radicals are not detectable when titanous ion is replaced by ferrous ion in 
the strongly acidic conditions used in the present work and previously,^ they are detectable with buffered 
solutions ca. pH 6  in the presence of EDTA.®



results prompted a re-examinatinn of some of the alcohols. The lines in the spectrum 
from methanol were eventually resolved into narrowly spaced doublets (coupling constant, 
1 g), but those from the other alcohols could not be resolved further.

Secondly, the coupling constants of Cg-protons vary in a dramatic manner with the 
nature of the substituents on this carbon atom, as shown by the following series:

HO ^  H O ^ .  ^  HO * / 0 H
^ C - C H j  ^ C - C H ^ - C O ^ H  ^ C - C H

HOjC HOjC HOgC '^CO^H

(I) ' (II) (III)

*  Coupling constant (gauss) (I) 17-1 ; (II) 10-1 ; (III) 3-9.

The implications of these results are discussed below.
Finally, the spectrum from malic acid contained a weak signal whose lines were suffici

ently displaced from those of the main spectrum for two doublets to be discerned. This 
pattern is the same as that obtained from maleic and fumaric acids and is probably there
fore due to the same radical (IV), formed in this case by abstraction of a |3-hydrogen atom.

(d) Unsaiuratcd acids. Acrylic acid gave a complex spectrum with misshapen lines 
which appeared to result from the overlapping of several absorptions. It is probable that 
polymerisation occurred and that the observed spectrum was due to a mixture of a number 
of the resulting radicals.

DIaleic acid and fumaric acid behaved similarly, giving the same spectrum of two 
doublets, assigned to the adduct (IV) of the hydroxyl radical and the double bond. Addi
tion has been observed previously with allyl alcohol.^

H \ .  / O H  / O H
C —  CH C —  CH

HOiC ĈO%H ’ H3C ^COgH

Crotonic acid behaved similarly in that the main spectrum consisted of four quartets, 
as expected for (V). Other, less intense lines were present, possibly due to radicals formed 
by the addition of 'OH to the other end of the double bond or by the abstraction of hydrogen 
from the methyl group.

{e) Other acids. The following acids gave spectra which could not be analysed because 
of their complexity: butyric, isobutyric, succinic and citric. Bromo-, dibromo-, trichloro-, 
iodo-, and cyano-acetic acids and glycine did not react perceptibly under the conditions 
employed.

The Reactivity o f C~H Bonds.—The results above show that acids are considerably 
less reactive than alcohols towards 'OH; that two carboxyl groups have a greater deactiv
ating influence than one; and that abstraction of hydrogen occurs preferentially at the 
carbon atom furthest from carboxyl [e.g., in propionic acid). On the other hand, a-hydroxy- 
acids are more reactive than their unsubstituted analogues and abstraction occurs pre
ferentially from the a-carbon atom.

These facts are consistent with the view which has been expressed previously that the 
hydroxyl radical has electrophilic c h a r a c t e r .W i t h  acids, the —I  effect of the carboxyl 
group deactivates each C-H bond towards attack by the electrophilic radical, the extent 
of deactivation decreasing as the C-H bond is further removed from carboxyl. In this 
respect, the results parallel those observed in the free-radical chlorination of aliphatic 
acids by the electrophilic chlorine atom: for example, propionic acid is more readily 
substituted at the |3- than at the a - c a r b o n . With a-hydroxy-acids, however, the more 
powerful deactivating effect of carboxyl at the a- than at the p-carbon is evidently more 
than offset by the mesomeric effect of the hydroxy lie oxygen, which serves to lower the



- C - O H

energy of the transition state for abstraction from the a-position, as expressed by the con
tribution of the canonical structures (VI) and (VII) :
Transition state;

COgH COgH "  COgH COgH
14- I + . 1

- C - O H  •<— >• - C  — OH - C  =  OH
I -¥

H- H H'
• OH O H " O H " O H “

(VI) (V II)

Chloroacetic acid reacted more readily than acetic acid and this implies a stabilising 
effect by chlorine in the transition state analogous to that by oxygen. The lack of re
activity of bromoacetic acid and iodoacetic acid may derive from the smaller -f  effects 
of these substituents, while the lower reactivity of dichloroacetic acid than of chloroacetic 
acid may be the result either of steric hindrance or of the combined effect of two —I  
substituents outweighing the -\-M  effect.

To examine further the electrophilic behaviour of *0H, the reactions of a number of 
ethers, amines, aldehydes, and ketones were studied. The results for those compounds 
which gave spectra that could be analysed are recorded in Table 2.

First, to confirm that the activating power of the hydroxyl group in the abstraction 
of hydrogen by -OH lies in the hydroxyl group itself and not in the oxyanion group (which 
should scarcely be present in significant concentration in the strongly acid condition), we 
examined three ethers. Diethyl ether gave a spectrum (Fig. .5) very similar to that from 
ethanol save that each line was split into a triplet. This spectrum is therefore un
ambiguously a.ssigned to *CH(0Et)-CH3 in which coupling occurs with one Cg-proton, the 
three Cg-protons, and the two protons on the methylene group. This last splitting (by 
Cg-protons) is similar to that observed in the spectrum from pivalic acid. Di-isopropyl 
ether behaved analogously to isopropyl alcohol in that the main spectrum was a septet 
ascribed to the radical formed by abstraction from the a-carbon, each line being an 
incompletely resolved doublet due to small coupling with the Cg-proton, while a weak 
quartet also present was ascribed to the radical formed by abstraction from the p-carbon. 
Ethylene glycol dimethyl ether gave a spectrum of which the most intense lines formed a 
triplet of triplets and can be assigned to -CHg-OqCHglg-O CHg, Cg-protons again being 
observed. The less intense lines could not be satisfactorily analysed, but may be the 
spectrum of CHg 0  CH CHg O CHg.

Thus, ethers behave similarly to alcohols both in their general reactivity towards the 
hydroxyl radical and in the fact that, as shown by diethyl ether, abstraction occurs pre
ferentially from the carbon that bears the oxygen substituent.

Ammonia, methylamine, triethylamine, and pyridine had no effect on the 'OH signal, 
even when they were present in concentrations greater than molar. Since these com
pounds are essentially completely protonated in the acid conditions used, their lack of 
reactivity is evidently the result of the strong —I  effect of the positive pole. n-Propyl- 
amine was the simplest aliphatic amine from which abstraction of hydrogen occurred. 
It gave a spectrum which can reasonably be assigned to 'CHg-CHg-CHg-NHa^, resulting from 
abstraction from the carbon furthest from the protonated amino-group.

Ethanolamine was much more reactive than unsubstituted amines. Its spectrum, 
assigned to 'CH(OH)-CHg-NHg, gave clear evidence of the occurrence of coupling with 
nitrogen, and there was an indication of further splitting of magnitude about 1 G from the 
proton on the hydrogen group. Diethanolamine behaved analogously, except that there 
was no indication of coupling with the hydroxyl proton. Both these compounds 
evidently owe their reactivity towards 'OH to the presence of the hydroxyl substituent. .

Hydrazine gave a spectrum of nine equally spaced lines (splitting, 11-5 g) whose
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relative intensities were close to 1 ; G ; 17 : 30 : 36 : 30 ; 17 : 6 : 1. This is similar to the 
spectrum of the radical-cation , obtained by the oxidation of hydrazine with eerie
ion, except that the nine lines could not be resolved into the narrowly split groups pre
viously observed I ̂  This radical is isoelectronic with the radical-anion CgH.p, having an 
unpaired electron in the antibonding --orlutal, and this may underlie the greater reactivity 
of hydrazine than of amines, but it is not clear whether the radical is formed by the 
aI)straction of a hydrogen atom from the conjugate acid of hydrazine or by the removal of 
an electron, by 'Oil, from hydrazine itself.

By analogy with acids, ketones would be expected to be less reactive than alcohols 
because of the —I  effect of carbonyl. This proved to be so, for acetone was required in 
0 6 M concentration in order to eliminate the O H  signal completely; the resulting spectrum 
was a triplet, each of whose lines was an incompletely resolved quartet, and it is ascribed 
to "CHg CO CHg. Diethyl ketone gave a complex spectrum from which nine lines forming 
three triydets could be picked out with reasonal)le certainty. This spectrum may be 
assigned tentatively to •CHg-CHo-CO'Et, corresponding to the result for propionic acid.

The three aldehydes investigated behaved in an unexpected manner. Formaldehyde 
and acetaldchyde. each carefully purified so as to be free of the corresponding alcohols, 
gave spectra which were identical to those derived from methanol and ethanol, respec
tively,^ the spectrum from acetaldehyde containing in addition some weaker lines which 
could not be analysed. No signals were obtained when the reactions were carried out 
in the absence of hydrogen peroxide, so that one-electron reduction of the carbonyl groups 
by titanous ion cannot be responsible for the generation of the radicals. The mechanism 
of formation of these free-radical reduction products has been discussed separately.^"*

Chloral hydrate gave a spectrum (Fig. 3) with a pattern characteristic of coupling 
with two chlorine nuclei; there was no indication of coupling with protons. The pattern 
and cou]iling constant arc identical to those obtained from dichloroacetic acid, and 
"CClg COJl is the simplest radical which could give rise to the observed spectrum. The 
formation of this radical requires that chlorine be lost from the organic compound, and. 
consistently with this, both chloride ion and chlorine were detected in the reaction products. 
W'e suggest that this radical results from reaction (4), in which the second step may be 
regarded as an intramolecular analogue of the intermolecular electron-transfers observed 
previously.*'*

•OH
C C I.,-C H (O H )a > -  C C I ,-C (O H ):-------> -  C C U -C O ,H  4 - HCl (4)

Finally, two other compounds with strongly electron-attracting substituents attached 
to methyl were examined. Nitromethane had no discernible effect on the -OH signal, 
but dimethyl sulphoxide, although comparatively unreactive, gave a quartet identical 
with that of the methyl radical.* This radical may arise from addition of *0H to the 
sulplioxide group and subsequent cleavage of a C~S bond.

Coiipiiiig Constants.— [a) C.^-Profons. Inspection of the data in Tables 1 and 2 shows 
that the substitution of any one of the groups examined for a hydrogen atom in -CHg or 
"CHgX reduces the coupling constant of the Cj-proton(s). This is indicative of the 
reduction of the spin density at the carbon which bears the unpaired electron, and the 
effectiveness with which different substituents produce this result can be summarised as 
follows:

OAlk >  OH >  ):C 0 -  Cl >  COgH >  Aik >  H

It is notable that both carbonyl and carboxyl groups diminish the ease of abstraction 
of hydrogen from the adjacent carbon relative to that from a distant C-H group, and yet 
both are able to délocalisé the unpaired electron, as e\udenced by the relative values of the 
coupling constants for 'CHg, •CHg'CO-Me, and ‘CFIyCCoH. These two statements are not, 
however, inconsistent, and moreover they have a close parallel: chlorine and bromine



atoms abstract hydrogen from the methyl group of />-nitrotoluene less ra]jidly than from 
toluene,*^ although the unpaired electron should be fui'tlier delocalised in the /i-nitro- 
benzyl radical than in the benzyl radical. The factors which influence the stabilisation 
of one radical relative to another do not necessarily have the same relative inlhience on the 
transition states which precede tliose radicals. In the case of abstraction frcjm C~H 
both by chlorine and bromine atoms and by the hydroxyl radical, in each (d wliich the 
uii[)aired electron is associated with a strongly electronegative at<jm, clectrcm-attracting 
groups in the \ icinit)' of the O H  bond can decrease tlie stability of the transition state, 
and hence the rate of abstraction,*^ while nevertheless stabilising by d(;localisation tire 
radical formed.

(b) Ç.,-Protons. Exceptionally large \arriations were noted in the magnitude of the 
coupling with C._>-protons in the radicals (I), (II), and (III), deri\'cd fr'onr lactic acid, malic 
acid, and tartaric acid. Couirling with (E-])rotons has been attrilruted to a hyirei'conjuga- 
tive mechanism, and its magnitude should be dependent on the dihedral angle, 0, between 
the C.1-H  bond and the which contains the unpaired electron, being minimal
wlicn the Cg-H bond lies in the nodal plane of this />-orbital (0 =  90'̂ ), maximal when 
0 =  0 ^ ,  and in general pr'oportional to cos  ̂0.**’ In (I) the average value of cos  ̂0 is 0 - 5 ,  but 
in (II) and (III) the other substituents on the Cg-carbon should give rise to certain pre
ferred conformations as a result of rotation about the C -̂Cg bond. The lower values for 
the Co-coupling constants in these instances are, then, consistent with the average values 
of cos- 0 being less than 0-5.

Detailed examination of the ht jrothesis that the magnitude of C.rcnupling follows a 
cos- 0 relation>hii) recjuires the study of radicals in which the value of Ü is known. As an 
initial approach to this juoblem we have investigated the reaction of cyclobutane-l,l-di- 
carboxylic acid with tire titanous-peroxide system. This gave a spectrum (Fig. G) 
which is apparently due to a mixture of the radicals (VTII) and (IX), the former giving two 
quintets, each of whose three centre lines o\’crlaps with the lines of the two triplets given 
bv the latter.

CO.H

CO,H

COiH

COiH

(vni)

The salient feature of this spectrum in the present context is that, while the extent of 
coupling with the C-i-proton is of the usual order of magnitude for such structural environ
ments (21-5 G in each case), the coupling constants for the four C^-protons in structure 
(VIII) and the two C.,-protons in structure (IX), 37-0 and 38-5 g, respectively, arc consider
ably larger than those in radicals of similar structure but in which there is essentially free 
rotation about the C -̂Ĉ  bond {e.g., •CH^’CI-L-COoH; see Tables 1 and 2). The cyclo- 
butane ring is slightly buckled from the planar configuration,*'’ but it is reasonable to assume 
for the present purposes that the radicals (VIII) and (IX) have planar carbon rings, par
ticularly since some of the eclipsing interactions which lead to buckling in cyclobutane 
itself should be absent in the two radicals because the C^-proton and the C.>-substituents 
are now in the staggered conformation. Thus, 0 is approximately 30°, giving a ratio for 
co s-0 for (VTII) or (IX) to cos  ̂0 (average) for a freely rotating system of 15. This is 
close to the ratios of the coupling constants for the C^-protons in (VTII) and (IX) to that 
of the C._j-proton in -CHyCHyCO^H (1-39 and 1-45, respectively).

Ass{g)i>nents o f Coupling Constants.—Some of the coupling constants reported in 
Tables 1 and 2 which could not be unambiguously assigned earlier to specific protons may 
be assigned on the basis of the above discussion. The larger of the two doublet splittings 
in the spectra of the radicals formed by addition to maleic (or fumaric) acid and crotonic



acid arc of the order usually found for C^-protons and are assigned as such, while the smaller 
value in each case is evidently due to the Cg-proton, and its magnitude is governed by the 
conformational situation. Similarly, the smaller of the two values for propionic acid, 
n-}>ropylamine, and diethyl ketone is assigned to the C^-protons and the larger to the 
Cg-protons

E x p e r im e n t a l

TJie spectrom eter, the flow system , and the procedure fur carrying o u t the reactions have  
been describcdd Tlie sta b ility  and reproducib ility  were cliecked period ically  by  exam in in g  
th e  spectrum  of an alkaline so lu tion  of potassium  n itrosodisu lphon ate in a sta tic  sy stem  and, 
more frecpiently, by exam in in g  the spectrum  from m ethanol in the flow system . In th is w ay  
coupling con stan ts could be m easured to w ith in  ± 0 -3  G.
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934. Electron Spin Rcso7iance Studies of Oxidation. Tart 
So7ue Alicyclic Compounds.

By W. T. D ix o n  and R. O. C. N o r m a n .

T he electron  sp in  resonance spectra  of th e  radicals form ed b y  th e  abstrac
tio n  of a  hydrogen  atom  from  certain  a licyc lic  com pounds conta in ing  five- 
and six-m cm bercd  rings are reported. Support is ob ta ined  for the v iew  th at  
th e  coupling betw een th e  unpaired e lectron  and a C^-proton * is depend en t 
on the angle b etw een  the C j-H  bond and the sing ly  occupied  p -orb ita l. T he  
resu lts for th e  six-m cm bercd  com pounds w hich  have been exam in ed  are 
satisfactorily  interpreted  on th e  basis th a t  th e  radicals undergo chair-chair  
in terconversion  a t a rate w h ich  is com parable w ith  th e  difference in  fre
quencies of the couplings o f th e  a x ia l and equatorial C^-protons.

I n  two previous Papers we described and discussed the electron spin resonance (e.s.r.) 
spectra of free radicals derived from the reaction of the hydroxyl radical with aliphatic 
compounds.^’2 \Ve now first report the spectra of the radicals obtained in a similar manner 
from a number of five- and six-membered alicyclic compounds and then show that the 
results can be interpreted in terms of two premises. The first is that the coupling between 
Cg-protons and the unpaired electron is angular-dependent, and the second is that the 
six-membered cyclic radicals which we have studied undergo very rapid chair-chair 
interconversion.

Description o f the Spectra.— [a] Five-membered rings. Cyclopentylamine gave a 
spectrum consisting of four quartets, each having lines of relative intensities 1 : 3 ;3  : I. 
This indicates coupling between the unpaired electron and three equivalent protons 
[an =  36-7 gauss) and two non-equivalent protons («h =  33 4 and 22-0 gauss). Our 
assignments of this spectrum to the radical (I) and of the coupling constants as shown are 
made on the following grounds.

\ ______  + Coupling constant
/C u sX  NHj Proton (gauss)

HI 22-0
H=, H \  H* 36 7

(I)
33-4

First, since the amine is essentially completely protonated in the strongly acid con
ditions used and the hydroxyl radical is known to have electrophilic character,^ abstraction 
of hydrogen should occur with least difficulty from the carbon atom furthest from the amine 
group, to give (I) (cf. the lack of reactivity of methylamine towards *0H, and the formation 
of •CHyCHg’CHo'NH’a'̂  from n-propylamine )̂. Secondly, the smaller of the doublet 
splittings is closely similar in magnitude to the values for Cj-protons in similar environ
ments  ̂ and is therefore assigned to H .̂ The triplet and the second doublet splitting 
remain to be assigned to the four Cg-protons. Of these four, is in a slightly different 
environment from the remainder in that it is approximately in an eclipsed conformation 
with respect to the ammonio-ion on the adjacent carbon atom j  and may reasonably be 
expected to couple to a different extent from the remaining three, possibly as the result of 
an electronic interaction with the nitrogen pole. Moreover, an analogy to this argument 
exists in the results for the radicals derived from cyclobutane-1,1 -dicarboxylic acid: the

• I.e., a proton on a carbon atom adjacent to the atom which bears the unpaired electron. For 
nomenclature, see Part I.*

t  The various eclipsing interactions in (I) will presumably result in the ring’s being slightly buckled 
from the coplanar situation, as it  is in cyclopentane. Nevertheless, this m ust remain a close approxim
ation.



Co-proton coupling constants arc 1-5 gauss less in the radical in which these protons are 
eclipsed by carboxyl groups on the adjacent carbon than in the radical in which they are 
eclipsed by hydrogen atoms.^

Tctrahydrofuran gave a spectrum consisting of two triplets, each of which was split 
further into seven lines (1 ; 2 : 3 ; 4 ; 3 : 2 : 1), superimposed on some weak, ill-defined lines. 
This is attributed to the radical (II) on the following grounds.

Proton
HI
H, H» 
H'l, \ - \ n *

Coupling constant 
(gauss)

12-4 
28 2 
0 9 
1-8

(II) * The assignments for these two pairs 
are tentative; see text.

Abstraction from the «-position is to be expected by analogy with the results for 
acyclic etiiers.^ Further, tlie doublet splitting is about the same as that of the Q-proton 
in -CH(OEt)'CHg, derived from diethyl ether, whereas the radical formed by abstraction 
from the fi-position would be expected to give a C^-proton splitting of about 20 gauss.^ 
The triplet is therefore assigned to the two equivalent Cg-protons on the p-carbon atom. 
The narrowly spaced seven-line pattern is evidently the result of two further triplet 
splittings, one twice as great as the other. The coupling constants are of the usual order 
of magnitude for Cg-protons,^'- and the splittings are therefore ascribed to the two, 
remaining pairs of protons, each of which is in a Cg-position. It is not possible un
ambiguously to assign each splitting to a particular pair, but since there is evidence that 
an ethereal oxygen atom which is bonded to a carbon possessing an unpaired electron 
acquires a considerable spin density,^ it is probable that the larger of the two splittings is 
due to the Cg-protons next to oxygen, i.e., to H® and

Three other five-membered cyclic compounds were examined. Cyclopentanol and 
c}’clopentanonc gave highly complex spectra, which could not be analysed, evidently 
because abstraction of hydrogen occurs from at least two carbon atoms in each molecule. 
Pyrrolidine caused only a small reduction in the amplitude of the singlet ascribed to the 
hydroxyl radical, evidently because of the deactivating effect of the protonated amino- 
group, and the resulting weak spectrum from the organic compound could not be analysed 
with certainty.

F ig . 1. Spectrum  from  cyclo-  
hexanol.

F ig . 2. Spectrum  from  cyclohexylam in e.

(6) Six-membered rings. The spectrum from cyclohexanol (Fig. 1) contained three 
sharp central lines together with a number of other less intense lines. By analogy with 
the results for acyclic alcohols, the most reactive hydrogen in cyclohexanol (towards 
•OH) should be that on the a-carbon, but there is also a number of hydrogens in only 
slightly less reactive positions {e.g., four (3-hydrogens) so that more than one radical would 
be expected (cf. the spectrum from isopropyl alcohol which consists of a strong spectrum



of the radical formed by abstraction of the one a-hydrogen superimposed on a weak 
spectrum of the radical formed by abstraction of one of the six |3-hydrogens.^) The nature 
of this complex spectrum is discussed further below.

The spectrum from cyclohexylamine (Fig. 2) was basically similar to that from cyclo
hexanol cxcc])t that only two lines of much greater intensity than the remainder were 
present, er[iiidista.nt from the centre. Again, abstraction from more than one C-H bond 
would be expected, for while the C-H furthest from the protonated amino-group should be 
the most reactive position for attack, the radical obtained by abstraction from one of the 
two y-carbons should also be formed, by analogy with the result for cyclopentylamine.

Because of the difficulties in interpreting the spectra of mixtures of radicals, it was 
desirable to study the behaviour of a six-membered alicyclic compound which has only 
one type of C-H bond from which abstraction may occur and which is sufficiently water- 
soluble for application of the present experimental method. Dioxan was therefore chosen. 
It gave a spectrum (Fig. 3) consisting of four triplets together with two broad, unresolved 
lines each of which was at the centre of a pair of triplets. This is ascribed to the radical
(III) in which coupling occurs with the C^-proton (H^), the two Cg-protons (H ,̂ H^), and 
the two Cg-protons (H'h H^). The origin of the broad central lines and the magnitude of 
the coupling with the Cg-protons are discussed below.

Coupling constant 
Proton (gauss)

I I T 17-2
k  45-5*

H‘. HS 1-3

(III) * The combined value of the coupling 
constants of and H®; see Discussion.

Finally, piperidine gave a spectrum (Fig. 4) consisting of two triplets, each of approxim
ate relative intensities 1 ; 3-5 : 1. By analogy with the behaviour of other amines, the 
most probable radical to which this signal may be assigned is that which results from 
abstraction of hydrogen from the y-position. The doublet splitting, 2T9 gauss, is of the 
usual order of magnitude for Cj-protons in similar environments and is assigned as such, but 
the two triplets (splitting: 48-9 gauss) are not due to coupling \Hth two equivalent protons, 
for the relative intensities of the lines would then be 1 : 2 : 1. The nature of the spectral 
pattern is discussed below.

(b)

F ig . 3. Spectrum  from  d ioxan: (a) com plete  j
spectrum  ; (4) tr ip let (1 : 2  ; 1) structure o f ^ Spectrum  from  piperid ine.
each of th e  sharp resonances revealed  b y  ^  ̂ ^
slow er scan.

The Angidar Dependence o f C^-Proton Coupling Constants.— It has been argued that, 
if the hyperfine coupling of Cg-protons occurs solely by a hyperconjugative mechanism, it 
should be zero when the Cg~H bond lies in the nodal plane of the unpaired electron and 
maximal when it is in a plane perpendicular to the nodal plane, and in general it should 
be proportional to coŝ O, where 0 is the angle between projections of the 2^,--orbital of Cj 
and the Cg-H bond on a plane perpendicular to the Cj-Cg bond.^ Evidence for an 
angular dependence has recently accumulated from studies of acyclic systems at temper
atures low enough effectively to prevent rotation about carbon-carbon single bonds.^»  ̂
For example, above 200°K  the three Cg-protons in MeCH-COgH couple equivalently,



whereas below lO O ^ K  the complex spectra could be interpreted in terms of the non
equivalence of Cg-protons, this arising from differences in the value of 0 for each proton.® 
It is found that, although the simple relationship between Cg-coupling and 0 suggested above 
(rti£ DC cos“0) is fitted reasonably satisfactorily by the experimental data, closer agreement 
is obtained by elaboration of this relationship to the form.of equation (1),

=  By T  B  cos“0 (1)

where is between 3 and 4 gauss.
The magnitude of the Cg-coupling in the radicals derived from five-membered rings 

can be understood in these terms. The value of 0 for each Cg-proton is defined by the 
geometry of the ring, and although this is likely to be slightly distorted from coplanarity 
owing to eclipsing interactions, 0 sliould be close to 30'̂  and cos-0 close to | .  This is larger 
than the average value of cos-0 (1) in acyclic systems, and it follows that the coupling 
constants should be correspondingly greater for the five-membered radicals, as observed. 
We have previously interpreted the values for the radicals obtained from cyclobutane- 
1,1-dicarboxylic acid in this way.^

Further, quantitative comparison of the data for five-membered cyclic radicals with
those for acyclic radicals of otherwise similar structure enables equation (1) to be tested.
The procedure may be illustrated for the radical (I) obtained from cyclopentylamine which

+
may suitably be compared with (IV), derived from n-propylamined
First, account is taken of the fact that the spin densities at in (I) and (IV), as measured 
by the C^-proton splittings (22-0 and 22-5 gauss, respectively) are slightly different, and the 
Cg-coupling in (IV) (26-9 gauss) is therefore multiplied by the factor (22-0/22-5). Applic
ation of equation (1), with insertion of a value for Bg of 3-5 gauss, gives a value for B  of 
2(26-9 X 22-0/22-5 — 3-5) =  45-6 gauss, from which ihe predicted value for the Cg-coupling 
in (I), assuming a value for 6 of 30°, is given by:

=  3-5 +  45-6 (0-75) =  37-7 gauss (2)

This value is reasonably close to that (36-7 gauss) observed for the three Cg-protons in (I) 
which are thought not to be eclipsed by the protonated amino-group. Insertion of Bq =  0 
leads to B  — 52-6, and to a predicted value of 39-1 gauss, which is in less satisfactory 
agreement with experiment.

Application of the same procedure to the radicals formed from tetrahydrofuran, ( I I ) ,  
and diethyl ether (for which the Ĉ - and Cg-couplings are 14-3 and 22-6 gauss, respectively )̂ 
leads to predicted values for the Cg-coupling in ( I I )  of 27-7 and 29-4 gauss for Bq =  3 5 and 
0, respectively. Agreement with the experimental value (28-2 gauss) is good, and again 
slightly better for B„ =  3-5.

The results for the five-membered cyclic radicals are therefore consistent with the 
thesis that the magnitude of the coupling of Cg-protons is angular-dependent, and moreover 
acceptable agreement is obtained with the results predicted by equation (1). It appears 
that the value for B  ̂of 3-5 gauss is more satisfactory in this respect than B  ̂ =  0, but in 
view of the approximation that had necessarily to be made in the application of this 
equation to the five-membered radicals (that 0 =  30°), we do not suggest that the present 
results provide a wholly satisfactory test for finding the most appropriate value for B q.

Chair-Chair Inter conversions o f Six-membered Cyclic Radicals.— Cyclohexane and many 
of its derivatives exist predominantly in two chair conformations which are intercon
vertible. The rate of interconversion is reduced by lowering the temperature, and this 
gives rise to changes in the nuclear magnetic resonance spectrum. At temperatures down 
to —50° a single peak is observed which represents the average effect of the axial and 
equatorial protons, and on further cooling this peak shows progressive broadening until, 
at —70°, two distinct peaks, incompletely resolved, are observed, corresponding to the 
individual effects of the axial and equatorial protons.® The broad absorption is a result



of the lifetime uncertainty of a particular chair conformation and occurs when the rate 
of interconversion is comparable in magnitude with the difference in absorption frequencies 
due to the axial and equatorial protons.

The same principles apply to electron spin resonances. For example, the alternation 
in line-widths in the spectrum from a durenesemiquinone radical has been shown to be due 
to a rapid isomérisation between cis- and /r«ns-forms of the radical, and the theory has been 
described.® The nature of the electron spin resonance s])ectra derived from piperidine 
and dioxan can be understood in similar terms. The values of 6 for axial and equatorial 
Co-protons differ, and from the discussion in the previous section these protons would be 
expected to couple to different extents with the unpaired electron. If, then, the six- 
membered cyclic radical interconverts from one cliair into the other chair conformation 
at a rate comparable with the difference in couplings of the axial and equatorial protons, 
certain sharp and certain broad resonances should be observed in the spectrum.

Consider the radical (V) formed from piperidine. As a result of the interconversion of 
the chair conformation shown into the alternative chair conformation, the axial and equa

torial protons change places. If, in a given case, an axial proton changes places with an 
equatorial proton of the same spin, there is no change in the total spin interaction so far 
as this pair of protons is concerned, but if the exchanging protons are of different spin a 
change in the total spin interaction results. In general, for one spin orientation of the 
C^-proton, the situations shown in Table I can occur on interconversion.

T a b l e  1.
Spin orientations

in Chair I Total spin interaction in Difference in interaction
a . e. Chair I Chair II on interconversion Average

(1 ) + + 4- 4- 2 a +  2 e 2 a 4 - 2 e 0 2 a +  2 e
m - f + 4- — 2 a 2 e 2 a — 2 e a 4 - e
(3) 4- + — 4* 2 e 2 a — 2 a 4 “ 2 e a 4 - e
(4) + — 4- _L 2 a 2 e 2 a — 2 e a 4 - e
(5) — + 4- 4- 2 e 2 a — 2 a 4 * 2 e a 4 - e
(C) + + — — 0 0 0 0

(•?) _L — + — 2 a -  2 e — 2 a 4 - 2 e 4a — 4e 0

(8 ) •T — — 4- 0 0 -. 0 0

(9) — 4- 4- — 0 0 0 0

(1 0 ) — 4- — 4- — 2 a -p 2 e 2 a — 2 e — 4a 4- 4e 0

( 1 1 ) — — 4- 4- 0 0 0 0

(1 2 ) + — — — — 2 e . — 2 a 2 a — 2 e — a — e
(13) -f — — — 2 a — 2 e — 2 a 4 ” 2 e — a — e
(14)
(15)

— — + — - 2 e — 2  a. 2 a — 2 e —a — e
— — 4- — 2 a. “ 2 e — 2 a 4 - 2 e — a — e

(16) — — — — 2 a — 2 c — 2 a — 2 e 0 — 4a — 4e

Of these, (1), (6), (8), (9), (11), and (16) result in no change in the total nuclear spin 
interaction on interconversion. Thus, in (1), the unpaired electron is always in the en
vironment of two (-b) axial and two (-f) equatorial protons, and similarly in (16) it is always 
in the environment of two (—) axial and two (—) equatorial protons. Sharp resonances 
therefore occur at low and Iiigh field. The situations represented by (6), (8), (9), and (11), 
in which the effects of the nuclear spins nullify each other, lead to a sharp line at the centre 
of the field, and since there are four times as many ways in which this situation can occur 
as either (1) or (16), the centre line is four times as intense as the extreme lines. The 
remaining situations all lead to a change in nuclear spin interaction on interconversion, 
and this should result in there being broadened lines of intensity four at the two positions



intermediate between the centre and extreme lines, and some broadening, of intensity two, 
about the central line. Since the intensity of an absorption in the derivative spectrum is 
proportional to the height of tlic peak and to the square of its width at half-height, the 
broad absorptions may be expected to be of very small amplitude with respect to the sharp 
ones and therefore difficult to discern.

Wlien account is taken of the second possible orientation of the Q-proton, this theory 
leads to the prediction that the radical (V) should consist of two groups of three sharp 
lines of intensities 1 : 4 : 1  together with weaker broad lines. Insofar as the sharp lines 
are concerned, the observed spectrum is close to this.

The radical (VI) derived from dioxan presents a simpler case since there is only one pair 
of Co-protons. Interconversion of the two chair conformations gives rise to the possibilities 
in Table 2, for one orientation of the C^-proton.

T a b l e  2 .
Spin orientations in

Chair I Total spin interaction in Difference in interaction
a e Chair I Chair II on interconversion , Average
+  + a -f- e a -f  e ■ 0 a -j- e
+  -  , \ a — e —a -|- e 2a — 2e 0

— 4- — a +  e 3. — G — 2a -f- 2e 0

—  — — a — e — a — e 0 — a — e

The spectrum should consist, of two sharp lines of unit intensity at low and high field 
with a broad line of intensity two at their centre. When account is taken of the second 
possible orientation of the Q-proton and of the triplet splitting from the Cg-protons, the 
observed spectrum is seen to have these characteristics.

It is now possible to discuss the nature of the spectra derived from cyclohexylamine 
and cyclohexanol. That from cyclohexylamine resembles that from piperidine in having 
two lines of much greater intensity than the remainder near the centre, together with a 
number of lines of about one-quarter of this intensity towards the extremities of the 
spectrum. ' Although the exact spectral pattern cannot be discerned with certainty, it is 
probable that the main radical formed from cyclohexylamine has basically the same 
spectrum as that derived from piperidine. The spectrum from cyclohexanol also contains 
two intense lines around the centre, together with a third, slightly less intense line at the 
centre of the first two. On the basis of the above discussion it is likely that this spectrum 
is due to a mixture of the radicals (VII), (VIII), (IX), and (X), and that the central line

OH

OH

HO (IX )(V III)(VII)
OH

and the two intense lines surrounding it are, respectively, the centres of a quintet due to
(VII) and of two quintets due to (VIII) and (IX) (whose spectra should be the same within 
the limits of resolution of the spectrometer). The second and fourth lines of each quintet 
are, then, not discernible because they are subject to uncertainty broadening, while the 
extreme lines, which should be one-quarter of the intensity of the central ones, cannot be 
discerned with certainty from the background. ■ It is noteworthy that (X) should give a 
spectrum in which all the lines are subject to uncertainty broadening and which would 
therefore be difficult to diagnose.

The individual coupling constants for the axial and equatorial protons in the radicals 
derived from piperidine and dioxan could in principle be measured by lowering the temper
ature at which their spectra are observed to the point at which the chair-chair intercon
version rate is slow enough to give sharp resonances for each type of proton, but such 
experiments cannot be conducted with the aqueous solution technique which we have used. 
We know, however, the combined values of the coupling constants for these protons. If



"* the value of 0 for the axial Cg-proton is co, that for the equatorial Cg-proton is (120 -j- co). 
It follows that:

(fax =  4" ^  COŜ O)
flj.fl =  .Bq - j -  Z? COS“(120 -T < ù )

f l a x  "T — 2-£̂ o "T Zi[C03“a) - j -  COS“(120 - j -  C l ) ) ]

This leads to :

ûf) =  +  ^cj ±  V  (1 (c — i-B) (§B — c)],
where c =  fl.,x +  flcf, —
For the radical from piperidine, (cr,x +  fl̂ j) =  48 0 gauss. A value for B  can again be

4"
estimated from the data for -CH.g-CHo’CH.g-NHg, allowance being made for the difference in 
spin densities at Ĉ  in the two radicals. Solution of the above equations (Bq =  3 5) then 
gives values for fl,,x and fl̂ .,, of 43 0 and 5 0 gauss, with corresponding values for 0 of approxi
mately 10 and 70'̂ . A similar treatment for the radical from dioxan, calculations being 
based on tlie data for 'CH(OEt)-CHg, gives — 41-8 gauss (O =  26*̂ ) and fl̂ q =  3-7 gauss 
(0 =  80'').

If each of the radicals obtained from piperidine and dioxan had a perfect chair con
formation, the axial and equatorial Cg-protons would have values of 8 of 30 and 00°, re
spectively, but slight distortion from this situation should occur in order that the CCCorCCO 
angle at the carbon from which hydrogen has been abstracted may enlarge from the 
tetrahedral value to one close to 120°. Although the precise geometry of the radicals is 
unknown, the values of 6 derived above appear reasonable.

On the basis of our interpretation of the spectral patterns of the six-membered radicals, 
an approximate value for the rate of interconversion of the chair conformations can be 
deduced from the difference, Av, in the couplings of the axial and equatorial protons. 
In each case Av 38 gauss, so that the calculated rate of interconversion is of the order of 
5 X 10® sec." .̂

E x p e r im e n t a l

T he flow sy stem  and th e  procedure for the generation  and observation  of th e  radicals have  
been described .- T he concen tration  of th e  organic com pound necessary  for th e  com plete  
e lim ination  of th e  signal ascribed to  th e  h y d ro x y l radical and th e  consequ en t 'appearance of 
a spectrum  from  th e  organic radical w as low er for th e  cyclic  alcohols and ethers ( < m / 1 0 )  

th an  for th e  am ines (betw een m / 5  and m ) as ex p ected  from  previous studies.^
T he sp ectrom eter w as calibrated b y  exam in in g  th e  spectrum  of -CH^OH a t  frequent 

in terv a ls ,“ and coup ling  constan ts w ere reproducible to  w ith in  ± 0 -3  gauss.
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935. Electron Spin Eesonance ' Studies of Oxidation. Part IV.^ 
Some Benzenoid Compounds.

By W. T. D ix o n  and R. 0 . C. N o r m a n .

T he electron  sp in  resonance spectra of th e  radicals form ed by  th e  in ter
action  o f acidified so lu tion s o f tita n o u s ion and hydrogen peroxide in the  
presence of a num ber o f benzenoid  com pounds are described. In terp ret
ation  o f th e  spectra show s th a t benzene and trim esic acid  g ive  adducts (sub
stitu ted  cy c lo h exad icn y l radicals) w ith  th e  h y d roxy l radical, w h ile phenol,
;b-cresol, qu inol, and to luene undergo abstraction  of a  hydrogen atom  to  give  
the corresponding ph en oxy , sem iquinone, and benzyl radicals. • Conclusions 
are drawn from  the va lues of th e  hyperfine sp littin g  con stan ts ab ou t th e  
relative  sp in  densities a t  th e  carbon a tom s in these  radicals, and th e  results  
are com pared w ith  ca lcu lated  sp in  densities. A n a ttem p t to  observe the  
p h en yl radical b y  th e  one-electron  reduction  of th e  benzenediazon ium  cation  
g a v e  a spectrum  w hich is te n ta tiv e ly  ascribed to  th e  benzenediazon ium  
radical. ' ' I  '  '

We have previously described^ and discussed the electron spin resonance spectra of free 
radicals derived from the reactions of aliphatic compounds with the hydroxyl radical, 
generated by the interaction of titanous ion and hydrogen peroxide in acid solution.^"® 
In the present Paper we first describe the spectra obtained in this way from a number of 
benzenoid compounds and then discuss the hyperfine splitting constants of these radicals 
with reference both to those of other aromatic radicals and to theoretical calculations of 
unpaired spin densities in some of these systems.

Descriptions and Assiptnienis o f the Spectra.—The spectrum from benzene, its ascrip
tion to the radical (I), and the assignments of the coupling constants have been reported 
in a preliminary N o te .Im p ro v em en t in the resolving power of the spectrometer and its 
calibration by reference to 'CHoOH in the flow system as secondary standard and to 
semiquinone in a static system as primary standard  ̂have led to minor adjustments in the 
coupling constants, and the revised values are shown in (I). Assignments were based 
previously on comparisons of the spectrum from benzene with those of the phenoxy ® 
and cyclohexadienyl ® radicals, and further evidence for these has now been obtained by 
studying trimesic acid. This gave a spectrum consisting of a widely split doublet {\a\ =  
24 4 gauss) each line of which was a triplet ’(1 ; 2 : l)(|a| =  2-6 gauss), and this can be 
unambiguously assigned to the radical (II). The similarity in the splitting due to the 
mrifl-protons in (II) and the smaller triplet in (I) reinforces the arguments on which our 
previous assignment was made. |  I

C oupling co n sta n ts (gauss)

H OH

HOjC COgH
o

COjH

" ' - (I) '' ' (II)  ̂ (III)', " (IV)
(mcthylcQC) ...................,•  ' 3 6  0  ' '2 4 - 4  I"   ' ̂ ' 18  4  ••

; fl»-a  ' I     I I ; 9-2 , i ' —  , , , 6 9 5 1  ; 1

 ̂ i l l  ■ V  ' ^
Phenol and ^-cresol gave spectra similar to those reported for the corresponding 

phenoxy radicals obtained by the oxidation of the phenols wdth eerie ion,® but with slightly 
different coupling constants [phenol; see (III) below; ;/»-cresol: |fln| (methyl), 12-3; 
|flo_n|, 61  ; [flm-nl, 1 4  gauss]. Quinol gave the semiquinone radical (|fln|. 2-4 gauss).



Toluene gave a complex spectrum which consisted of three sets of triplets ( 1 : 2 : 1 )  
(|fl| =  1Ü-4, 5-1,  and T6 gauss) and one doublet (|a| =  6-3 gauss). This is inconsistent 
with the radical's being an adduct of toluene and hydroxyl for there is no quartet splitting 
due to the methyl group, but the pattern of splittings is that expected for the benzyl 
radical, formed by abstraction of hydrogen from the side-chain. Further, the triplet 
splittings of 5-1 and T6 gauss and the doublet splitting of 6-3 gauss are related, respectively, 
to the corresponding splittings for the phenoxy radical (III) by factors which are the same 
within the experimental accuracy of the measurements (iO -3 gauss). This is not sur
prising since the benzyl and phenoxy radicals are isoelectronic, and helps to justify the 
assignments gix'cn in (IV).

Two reactions employing one-electron reducing agents were carried out in an attempt 
to observe the spectrum of the plic-nyl radical. The interaction between aqueous benzene
diazonium sulphate and titanous ion in the flow system did not give rise to the spectrum 
of an organic radical, but when sodium dithionite was substituted for titanous ion there 
appeared five broad lines, of relative intensities approximately 1 : 2 : 3 : 2 :1, together with 
a more intense line slightly displaced from the centre of the quintet. The pattern of 
the quintet corresponds to interaction of the unpaired electron with two nitrogen nuclei 
(jflyil =  jflygl =  9-3 gauss), and the spectrum is assigned to the benzenediazonium radical,

Ph-N=N Ph-N=N. The broadening of the lines may have resulted from there being 
slight differences between the couplings of the two nitrogens and possibly also from the 
occurrence of weak, unresolved interactions with the aromatic protons.

Coupling Constants.—Certain inferences may be drawn from the values of the hyperfine 
splittings in the radicals (I)— (IV), together with corresponding data for the cyclohexa
dienyl radical (V). Of the two sets of splitting constants which have been published for 
(V), those of Fessenden and Schuler were obtained from a more fully resolved spectrum.

C oupling con stan ts (gauss)
Fischer ® Fessenden and Schuler ’

fln (rDethylcne)  .........*......................  *̂ 6 4 /*71
a„_H .....................................   10*6 8*99 '

/V] «m-H   2*6 2*65
 ̂   10*6 13*04

{a) The ratios : «/,_n are constant within the limits of accuracy of the experi
mental method for the phenoxy, benzyl, cyclohexadienyl (values from ref. 7), and hydroxy- 
cyclohexadienyl radicals. If the reasonable assumption is made that the same Ç-value ® 
is appropriate to the ortho-, meta-, and ^flzfl-protons in each {cf. ref. 6), the relative values 
of the unpaired spin densities at the ortho-, meta-, and ^flza-carbon atoms are the same. 
The systems may be treated as odd-alternant hydrocarbon radicals, so that the spin densi
ties at the ortho- and ^arfl-carbon atoms should be positive and that at the wrifl-carbon 
should be negative. i

[h) The aromatic-proton splittings in (I) and (V) are considerably larger than those in
(III) which in turn are larger than those in (IV), so that if the same Ç-value applies, the 
unpaired spin densities at the aromatic carbons decrease in the order (I) (V) >  (III) >
(IV). Looked at from a simple viewpoint, it would appear that an exocyclic methylene 
group takes a greater fraction of unpaired electron density from the nucleus than does 
exocyclic oxygen and that a saturated group in the ring takes only a small fraction of the 
total spin density.

(c) The hyperfine splittings of the aromatic protons in (I) and (II) are the same within 
experimental error as those reported for (V) by Fessenden and Schuler,'  ̂and it is therefore 
likely that the spin densities associated with the aliphatic groups in (I), (II), and (V) are 
also similar. In view of this it is interesting that there is so large a difference between the 
splittings due to each of the two methylene protons in (V) and the single aliphatic protons 
in (I) and (II).



A possible explanation for the difference between (V) and (I) can be suggested from a 
consideration of the mechanism of hyperconjugative coupling.®-^® A methylene group is 
usually treated in terms of bonding between Sj6^-hybridiscd carbon orbitals and the 
hydrogen Is-orbital, but an alternative approach may be followed. This consists of 
setting up molecular orbitals using linear combinations of the hydrogen orbitals; one of

these combinations, which has c-svmmetrv, —̂  [H(ls)^ +  H (ls)2], forms a three-centre

bond with an appropriately hybridised orbital of carbon {sp), and the other, which has

7T-symmetry, [H(Ls)j — may be combined with the 2j^^-orbital of carbon. It is

the latter orbital which can lead to an extension of the r-electron system when the methyl
ene group is attached to an unsaturated centre, and this type of interaction is evidently 
ini]X)rtant in cyclohexadicnyl, as judged by the magnitude of the hyperfine splitting. 
When one hydrogen atom is replaced by hydroxyl in this radical, orbitals with approxim
ately (T- and TC-symmctry may be constructed from the hydrogen {Is) orbital and the 
appropriately hybridised orbital of the oxygen in the hydroxyl group (Figure) : these are.

O rbital schem e for th e  > C H (O H ) group of the  
radical (I). (1^) ; ijio — approxim ate
tetrahedral hybrid  o f th e  oxy g en  atom ic  
orbitals; =  appropriate hybrid  orbital of 
carbon {sp)-, i{i„ — C{'2p.).

respectively, (1 -j- x2)“l [H ( ls )  - f  Ip o n ]  and (1 -|- X“2 )- l[H (ls )  — For a particular
value of X, the first of these will result in zero overlap with the 2/>.-orbital of the adjacent 
carbon, while the second can lead to overlap and hence délocalisation of the unpaired 
electron. For the same electron den.sity in the group orbitals in (I) and (V), the spin 
density on the proton in (I) will differ from that on the methylene protons in (V) because X 
will differ from unity, and this could account for the observed difference in the hyperfine 
splittings. ' ' '

The difference between the splitting constants for the aliphatic protons in (I) and (II) 
may arise from steric interactions in (II) between the orif/zo-carboxyl groups and the sub
stituents on the aliphatic carbon. If the hydroxyl group were thereby forced downwards 
from the plane of the aromatic system the methylene proton would adopt a position nearer 
to the molecular plane in which it is less favourably cited for hyperconjugative interaction.^ 

Comparison of Coupling Constants with Calculated Spin  Densities.—The spin-density 
distribution of the benzyl radical has been evaluated by a number of methods,* as follows:

I
Calculated spin densities

' I Methylene
Method

Simple Hiickel M.O,  ..............................................
Self-consistent M.O.^  ̂ ...............................................
M.O. with five excited-orbital configurations

Methylene
carbon c , o-C m-C p-C
0-571 0 0-143 0 0-143
0-770 - 0 - 1 0 2 0-161 - 0 - 0 6 3 0 -137
0-634 - 0 - 1 2 1 0-200 - 0 - 0 7 2 0-231

The hyperfine splitting observed for the meta-^roions in this radical points to the 
inadequacy of the simple Hiickel theory. Insofar as experiment indicates that there is a 
higher spin density at the para- than at the ozi/w-carbon, the M.O. treatment which 
includes five excited-orbital configurations gives a more satisfactory fit then the self- 
consistent M.O. method, and indeed the ratios of the splitting constants of the ortho-, 
meta-, and/.>nm-protons, neglecting signs (1 : 0 3 : 1-2) are approximately equal to the ratios 

I ' ' ' , :
* A valencc-bond treatment used an incorrect wave function and is therefore excluded.



of tlie spin densities at the corresponding carbon atoms calculated by the excited-orbital 
method (I ; 0-36 : 1T5).

The spin densities in the phenoxy-radical, calculated by a molecular-orbital treatment 
which included configurational interaction and with the parameters (%o =  +  2?cc.

are shown in ( V I ) A g r e e m e n t  with experiment is much less satisfactory in
this case.

0 17 -

0-217 
0-154

- 0 - 0 2 2

(FI) 0-338

E x p e r im e x t .-\l

T he flow sysl'ein and th e  procedure for th e  generation  and observation  of the radicals have  
been described.'* B ecause of th e  low  so lub ilities of benzene and toluene in w afer, th e  am p li
tud es of the spectra  from  these  com pounds w ere in itia lly  very  sm all. This difficu lty w as  
sa tisfactorily  overcom e b y  using warm  so lu tion s and, in the case of toluene, b y  adding pyridine  
as co -so lv en t ( 1 : 1 )  to  th e  reactant so lu tion  con ta in in g  tita n o u s ion. V ery h igh  m icrow ave  
pow ers were necessary for th ese  com pounds, b u t desp ite  th is  there w as no ind ication  of satu r
a tion , p ossib ly  because of the short life -tim es of th e  radicals.

In  the a ttem p t to  observe the ph en yl radical, th e  reactant so lutions contained , respectively , 
sod ium  d ith ion ite  (5 g.) in w ater (2 I.) and d iazotised  an iline prepared from  aniline (20 m l.), 
concen trated  su lphuric acid  (00 m l.), and sod ium  n itr ite  (17-5 g.) in  w ater (2 1.).
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The m olecu lar orbital theory o f so m e sim ple radicals
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In th is paper the m olecular orbital theory o f hyperconjugation is extended  
in order to account for the hyperfine coupling constants observed in som e  
sim ple but in teresting free radicals, e .g . cyclopentyl, vinyl. Predictions are 
m ade for the phenyl radical.

1. I n t r o d u c t io n

iMuch evidence for the theory of hyperconjugation has accumulated from 
electron spin studies and it is difficult to visualize how the relatively large coupling 
constants of methyl protons could arise except by actual delocalization of the 
odd electron. Indeed, recent calculations [1] have shown that the splitting 
observed from such protons is an order of magnitude larger than that predicted 
by a spin polarization mechanism similar to that which accounts for the coupling 
constants of protons situated in the nodal plane of the odd electron [2J. The 
assumption of hyperconjugation, on the other hand, does lead to estimates for 
the splitting due to methyl protons which are the right order of magnitude, for 
example in semiquinones [3] and alkyl radicals [4].

Coupling is observed not only from protons attached to a carbon atom of the 
conjugated system in which the odd electron is most likely to be found and those 
bonded to adjacent carbon atoms, but also from protons separated from the 
unsaturated system by two carbon atoms. T o label these three types of proton, 
we shall call them a, and y  protons respectively. ^  and y  protons are not in 
general held fixed in the nodal plane of the odd electron and our object in this 
paper will be to develop a molecular orbital theory which enables us to predict, 
within reasonable limits, the hyperfine coupling constants of such protons. 
Initially we shall consider symmetrical molecules to which we can apply the 
concepts of hyperconjugation theory [5, 6]. Having found it necessary to incor
porate certain modifications into the model developed by Coulson and Crawford 
[6], in order to account for the experimental results, we shall derive a rather more 
general theory which can be applied, in principle, to any hydrocarbon. We 
shall then be able to account for the splittings of the protons in vinyl and to predict 
the proton coupling constants in the phenyl radical. Since we neglect con
figurational interaction throughout, we shall only be concerned with regions 
of positive spin density and make no attempt to calculate the coupling constants 
of protons held in the nodal plane of the odd electron.

2. T he hyperconjugation  model

One usually thinks of the methyl group being held together by two-centre 
bonds between tetrahedral hybrids of the carbon atom and the three hydrogen 

' t  Now at Bedford College, Regent’s Park, London, N.W .l. •
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Is orbitals. An equivalent way of looking at it would be to consider multi-centre 
bonds formed between linear combinations of the hydrogen orbitals and appro
priate orbitals of the carbon atom. I'hese linear combinations can be chosen 
in such a way that only one of them has a non-zero overlap integral with the 
2p,, orbital of the methyl carbon atom and it is this combination which leads 
to an extension of the Tr-electron system. When the methyl group is described 
in these terms the coulomb and more important resonance integrals associated 
\\ ith the hydrogen group orbitals are independent of the molecular conformation. 
Such a choice of basic wave-functions greatly simplifies calculations, for the 
77-electron system in the ethyl radical becomes similar to that in allyl and the 
molecular orbital of the odd electron can be written in the following manner:

'A.m.o. “  î*Ai T c.a/>2 +  Cyî/i;3,

where '/r̂ , 6., are 2p, orbitals of the a and carbon atoms respectively and dy 
is the appropriate linear combination of the jS hydrogen atomic orbitals. The  
coefficients c., and can, of course, be found by solving the secular equations.

In order to simplify the algebra, the matrix elements are defined in terms of 
a, ^ and S, which are the coulomb, resonance and overlap integrals occurring 
in the secular equations of benzene. I f  we assume that overlap integrals are 
proportional to the corresponding resonance integrals, we can define the 
following relationships for the normalized wave functions i/jj. [6] :

J ^hl^sdr = PrsS-L, rj^s,

J* = = +

When we have either calculated or simply chosen values for the p,..; and 8̂  it will 
be possible to solve the secular equations and find the molecular orbital of the 
odd electron. T he splitting due to a proton will be proportional to the value 
of the probability functions of the odd electrons [7] at that proton, so we can 
write the following expression for the hyperfine coupling constant a, taking the 
ethyl radical as an example :

=̂̂ l"AM.o.( )̂P = ̂ IwAx(  ̂) + + czhiP)?- (1)
p  defines the position in space of the proton in question and the constant k  can 
be calculated directly in the case of the hydrogen atom. If is the value of the 
electronic ground-state wave function of the free hydrogen atom at its nucleus, 
then we can re-write equation (1) as follows :

a =  508 ‘AiAP) ,  ̂ 'Aa(A) ,  ̂ h i p )
“r 2̂—(----- 1 3̂ ( U )

h  “ h  'Ao

N ow  in every radical considered here, the odd electron goes into an orbital 
which is approximately non-bonding and this implies that by far the largest 
contribution to the coupling constant of a proton arises from spin density in 
the atomic orbital associated with it and that the small effects from more distant
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W e are therefore justified in simplifyingorbitals tend to cancel each other, 
equation ( l a )  to the following form

—508 ( — Ycj~ = kcjy y (2 )

where is the coefficient of the hydrogen atomic orbital, is the value of this 
orbital at the proton, and k is the proportionality factor connecting spin density 
and the corresponding hyperfine coupling constant. If the atomic orbital, 
Xy to associate with hydrogen in a molecular orbital treatment of hydrocarbons 
is a hydrogen like Is orbital with effective atomic number then we can write 
from equation (2) :

a =  5082 ,.3 c,,2. (2 a)

In the first set of calculations the spin density in a methyl hydrogen orbital 
calculated for ethyl, using a given set of parameters, and by dividing into the 
observed coupling constant, 26*87 g. [11], a value for k is derived which can be 
used in similar calculations for other molecules. In effect this procedure 
eliminates the need to determine the best hydrogen wave-function to use in 
such a molecular orbital treatment, partly off-setting the weakness of introducing 
vet another empirical quantity into the theory.

The numbers and 8  ̂ have in practice been used as parameters and we take 
the following values for them : =  0*76 or 1*0, Pi3 =  0, p.y-̂  = 2-S, 8̂  =  0, 8.y = —0*1,
§3=  —0*5. These two sets of parameters are close to those which have been 
used previously in calculations of dipole moments [6] and hyperfine coupling 
constants [3 ,4]. In the radicals considered here, we assume that the carbon 
skeleton is planar and as symmetrical as possible, with carbon-carbon bond 
lengths 1*5*4 Â, carbon-hydrogen bond lengths 1*09 Â and angles between  
carbon-hydrogen bonds of 1091°. In the case of cyclohexadienyl, the bond 
lengths in the conjugated system are taken to be 1*40 Â, The secular equations 
in the case of ethyl are as follows :

— ■£')T 4-Pi2 [5 +  5 (a  — 2)]8.2 =  0,

PvA^ 4- ^ (a  — 2 ) ]  +  (a — E  — O'l^^c.^ *4 2*5 [^ 4- ^(ct — * )̂]̂ g — 0,
2*5 [^ 4" *S(a — 2)]cg +  (a — E  — 0*5^)rg =  0.

If we assume that the methyl group is rotating rapidly enough, then we can
identify c ^  with 
in table 1.

c J  and thence calculate values for a.. The results are shown3 ‘*3

k
(CHJoCH Cyclo-

C3I-I5 Cyclo-CiHfl Cyclo-CgHv

ap Up Up «y ÔH,

Pi2 = 0*76 948 24*6 22*7 38*8 36*2 0*08 52 gauss
Pl2= 1*0 585 23 4 20 8 35*8 35*4 0*10 51

Experimental
[11]

24*68 22*72 23*42 35*12 0*53 47*72

Table 1. Methyl or methylene proton coupling constants.
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The agreement between theory and experiment is generally quite good, except 
for the j3-coiipling in cyclopropyl and the y-coupling constants in cyclopentyl. 
These points of disagreement together with the empirical method for determining 
constitute rather unsatisfactory features of the theory, and so we shall now  
examine the basis of hyperconjugation theory to see whether any simple modifi
cation will lead to improved agreement with observation.

3 . M o d if ie d  iiy p e r c o n j u g a t io n  m o d e l

In order to keep expressions relatively simple we shall consider a methylene 
group in a planar network of carbon atoms and omit overlap terms where they 
occur in the secular equations. In the actual computations we shall include 
overlap.

The hydrogen group orbital of 7T-symmetry is —%"), where x  ■>X
are the two hydrogen wave functions.

H
Figure 1. D iagram  o f  C -C H j fragm ent.

If i/f̂ , 02 are the 2p^ orbitals of the a, jS carbon atoms, respectively, then the 
overlap integrals of the system are as follows ;

^ 1 2 =  J ^1 ^ - 1  dr,

*^13= J M ^ I V - ) { x - x " ) d r = - \ / 2 ^  V 2  Si),cos

*̂ 23 ~  a/ 2 ‘S'.j COS do ')

and S.,,^ are the overlap integrals between carbon 2p^ orbitals and hydrogen 
Is orbitals at distances r ,̂,, respectively. 6  ̂ and dg are the corresponding 
angles. These overlap integrals can be calculated exactly if we take the carbon 
and hydrogen atomic orbitals to be hydrogen-like. From the molecular orbital 
treatment of Ho and H.2+, we would expect the effective atomic number of 
hydrogen in a molecule to be about 1-2 [8,9] and using Slater’s rules [10] this 
parameter for carbon 2p orbitals is 3 25. Using these assumptions, the overlap 
integrals are as follows :

5io =  0-189, S'i3 =  0-083, &3 =  0-563, =  0-192.

Assuming the overlap and resonance integrals are proportional to each other 
and that each carbon 2p orbital has a coulomb integral a, we can solve the secular 
equations, once we have decided on the relative value of the coulomb integral 
of the hydrogen group orbital. In order to be able to reproduce approximately
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the results of Coulson and Crawford [6], we give S.j the value —0-5. From  
equation (2), k  has a value of 878. The results of calculations using this modified 
hyperconjugation model, are shown in table 2.

C d l , (C H J.,C H (C H J ,C
C yclo-

CaH ,
C yclo-C jH ;

«fj rzg «y

C alculated  
O bserved [11]

27-1
26-87

22-8
24-68

20-3
22-72

24-1
23-4

38-2 2-9 gauss 
36-66 1-12

/
C y c lo -C J L Cyclo-CgH?

«y «CH,
J

Calculated  
O bserved [11]

37-2 0-57 
35-12 0-53

54 gauss 
47-72

T ab le  2. C oupling constants using m odified  hyperconjugation m odel.

T he agreement between theory and experiment is very good considering 
the rather crude assumptions concerning the geometry of the molecules, and we 
see that there is great improvement in the estimates of the coupling constants 
in cyclopentyl and cyclopropyl. The comparatively poor results for cyclobutyl 
can be attributed, at least partly, to the poor geometrical model and the calculations 
for isopropyl and tertiary butyl were not exact since the interactions between 
the methyl groups are dependent on the molecular conformations. In the 
latter case, an average was taken between extreme conformations. Long-range 
interactions were important especially in determining the order of magnitude 
of the y-coupling constants and therefore it was necessary to include all possible 
resonance integrals when setting up the secular equations.

Similar calculations were carried out using 1-0 and -^2 for the eifective 
number of hydrogen. The corresponding values for k  should be 508 and 1016 
if we were to be consistent, but it was necessary to adjust k  using the ethyl radical 
standard in order to get realistic values for the coupling constants. T he results 
shown in table 3 imply that 1-2 was indeed the best choice to make for the effective 
number of hydrogen.

k
Cyclo-CaHs Cyclo-CjH o

fly

ZA=]-0 838
862

22-8
26-1

36-9 0-91 gauss 
36-9 0-19

T ab le  3. V ariation o f effective atom ic num ber o f hydrogen.

Now we shall generalize the theory developed in this section so that we can 
treat less symmetrical molecules to which hyperconjugation theory cannot be 
applied.
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4 .  M ore  g e x e r a l  t h e o r y  a p p l i e d  t o  v i n y l  a n d  p h e n y l  

All we need, to generalize the modified hyperconjugation model, is the 
relationship between the coulomb integrals for carbon 2s and carbon 6p orbitals, 
and this can be roughly estimated as follows:

By taking the coulomb integral ctg in the previous section to be a =  0-5j3, we 
fixed the coulomb integral of hydrogen for we have :

«3 = J = =

I.e.
=  a;, —0-78jS, 

a,, =  a +  0-2S/3.

N ow  we assume, with Coulson and Crawford, that there is little or no 
contribution towards the dipole moment of the hydrocarbon in question from the 
a-electron system [6]. If there is no net dipole moment between the hydrogen 
group orbital of a-symmetry and the corresponding sp hybrid orbital of the 
methyl carbon atom, then their coulomb integrals must be identical. If  
is the coulomb integral of a carbon 2s orbital, we can then deduce the required 
relationship :

i.e.
ag—a +  2-12/3.

W e are now in a position to calculate, for any hydrocarbon, properties which 
are not too sensitive to the choice of the coulomb integrals and a. .̂

(trans)

9

H /j (CISI

Figure 2. A tom ic orbitals o f the a -e lectro n  system  in  v inyl.

T he radical was assumed to be planar with carbon-carbon bond length 
1-34Â and carbon-hydrogen bond lengths 1-09 Â. T he bond angles at the 
/3 carbon atom were taken to be 120°. As with ethylene and benzene, the secular 
determinant can be factorized to give a  and t t  molecular orbitals which, in the
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simple L.C .A .O . approximation, arc independent of each other. T he odd 
electron goes into the lirst antibonding orbital and is therefore associated with  
the cr-electron system which is symmetrical with respect to reflection through 
the plane of the page (figure 2). Solutions of the secular equations were obtained 
by means of a standard programme on the ED SAC computor and the results 
are shown in table 4:

8 =  120 8 =  150 8 =  180 E xpt. [12]

Cl
«a
ci0 (cis)
Og (trans)

0-91
4-35-8
4-32-7
4-79-3

0-86  
+  14-5 
+  52-3 
+  82-0

0 -9 4 t

+  72-2 
+  72-2

15-6 gauss 
34 
68

t  In th is case orbital 1 and 2p„ orbital o f the a carbon atom .

T ab le  4. C oupling constants for the v inyl radical.

It is clear from these results, that we have accounted for most of the features 
of the observed spectrum and that 6 probably lies between 120° and 150°. T he  
large odd electron density in orbital 1, leads us to expect strong spin polarization 
of the orbitals around the a. carbon atom, so the exact magnitude and sign of 

is uncertain.
Further calculations show that the large trans-proton splitting arises almost 

entirely from the negative resonance integral of zr-type between orbitals 1 and
2. Such a trans effect has been observed already in the AI.O. theory of a-electron 
systems [13]. Another interesting point is that the positive spin density associated

©
H o r th o

H m eta

H para

major coefficients : 

Ci= 0-87

C 3 = -0 T 7  

Cii= —0T63 

Co= 0-253 

Cj3= 0-143

F igure 3. A tom ic orbitals used in  the ph enyl calculation.
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with the a hydrogen orbital is due almost completely to the inclusion of resonance 
integrals between sp.j hybrid orbitals on the same carbon atoms.

hen the coulomb integrals were estimated by the method of Pople and 
Santry [13], the results were almost exactly the same as those given in table 4. 
d'he geometry of the phenyl radical was assumed to be the same as that of benzene 
apart from the absence of one hydrogen atom. The odd electron goes into 
the first antibonding orbital which is the seventh of the thirteen molecular 
orbitals, symmetrical with respect to reflection through the two planes of symmetry. 
The eoefficicnts of the orbitals are shown in figure 3, and the predicted coupling 
constants aie +  2 a - a g , me ta ^  4- 4-2 g and ^|)a.ra~ T 17"ffg. ^ortho
is about the magnitude expected by comparison with (cis) for vinyl and one 
would expect auu'ta to be small, since the meta hydrogen atom is a long way 
from orbital 1. The large value of «,;ara î  rather unexpected, but can be explained 
in the following manner; the comparatively large coefficient of orbitals 6 
might be expected to arise from a similar trans effect to that which leads to the 
large (trans) in I’inyl. I'he para hydrogen is, however, in a trans position 
with respect to orbitals 6, so it would appear that the large «para arises from a 
combination of two trans effects. Actually, we could estimate, roughly, all the 
coupling constants in phenyl from the known experimental coupling constants 
in \ inyl and would get similar orders of magnitude to those calculated above. 
It would appear then, that the large «para is a general consequence of molecular 
orbital theory and does not depend very much on the numerical approximations 
employed. Actually if negative overlap integrals are neglected the predicted 
coupling constants are: «o r th o  =  1 9 - 2 g, « m e ia  =  3 -lg , « p a r a  =  0-1 g.

5. C o n c l u s i o n s

We may seem to have travelled a long way from the hyperconjugation theory 
of Coulson and Crawford, but our assumptions are identical with theirs, apart 
from a few numerical factors. It is probably worthwhile listing these assumptions : 
(«) Atomic wave functions are given by Slater’s rules [10] except in the case 
of hydrogen, when the efTective atomic number parameter is 1-2, (b) Resonance
integrals are proportional to the corresponding overlap integrals, (c) T he  
coulomb integrals are approximately as follows :

carbon (2p) —a 

carbon (2s) —a +  2-1/3 

hydrogen (Is) —a +  0-28^,

W ith this theory we have been able to predict, within reasonable limits, coupling 
constants in a variety of radicals and have confirmed the existence of a trans 
effect by means of which spin density may be transmitted through «-electron  
systems, ,

The author would like to thank Professor PI, C, Longuet-Higgins, F .R .S ,, 
for his help and encouragement and the Salters’ Company for a maintenance grant.
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It is well known that, in a molecule, the magnetic moment of a nucleus interacts 
with nearby electrons in such a way that they are to a small extent ‘unpaired’; 
that is, the two possible spin wavefunctions of an electron acquire different 
weights in different parts of the molecule \1—S\. We can see this most clearly in 
the simplest case, the hydrogen molecule H» — (or rather, hydrogen deuteride). 
The magnetic effect of nucleus Ha leads to a mixing of singlet and triplet states 
and we may expect the lowest of these to be the most important in forming a ground- 
state wavefunetion | which includes the perturbation [1]. I f  we form | 0 )x  
from linear combinations of the two lowest states | 0>, | 1> for which Sg =  0 we 
obtain the equation :

I 0 )x  =  I 0 ) +  d I 1) (unnormalised) . (1)

In the valence-bond approximation [4] omitting overlap we can rewrite this 
equation :

I 0>^ =  (1 +  A) I 0> 4- 2X[aoc{i) bf{2) -  aa{2) bf{i)] (2)
where :

I 0> =  i  (a6 -f ba) {ocf — fee)
I 1> {ab — ba) {ocf -f foe)

a, b, are the ‘spatial’ atomic orbitals of Ha, H& respectively and oe, f  the electron 
spin eigenfunctions. Eq. (2) teUs us that according to the sign of A, either oe or f  
spin will be preferred near to Ha, other things being equal. This equation also 
shows that the opposite spin would then be associated with the other atomic 
orbital which goes into the formation of the bond. When we add the interaction 
of the nucleus H& with the electrons we again modify the distribution of electron 
spin and we get two terms for the interaction energy. One is of second order and is 
of the same type as we have implied for Ha and the other is the first order inter
action with the excess spin density induced by Ha. The magnitude of this first 
order interaction wifi, be determined largely by the values of the atomic orbitals 
a, b, at their respective nuclei and in the case when the molecule is rotating 
rapidly and at random, we can write :

J a b 0-0^0 > (3)
where Jab =  coupling constant

«o> ^0 =  values of a, b, at nuclei Ha, H& respectively.
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This result follows because the dominant term in the Hamiltonian will bo the 
Eermi Contact term [5]. The relation (3) could have been deduced alternatively, 
but less instructively, by using the ‘averaged energy’ approximation.

Now suppose that we replace Hf, by a hydiocarbon radical fragment R- so 
that the molecule becomes R-Hg. We might expeot the C-Ha bond to be approxi
mately ‘isolated’ from the rest of the molecule and neglecting dilferenees in elec
tronegativity, we might expect a relationship such as that shown in Eq. (3) still 
to be applicable. The atomic orbital b would now be the appropriately hybridised 
orbital on the carbon atom, or more exactly, if we speak in molecular orbital 
terms, the ‘singly occupied MO of the fragment R -’ and will be centred mainly on 
the carbon atom adjacent to H®. This leads to two implications. The first is that 
the C^^-H coupling constants should be proportional to the ’s-character’ of the 
carbon hybrid orbital [tf], i.e. we would expect Jsp, Jsph Jsp^ to be in the ratios 
f  Ï  in that order. This agrees very well with the experimental values [d].

The second is that the coupling constants between !!« and the other nuclei 
should be approximately proportional to the spin densities at those nuclei in the 
radical R-. Now there are a few radicals which are of cr- rather than jr-type and in 
which we would expect little change in geometry on addition of a hydr ogen atom 
to complete the molecule. In this case the spin distribution around the radical can 
be measured by the hyperfine splitting of lines in its E.S.R. spectrum. We should 
therefore expect to find a simple proportionality between the coupling constants 
in the radical and corresponding proton-proton interactions in the molecule as 
measured by N.M.R. A glance at table shows that such a relationship does appear 
to exist, to a certain extent. The correlation for geminal protons is poor; but then 
the largest alteration in geometry on forming the radical would be expected to be 
on the (x-carbon atom. The difference between the ratios for the different types of 
molecule may be attributed to structural changes (e.g. lengthening of C=C bond 
when acetylene loses a hydr ogen atom) and/or to differing excitation energies. The 
experimental results for the olefinic compounds and radicals do however give us 
some confidence in a method for working out proton spin spin coupling constants 
in hydrocarbons, i.e. they will be proportional to the spin densities at the nuclei

Table. Comparison of some hyperfine coupling constants in radicals (electron-proton) and in  
corresponding molecules ( proton-proton)

electron-proton proton-proton
molecule coupling constants coupling constants ratio

in radical R-(gauss) in molecule R H  (c/s) gauss/(c/s)

CtCFL̂ = 19.5 
tttrans “  58.9 
ttcla =  32.9

[ /] J  CH3 = 6.4
•J trans =  16.8 
t/cls =  10.0

3.0
3.5
3.3

><:
Ctgem =  15,7 
Ctirans — Ô8.5 
t̂ cls “  34.2

[9] J gem =  2.9 
dtrans “  19.0 
dels =  11.7

[8] 5.4
3.6
2.9

Ha—Ch C—H = 16.1 [9] d  H = 9.1 [8] 1.6

Ha—D Ux> =  78,3 do = 43 [10] 1.9
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in the appropriate hypothetical radical fragment. The determination of such spin 
densities is often comparatively easy and so we have another way of approaching 
the theory of hyperfine interactions in N.M.R. spectra.
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A sim ple form ula for som e nuclear spin-spin  
coupling constants

by W. T . D IX O N  
Bedford College, Regent’s Park, London, N .W .l

{Received  12 Septem ber 1966; modified 27 Septem ber 1966)

Usually the computation of nuclear spin-spin coupling constants involves a 
great deal of labour since it is necessary to know the ground state [1-3] and often, 
excited state [4] wave functions. The simplified approach to this problem which 
is given below is valid only when the nuclei concerned are connected to the rest 
of the molecule by strongly localized bounds, and when we need only consider 
contributions to the coupling constants arising from Fermi contact terms in the 
Hamiltonian.

Let A  and B be labels for the two magnetic nuclei and their atomic orbitals
and let them be connected in the molecule by a chain of atoms — C  D — , the
nearest neighbour to A being C. Suppose the connection between A and the 
part of the molecule containing B is made by means of orbitals f a  and f c  which 
are linear combinations of the atomic orbitals chosen so that they each have the 
minimum interaction with the rest of the molecule and still give a good description 
of the A -C  linkage, f a  contains i/fA, a combination of the atomic orbitals A, but 
none of the atomic orbitals of C. Similarly f c  contains no atomic orbital of A. 
f a  and f c  interact together to form a bond which is approximately ‘ isolated ’ 
from the rest of the molecule. '

We can describe this bond in terms of M.O. theory:

I A C ) m . O .  =  (*Aa +  ^ f e ) i { f a ~ F  X f c ) j { a f  — f ( x ) j \ / 2 ( l  +  A^ +  2 A 5 )  (1)
and in this case f a ,  f c  will be the singly occupied orbitals of the fragments obtained 
by breaking the C -A  bond homolytically.

In valence-bond terms the wavefunetion associated with the bond would be:

I AC>v.B. = { f a f c  +  f c f a ) { o i f  ~  ̂ a)/2(l + S f c )  (2)
and f a ,  f c  would be defined in terms of exchange integrals i.e.

( f f a f o  —— f o f a ' ^ ^ ^ ,  etc.

Using Ramsey’s approximation [1], the interaction energy of A and B is:

£'ab =  <0|SiaS2b |0>/A£', (3)
where

10) =  the ground-state of the molecule,

Si A, S2B =  Dirac 8-functions,

AE =  an ‘ average ’ excitation energy.

M .P. OO
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If A is not too different from unity in equation (1), then both M.O. and V.B.
theories lead us to the following kind of expression for the coupling constant:

J  (4)

where /jab is a constant for the two nuclei and contains the ‘ adjustable ’ parameter 
AE.

0a(A) =  value of f a  at nucleus A,

fc{B) = \-à\ue of fc  at nucleus B.

We have assumed that «/(«(B) % i/»,(A) zero. For proton-proton splittings we 
may re-write (4) as :

J a b ~  A'abC’̂ , (5)

where Cg is the spin density at B in the ‘ C ’ radical fragment and /Cab is a constant 
for the two types of nuclei and the molecule.

We would only expect this formula to be useful when there is very little interac
tion between the bonds A -C , D -B  formed from the orbitals pairs ( f a ,  f c ) ,  ( fb,  fa),
respectively, and this generally limits its use to the cases when nuclei are separated
by an odd number of bonds [5]. We can test this limited usefulness in simple 
M.O. terms and the table shows that the correlation between experiment and theory 
is quite good for protons, when we fix K a b  (i.e. AE)  empirically.

Calculated (c/s) O bserved (c/s)

M olecu le a b c [4 ]
(

Ethane 8 t 8 t S t 8 [8 , 9]
P ropane(l : 2 )f 6  7 7 0 — 7 3
Isobutane(l : 2 )f 6 0 6  3 — 6 8
C yclopropane! 7 1 — — 7 -8
E thylene gem . 1 0  6 — — 2  9 [8 ]

cis. 9 7 — 9 6 1 1 - 6

trans. 23 4 — 14 8 1 9 1
B enzene ortho 6  9 4  8 — 8 -9 [ 1 0 ]

m eta 1 2 2  0 —  ■ 2 -3
para 5 3 4 1 — 0 5

a: derived from  results in ref. [6]. 
b: derived from  results in ref. [7]. 
f :  used as standard, 
î  : vicinal, average.

T ab le  1. P roton-proton  coupling constants in som e hydrocarbons.

The agreement between theory and experiment is poor in the case of geminal 
protons as we might expect, since there is then an appreciable direct interaction 
between them. The reason why the values calculated for para-coupling constants 
are so poor is not clear at the moment. The advantage of using simple M.O. 
theory in conjunction with (5) is that one only needs to evaluate the coefficients 
of a single (approximately non-bonding) molecular orbital.
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A R elationsh ip  betw een  C oupling C onstants in  E .s.r. and N .m .r. 
Spectra

B y W. T. D i x o n  

{Bedford College, Regents Park, London, JV.lV.l)

F r o m  a relatively simple view point the C-H*  
bond in an organic molecule R -H * is approxi
m ately localised and m ay be described by means 
of a linear combination of the orbitals containing 
odd electrons in the H» and R« fragments.^ The 
geom etry of R , is as in the molecule and not, of 
course, the sam e as th at of the free radical which 
has the same formula.

Using this w ay of describing the bond, it can be 
shown that the scalar coupling of the proton H* 
w ith other nuclei in the molecule RH* should be 
approxim ately proportional* to  the spin densities 
at those nuclei in the fragm ent R», provided  
certain conditions are fulfilled. For example, the  
hyperfine splittings observed in the e.s.r. spectrum  
of a-m ethylvinyl are in a constant ratio to  the  
corresponding proton spin-spin coupling constants 
in propene (in this case the fragment and the  
free radical are alm ost identical).

N ow  both in the free radical and in the hypo
thetical fragment formed by abstraction of a  
hydrogen atom  from a substituted ethane, the  
odd electron is largely confined to  a single atom ic 
orbital on the a-carbon atom, as long as the

substituents are not unsaturated. If the attached  
groups do not interact appreciably w ith each 
other then their effects are approxim ately additive,
i.e., each substituent absorbs a certain proportion  
of the spin density on the a-carbon atom . Suppose 
that the ratio of the spin density on the m ethyl 
hydrogen atom s in  RR'CMe to that on the a- 
carbon atom  is Ar for the free radical and Af for 
the fragment. The ratio of the hyperfine coupling  
of the m ethyl protons w ith the odd electron in 
these tw o odd-electron system s will be:

~h A
isopropyl.

for

and
Ar ^  1 +  Af 4- A/\  

Af \ 1  4“ Ar 4- ArV
for RCHMe

where Ar'» Af' pertain to the substituent R. 
Provided that the differences Ar — Af, Ar' — At' 
etc., are small, then these ratios will have alm ost 
the same value for different molecules. We



T a b l e

Coupling constants of methyl protons

R» R*
(a)

N.m.r. (c./sec.)*
(b)

E.s.r. (gauss)*
Ratio

[gauss/(c./î
H H 8-0 26-87 3-4
Me H 7 3 24-68 3 4
Me Me 6 8 22-72 3 3
OH H 6 97 22-0 3-2
GEt H 696 21-9 3 1
OH Me 6 06 20-0 3-3
OPr Me 6 98 20-0 3 3
CO,H Me 7-41 26-6 3 6

(a) with the odd electron in the radicals R*R*CMe and
(b) with H* in the molecules R^R*CH*Me.

m ight therefore expect the m ethyl proton sp lit
tings, observed in the e.s.r. spectra of a-substituted  
ethyl radicals, to  be proportional to  the corre
sponding proton spin-spin coupling constants 
obtained from the proton magnetic resonance

spectra of similarly substituted ethanes. From  
the Table it  would appear th at this expectation  
is realised.

[Received, October 215/, 1966; Com. 804.)
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Analysis of peracetic acid solutions

[Received 1 February 1966. Accepted 18 March 1966)

A ny estimation o f peracetic acid has to take into account the hydrogen peroxide which normally 
accompanies it in solution. The methods given in the literature^-* for such an estimation rely on 
differences in the reactivity of the two peroxides, but generally assume that any hydrolysis which may 
occur during the analysis may be neglected.^-* We have found that this assumption is not justified, 
especially at low pH, and have therefore developed some alternative procedures which are relatively 
easy to carry out.

E X P E R IM E N T A L
The first step was to determine total peroxide concentration, by standard iodometry.® An excess of 

potassium iodide solution was added to the sample of peracetic acid solution, and the liberated iodine 
titrated with standard thiosulphate. When the blue colour first disappeared, a few drops of ammonium 
molybdate solution were added, thus bringing back the colour. The titration was continued till the 
solution again became colourless. Exclusion o f air from the solutions made no appreciable dilTerence 
to the results if the titrations were carried out in less than 5 min.

The second step, the estimation o f the individual peroxides, was complicated by the hydrolysis o f  
peracetic acid :

CH3CO3H +  HoO ^  CH3CO3H +  H3O3 

Two methods o f analysis were developed to allow for this.

(a) Volumetric method using cerium[IV)
Although cerium(IV) reacts rapidly with hydrogen peroxide but not with peracetic acid, it is not 

suitable for direct titration of mixtures o f the two, because the end-point is difficult to see (the usual 
redox indicators apparently react with peracetic acid and so can not be used). Another point which 
had to be considered was that cerium(IV) solutions must contain a high concentration o f acid, and so 
appreciable hydrolysis o f the peracetic acid could occur during the actual titrations. This problem 
was solved by decreasing the time during which the peracetic acid was in a strongly acidic medium.

The following procedure was adopted: known volumes o f peracetic acid and cerium(IV) ammo
nium sulphate solutions were mixed, the latter in excess, then rapidly diluted with a solution containing 
an excess o f iodide. The liberated iodine was subsequently determined with standard thiosulphate. 
If the titres corresponding to given volumes o f peracetic acid and cerium(IV) solutions were ti  and t̂  
respectively, and the titre for a mixture o f these two volumes was ta, then the titre corresponding to 
the hydrogen peroxide in the peracetic acid solution must be i ( q  +  ig — 1 3). As long as the operations 
were carried out within a few minutes, the results were self-consistent [i.e., within 1  %).

Difficulties were experienced when permanganate was used to oxidise the hydrogen peroxide, 
because o f interaction between the manganese(II) and the peracetic acid, which was made evident by 
the appearance o f deep crimson or purple colours in the solutions.

(b) Spectrophotometric method
An unknown concentration o f hydrogen peroxide may be determined by forming the peroxy- 

titanium(IV) complex and measuring the absorbance o f the resulting solution at 410 m/i. Known 
volumes o f peracetic acid solution and an excess o f titanium(IV) sulphate in dilute sulphuric acid 
were mixed, the time noted, and the solution transferred to a 1-cm cell. The absorbance was measured 
at known time intervals. The initial concentration o f hydrogen peroxide could be found by extrap
olation and comparison with the absorbance o f standardised solutions o f the complex. The results 
agreed with each other, and with those of the volumetric method using cerium(IV), to within about 1 %. 
Table I shows some typical values.
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T a b l e  I.— S p e c t r o p h o t o m e t r ic  d e t e r m i n a t i o n  o f  p e r o x i d e

Hydrogen peroxide added 
mil 100 ml* Absorbance

Peracetic acid added 
mlj 100 ml* Absorbance

0 8 0-377 1 - 0 0 0-164
1 2 0-569 2 - 0 0 0-323
1 6 0-770 3-00 0-490
— — 4-00 0-655

* Sample diluted to 100 ml with acidic titanium(IV) solution.

The ratio o f the concentrations o f hydrogen peroxide in the comparison solution and in the per
acetic acid solution was 2 92 ±  0 02 from the photometric measurements compared with 2 94 ±  0 01 
from the volumetric analyses. It was assumed that all the oxidising power o f the peracetic acid 
solution was due to the two peroxides.

Analytical grade reagents were used, and the solutions were about OTA concentration. The sample 
o f peracetic acid, which contained about 10% of hydrogen peroxide, 20% o f peracetic acid and 70%  
o f  acetic acid, was diluted 1 0 0 -fold.

Department o f  Chemistry W. T. D ix o n

Bedford College
Regent's Park, London, N .W A

Summary—In the estimation o f peracetic acid in aqueous solution, 
hydrolysis o f  the peroxy group must be taken into account. The best 
volumetric method is an indirect one using cerium(IV) as the oxidant, 
followed by iodometric titration of the excess o f cerium(IV). A  spectro
photometric estimation o f the hydrogen peroxide present, based on the 
peroxytitanium(IV) complex is satisfactory if measurements are made 
at known time intervals and extrapolated to zero time.

Zusammenfassung—Bei der Bestimmung von Peressigsaure in waBriger 
Losung muB die Hydrolyse der Peroxygruppe in Rechnung gestellt 
werden. D ie beste volumetrische Methode ist eine indirekte mit 
Cer(IV) als Oxydans, mit nachfolgender jodometrischer Titration des 
Überschusses an Cer(IV). Eine spektrophotometrische Bestimmung 
von vorhandenem W asserstoffperoxy d, die sich auf den Peroxytitan(IV) 
komplex stiitzt, ist zufriedenstellend, wenn in bekannten Zeitabstanden 
gemessen und auf die Zeit N ull extrapoliert wird.

Résumé—Dans l’estimation de l’acide peracétique en solution aqueuse, 
on doit prendre en considération l’hydrolyse du groupe peroxy. La 
meilleure méthode volumétrique est une méthode indirecte, utilisant 
le cérium(IV) comme oxydant, l’excès de cérium(IV) étant ensuite 
dosé par iodométrie. U ne estimation spectrophotométrique de l’eau 
oxygénée présente, basée sur le complexe peroxytitanique(IV), est 
satisfaisante si les mesures sont effectuées à des intervalles de temps 
connus et extrapolées au temps zéro.
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Charge Delocalisation in some Elimination Reactions

By W. T. Dixon 

Department o f  Chemistry, Bedford College, Regents Park, London N .W .l

It is well-known that E2 reactions occur most 
rapidly when the departing groups are trans with 
respect to each other. Sometimes, however, facile 
elimination takes place when the groups are situated 
in cis positions, e.g. in some substituted cyclopentyl 
systems; but in these cases there is either some special 
activation to consider, or the groups nearly eclipse 
each other. 1’2 The stereochemistry of these E2 
reactions can be explained in a relatively simple manner 
by means of the following molecular orbital model: 
suppose a base B: approaches an a-hydrogen atom

a 3
in the molecule H-C— C-X and that the dihedral

A A

angle between C«-H and Cp-X is 6

\
B H

The labels B, H, X refer to corresponding atomic 
orbitals and 1, 2, 3, 4 to carbon sp'  ̂ (or s/j2) hybrid 
orbitals.

In order to simplify the equations we shall assign 
the same coulomb integral to all of the atomic orbitals, 
for this enables us to consider only a single molecular 
orbital in determining the charge distribution.

The resonance integrals which we shall consider and 
which are significant in this problem are: 

for the interactions 1-H, 2-3 and 4-X , the reson
ance integral is P = l ;  for B-H , y; for 1 ^ , y„ cos 0 
(this interaction is of %-type); and finally for the type 
1-2 the resonance integral is y'. The charge distri
bution is given by the coefficients of the non-bonding 
orbital and these are:
Ch =  C2=C4=0^G
c i/ cb= —y, C3/cB =yy', cx /cB = y {—y,t cos 0+y'2}. 
From the results of various extended Hiickel cal- 
culations^ it would appear that 1/4 ~  y„ ^  y' and 
hence there are two positions of maximum transfer of 
negative charge on to X:

(i) 0 =  180°, cx/cb =  +yjt +  y'^
(ii) 0 =  0°, cx/cb =  — yn +  y'^

Presumably the more easily the charge drifts on to X  
the more easily will it tend to leave as X~. This drift 
is largest when X is trans relative to the a-hydrogen 
and will be further enhanced if X is a strongly electron- 
attracting group. In this way we explain the preference 
for /m/w-elimination.

Now let us consider the situation when the groups 
are held in eclipsing positions x

O X'
cis, 0 =  0°, cx/cb =  — yre +  y'  ̂
gauche, 0 =  120° cx/cb =  -Vt n i  +  y'^

Since both y„ and y' are much less than 1/2 and 
yn^y' it is clear that the concentration of negative 
charge on X in the gauche case is comparatively small 
and therefore cw-elimination occurs in this type of 
molecule.

The reason why cis elimination is so rare in the 
absence of activating groups on the a-carbon, is that 
the substituents tend to arrange themselves to be as 
staggered as possible; this implies a dihedral angle of 
more than 30°, in general, and so the charge developed 
on a ‘cw’ group as B: approaches is small.

It is interesting to note that if the a-hydrogen atom 
is removed completely the charge distribution in the 
alkyl ‘cr-anion’ would still follow the same pattern, 
so that the steric course of the reaction should be the 
same, provided that X~ is lost before inversion can 
occur at the a-position, other things being equal.
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; N uclear M agnetic R esonance and B im olecu lar E lim in ations
By W. T. D i x o n  

{Bedford College, Regent's P a rk , L ondon N . W . l )

A s two molecules approach one another, their elec
trons tend to be redistributed so that the potential 
energy is kept a%.fmall as possible at any given  
moment. Eventually the system  reaches a point 
where the potential energy is at a maximum {i.e., at 
the transition state) and thereafter it loses potential 
energy as it disintegrates into the products of the 
interaction. In this Communication we shall 
consider the period before the transition state is 
reached in nucleophilic E 2  o r E lc B  reactions^.

As the base B ;-  approaches a hydrogen atom H* 
in the molecule H *-R , its negative charge becomes

MO of which is the same as that occupied by 
the odd electron in the radical R-. Furthermore, it 
has been shown that the spin density a t a proton in 
R- is approxim ately proportional to  the spin-spin  
coupling of that proton w ith the H* nucleus.* Now  
the greater the degree of delocalisation of the odd 
electron in R-, the lower is the coupling constant 
between H* and a given type of vicinal proton ; 
also, from the above arguments, the more favour
able is elimination of H* under nucleophilic attack. 
As a test for these ideas we examine first some 
effects of conformation in alkene derivatives:

T a b l e . Coupling constants^ J {c./sec.) in some halogenoethylenes

CH; : CH; CHjiCHBr
Molecule cis trans

116*

Molecule
J

J  /  f ret

J I  fret

CH,
cis
7-3
0 6 3

19 If  
1

0 1  
U 61

trans 
16 2

iCHCl
trans 
14 6  

0-76

(cis)
CHC1:CHC1

cis trans
6-3 —
0-46 —

0-80

(trans)
CHCl :CHC1 

cis trans
—  12  1 
—  0-63

f Reference.

B“.

Ch *

dissipated to  a more or less extent over the 
fragment R at the same tim e as the bond (covalent) 
B -H  is formed. I t  is reasonable to  suppose that 
the more easily the negative charge drifts away 
from B:~ in this situation, the easier it  will be for 
the hydrogen atom H* to be eliminated. There 
m ay or m ay not be synchronous loss of Y~ from C or 
X" from D. Now bonds between hydrogen atoms 
and nonmetals are usually relatively independent 
of other bonds in a molecule, and it follows from 
this that the distribution of charge in the R  
fragment in the initial stages of the reaction

g.OfHîLQ;H— R

is  the same as that in the negative ion R". In  
sim ple MO theory, %he delocalisation of the charge 
from B :~ occurs m ainly v ia  the highest occupied

From the Table we can see that maximum délocali
sation, and hence preferred elimination, occurs 
when a proton is trans with respect to a halogen 
atom. This is to be expected from the couphng 
constants in ethylene, which indicate that more of 
the excess of negative charge tends to collect on.the 
atom  trans rather than cis with respect to H*. In  
a similar w ay we would expect /rans-elimination to  
be favoured in cyclohexyl halides (/^,.(,„j~12. 
Jgaache'^'^ c./sec.)® but cM-elimination when 
vicinal atom s are held in eclipsing positions [e.g., in 
cyclopropanes Jgauche'^^ c./sec.).® A
special case of «5-elim ination occurs when aryl
h alides {Jortho'^9 J t A c ./sec.)
react with certain nucleophiles to give benzyne 
intermediates. The so called Saytzeff rule can also 
be explained, in these terms, for from the vicinal 
coupling constants® i.e ., C H 3C H 3 (8), (CFl3)2CH2 
(7 3), and (CHg)3CH (6-8 c ./se c .) ,  we would expect 
preferred elimination from tertiary carbon [e.g.,: 
(CH3i)2-CH®-CH®-Cl-CH2*.CH3® /i.,~ 6 -8 , /4.5~7-3 
c ,/sec ,, therefore elimination of H® preferred,]

If we wished to  compare rates of elimination from 
different molecules, the situation becomes more



complex, since we then have to take into account affected by solvent and the substituents on the D
the ease of loss of halogen ion etc., and this is carbon atom.

{Received, M arch 17/A, 1967; Com. 262.)
1 K. A. Cooper, M. L. Dhar, E. D. Hughes, C. K. Ingold, B. J. MacNulty, and L. I. Woolf. J. Chem. Soc., 1948. 2043, 

and following papers; D. V. Banthorpe, "Studies in Chemical Structure and Reactivity." ed. J. H. Ridd, Methuen, 
London. 1966, ch. 3; D. V. Banthorpe, "Elimination Reactions", Elsevier. New York, 1963.

• W. T. Dixon, Theor. Chim. Acta, 1966, 6 , 359; Chem. Comm., 1966, 870; AIol. Phys., 1966, 11. 601.
•J . W. Elmsey, J. Feeney, and L. H. Sutcliffe, "High Resolution Nuclear Magnetic Resonance", Pergamon, 

Oxford, 1965, ch. 10.
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( R e c e iv e d  29 A p r i l  196?)

With the advent of extended-Huckel molecular orbital 
theories (1) and their application, via perturbation theory, to the 
rates of various reactions (2), it may become unnecessary to guess at 
transition states and factors affecting their energies, to the same 
extent as before (3). Unfortunately, molecular orbital theories tend to 
contain parameters which are adjusted to suit the situation,and this is 
why it is desirable to find theories which simply relate different 
properties of a molecule with each other. In this paper we hope to 
demonstrate a connection between reactivities and magnetic resonance 
spectra, at least in some particular cases.

Many reactions involve the loss of a group X from a 
molecule RX (e.g. loss of halide ion in the hydrolysis of alkyl halides) 
and this process may, or may not, be facilitated by the approach of a 
group Ŷ  to X and/or a group Ŷ  to some part of the fragment R?
As Ŷ  approaches X its charge/spin gets transferred to the fragment R- 
and in general, the greater the degree of transfer the weaker the R-X 
bond becomes. If this bond is stretched in the transition state then we 
expect that the more easily R- can accommodate the appropriate charge or 
spin, initially associated with Y^, the lower will be the activation 
energy of a reaction in which X is lost. The chief factor assisting in 
this transference of charge/spin from Y^ , in the cases v/e shall consider, 
is the degree of délocalisation in the fragment R-(4).
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PIG. I

Empirical relationship between coupling constants and rates
J Of some representative reactions;

t
Ink 
+k '

2

1

S888 7 . 577 . 57
J ( c/s)

J = vicinal methyl proton coupling constant, either as measured or as
estimated in compounds (i) CH-CHRR', for curves a,h,c,d,d*,e - which
illustrate the effects of a-substituents on the rates of reactions of
CHjCRR'X; (ii) (^HRE'GHj , for curves a*,b*,c*,e * w h i c h  show the effects
of 3-substituents in reactions of CHEH'CH,Z,

f K ^
k= rate constant, k'= constant for each curve, E^= activation energy.
a, a* E2, GEt catalyst, EBr -> olefin (3) _ Saytzeff-type
b, b* E2, GEt catalyst, R S M e->■ clef in (3) - Hoffman-type
c, c* :- El, gas phase, EBr-> olefin ( 7 )  - Saytzeff-type
e, e* Radical abstraction, ^RH + R̂- + (4)
d :- S^l, RBr + OH -> ROE + Br (3) 
d* ;- S^2, RBr +*Br-> R*Br + Br (3)
Yx = solvent (?) for a,b,d; 3-H for c,
Y,̂ = GEt for a,b; OH for d; Br for d*; a-Br for c.
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the incoming nucleophile are sufficient to offset their rather feeble 
delocalising (hyperconjugative) power, i.e. rate is determined by the 
ease of approach of .

Hates of addition reactions may similarly be connected 
with N.Î.I.R./E.S.R. coupling constants by considering them as the reverse 
of eliminations; i.e. the initial step is addition of an electrophile or 
radical, E, to give a species somewhere between the T-complex 
and the o'-fragment allowing maximum delocalisation y— ^
Hence we expect this initial addition to be such that the most favourable 
ion/radical is formed ; usually this means that the electrophile/radical 
adds to the carbon attached to the largest number of hydrogens, 
e.g. Addition to (CH^)^ C=CHCH^
In molecule: (OHj)^CH.CH^CH^ , Jq.;~ 6.8 c/s, 7.3 c/s, therefore
initial addition is to carbon atom'b'. This accounts for Llarkownikoff's 
rule and the direction of radical addition of HBr.

The stereochemistry of addition/elimination reactions 
may be correlated with splittings in magnetic resonance spectra in a 
similar manner.
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A Molecular Orbital Theory of Proton Spin-spin Coupling Constants
By W . T. D ixon, Bedford College, Regents Park, London N.W.1

If equivalent orbitals are used in the description of carbon-hydrogen bonds, a very simple formula for proton— 
proton coupling constants in hydrocarbons may be derived. Only two MO parameters, one for the ^-interactions 
of carbon hybrid orbitals and one for the interaction of orbitals on the same atom, are needed to reproduce most of 
the observed trends in the hyperfine splitting of proton magnetic spectral lines. Addition of a further parameter 
makes it possible to estimate the actual magnitude of coupling constants. The scalar interaction of protons appears 
to take place largely by means of w-interactions. often within the so-called a-skeleton of a molecule.

S in c e  Schrodinger equations cannot generally be 
solved exactly, we usually express the eigenfunctions of 
a molecular Hamiltonian as a linear series, the terms 
of which are most sensibly chosen so that the series 
converges as rapidly as possible. For example, it is 
convenient if these functions form a linearly independent 
set and reflect the geometry of the molecule. Very 
often the eigenfunctions of a simplified Hamiltonian 
are chosen as bases; usually, however, we cannot solve

even simplified problems exactly, so then the terms 
forming such a series are approximate eigenfunctions 
of a simpler Hamiltonian. Such a situation arises 
when we try to calculate spin-^pin interaction energies, 
and in this case the eigenfunctions are expressed in 
terms of those associated with the spin-free Hamiltonian 
J f’j). Since magnetic effects are normally very small, it 
is legitimate to treat them as perturbations and the 
coupling between two nuclei in a molecule, with zero
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resultant electronic spin, is given to the second order by 
equation (1)

E ar =

2  +  <0|jrB|r>(r|jr&|0>
r — l____________________________________________

Eo -  Er (1)

where F(,,|0> =  lowest eigenvalue and associated eigen
function of Hq: Ef,\ry =  yth eigenvalue and eigen
function of ; 3 ]̂  ̂and Jfg  are the perturbations due to 
nuclei A,B, respectively. One way of simplifying this 
equation is to replace the excitation energies {Ef — E q) 
by a sort of average AE and then we obtain,^

XT _ B -|--------- I E (2)

Equation (2) contains the apparent advantage that we 
need only know the ground-state of the molecule to 
calculate Eab. but there is no reason to suppose that the 
same value of AE  can be used for different pairs of 
nuclei. Some results using AE  effectively as an em
pirical parameter are quite good,* on the other hand 
others are poor; * * one of the main difficulties being that 
when (2) is used in conjunction with molecular orbital 
theory, predicted coupling-constants are bound to be 
positive.®

Perhaps a more satisfactory way of simplifying 
equation (1) is to limit the number of terms, and such a 
method has been applied to simple hydrocarbons with 
some success.* In this Paper a third approach will be 
used which is equivalent to a combination of the two 
mentioned above. In this method we consider only 
two excited states and these correspond to excitations of 
the two C-H bonds associated with the protons in 
question.®

Derivation of Formulae.—Suppose hydrogen atoms 
A,B are attached to atoms C,D, respectively, in the 
molecule which we are going to discuss in simple 
molecular orbital terms, neglecting overlap in setting up 
the secular equations. As basis functions we shall 
employ mainly the atomic orbitals but instead of the 
atomic orbital of A, we shall use the linear combination 
a  =  2  where 0, is the r̂  ̂ atomic orbital. The

coefficients o f  will be chosen so that the integrals 

3'ar (=  j — ar)0rdT, o, =  j are zero when

y #  1,2; is the one electron Hamiltonian for the 
molecule. This choice is unique because we have the 
normalisation condition for a and n-2 equations of the 
type p'a, =  0, for determining n -\  coefficients, is an 
appropriately hybridised orbital of atom C, e.g., sp  for 
acetylene, sj>̂  for ethylene, and sp^ for ethane, and is 
replaced as a basis function by the combination c =

' N. F. Ramsey, Phys. Rev., 1963, 91, 303.
• M. Karplus, Rev. Mod. Phys., 1960, 3 2 , 455.
• H. M. McConnell, J . Chem. Phys., 1959, 3 0 , 126.
• J . A. Pople and D. P. Santry, Mol. Phys., 1964, 7, 269; 1964, 

8, 1; 1965, 9, 301, 311.

T  Cfipr- The coefficients Cr are determined by the

equations =  0, r 1,2. In a similar way we replace 
3̂ the atomic orbital of B by 6 =  T  Cr''pr, and the

corresponding hybrid orbital of D by =  % c ”pr and
f S

define pV =  P *  =  0, r yt 3,4. Defined in this way, 
function c is, for example, the highest occupied orbital 
in the fragment obtained by abstracting atom A leaving 
the geometry of the rest of the molecule unchanged.

Now we are ready to set up the secular equations for 
the molecule using a,b,c,d and the atomic orbitals
05 as basis functions. The resonance integrals
Pdft, Pad, Pcft, Pcd will be small and we can construct two 
molecular orbitals, i.e., approximate equivalent orbitals ® 
which involved only a and c which can be associated 
with the bond C-A. One of these is bonding, i.e., 
{a - f  Xc)(l -1- X*)“*, and the other antibonding, i.e., 
(Xa — c)(l -f- X*)~*. Similarly, two approximate equiva
lent orbitals can be constructed which involve only 
b and d  and which can be associated with the bond B~D.

Of the excited states, those corresponding to the 
lowest single excitations of the A-C, B -D  bonds are by 
far the most important in determining the magnitude of 
the Fermi Contact Interaction between the nuclei A 
and B and therefore we consider only the two corre
sponding terms in equation (1). If differences in 
electronegativity are not too large the coupling constant 
7 ab is given by

J jlB =  — (-^Ab/2) — Cb* — (3)

where is a constant for a given type of molecule and 
involves a sort of average excitation energy AE' for the 
lower excited states of the molecule, and f x  is the value of 
function /  at a nucleus X. If A and B are in similar 
situations the expression in (3) can be simplified to :

J ab =  A’ab (cb® — «b^) (4)

In hydrocarbons, when the protons are separated by an 
odd number of bonds Cb* ^  «b^ so we can often simplify 
(4) even further to :

J ab — - âbCb* (4a)

Equations (4) and (4a) have already been applied to a 
few hydrocarbons using extended Hückel theories,®" 
and also have been used to relate the e.s.r. spectra of 
certain radicals with the n.m.r. spectra of corresponding 
molecules.®"'® In this Paper we shall use a simple form 
of molecular orbital theory in order to correlate the 
n.m.r. spectra of a wider range of compounds.

Molecular Orbital Theory.—The following treatment 
is essentially a particular view of hyperconjugation.® 
The compounds which we are going to discuss are all 
hydrocarbons and we shall assume that we can use the

® W. T. Dixon, (a) Mol. Phys., 1966,11, 601 ; (5) Theor. Chim. 
Acta, 1966, 0, 359; (c) Chem. Comm., 1966, 870; (d) Mol. Phys., 
in the press.

• R. S. Mulliken, Tetrahedron, 1959, 6, 253; 6, 68,



Inorg. Phys. Theor. 1881
same coulomb integrals for ail the basis functions, 
i.e., the various carbon hybrid and hydrogen orbitals. 
When the theory is applied for geminal protons we have 
to use equation (4), otherwise equation (4a) suffices, 
since in general we need only know the odd electron 
distribution in the radical R -to  find the coupling of " A ” 
with other protons in the molecule R-A.® Translating 
this into MO terms, we only have to find the coefficients 
of the atomic orbitals in a single molecular orbital the 
energy of which will have very nearly the same value as 
one of the coulomb integrals. In these terms all the 
coefficients except one are small. Let us take the 
o-fragment from ethylene as an example:

O' O' 

O’
(I)

1,2.4,6,6,8 are carbon sp* hybrid orbitals 
3,7,9 hydrogen Is orbitals

Geometry : bond angles 120°; C-C, 1-34 A; C-H, 108 A. 
In some computations of coupling constants in alkyl, 
vinyl, and phenyl radicals, the author ®*’ found that the 
results were sensitive to only a few of the resonance 
integrals which were treated as semi-empirical para
meters. The following parameterisation was found to 
give the simplest adequate treatment of coupling 
constants either in n.m.r. or in e.s.r. spectra.

PzÆ ~  P4.6 — • • • • =  ^
Pi,6 =  P2.8 =  —y*r — y a 
P w  =  P2.6 =  + y ,  — y .

Pi,2 =  P6,6 =  è ( “8 — “p) =  y

Where Og, «p are carbon 2s, 20 coulomb integrals respect
ively; ±yiT is the re-type of interaction between the 
p  components of the hybrid orbitals, e.g., in ethylene,

y»r =  iPir cos* 30 =   ̂ p,

P, is the re-resonance integral, and y„ is the inter
action of hybrid orbitals (non-bonded) along the line 
of the nuclei and is expected to be small.*

In solving the secular equations for the “ vinyl " 
radical, above, we find from third, fifth, seventh, and 
ninth rows, for the non-bonding orbital.

Ca -- Ca   Ca Co =  0

and from the other rows.

(̂ 8 =  ^ 6 =  —y^i 
c? =  (y»r +  y ,  +  / ) c i  

=  (— y# +  y» +  y*)^i

* W. T. Dixon, Mol. Phys., 1966, 9. 201.• J. A. Pople, Quart. Rev., 1967, 11, 273; H. C. Longuet- 
Higgins, J . Chem. Phys., 1960,18, 283; M. J. S. Dewar, J. Amer. 
Chem. Soc., 1962, 74, 3357 ; K. Fukui, H. Kato, and T. Yonezawa, 
Bull. Chem. Soc. Japan, 1962,85,1476; C. A. Coulson, “ Valence," 
Oxford University Press, Oxford, 1961, ch. 7.

Using equation (4a) we obtain,

Jeu =  A'ab (—y» +  ya +  y^Y^x
Jtran* =  A ’aB ( + y ir  +  y» +  y Y ^ ^

We can see that Jtraiu >  Jeu provided that y„ - f  y* >  0. 
There is evidently a marked similarity between this 
type of system and so-called re-electron systems in 
which there are non-bonding molecular orbitals* {i.e., 
alternate atomic orbitals have zero probability). How
ever here we have to consider two paths by which odd 
electron density is transmitted through the molecule, 
i.e., via a- and re-interactions of non-bonded, hybrid 
atomic orbitals. The rule for finding the coefficients is 
not as simple as in the pure re-electron case and there is 
rather a low degree of delocalisation due to heavy 
" damping " by the relatively strong C-H and 
C-C bonds.

Choice of values fo r parameters. We shall choose the 
parameters semi-empirically so that we get good predic
ations for 7ci* and Jt,an, in ethylene using equation (4a). 
The total spin density on the p-protons in the vinyl 
radical was found, by extended Hückel calculations,’ to 
be approximately 1 /S. This gives us a third relationship.

;^AB{y, +  ya +  / r N - * - 1 9 ' l l  
A^AB{-y, +  y. +  / } ' N - : = l l ' 6

2{y,2 +  (ya +  y T }^ -“~ l /8 J
(5)

where AT is a normalisation factor. Satisfactory values 
for the parameters, which approximately reproduce the 
equations in (5) are,

y , =  J, A'ab =  286 c./sec., \ /y a  y^ — 1 /4 ^ 2

Little is to be gained by including y„, so we shall equate 
it with zero and use the-value l /(4 /\/2 )  for y. The 
maximum value of the re-type overlap integral involving 
two carbon s0® hybrid orbitals situated on adjacent 
carbon atoms 1 54 A apart (bond angles 109^°), is very 
nearly the same as in the ethylene case above; i.e., 
I  S„ (1-54) cos* 19 |, where S„ (1-54) is the re-overlap 
integral for two carbon 20 orbitals at that distance. 
As in the extended Hückel treatment,’ we assume that 
resonance and overlap integrals are approximately 
proportional to each other, so to maintain simplicity we 
shall take the same value for y , in ethane as in ethylene. 
The only other important parameter we shall need to 
know in the calculations involving equation (4a) is the 
ratio of p in acetylene to that in ethylene. This ratio is 
9/11 assuming a C-C bond length of 1-20 A in acetylene 
and an exponent of 1-625 for carbon 2s and 20 orbitals. 
From the overlap integrals, the various types of C-C 
and C-H bond are not very different from each other, so 
we shall make them all equal to our unit of energy. A 
hydrogen exponent of 1-2 was used throughout ’ and a 
C-H bond distance of 1-08 A.®

Calculation of geminal proton coupling constants. First

• R. S. Mulliken, C. A. Rieke, D. Orloff, and H. Orloff, J . 
Chem. Phys., 1949, 17, 1248.
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we shall consider two cases when it is not legitimate to 
replace equation (4) by (4a). For ethylene we need to 
look at the following orbital systems,

O
\

o „
(II)

B

o

We have discussed (I) already and in order to find the 
second term in equation (4) it is necessary to consider 
(II) and to include interactions which are unimportant 
in (I) ; these are as follows :

Yhh =  Pi',s/P2.3 — — 2/7

y* =  Pi, 3/^2» 3 — •̂ l',2/'̂ 2,3 — 1/4-\/3 

The coupling of the geminal protons is given by,

Jçem =  (6)

where C3 ~  —yCj

C3' ~  - V h c f

Insertion of numerical values leads to a result which 
compares favourably with the observed coupling constant 
(+2-5 c./sec.) ; i.e., /p^(ethylene) =  +2-6  c./sec.

A similar result has been obtained using the V.B. 
method.^^

In an analogous way we can calculate the geminal 
coupling constant in methane, considering the following 
orbital systems:

'O O'
O 
'' O' O'

(II) (I)

Values of the integrals are: Pj,2 =  (f)y, Pi.s =  (Dy* and 
P3,6 =  53,g(methane)/S3.5(ethylene) =  (5/4)yM. The 
coupling constant found for the protons in methane is 
found to be —3 5 c./sec,, so that the sign is correct 
although the value is rather too small (empirical value 
—12 4 c./sec.).^*

Coupling o f Protons Separated by more than Two Bonds. 
—In this section we shall deal mainly with cases to which 
equation (4a) may be applied. We shall not consider 
the interaction of o- and re-electronic configurations but 
shall, in the first place, examine the transmission of 
magnetic effects through what is generally called the 
o-skeleton of a molecule.. The agreement between 
theory and experiment is surprisingly good, considering 
the simplicity of the model. In these calculations the

R. M. Lynden-Bell and N. Sheppard, Proc. Roy. Soc., 1962, 
A, 269. 385

M. Karplus and D. H. Anderson, J. Chem. Phys., 1959, 80, 6.

J. Chem. Soc. (A), 1967

methyl groups were supposed to be rapidly rotating 
and an " ideal " geometry was chosen for the alicyclic 
compounds. Also, since we considered only type (I)

T a b l e  1

Vicinal coupling constants (c./sec.)
c, MeCH*:CH, EtH

Jtran» Jet» 7h*-m« Jet» Jtran» Jvte
Calc. 19 0 11 5 7 1 10 7 17 1 7 9
Obs. 19 1 116 6 4 100 16-8 8 0

Me,CH, McsCH cycloC,.Hi, cycloC,H ,
Jvt» JvUi Jax-ax Jaz~*q Jet» JçaucSt

Calc. 7 3 6 75 16 5 2 7 4-8 12 7
Obs. 7 3 6 8 12 4 5—6 8—9

(above) orbital systems, effectively only three parameters 
were used in calculating the results shown. Any move
ment away from the perfect chair conformation of cyclo- 
hexane leads to a reduction in axial-axial proton 
coupling and this could account for the high predicted 
value in the Table, since rings which are prevented from 
flapping by bulky groups are probably distorted.

Long-range coupling constants. In most cases where 
coupling takes place between protons separated by 
more than two carbon atoms, it is necessary to invoke 
the participation of re-electrons in explaining the trans
mission of spin density from one part of a molecule to 
another.

In the case of (raws-butadiene, however, we do 
not have to postulate such a mechanism for we can 
explain the observed coupling constants by referring 
only to the orbitals which are symmetrical with respect 
to reflection through the plane of the molecule, i.e., its 
o-skeleton :

'O O’
) ( O’

' O  X  X

■ -O O'
Ji.s =  ^ (—y» +  y» +  y*)*
Ji.s =  ^(yir +  y® +  y*)* ~  J%.t
A ,4 Z  0, / j .4 =  4ATy'(—yir 4- y ,  4- y*)*
/ i . 6 ~  ^(yw 4- yo)*[—yn 4- y«r 4 - y*)*

4- ya)*{yn 4- yo 4- 3y*)*
{K  =  Constant.)

For benzene, also, the results are good when we consider 
only the o-orbitals, except that the predicted coupling 
between 0 «ya-protons is much too large (see Table 2). 
The negative splittings which often arise when protons 
are separated by an even number of bonds are not 
included in our theory because we neglect (a) the polaris
ation of the C-H bond in the o-fragment by the com
paratively large induced spin density on that carbon

* M. Karplus, D. H. Anderson, T. C. Farrer, and H. S. 
Gutowsky, J . Chem. Phys., 1957, 27, 597.
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atom and/or {b) to include the second term in 
equation (4).

T a b l e  2

Coupling constants in butadiene and in benzene (c./sec.)

Butadiene / j . ,  /j-a Ji.t Jt,* Ji.s Ji,*
Calc.............  I l l  18 4 0 1 6 0 7 1 4
Obs. 14 .......  11 16 - 1  3 - 0  7 0-5 1 6

B en ze n e  Jorlho Jm»ta Jpara
Calc.............  8 8 1-5 2 3
Obs." .......  8—9 2—3 0 6

Acetylene. The coupling constant predicted for 
acetylene, 1 3  c./sec., is much smaller than the experi
mental value of 9T c./sec. Several reasons for this 
discrepancy suggest themselves; first, we might expect 
appreciable interaction of the protons via  the re-electron 
system (involving configurational interaction) ;

O' O' O'
(II)

secondly, the interactions 1—3, 1—4, etc., may be im
portant ; and thirdly, in our approximation the coupling 
energy varies as the fourth power of y  and is therefore 
extremely sensitive to that parameter. At this point it 
is not worthwhile trying to make a ” better " choice.

Coupling between methyl protons. When methyl groups 
are separated by an odd number of carbon atoms the 
above theory leads to zero or near-zero coupling; we

T a b l e  3

Long range coupling of m ethyl protons
Me,C:CH, MeCHICHMe Me(CH:CH),Me

Calc, (c./sec.) .. 0 1-7 0-8
Obs. (c./sec.) 4* ? 1-2 ?

Me(CH:CH),Me CH,:c:Me, MeC:CMe
Calc, (c./sec.) .. 0-3 2-5 2-5
Obs. (c./sec.) 4* ? 3-0 2-7

Me(C:C),Me Me(C:C),Me
Calc, (c./sec.) .. 0-9 0-3
Obs. (c./sec.) 4* 13 0-4

might therefore expect the splittings to be negative, as 
is observed.^®* When the methyl groups are separated 
by an odd number of double or triple bonds we need to 
know further parameters which can be found from 
those whose values have been given already. The 
problems are solved in much the same way as those 
above and the method is illustrated below for the case

" J. W. Elmsey, J. Feeney, and L. H. Sutcliffe, "High 
Resolution N.M.R.," Pergamon, Oxford, 1966, ch. 10.

* E. O. Bishop and J. I. Musher, Mol. Phys., 1963, 6, 621.
4» M. Karplus, J. Phys. Chem., 1960, 83, 1842.
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when two protons are in the most favourable position 
for coupling and are separated by one multiple bond

O'
9 y II

)S,.4 =  yit' =  0-305 
o _  o _  fO-5 (ethylene) pn -  p»,i -  Iq.qj (acetylene)

Cj/C; =  0 ; C7 /C1 =  y ir  l^rr ', C n jc ^  =  (yjT l p n ) y n

DISCUSSION A N D  CONCLUSION

From the above Tables we can see that the agreement 
between theory and experiment is generally rather good. 
The most useful point we can make is that we can expect 
good order of magnitude predictions whenever coupling 
constants are largely determined by the re-interactions of 
carbon hybrid orbitals. In other cases it is apparently 
necessary to include configurational interactions, es
pecially when the nuclei are separated by an even 
number of o-bonds or by multiple bonds. The main 
problem which remains unsolved is that the calculated 
coupling constant for 0 a/'«-protons in benzene is wrong 
by nearly an order of magnitude. On semi-quantitative 
grounds one might expect a splitting of 2—3 c./sec. by 
comparison with the 8-coupling constants in butadiene 
derivatives. Sensible variations in the parameters and 
more extended calculations all lead to similar 
estimates, which are much higher than observed 
splittings by 0 am-protons. It may be that interaction 
with the re-electrons leads to negative, rather than 
positive contributions to the induced spin density at the 
0 am-position. Tliis problem is not, apparently, one 
which will be resolved in simple molecular orbital terms.

Finally, we might summarise some of the more 
interesting points about the simple MO theory given 
above, (i) Numerical predictions are often good, (ii) It 
is easy to arrive at explicit expressions for spin densities 
in radicals or proton-proton coupling constants in 
hydrocarbons, (iii) It gives us some idea as to how 
effects may be transmitted through o-electron systems, 
i.e., effectively by means of hyperconjugation; retain
ing the idea of o-bonds being very strongly localised, 
(iv) It provides us with a useful picture of a complex 
phenomenon, the indirect coupling of protons in 
molecules ; that is, the C-H bond is spin polarised b y  
the magnetic moment of the proton so that a certain 
spin orientation is preferred near the carbon atom. This 
spin density (opposite in sign to that around the proton) 
is then delocalised to a certain extent around the rest 
of the molecule, leading to interactions with other 
magnetic nuclei.

[7/212 Received, February 21sf, 1967]

4* G. A. Peterssen and A. D. McLachlan, J. Chem. Phys., 1966, 
45, 628.
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THE ROLE OF SIGMA ELECTRONS IN .'iROliUTIC SUBSTITUTIlN

by W.T.Dixon 
Bedford College, Regents Park, London N.W.1.

{Received in UK 10 September 196?)

The recent development of generalised Huckel 
theories, e.g. that of Hoffmann (1), and their application to the changes 
which take place during molecular interactions, e.g. by Fukui et al. (2), 
promises to increase our understanding of many chemical reactions, 
unfortunately, the results obtained from computors for specific problems 
take time to be digested and the important factors determining the course 
of a reaction are still liable to remain obscure. For this reason a rather 
simplified approach has been developed in which direct computation of 
energies is avoided and in which we only have to estimate the coefficients 
of a single non-bonding orbital (5). In this letter we hope to demonstrate 
the part which sigma electrons play in electrophilic substitution reactions 
of aromatic molecules.

In our model we imagine that an electrophile Y"*", 
with only one empty molecular/atomic orbital available for bonding, 
approaches the carbon atom 01 of an aromatic ring, from a direction 
approximately at right-angles to the molecular plane. In this case we can 
assume that the direct interaction involves only the 2p^ aud 2s orbitals of
01. For simplicity we take the same value for all coulomb integrals of the 
orbitals involved in which case the charge distribution is given by a non
bonding orbital, mainly localised on Y, as long as the separation is large 
enough, le are, of course, considering the first part of the reaction. Both 
F- and o'- type atomic orbitals appear in the non-bonding orbital and their 
coefficients can be calculated easily, and more or less separately, because 
the diagonal terras of the secular equations are approximately zero.

189
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fe define the problem in terms of the usual carbon sp and 2p^ atomic 
orbitals and one atomic orbital for the at backir 5 agent and each substituent 
(see diagram).

FIG I

Y

^ 0 ^

cr~ part

o

g

fr

FIG I ; Diagram of the atomic orbitals involved in the non-bonding orbital 
with approximate expressions for their coefficients.

The non-zero resonance integrals v/hich, from results of nuclear spin-spin 
coupling constant calculations (4), should be sufficient for determining 
the coefficients of these orbitals, are of the following types:-  ̂  ̂ = 1 ;

approximate expressions for the coefficients are shown in FIG I,
Looking at the T- part first, if there is a 

halogen atom attached to the carbon atoms ortho or para with respect to Cl, 
then the positive charge transmitted to these positions (as shown) will tend 
to counterbalance the negative charge there arising from the partial 
sharing of the lone pair(s) of the halogen. Ve would expect this to lower 
the energy compared with the situation in benzene itself, or when the attack 
is meta with respect to the substituent. As with more ’static’ (5 ) theories 
of these reactions we therefore expect preferential attack on the ortho and 
para positions.



N o .2 i g i

Now the charge distribution is given by the squared 
coefficients of atomic orbitals in the lov/est unoccupied orbital of the 
system of two reactants. It is interesting to note that in the carbon 2p^ 
orbitals, the relative distriution ortho; meta; para remains 
approximately constant as approaches, right up until the cr-complex
intermediate has been formed.

However, we have to consider also the drift of positive 
charge into the sigma skeleton of the original molecule, more particularly 
on to the substituents. Confining ourselves only to the sigma part, if any 
substituents are more electronegative than hydrogen, then their atomic 
orbitals will accomodate this positive charge less easily than a hydrogen 
Is orbital, and the situation will be less favourable than that in benzene. 
Presumably the greater the tendency is for concentrating (partial) positive 
charge in a more electronegative orbital, the higher will be the energy,
and therefore we expect the attack to be most favoured when the least
positive charge is transmitted on to these electronegative substituents.
Prom calculations of coupling constants in magnetic resonance spectra (4) 
the following orders of magnitude are found for tbe parameters and Y ;

X, % ' 4  > ^
From the coefficients given in the diagram we therefore obtain the
following order for the charges in the O' atomic orbitals :

Cj/ ^  ’̂raeta ^ *̂ ortho ^  ^para 
■7e expect then, that the most favourable position for electrophilic attack 
will be para to a strongly electronegative substituent.

Now we must reintroduce the IT-type atomic orbitals for the 
non-bonding orbital is a linear combination :

Where 4̂ ;̂  , 4^^ are the i^^ cT-type, 7T -type atomic orbitals^
respectively^of the original aromatic molecule. These are effectively 
linked by the electrophile y T
Combining the activ .ating influence in the 7T-system with the
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deactivating effect in the (T-electrcn system we arrive at the following 
order of expected reactivity in electrophilic substitution (or 
addition) reactions :

zeroth (Cl) < meta 4C. ortho < para 
This is the order which is generally observed .(6) in 'activated' benzene 
derivatives and does not appear to have been explained very well before.
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TRANSFERENCE OF CHARGE IN ORGANIC REACTIONS—I 
MODELS FOR SIMPLE ABSTRACTION REACTIONS

W. T. D i x o n

B ed fo rd  C o lle g e , R eg en ts  P ark , L o n d o n  N .W .1 .

(Received in the UK 22 February: accepted fo r publication  21 March  1968)

A b strac t— A s im p le  M O  m o d e l is p r o p o se d  for c a lc u la t in g  the ch a rg e  o r  sp in  d e lo c a liz a t io n  a t th e  b e 
g in n in g  o f  an  a b str a c tio n  r e a c tio n  in  w h ich  a  s in g le  M O  o f  s o m e  a tta ck in g  a g en t, B “ sa y , in ter a c ts  w ith  
o n e  o f  th e  a to m ic  o rb ita ls , sa y  o f  th e  m o le c u le  R H * . A c c o r d in g  to  th e m o d e l th ere  s h o u ld  be a  d irect  

p r o p o r t io n a lity  b etw een  th e  d is tr ib u tio n  o f ‘e x tr a ’ ch a rg e  o r  sp in  in d u ced  in R H *  at th e  sta rt o f  th e  re a c tio n , 
an d  th e  h y p e rfin e  c o u p lin g  o f  p ro to n  H *  w ith  o th e r  m a g n etic  n u c le i in  R H *.

B y  a s su m in g  th at in crea sed  d e lo c a liz a t io n  in R—  or in R H * — B “ , a s m ea su red  by th e  co e ff ic ie n ts  o f  

th e ir  n o n -b o n d in g  o rb ita ls , w ill d e cr ea se  th e  R — H * b o n d  stren g th  an d  a ls o  w ill in cr ea se  th e  e a se  o f  fo rm 
in g  th e  B— H * b o n d , s o m e  e m p ir ica l c o r r e la t io n s  b etw een  N M R  c o u p lin g  c o n s ta n ts  an d  re a c tiv itie s  ca n  be  
ex p la in e d .

T he rate o f  a chemical reaction is determined by two main factors; one is the proba
bility that the reactants will collide in a favourable way and the other, the activation  
energy o f the slowest step. W e shall only be concerned with the second o f these factors.

To determine the height of the energy barrier which has to be overcome in a reac
tion, we could ideally apply the methods of quantum mechanics to a large number of 
static configurations of the nuclei involved, calculate the energy of each configuration, 
plot potential energy surfaces and finally measure the height of the lowest pass con
necting the valley associated with the reactants with that associated with the products. 
In practice, of course, this ideal situation is not realised and we have to be content with 
semi-empirical theories of questionable validity. ̂   ̂Though often crude, such theories 
have greatly added to our insight into chemjcal behaviour, and can be classified into 
three types : First, the sites open to attack are considered in terms of the electron 
distribution in the isolated molecule,^ Fukui’s frontier orbital theory"^ is an example 
of this; secondly, the energy of an intermediate or transition state is either calculated 
or estimated,^ the “localization energy” modeF is an example; and thirdly, the 
changes in M O energies occurring as the reaction proceeds are examined in terms of 
perturbation theory^’®

Into the third category comes also the application of symmetry principles to show 
how the course of a reaction may be determined.^ The advantage of this approach is 
that, apart from finding the order of the energy levels, one does not have to actually 
calculate energies, so that the method leads to predictions which are relatively in
sensitive to the choice of parameters. This is an important point when we are using 
simple M O theory, for calculated energies are very sensitive to the values chosen for 
the various integrals.

In this paper we, too, shall avoid explicit calculation of energies and shall examine 
instead how the electrons get delocalized as the reactants come together. The main

5509
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question to which we shall try to find a reliable answer will be; What has to happen 
in a reaction involving the initial abstraction of an H atom?

Charge delocalization in a model E2 reaction. We start our investigation with a 
convenient example—a base-catalysed E2 reaction of a substituted ethylene. Suppose 
a single M O of base B “ interacts with the hydrogen Is orbital of olefine CHZ:CXY 
(Fig. 1).

iyw*-ŷ )Cf
Coefficients for the odd 

electron in vinyl

Model for E2 or El cB 
react ions with non-bonding  
orbital coef f ic ien ts  which 
give the  negative  charge 
dis tr ibution

X jo ^  =34 ffouss

Coupling constan ts  in 
vinyl (E.S.R.)

•6 c / s

= 19 I c / s

Coupling cons tan ts  in 
ethylene (N.M.R.)

F ig . 1 M o d e l for e l im in a t io n  re a c tio n s  an d  th e  c o n n e c t io n  w ith  N M R  c o u p lin g  co n s ta n ts .  
P a r a m eters  a s in  tex t, ex c e p t  th at for s im p lic ity  w e eq u a te  P3 4 , P ih . e tc ., w ith  o u r  u n it o f  en ergy .

If we equate all coulomb integrals, i.e. ag =  an =  «j- =  etc, then the distribution of 
negative charge is given by the squares of the coefficients of the non-bonding orbital 
E =  ag. A convenient parameterization which has been found adequate for cal
culating proton spin-spin coupling constants is: for the resonance integrals, P15 =  
— P16 = y„, P12 =  y; usually we shall equate the resonance integrals of types, p ^ ,  P34 

and shall let them be our unit of energy. Other “non-bonded” interactions are neg
lected apart from Pbh- For simplicity we shall neglect overlap since this makes no 
difference to relative charge densities in the atomic orbitals. Since the carbon orbitals 
in this case are sp^ hybrids y is one third of the difference in coulomb energy of carbon 
2 s and 2 p atomic orbitals.

It is easy to calculate the coefficients of the non-bonding orbital because the diagonal
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terms of the secular equations are zero; for example, from appropriate rows we find 
immediately that coefficients c^, C2, C3 , Cg, and Cg are all zero.

The other coefficients are as follows :

^ 1 ~  ~  (Pbh/Pih)^'b 5 ^2  — ~  (y/Pzz)^! » C4 ~  “  (t/P34)Ci ;
Cx =  ( - A  +  yVP34kl/P5X; Cy =  ( +  y. +  yVP34kl/P6Y- (1)

The most important point to observe here is that since all of the resonance integrals 
have the same sign, i.e. all our parameters are negative, more negative charge drifts 
on to a substituent when it is trans than when it is cis with respect to the attacked 
hydrogen. Another point of interest is that delocalization is favoured by weak bonds, 
i.e. small P’s, in particular, the amount of negative charge which accumulates on say, 
substituent X, varies with the resonance integral Pgx-

Connection with reaction rates. In order to translate our discussion about charge 
densities into energetic terms we have to make some further assumptions. We shall 
assume that the more easily the negative charge on B" is transferred to the molecule, 
the faster will be the abstraction, and also that the situation is most favourable when 
this charge is concentrated in the most electronegative orbitals, i.e. in the attacked 
molecule. For example, in the case of vinyl chloride, trans elimination of HCl is 
preferred because more negative charge is transmitted to the chlorine when it is trans 
than when it is cis with respect to the eliminated H atom.

Another point to consider is that for there to be synchronous loss of HCl, there needs 
to be sufficient accumulation of negative charge on the halogen atom in the perturbed 
molecule. The presence of other electronegative groups in the molecule will increase 
the total ability of a vinyl residue for holding negative charge, but also will decrease 
the concentration of charge in any particular orbital. This would appear to be the 
explanation of the ways in which cis- and trans-dichloroacetylenes behave when re
acting with base in the presence of mercuric ions;^^

H H
\  /  alcoholic N aO H

H g ( C N L 3 0 m i n , ’  i  {elimination of H C l}

Cl Cl

H Cl
\  / alcoholic N aO H

(ii) C = C     Hg(CCl==CHCl) 2  J, {abstraction of H only}
/  \  H g (C N )2 ,3h r.

Cl H

Apparently the a-Cl atom reduces the excess negative charge on the vicinal chlorine 
in reaction (ii) so much that elimination of HCl is no longer an effectively synchronous 
process.

Connection with nuclear magnetic resonance. In view of the apparent connection 
with certain abstraction reactions, it would be very useful if we had some way of 
measuring the efficiency of negative charge transfer when a hydrogen atom is attacked 
by base. Fortunately such a measure is available from NMR spectra and this comes 
about in the following way :

Consider the fragment left when an H atom is removed from ethylene and the 
other nuclei are fixed in their original positions. The spin densities in the atomic
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orbitals of this vinyl radical are given by the squares of appropriate coefficients, which 
are: Cj = — O',

cz = - ( y /p 2zk i ; C4 =  -(y /p 3 4 k i ;

Cx =  ( - 7 n  +  >’V p 3 4 ) f l / p 5 X ;  =  ( +  7 .  +  7  Vp34)<^’ l / p 6 Y

The relative spin densities in this radical fragment are exactly the same as the negative 
charge densities induced when the base approached in our model reaction. Since 
the spin density in a hydrogen atomic orbital is proportional to the coupling constant 
between its nucleus and the odd electron, we arrive at the following results : First, the 
relative magnitudes of coupling constants in cr-radical will tell us the way in which 
negative charge from a base is distributed over the complete molecule; and secondly, 
the absolute value of the coupling constants give a measure of the total delocalization 
of the negative charge, i.e. away from the incoming base.

By itself, this connection with ESR spectra is not very useful because very few 
a-radicals have been observed. We can, however, use data from NMR spectra instead, 
since the proton spin-spin coupling constant Jy2  between protons H j, H 2 in molecule 
RHi, is proportional to the splitting O2 of the electron spin resonance spectrum of 
the (T-radical R— by proton ^ 2 ^°' 1 4 . 1 5 . j g jj- r  =  cX :C F [2 H 3 , splittings in ESR 
spectrum are û2» ^ 3  ; coupling constants in NMR spectrum of RH^ are 7 i 2 , J 1 3 ,, then 

12 — 13- (Fië- f)-
Using this relationship, then, we can use relatively accessible data from NM R spectra 

for estimating degrees of delocalizability.
Example (a): in ethylene, Jcis =  U 6 c/s, J  trans =  19 1 c/s; we therefore expect 

base attack on a hydrogen trans with respect halogen to be the most effective, i.e. 
by the same argument as that above.

Example (b); In vinyl chlorine, =  7 3 c/s, J,rans =  14-6 c/s^^. If attack is on the 
proton trans with respect to the chlorine degree of delocalization relative to ethylene 
is 11 6/7 3 =  1 59. If attack is cis, degree of delocalization =  191/14 6 =  1 31. 
We conclude that elimination should be trayis, as in example (a) but now there are two 
reasons ; one that more negative charge goes onto the Cl atom when it is trans, and 
two, that the total degree of delocalization is then greater.

The above relationship between ESR and NMR is only expected to apply when the 
nuclei in question are joined by an odd number of bonds ; in other cases there is often

F ig . 2  M o d e l fo r  b a se -c a ta ly se d  1 :2  e l im in a t io n s  in sa tu r a ted  sy ste m s.
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a large negative contribution to consider a lso /°  Also for nuclei other than hydrogen 
the situation becomes rather complicated and usually we would not expect any obvious 
simple connections between coupling constants and reactivities except perhaps when 
the H atom is bonded directly to a magnetic nucleus.

Extension to alkane/cycloalkane systems. In simple olefine systems the situation is 
simplified by the nuclear planarity; in saturated compounds, on the other hand, we 
have to consider a 3-dimensional problem. Let the dihedral angle of the bonds con
necting the eliminated groups to the molecule be 6 (Fig. 2).
The coefficient of orbital X in the non-bonding orbital is :

Cx = (-y.cos e + y'VPaJci/Psx
where y„ is approximately the same as b e f o r e a n d  y' =  fy, assuming that the C 
atoms are tetrahedrally hybridized. Two orientations give maximum transference of 
charge on to X ;

(i) 0 = 0, Cx/^i = (—ŷ  -f y VP34)/Psx

(ii) 0 =  180, Cx/cj =  ( +  y„ +  y'VPaJPsx

Using the principles put foryvard in the previous section we can see from Fig. 3 why 
it is that elimination is unlikely when atoms are gauche with respect to each other.

4 0 0

00 p

3 0 0

200

100

TransTrans-gaucheCis-gauche

Dihedral angle, B -----

Cis

Fig. 3 Variation of induced charge on a vicinal substituent with dihedral angle. (Most probable 
relationship between y, and /  is y„ «  W Y )-

When there is relatively free rotation about the C— C bond it will be most im
probable that the atoms will ever be in eclipsing positions for a significant length 
of time, hence we expect facile removal of a proton only when there is a strongly 
electronegative group trans with respect to it. This is due to the low degree of charge 
transfer on to gauche substituents. When substituents are held in eclipsing positions 
as in cyclopentyl derivatives, aromatic halides, etc, cis elimination will occur, i.e. 
according to our approach.
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Once again we expect a direct connection with NMR coupling constants and this is 
shown in Table 1.

T a b l e  1. S t e r e o c h e m is t r y  o f  so m e  e l im in a t io n  r e a c t io n s  a n d

THE CONNECTION W ITH NMR DATA 

Reaction is: C—C -> yC=C<^
A A  ^

Product

Coupling constants

H ^  H

V c ^
A  A

Jcis Jgauch. Elimination"

Cyclohexene ~  1 2  c/s — ~ 4  c/s t runs

Cyclopentene — ~9 c/s ~5c/s CIS

Benzyne — 9 c/s — cis
Acetylene 191 c/s 116 c/s — trans

Effects of substituents. Until now we have been concerned with determining which 
proton in a given molecule is that most likely to be removed by base. Now we shall 
briefly discuss the effects of replacing H atoms by Me groups in various types of 
molecules and their reactions.

Using either of our previous models (Figs 1 and 2) the total rharge delocalization 
as the base approaches will increase by an amount \y lc \  when we replace an a-H 
by Me, due to the “extra” transference of charge on to the Me protons. We also 
expect that the average coupling constant between an a-proton and one of these Me 
protons, will be proportional to c\, so that this coupling constant will give us a 
measure of total delocalization.

IE2 Hofmann^type 
Î CH'RiRgCHgSMeg — olefine

k = ra te  constant at one temperature  
for each curve 

k'= constant for each curve

E2 Saytzeff-type
CH*R I RjCHgBr -^o le f ine

7- 5 8 0

J H*-CHg, c / s

F ig. 4 Effect of p-substituents on rates of base-catalysed E2 reactions and the connection
with NMR.
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The curves shown in Fig. 4 show that Me substituents generally increase rates of 
elimination and the correlation with the NMR data indicates that this arises from 
increased delocalization of negative charge, i.e. the Me groups are acting as electron 
acceptors! This direct connection between reaction rates and proton-proton hyper
fine interactions is also found in gas phase E l reactions^ and in various radical 
abstraction reactions.'^ A similar^® correlation has been observed between —H 
coupling constants and rates of hydrogen abstraction from molecules of type M(CHa)^.

Effects o f  steric repulsions. We have deliberately limited ourselves to considering 
a single orbital of the attacking species in order to keep the theory simple. Interactions 
of other orbitals of the two reactants come broadly under the heading of “steric 
effects”. In most of the cases cited above it appears that the way in which the charge 
of the incoming group is transferred to the attacked molecule often determines, 
or at least, is directly connected to, the course of the reaction. In some cases, however, 
e.g. in Hofmann-type eliminations, the rates are governed by something else. In 
this connection we have to consider two factors ; the size of the attacking group and 
the size of the leaving group. In the former case it is obvious that if the incoming 
base or radical is large enough, attack will be preferred on the least hindered H 
atom; and in the latter case, the ease of attaining a favourable conformation for 
transference of charge may be determined by the size of the leaving group. Consider 
as an example Hofmann-type eliminations (X =  N R 3 , SR2, etc.). In these cases the 
group X is large and the reaction rates depend on how easy it is to achieve the favour
able conformation of type (a),  ̂ which has a smaller probability when there are 
substituents on the site of attack. Apparently in these instances the steric repulsions 
of methyl groups outweigh their ability to delocalize charge.

H H
R. I  x X  R. I  ,.R

R X
(a) (b)

Abstraction o f negative groups. We shall now examine the three main ways whereby 
substituents can affect the rate of loss of X" from RX, that is apart from steric re
pulsions. First we could set up a model in exactly the same way as we did in Fig. 1, 
replacing the base B" by an acid A"̂ , which normally would be a solvent molecule. 
As this acid approaches X its positive charge becomes delocalized around the 
fragment R— and as before, a measure of the degree of delocalization is given by 
the coupling of protons in R—  with H* in RH*. Substituents which increase the 
degree of delocalization, e.g. a-Me groups, according to the NM R data, do, in fact, 
also increase the rates of reactions involving loss of X “ .

The second and third ways are related to the first and depend on the strength of 
the C— X bond, which is weaker when there is more delocalization around the frag
ment R— ' Since the carbonium ion R(t> is stabilized by delocalization of the positive 
charge, a group such as Me should favour dissociation in the equilibrium

RX ^  R+ +  X -

i.e. as in El and S^l reactions.
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The third way, by means of which loss of X" could be affected by substituents, 
is that if the C— X bond is weakened in some way, its length could increase and the 
associated resonance integral decrease. From formula (1) this could increase the 
transference of any positive charge from the acid to the group R— .

All of these effects act in the same direction and so, if any/all of them is important, 
we would expect a correlation between the degree of delocalization in the fragment 
R—, as measured by the coupling constants in the NMR spectrum of RH*, and 
the rates of reactions involving breakage of the C—X bond. Such a correlation 
certainly exists, as we can see from Fig. 5, indicating that the stretching of the C— X

+

C H jCR R 'B r — CHjCRR'OH

E2 Hofmann-type 
CH jCRR' S M C j-*  olefine

E2 S ay tze f f - ty p e  
C H jC R R 'B r-^ o le f in e

7 0 8 5
J  H*

F jg . 5 E ffect o f  a -s u b s t itu e n ts  o n  r e a c tiv itie s  o f  C H jC R R 'X  an d  th e  c o n n e c t io n  w ith  th e  
N M R  sp e c tru m  o f  C H jC R R 'H * ^ .

bond is important even when the reaction depends on the attack on a proton by a 
suitable base. Steric factors appear to have little effect on the reactions considered, 
when we change only the a-substituents in going from one reactant to another.*®

R E S U L T S A N D  D IS C U S S IO N

We have tried to make three main points in this paper. The first is that the trans
ference of charge/spin, initially associated with a single orbital i/fg of the attacking 
species B, to a molecule RH, occurs largely via a non-bonding orbital. The coefficients 
of this non-bonding orbital tell us how this “extra” charge/spin is distributed around 
R, and are found by substituting E = olq directly into the secular equations.
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The second point is that the activation energy of the abstraction reaction is de
termined by the ease of forming the new bond B— H and of breaking the old one 
R— H, say, and that both of these processes are favoured by a large tendency for 
charge/spin delocalization around the fragment R— in these reactions.

The third point is that this tendency, as well as the extra charge/spin distribution 
in the initial stages of these reactions, can be measured by the values of certain 
coupling constants in the NM R spectrum of RH.

The whole model and the connection with NM R are only expected to be valid, 
at least in the simple form described above, when the coulomb integral to be associated 
with the attacking agent is not too different (i.e. by more than ~  I j  eV) from that of 
appropriate carbon hybrid orbitals. In view of all the correlations given, it would 
appear that this condition is satisfied. We can justify it in the case of base-catalysed 
E2 reactions because the O atoms are then negatively charged at the start and are 
therefore less electronegative than when they are in neutral molecules, i.e. we can 
use a lower coulomb energy.

What we have tried to do, then, is to simplify the approach to some abstraction 
reactions in order better to correlate reactivities with either a simple theory or some 
properties of the reactant molecules. As a final example of our approach we shall 
compare 1:2 and 1 :4 eliminations:^^’

F ig . 6 Model for 1 :4 eliminations of XY from trans-CHjXCH iCHCHjY. The most favourable 
conformations are illustrated. Parameters as in previous figures with in addition: P4 7  =

Pl4 — Tn-

The important differences between the situation in 1:4 eliminations as shown in 
Fig. 6, and that in 1 :2 eliminations are:

(i) Even in the most favourable conformation less charge is transmitted to the 
leaving group Y.

(ii) Delocalized charge from the base collects on a C atom rather than on a leaving 
group.

(iii) One would not expect any particularly preferred conformation of the original
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molecule, whereas in C2H4I2, for example, the I atoms would tend to be trans with 
respect to each other.

(iv) Because y,y' are small, some stereospecificity of the elimination will be lost, 
in fact cis elimination would be expected to be preferred over trans. Gauche elimina
tion should not occur, however.

Summing up these factors, we have to balance them against the greater delocalization 
of charge to estimate whether 1:4 E2 reactions should be more or less fast than 
corresponding 1 :2 reactions. On the whole we would expect points (i) and (ii) to be 
the most important effects and therefore 1 :4 eliminations to be the slower ones.

This example illustrates the approach and we show later how it can be applied 
to reactions involving initial addition, e.g. as in aromatic substitution.*^
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Coupling Energy
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The correct formula for the spin-orbit coupling 
energy term is usually assumed to be obtainable only 
from relativistic theories such as those of Dirac/ 
Thomas/ and Frenkel.® These explanations of the 
spin-orbit interaction are, in a sense, incomplete, 
because they apply only to cases when the moving 
particle has a magnetogyric ratio of q/mc, where q is its 
charge, m its mass, and c is the velocity of light. We can, 
in fact, derive a more general formula and also avoid 
“embarrassing” transformations between noninertial 
frames of reference by measuring everything from a 
frame at rest with respect to the nucleus N ,  which we 
take to be stationary.

We are interested only in the effects of the magnetic 
moment |X of the moving particle, usually an electron, 
so we shall not consider its charge explicitly. Now the 
field at the nucleus due to the magnetic moment of the 
moving particle will be changing, and therefore a 
“back emf” will act on the nuclear charge çn according 
to Faraday’s induction law, i.e.,

'Eu=— {qN/c)dk/dt,

where A is the vector potential generating the magnetic 
field, and is given by the formula A = —(Jixr/r®, r 
being the vector distance NP:

The force acting on the nuclear charge due to the 
motion of the magnetic dipole is therefore given by the 
following:

Fn = (gw/c)[(|l X r/?-®)-|- (p. X v/r®)—
In order to calculate the potential energy associated

H = curl A

with this force, we imagine a similar nucleus in an 
electrostatic field which is given by an expression iden
tical to that for an instantaneous force field In
this electrostatic field . ,  |i, and v will simply be con
stants. Presumably the potential energy of the nucleus 
in this electrostatic field is the same as that when it is 
experiencing the same force in the moving system.

In the electrostatic system, however, it is compara
tively easy to calculate the energy required to bring up 
the nucleus to its appropriate position from infinity 
since this is the same for all paths. We choose the easiest 
path, i.e., along the line of N  and P. The work done dur
ing this process is the potential energy and is given by

— f  FAT*dr=—(g'jv/c) I |xxvdr/r®
Joo(constant time) Jos

{dr is parallel to r)

=  + ( W c ) | i x v T /2r®

=  — ( l / 2 c ) i i ' E x v ,

where E is the electrostatic field, due to the nucleus, 
at P. This is the correct expression for the spin-orbit 
coupling, and it is worthwhile observing that it does 
not depend on the magnetogyric ratio; in fact the 
moving particle does not even have to be charged !

Another interesting point is that if we replace the 
moving particle by a continuous “classical” current, 
the field at the nucleus would remain constant, and 
therefore, there would be no energy of interaction 
between the “smeared out” moving dipole and the 
nuclear charge.

1 P. A. M. Dirac, Proc. Roy. Soc. (London) A113, 621 ; 
A114, 243 (1927); A117, 610 (1928).

*L. H. Thomas, Nature 107, 514 (1926).
» J. Frenkel, Z. Physik 37, 243 (1927).
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S ym m etry  E ffects in  A rom atic  Su b stitu tion
B y  W . T . D i x o n  

[Bedford College, R egent's P a rk , L ondon, 7V.PF.1)

T w o  m ain processes are involved  in arom atic su b stitu tio n  
reactions, the first being add ition , say , o f an e lectroph ile, 
lead ing to  th e  form ation of a  cr-com plex; and  th e  second, 
loss of a  proton.

T he first steji usually  contro ls th e  rate of th e  reaction  b u t  
the second has to  com p ete  w ith  a  possib le further a tta ck , 
th is  tim e b y  a nucleophile, lead ing to  overa ll add ition . 
N ow  we w ou ld  ex jiect th a t th e  greater th e  p o s itiv e  charge  
on th e  a lip h atic  proton, ]d%, [see F igure, (a)] th e  m ore  
acid ic it w ould be, i.e ., th e  m ore ea sily  cou ld  i t  lea v e  th e  
(7 -com plex as a proton . W e can e stim a te  th e  charge  
d en sity  on Hji (juite ea sily  using sim ple m olecular orb ital, 
theory, and  from  there w e can tr y  to  pred ict w h eth er  
su iis titu tio n  w ill com pete  favourab ly  w ith  add ition .

For exam ple, le t  us com pare a ty p ica l 4«  system , cy clo -  
lu itad ien e, w ith  a ty p ica l 4n - f  2 system , benzene, in  
relation to  their  exp ected  behaviou r a fter  electroph ilic  
a tta ck .

For sin i])lic ity , tak e  orb ita l 1 to  be th e  appropriate  
antisym m etric  co m b in ation  of tw o  hydrogen a tom ic  orbitals, 
as in hyperccm jligation th eo ry  9  le t  a ll resonance in tegra ls  
be u n ity  e x ce p t “  y , equ ate  all cou lom b integrals, and  
linally , neg lect non -nearest-neighbour in teractions.

T he charge d istr ib u tion s in these  sp ecies are both  g iven  
by th e  coelfic ien ts o f th e  non -bon ding  orbitals^.^ and are  
show n in the F igure.

One im p ortan t featu re im m ed ia te ly  em erges; in th e  4n  
svstem  th e  non -bon ding  orb ital is a n tisym m etric  w ith  
respect to  reflection through th e  p lan e of sym m etry  and  
has a node through th e  a lip hatic  carbon and its  su b stitu en ts .

O n th e  o th er  han d , in  th e  ben zy l-lik e  add uct, th e  n on 
bon d ing  orb ita l is sym m etrica l abou t th e  p lan e of sym m etry  
and  in th is  case  appreciab le p o s itiv e  charge can  accu m ulate  
on th e  a lip h atic  proton .

F i g u r e . Adducts o /H +  with QH*, C ,H ,, and the un-normalised 
coefficients o f the non-bonding orbitals.

T h is g iv es u s y e t  an oth er  co n tra st b etw een  th e  proper
ties  o f rings co n ta in in g  4w and  4«  - f  2  carbon a to m s, and  
th e  resu lt is  q u ite  general w ith in  th e  fram ew ork o f sim ple  
MO th eo ry  an d  does n o t depend  o n  our p articu lar  
sim plifications.

I t  is in terestin g  to  n o te  th a t  a  m easure o f th e  ten d en cy  
tow ards su b stitu tio n  (and perhaps o f arom atic  character) 
is  g iv en  b y  th e  m eth y len e  proton  coup ling  c o n sta n ts in th e  
e.s.r . sp ectra  o f th e  rad ica l a d d u cts [e.g. in  cy c lo h ex a d i-  
en y l th e y  are 47-72 g * ). In  ad d u cts o f 4 »  a to m  rings su ch  
cou p lin g  c o n sta n ts  (and ease o f su b stitu tio n  com pared w ith  
add ition ) are ex p ected  to  be low .

[Received, M arch l^ th , 1969; Cow. X93 )

' k . S. Mulliken, Tetrahrdron, 1959, 6, 6 8 .
- C. .A. Coulson and G. S. kuslibrookc, I ’roc. Catnb. Phil. Soc., 1940,36, 193. 
“ II. r . Longuet-IIiggins, f .  Chriti. Phvs., 1950, 18, 275.
* k . W. Fessenden and K. H. Schuler, J . Chrni. Phys., 1963, 39 , 2141.
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Competition between Aromatic Substitution and Addition
By W. T. D ixon. Department of Chemistry, Bedford College, Regent 's Park, London N.W.1

One of the criteria of aromatic character is the ability to undergo substitution reactions with certain reagents. 
Whether overall substitution or addition occurs depends on the reactions of the so-called a-complex intermediate. 
With some simple assumptions about the relationship between charge/spin density and reactivity, it is possible, 
from simple MO theory, to predict whether substitution should occur to a significant extent and to calculate indices 
for the ' aromaticity ' or ' aromatic character ' of a molecule.

On'f. of tlie most cliaracteristic properties of benzene, 
and of aromatic compounds in general, is the ability to 
undergo substitution reactions with certain electro- 
philic, radical, or even, on occasion, nucleopliilic re
a g e n t s . A l o n g  with certain physical properties 
such as heats of formation, diamagnetism, and proton 
chemical shifts, this chemical property is one of the 
criteria which are considered when deciding whether or 
not to describe a given compound by the term ‘ aromatic.'

Although a chemist’s intuitive test for ' aromaticity ’ 
or ‘ aromatic character ’ would probably be to see 
whether the compound in question undergoes electro- 
philic, or perhaps radical substitution, this approach 
lias not been used directly as a measure of ' aromaticity ’ 
until now, largely because the theory of such reactions 
lias not been developed .sufficiently. In contrast, the 
Tc-clectron theories of ' resonance ' and ‘ delocalisation ’ 
energies have been well developed. For benzene and 
other monocyclic [4n -f  2) systems the idea of ring 
currents is useful in trying to explain the low field 
chemical shifts of the ring protons. However, both of 
these static approaches suffer from the disadvantage 
of defining aromaticity relative to a compound (ethylene) 
in wiiich the bond lengths and o framework are markedly 
different from those of most aromatic compounds.

In order to avoid the ambiguities associated with 
these methods, especially the difficulty of interpreting 
the effects of substituents, fused rings etc., we shall 
investigate the possibility of defining aromaticity in 
terms of the tendency of a molecule to undergo sub
stitution, rather than addition, with certain reagents.

Empirical Model.— In order to interpret, and perhaps 
predict experimental results from a simple theoretical 
model, we shall consider those situations in which 
electrophilic attack leads to a cr-complex,^ i.e. a car-

’ G. M. Badger, ' .Aromaticity and Aromatic Character,’ 1969, 
Cambridge University Press.

® M. I£. Vol’pin, Uspckhi Khim., I960, 29, 129.
■' Chem. Soc. Special Puhl., 1967, No. 21.
' G. W. Wheland, / .  .Amer. Chem. Soc., 1942, 6 4 , 90(1.

bonium ion, which reacts witli a nucleophile to give 
either overall substitution or addition (see Scheme).

RH
+ A: - ( l a ) --------►  [ R A H G .

- ( 2 c )

-(2b )

-►  R H  4- A B

-►  [R A B H I

- ( l b ) --------►  X (^ H C A H q
— (2a) -►  R A  4- A B

S c h e m e  R e a c t io n  s c h e m e  in  a r o m a t ic  s u b s t i t u t io n .

The theory applies equally to radical attack and even 
to nucleophilic substitutions, but we shall talk, for con
venience, only in terms of the rather better known, 
electrophilic substitution reactions.®-®

We are concerned primarily with kinetic rather 
than thermodynamic stabilities, for we wish to define 
aromaticity in terms of the relative rates of reactions 
(2a) and the other possibilities (2b), (2c). This is what 
differentiates benzene from the linear polyenes for 
example. The feasibility of step (la) differentiates 
saturated from unsaturated hydrocarbons. From 
tlie rate constants of step (la) an(l (2a) compared with 
those of the other paths we could define a numerical 
measure of the tendency towards substitution, i.e. the 
aromaticity of a compound. However the experimental 
difficulties are liable to be great, the first being to 
establish the existence of the o-complex at all. In view 
of the labour involved, such an empirical definition 
would not be very useful, though it would be meaningful. 
For a term or concept to be of much practical value, we 
need to be able to use it to predict properties from 
some experiment or calculation which is relatively 
easy to carry out, e.g. the observation of a chemical 
shift in a n.m.r. spectrum or calculations of --electron 
energies.

It turns out that it is not difficult to approach the

R . I ) . C . N o r m a n  a n d  R . T a y lo r ,  ' P le c t r o p b i l ic  S u b s t i t u t io n  
in  B c n z e n o id  C o m p o u n d s ,’ 1 9 6 5 , K l.scv ior, L o n d o n .

* A . S tj'c itv v icser , ‘ M o le c u la r  O r b ita l T h e o r y  fo r  O r g a n ic  
C h e m is t s , ’ 1961 , J o h n  W ile y ,  N e w  A 'ork .
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subject of substitution versus addition by way of simple 
Aid theory.

Molecular Orbital Model.—We shall bypass the first 
step (la) for the moment, and simply consider the path 
from the carbonium ion to the substituted species, and 
the competing reactions. It is convenient to begin by 
looking at the distribution of charge in three types of 
o-complex (see Figure 1).

“1 jYÂ’
lo

+lf
r \ /O

Jo

c,- -  4/(3y,* +  4) 
Addition to 

(4n +  2) system

c»- = l/(y*: +  2) 
Addition to 

alkenc

O,® -  0 
Addition to 
4« system

F i g u r e  I Electron systems of some a-compicxcs, with 
un-normalised coefficients of the nonbonding orbitals

In order to keep the algebra as simple as possible we 
take the orbital h to be the composite orbital of %-sym- 
metry, familiar from hyperconjugation theory,'^ i.e.

ijj/, — -^[i^(H i) — ^(Hg)], we take all coulomb integrals
V w

to be the same,f and for the resonance integrals p,,(C — C) 
=  1 for adjacent carbon atoms, p„(C — H) =  y,,. 
An approximately planar alkene is chosen so as not to 
complicate the comparisons with the cyclic alternant 
systems. The distribution of charge is given in each 
case by the coefficients of a nonbonding orbital.®-®

Now we would expect that the greater the positive 
charge in the orbital h, the easier it should be to remove 
hydrogen as a proton. Similarly the higher the charge

BO
- 1

-2Vr

;0 ;'
4yB̂  

3y*' +  4

- 1 r »

■2Y*

; a
B

Zero

is proportional to the charge density at the point of 
attack (see Figure 2).

This follows from the properties of non-bonding 
orbitals.

Thus, from Figure 1 we can see that substitution is 
more favoured with benzene than with cyclopentene 
and that substitution is not helped at all by a drift of 
the positive charge onto the aliphatic protons in the 
cation from cyclobutadiene. These arise from the 
different symmetries of the nonbonding orbitals,^® i.e. 
with (4n -f- 2) conjugated rings, the NBO is symmetric 
about a plane through the aliphatic carbon, whereas in 
4n rings, the NBO is antisymmetric, giving zero charge 
on the aliphatic substituents.

Definitions of Aromaticity.—We are now in a position 
to investigate the possibilities of finding numbers which 
correspond to the tendency towards substitution com
pared with that for addition. When substitution is 
more favoured, then the molecule is defined to be more 
aromatic. A measure of the relative rate of proton loss, 
leading to overall substitution, is given by the charge 
density in group orbital h. The rate of the competing 
process, leading to overall addition, is determined 
similarly by the maximum charge density in a carbon 
P„ atomic orbital.

One measure of the favourability of substitution com
pared with addition is given by the ratio of these charge 

„ . _  charge density on protons
densit.es, say R . ,.c. R  =  W  density in ring =
Cn^jCfi (max). Thus we have for a (4n - f  2) system (in 
units of y,r^} : R{4n -f- 2) =  4, R{4n) =  0, 7?(alkene) =  1. 
This number R  does seem to express the aromatic charac
ter of the molecules considered rather well. Thus, if 
benzene is aromatic and ethylene nonaromatic, cyclo
butadiene would naturally be classified as antiaromatic.

We can check some of these numbers by means of 
e.s.r. measurements on cycloalkyl and cyclohexadienyl 
radicals.ii If the spin density (negative) on an «-proton 
is proportional to that in the p„ orbital of the «-carbon, 
then apart from a constant factor

R{C,U,)
47-72
13-04
47-72

8-9

=  3-7 {para),

— 5-4 {ortho), R /cyclo -\ 
I CgH, j

35-2
21-5 =  1-7.

+  4
FIGURE 2 Charge on Y  as B -Y  approaches various sites on 

the a-complex

density in one of the carbon p ,̂ orbitals, the greater 
the chance of nucleophilic addition occurring.

We can justify these statements by means of a simple 
model reaction scheme for steps (2) in the Scheme. 
Treating B -Y  as a two orbital system, the rate at which 
charge accumulates on Y, as B -Y  approaches the ion,

t I t is this assumption which enables us to  deal with more 
general system s and which essentially defines the MO model.

’ R. S. Mulliken, Tctrahedro», 1959, 8 , 6 8 .
* C. A. Coulson and G. S. Rushbrooke, Proc. Cambridge Phil. 

Soc.. 1940, 36, 193.

In view of the simplifying assumptions of the Hückel 
treatment and of the simplified geometry, the agreement 
between theory and experiment is as good as can reason
ably be expected.

There are some unsatisfactory features about i? as a 
measure of aromaticity and one is that the rates of the 
reactions we are considering should vary exponentially 
with the charge densities, rather as in the simplified 
localisation energy theory of reactivities. Also proton

» H. C. Longuet-Higgins, J. Chem. Phys., 1950, 18, 275.
W. T. Dixon, Chem. Comm., 1969, 559.
R. W. Fessenden and R. H. Schuler, J. Chem. Phvs., 1963, 

39, 2141.
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loss occurs most readily when there is less extensive 
delocalisation of charge (see Figure 2).

If we wish to base our idea of aromaticity on reaction 
rates, we have to take these points into account, so we

define another number Where X

is some parameter to be chosen, which takes into ac
count that further addition and proton loss are different 
types of reaction, C, are the coefficients of the carbon 
p„ orbitals and C„i the largest of these.

It is convenient to take X =  1, since this leads to 
‘ unit aromaticity ' for benzene. Values of R  and 
calculated for a selection of alternant hydrocarbons, 
are given in the Table. Both R  and correlate 
consistently with the usual ideas about aromatic 
character. However, as with chemical shifts, each 
position in a molecule has its own values of these quan
tities.

is particularly attractive as an index, since it is 
negative for cyclic 4w systems (antiaromatic), zero for 
alkenes (nonaromatic), and positive for what are generally 
regarded as aromatic molecules.

Another desirable feature about is that the factor 
in the denominator is the same as that which occurs

Alkenes are said to be nonaromatic corresponding to 
R  — ^

We consider only those systems formed from simple 
alternant rings by the introduction of bonds between 
the various carbon atoms.

Bicyclic Systems.— Theorem 1. Any bicyclic system, 
formed by joining atoms separated by an even number 
of bonds in a conjugated ring of (4m -f- 2) atoms, should 
be at least as reactive and at most as aromatic as the 
parent compound.
Proof :

J? =  4
— 3/(2m -j- 1)

Eij — 2/V2w 4- 1

F ig u r e  3 a-Complex from a typical (4n -f 2) system

When one of the starred atoms is attacked (see 
diagram. Figure 3), the NBO coefficients are unchanged 
if any of the other starred atoms are joined, hence 
the localisation energy and aromaticity parameters, 
R  and are unchanged also. Hence the molecule

T a b l e

Som e rep resentative  va lues o f R  and togeth er w ith  corresponding v a lu es o f loca lisation  energies, iii un its o f ‘ p ’
Styrene

C yclo(C „H ,j
0

- \ \ '2 n
0

Linear polyenes

1
0
l l \ / n

Cyclo(C „̂+2 4̂,,+ 2) 
4

+  3 /(2n +  1)
21V  « +  1

Double bond 
1 
0
2/V7

o-lp-
4
3/4
1

m-
4
1

2/V3
Naphthalene Phenanthrene

Positions 1
9/4
5/11
3/Vl l

2
9/4
5/8
3/2V2

9
25/16

9/31
5 /V 3 I

to the power 1/2 in Dewar’s localisation theory of re
activities.^^ Thus when s /  is small, the localisation 
energy tends to be small also, and hence the position in 
question tends to be relatively reactive.

A large value {i.e. positive) of s i  for a hydrocarbon is 
associated with chemical inertness as well as with a 
large driving force to reform the original ‘ aromatic ’ 
skeleton after addition of an electrophile (or radical 
etc.).

Applications to Polycyclic Systems.—In this section 
we shall prove some general theorems, about fused 
ring systems, which can be used to estimate the mag
nitude and sign of the two factors R  and sii together 
with the corresponding localisation energy. These 
numbers should enable us to predict reactivities and 
whether substitution or addition should occur. In the 
first place we shall call a molecule aromatic if 2? >  I, 
js/ >  0 and antiaromatic if i? <  1, ^  <  0 for the most 
reactive position in that molecule. As we have seen 
for the systems treated in the previous section (see 
Table), this makes benzene the most aromatic molecule.

Anthracene Pyrene

4
25/9
14/29
5/V29

9
1
0
2/VlO

1
16/9
7/26
4/V26

2
16/9
7/18
4/V18

3
4
3/7
2/V7

4
4
1
21V 3

will be at least as reactive as before and if some positions 
are more reactive, then R  and sV will be correspondingly 
less positive (example azulene).

Theorem 2. Any bicyclic system formed from a 4« 
atom ring by joining atoms separated by an even 
number of bonds will be antiaromatic {sV negative) 
and highly reactive. The proof is the same as above 
(see Figure 4) (example: pentalene).

i? =  0 
~  —\n  

F l =  0

F ig u r e  4 a-Complex from a typical 4w system

Once again attack on other positions is only significant 
if they are faster than this.

Corollary to Theorems 1 and 2. These theorems can 
be generalised to any network formed by joining one 
of the sets of alternate atoms, providing that the

M. J. S. Dewar, J . Amer. Chem. Soc., 1952, 74, 3341.
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original bond distances are not drastically changed 
and that the system remains planar. These fused ring 
systems are all nonalternants, a consecpience of joining 
two atoms of the same class (e.g. starred), and are, 
therefore, not so easy to discuss very fully, in a theor- 
eti('al way, as the alternants which we consider next.

Alicrnant Bicyclic Systems.— In order to arrive at 
alternant polycyclic. hydrocarbons from simple rings, 
we have to join starred to unstarred atoms only. The
o-complexes formed from alternants all have non- 
bonding orbitals and thus attack at all sites can be 
discussed with relative ease.

Theorem 3. Bicyclic systems containing 4n atoms arc 
antiaromatic

R ~  \
0 0 .a' =  - 3 / ( 8 » ' +  2«" -  :{)

Eu =  ] / \ /8»' +  2»" -  3 
^ 0  {n',n” >  0 )

4)î' ring (4»/" -\- 2) ring
I'louRK 5 rr-Coniplex from an alternant, bicyclic system of 

4iV atoms

W’e have already shown that this is true for the class 
of molecules covered by theorem 2. In the case of altern
ants there will be one ring of 4n' and one of 4n"  -h 2 
(sec Figure 5) sharing a bond. Attack at the most 
reactive site (adjacent to 4n"  -f  2 ring) leads to the 
situation shown in Figure 5, i.e. according to our 
definition the compound is antiaromatic, hence the 
theorem is proved for all cases. However, the alternant 
systems will not have a localisation energy of zero 
and hence should be less reactive then the parent com
pounds (and less antiaromatic).

Theorem 4. Alternant bicyclic systems containing 
(4?/ -j- 2) atoms are more reactive and less aromatic 
than the corresponding simple rings.

There are two sorts of system to consider.
[a) {4n — 4n') Rings sharing a bond. From Figure 6

R  =  1 
= 0 

Eu =  \!^2 N
0 "

in  ring in '  ring
F i g u r e  6  o-Complc.\ from an alternant, bicyclic i N  -]- 2 

system, consisting of two 4«-typc rings

we can see that whichever position is attacked the 
molecule behaves like a ‘ linear ' polyene, i.e. is non
aromatic and more reactive than the original ring.

{})) (4h +  2), (4»' -F 2) Rings sharing a bond. The 
most reactive site is that adjacent to the smaller ring 
(see Figure 7), evidently the molecule is still aromatic 
and more reactive than the simple ring.

We can extend theorem 1 to include these two cases. 
It would appear that mono- or bi-cyclic {4n - f  2) systems

R  -  0/4
V  =  5/(8»' -f  2». +  I) 
Eu — 3 /y 8 »' "F 2» -p 1 

(«' >  «)

4» 4- 2 4»' 4- 2
F i g u r e  7 a-Complcx from an alternant, bicyclic i N  4- 2 

system, each ring being of the 4» 4- 2 type

are never antiaromatic, though we have not actually 
proved this generally for nonalternants.

Tricyclic Alternants.—It is convenient to classify 
tricyclic systems in which a bond is shared by at most 
two rings, according to the number of atoms in the 
component rings and their relative configurations.

Theorem 5. When two 4n rings are separated by an 
odd number of bonds, the system is nonaromatic and 
should behave as a linear polyene. When attack is 
on the central ring, i.e. that sharing a side with the 
other two, the coefficients on the ‘ even side ’ are zero, 
due to alternation of signs around the An ring on that 
side (see Figure 8).

side
Total number of carbon atoms =  2N
Minimum number of bonds between the outer 4» rings =  2»* — 1 

F i g u r e  8  ^-Complexes from alternant, tricyclic system s of 
the type 4» — (odd number of bonds) — 4»

When attack is on an outer ring coefficients on the 
‘ even side ' of the site of attack are zero. Hence in 
all cases i? =  1 =  0. The most reactive position is
that on a An ring adjacent to the central ring.

Theorem 6 . When two An rings are separated by an 
even number of bonds the system is antiaromatic. 
Consider attack on one of the outer rings then 
coefficients of the atomic orbitals of the central ring 
on the ' even ' side (see Figure 9) of point of attack

'even' side =  - l U N - n * )  
Eu =  O

'even side '
Total number of atoms =  2N
Minimum number of bonds between rings =  2»*

F ig u r e  9 o-Complexes from alternant, tricyclic system s of 
type 4n — (even number of bonds) — 4m
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are all zero hence coefficients adjacent to this point have 
opposite signs.

Theorem 7. When An and {An +  2) rings are separated 
by an odd number of bonds, the tricyclic system is anti
aromatic.

{An -j- 3) — {An +  3) — {An -|- 2) {AN total 
{An +  1) — (4m -)- 1) — {An 2) atoms)
{An +  3) — {An - f  3) — An 
{An -f- 1) — {An - f  1) — 4m

(4m -1-3) — (4m -|- 1) — 4m

(4m +  3 ) — 4m -f- 1) — (4m -f- 2)

(4iV-f 2 
total atoms)
(4N atoms)

total 
4iV -f 2 
atoms

that it is more practical to look at the individual cases 
as they arise rather than to derive general formulae.

It is, however, worthwhile mentioning the class of 
tricyclic systems in which each of three bonds are shared 
between two rings (see Figure 11).

R  =  1/4 /? =  1/9
s /  =  -3/sc,* ssf =  - 8 /SC,*
L = i/vTC"* z. =

F i g u r e  10 a-Complexes of 4 m — (odd number of bonds) — 
(4 m -b 2) types

Theorem 8. When 4m and (4m -}- 2) rings are separated 
by an even number of bonds the system is nonaromatic 
if the total number of atoms is 4m and antiaromatic 
if it is (4m - f  2).

Theorem 9. When two (4m -j- 2) rings are separated 
by an even number of bonds, the system is antiaromatic 
if the total number of atoms is 4m and aromatic/non
aromatic if it is (4m 4- 2) [the nonaromatic case is when 
the number of linking bonds is (4m - f  2), e.g. anthracene].

Theorem 10. When two (4m - f  2) rings are separated 
by an odd number of bonds the system is aromatic if the 
total number of atoms is 4m -f- 2 {e.g. phenanthrene) 
and antiaromatic when it is 4m except when m  =  1 
(biphenylene). We can formulate similar rules to 
theorems 1 and 2 for more general nonalternant fused 
systems by starting from an appropriate ‘ parent ’ 
alternant hydrocarbon. Some convenient rules for 
tricyclic systems are :

anti
aromatic

non
aromatic

non
aromatic

aromatic

4/11 A/)+2 Z/i I l,n 4/1 +2

The rules for more highly condensed systems increase 
in complexity with size and it seems, at the moment.

i?  =  1/4 7? =  1 i?  =  1
.s/ < 0  =  0 .2̂  =  0

F i g u r e  11 a-Complexcs from some nonalternant, tricyclic 
systems

We consider here only the cases when there are two 
even-membered rings sharing one side which is adjacent 
to the sides they share with the odd-membered ring.

If the two even rings are of the same class {i.e. both 
4m or both (4m -{- 2) types] the molecule is nonaromatic 
{e.g. acenaphthylene).

If the two even rings are not of the same class [i.e. 
one has 4m, the other (4m' - f  2) atoms] the molecule is 
antiaromatic.

CONCLUSIONS
We have effectively introduced a theoretical treatment 

of the competition between substitution and addition 
reactions of unsaturated organic compounds. We have 
shown how to apply it to various classes of molecules 
and are able, at least to say, whether their reactions 
are expected to be of the aromatic type. In order to 
preserve simplicity we have not attempted to calculate 
charge distributions in o-complexes which do not have 
nonbonding coefficients, but the theory is, of course, 
applicable to such cases.

Combined with the localisation energy approach to 
reactivity we can use the criteria put forward for evaluat
ing the competition between substitution and addition 
(the indices R  and .saf) and we can now, in principle, follow 
the path of aromatic substitution rather more closely than 
before and widen our concept of aromaticity.

[9/962 Received, June 5th, 1969]
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Methyl Proton Resonance in Nuclear Magnetic Resonance Spectra 
of 2,2 - and 8 ,8 -Dimethyl-1,1 -binaphthyls. The Optical Stability of 
(+)-2,2-Dimethyl-1,1 '-binaphthyl
By W . Dixon, M a rg a re t M. H arris,*  and R. Z. M azengo , Bedford College, Regent's Park, London N.W.1

(+)-2,2 '-Dimethyl-1.1 '-binaphthyl has resisted racémisation in solution. This contrasts with 8,8 '-dimethyl- 
l . l ' -b in ap h th y l  which is optically labile. Methyl proton signals in the  n.m.r. spectra of these  compounds can be 
used to throw light on their conformations in the ground state.

A RECENT study of the molecular structure of crystalline 
l,r-b in ap h th y l, m.p. 145 °C,̂ ® has shown that the  
dimensions of the two naphthalene rings are not signifi
cantly different from those of naphthalene itself; in the  
crystal, the dihedral angle between the two naphthalene 
system s (which deviate somewhat from planarity, but 
can be considered as planar for this definition) on the

 ̂ (a) K. Ann Kerr and J. Monteath Robertson, J .  Chem. Soc. 
(B), 1969, 1146; see also W. A. C. Brown, J. Trotter, and J. 
M onteath Robertson, Proc. Chem. Soc., 1961, 116, and H. Aki- 
moto, T. Shioiri, Y. litaka, and S. Yamada, Tetrahedron Letters, 
1968, 1, 97; (6 ) R. J. W. Le Fevre, (Mrs.) A. Sundaram, and 
K. M. S. Sundaram, J.  Chem. Soc. ,1963, 3180.

diad axis is 68°, in a crs-conformation : this angle is 
probably different when the molecule is in solution.^*
I- l,l'-B inaphthyl 2 and 8,8'-dimethyl-,® 8-methyl-,^ and 
2,2'-dimethyl-I,l'-binaphthyl ® have all been obtained 
in the optically active state. The low optical stability 
of the 8,8'-dimethyl and 8-methyl compounds has been

* Margaret M. Harris and A. S. Mellor, Chem. and Ind.,  1961, 
1082.

3 Yasmeen Badar, Ann S. Cooke, and Margaret M. Harris, 
J. Chem. Soc., 1965, 1412.

* Ann S. Cooke and Margaret M. Harris, J .  Chem. Soc. (C), 
1967, 988.

6  D. D. Fitts, M. Siegel, and K. Mislow, J. Amer. Chem. Soc., 
1958, 80, 480.



776 J. Chem. Soc. (B), 1971

attributed to distortions in the ground state, arising 
from ^m-repulsions, which would be favourable to 
attaining the transition state for racémisation. There is 
crystallographic evidence from related compounds for 
the possibility of such distortions.® In contrast to this, 
2,2'-dimethyl-l,l'-binaphthyl, which is not di-^m‘-sub- 
stituted, may be presumed to be much closer to l,l'-b i- 
naphthyl itself in its geometry, and therefore to have a 
lower ground-state energy and consequently a higher 
energy of activation for racémisation.

We have now attempted to racemise optically active 
2,2'-dimethyl-l,l'-binaphthyl and failed to do so at 
temperatures below those at which it decomposes. Its 
specific rotation is unaltered after 40 h in 1-methyl- 
naphthalene solution at 240 °C; at 290 °C decomposition 
sets in, but the recovered undecomposed material retains 
its optical rotation fully. This is a marked difference 
from the 8,8'-dimethyl compound, where the activation 
energy for racémisation in solution, 27 5 kcal moH, is 
only 5 kcal mol“̂  greater than that for the racémisation 
of l,l'-binaphthyl itself.®

Interest in the ground state of these two molecules has 
led us to look at the methyl proton signals of their n.m.r. 
spectra, together with those of a set of reference com
pounds; these are listed in Table 1. (4,4'-Dimethyl-

T a b l e  1

M eth yl proton  signals in n.m .r. spectra  in CCI4  a t  
60 M H z w ith  tetram eth y lsilan e  as internal standard

2 ,2 '-D im ethyl-l,r-
T

8-05 « 1-Methylnaphthalene
T

7 . 4 7  «.«
binaphthyl 2-Methylnaphthalene 7 63"

8 ,8 '-Dim ethyl-1,1'- 8  25" 2,3-Dimethylnaph- 7 75 " d
binaphthyl

8 -M ethyl-l,I'-bi-
thalene

8  32" 2,6 -Dimethylnaph- 7 60""'
naphthyl 

4,4'-D im ethyl-1,1'-
thalene

7 26" 2,7-Dimethylnaph- 7 65
binaphthyl thalene

2,2'-Dimethylbiphenyl 7 99" 1,4-Dimethylnaph- 7 50""'
3,3'-Dimethylbiphenyl 7 75" thalene
4,4'-Dimethylbiphenyl 7 65" 1,5-Dimethylnaph- 7 45 "'d
Toluene 7-66 « thalene 

1,8 -Dimethylnaph- 
thalene 

2,2'-Di-t-butyl- 
biphenyl

7 26 ""! 

8 - 8 8  "■«

= Present work. * Ref. 10. * G. Cum, P. B. D. de la Mare,
and M. D. Johnson, J. Chem. Soc. {€), 1967, 1590 report t  7 44 
in CDCI3 . <* C. MacLean and E. L. Mackor, Mol. Phys., 1960, 
3, 223, reported figures for solvent CSg, 50 MHz, HgO-DgO 
external indicator; conversion by use of established factors 
shows excellent agreement with the figures here. • We thank 
Dr. M. S. Lesslie for a specimen of this compound.

l,l'-binaphthyl was prepared, albeit in very small yield, 
by an UUmann reaction on 4-bromo-I-methylnaphthal- 
ene; Fichter and Herszbein^ described a compound, 
m.p. 147 °C, as one of several products isolated from the 
electrolytic oxidation of 1-methylnaphthalene and 
tentatively assigned the structure 4,4'-dim ethyl-l,l'-bi-

1265.

M. B. Jameson and B. R. Penfold, J .  Chem. Soc., 1965, 528. 
F. Fichter and S. Herszbein, Helv. Chim. Acta, 1928, 11,

naphthyl to it; we consider that our synthesis confirms 
this assignment.)

Table 1 shows that high t  values are given by the 
2,2'- and 8,8'-dimethyl-l,l'-binaphthyls, by 8-methyl- 
l,l'-binaphthyl, by 2,2'-dimethylbiphenyl, and by 
2,2'-di-t-butyIbiphenyl. At room temperature they 
each gave one sharp signal for methyl protons. In all 
of this set of biaryls, the methyl protons are shielded by 
an aromatic system. Since each signal is sharp, either 
each compound exists in one conformation or inter
change between conformers is rapid: it can be assumed 
that the methyl groups per se rotate fairly freely, and 
that the conformations to be considered as those of the 
aromatic frameworks and their attached substituents ; 
the energy barriers to racémisation are all sufficiently 
high for it to be unnecessary to consider eclipsed con
formations.

If we make an initial assumption (later to be modified) 
that the geometry of 2,2'-dimethyl- and 8,8'-dimethyl- 
l,l'-binaphthyl can be correctly described by taking 
l,l'-binaphthyl and substituting appropriate hydrogen 
atoms by methyl groups, participants in the statistical 
average may then be represented as in Figure 1, where

- e - -o -

o
o

o o
F i g u r e  1 Cisoid, orthogonal, and transoid conformations of 

undistorted l.l'-b inaphthyls; (a) 8 ,8 '-dim ethyl-l,r-binaph- 
thyl; (b) 2 ,2 '-dim ethyi-l,l'-binaphthyl; Q represents m ethyl

the intersection of the lines marks the diad axis; alter
natively, plans of the two dime thy 1-1,1'-binaphthyls can 
be drawn (Figure 2) in which the arc of travel (repre
sented by a dotted line) of a methyl group in the 2-posi-

(b)(a)
F ig u r e  2 Plans of undistorted molecular models to show path 

of one m ethyl group relative to  the second naphthalene 
system : (a) 8 -m ethyl-; (b) 2 -m ethyl-1 , 1  '-binaphthyl

tion can be seen to differ from that of one in the 8-posi
tion, relative to the second aromatic system. In the 
diagrams, the whole sweep of 180° is shown, but in fact 
van der Waals touching distances would limit movement 
to a small proportion of the arc, near to the orthogonal 
position. Interannular conjugation must be very small
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at these high interplanar angles,® therefore resonance 
energy can play little part in forming an energy 
barrier between conformations.

Interpretation o f the N .m .r. Data .—The chemical 
shifts of protons relative to those in alkenes can be 
calculated, by use of the point-dipole approximation 
for the magnetic effects of the ring current induced by 
the applied field. Our model differs from that used 
previously ® in that the current is regarded as flowing 
along the bonds rather than in a circle over the carbon 
nuclei; the induced moment is therefore rather smaller. 
Good agreement is found, for aromatic and for methyl 
protons, between the chemical shifts calculated from 
this model, and those observed for benzene, naphthalene, 
toluene, and the methylnaphthalenes. The agreement 
gives confidence in the method of calculation.

T a b l e  2

C om parison betw een  som e calcu lated  and observed  
chem ical sh ifts 

.\ryl protons; standard, cyclohcxadicnc
Naphthalene

Compound Benzene (3
Chemical shift (calc.) - 1  45 - 2 0 0 - 1  65
Chemical shift (obs.) - 1  41 - 1  95 - 1  60

Methyl protons : standard, propone
a-Me- )3-Me-

naphtha- naphtha-
Compound Toluene lene lene

Chemical shift (calc.) - 0  56 - 0  90 - 0  70
Chemical shift (obs.) - 0  65 - 0  95 - 0  75

The next objective is to see what the comparison of
calculated and observed chemical shifts reveals about 
the molecules under discussion ; the interest now lies 
chiefly in the effects of induced ring currents in the 
second aromatic fragment, since at the high dihedral 
angles required by the allowed conformations there will 
be shielding effects on protons of methyl groups attached 
to the first aryl group. A simple approach is to con
sider ideahsed, undistorted biaryl models in which each 
aromatic moiety is planar and the positions 4, 1, 1', and 
4' are collinear (as in Figures 1 and 2) and from the 
observed chemical shifts to calculate dihedral angles 
which would correspond with them.

We can regard the average field acting on the three 
methyl protons as being not significantly different from 
that at their centre of gravity. Bond distances were 
taken to b eC (l)-C (2 ),l 4 Â ; C(l)-C(l'), 1-5 Â; C(2)-Me, 
T 5Â ; C-H, T 08Â . These are grossly simplified, but 
the results of the calculations were relatively insensitive 
to the exact values of the various bond angles and 
distances, provided that they were within reasonable 
limits, except for  the elevation of the point in question

* G. H. Beav'en and E. A. Johnson. Conference on Molecular 
Spectroscopy, Pergamon Press, 1959, p. 78.

• J. A. Pople, W. G. Schneider, and H. J. Bernstein, ' High 
Resolution Nuclear Magnetic Resonance,' McGraw-Hill, 1959,
p. 180.

above the plane of the ‘ second ’ ring, i.e., the dihedral 
angle.

If the undistorted model of the 8,8'-dimethyl com
pound is taken in its orthogonal position (dihedral angle 
90°), the shielding effect calculated by the present method 
is of the order of 3 p.p.m. A similar result is obtained 
if the method put forward by Johnson and Bovey^® is 
employed. The discrepancy between 3 p.p.m. and the 
observed 0 8 p.p.m. is wide, and hence it can be con
cluded that the undistorted orthogonal conformation is 
unlikely for this compound.

Dihedral angles which are compatible with the ob
served chemical shifts in models of undistorted geometry 
are given in Table 3; these we have considered in con-

T a b l e  3

R esu lts o f  ca lcu lations o f  average dihedral angles, from  
m odels of undistortcd  geom etry

Obser\-ed
high-field Calculated 
chemical average

shift dihedral
T — T,. angle

0-3, 85—9(1'
Biaryl 

2,2'-Dimethyl- 
biphenyl, t 7 99
2,2'-Dimethyl- 
l.l'-b inaphthvl, 

T 8  05

8 ,8 '-Dimethyl- 
l,l'-b inaphthyl, 

? 8  25

Reference 
4,4'-Dimethyl- 

biphenyl, t  7 65
2-Methyl-, 2,6- 0 4
dimethyl-, 2,7- 

dimethyl-naphth- 
alene, ? 7 65

1-Methyl-, 1,4- 0 8

dimethyl-, 1,5- 
dimethyl-naphth- 

alene, t  7-47; 
1 ,8 -dimethylnaph- 1 0

thalene, t 7 26

85—90

55

60

junction with molecular models which incorporate the 
van der Waals radii of the constituent atoms (Leybold 
models). It is then evident that the result for the 
2,2'-disubstituted compound is reasonable. The ground- 
state geometry can be satisfactorily represented by the 
near-orthogonal conformation of relatively undistorted 
rings. This conclusion for 2,2'-dimethyl-l, 1 '-binaphthyl 
is in agreement with spectroscopic evidence for a related 
compound; the u.v. spectrum of 2,2',7,7'-tetramethyl- 
l,l'-binaphthyl is closely similar to that of naphthalene.^^

On the other hand, the dihedral angle calculated for 
8,8'-dimethyl-l, 1 '-binaphthyl from the n.m.r. data is 
shown by the models to be a sterically impossible one 
unless distortions are introduced which can increase the 
distance between the 8-methyl group and the second 
ring considerably. Small angular distortions spread 
over the whole molecule, such as have been found in 
crystalline 3-bromo-l,8-dimethylnaphthalene,® would not 
have too large an energy requirement.^® The n.m.r. 
evidence is thus in accord with the distortion hypo
thesis previously advanced to explain the low optical 
stability of 8,8'-dimethyl-l,l'-binaphthyl.

C. E. Johnson and F. A. Bovey, / .  Chem. Phys.,  1958, 29, 
1 0 1 2 .

R. A. Friedel, M. Orchin, and L. Reggel, J .  Amer. Chem. 
Soc., 1948, 70. 199.

“  C. A. Coulson and S. Senent, J. Chem. Soc., 1955, 1819.
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( ±  )-2 ,2'-Bimethyl-\,V~binaphthyl.— 2,2'-Bisbrom.omethyl- 
l,l'-b in ap h th y l (10 g) in sodium-dried ether (500 ml) was 
added to  lithium  aluminium hydride (12 g) and heated  
under reflux for 2 5 h. Norm al working up gave a viscous 
oil which crji'staUised from ethanol to  give [:^)2,2'-dimethyl- 
\,V -binaphthyl, 4-5 g, m.p. 70— 71° (Found: C, 93 4; H , 
6 35. CaaH 18 requires C, 93-6; H , 6-4%).

(-+-)- and 2'-D im ethyl-!,\'-binaphthyl.— R eduction
of ( —)-2,2'-bisbrom om ethyl-l,l'-b inaphthyl {[ajjis®* —155-9° 
in benzene (ht.,®'^® [a]579̂ ® —169-4° in benzene and 
— 200° in benzene)} gave ( - f  )-2 ,2'-d im ethyl-l,l'-b inaphthyl, 
m.p. 70— 71°, [a]57g“ ® -|-210° in  m ethanol (lit.,® m.p. 
64— 67°, [alsTs®* - f l9 °  in  ethanol).

Similar treatm ent of the (-}-)-bisbromomethyl compound  
gave (—) -2 ,2'-dim ethyl-1,1 '-binaphthyl, m.p. 69— 70°, 

-2 1 - 0 °  in m ethanol.
A ttempted Racémisation o f {-\-)-2,2'-D im ethyl-!,V-hi- 

naphthyl.— A portion of the m aterial of [ajĵ g®® -f  21-0° was 
dissolved in m-xylene and heated at 136 °C for 9 h; another 
portion was dissolved in 1-m ethylnaphthalene and heated  
a t 240 °C for 15 h. In neither case was there any loss of 
optical activity. On heating a t 290 °C a  similar solution  
darkened ; the i.r. spectrum showed th a t som e change 
had occurred; purification gave the original hydrocarbon, 

4-21-0°, i.e., the undecomposed m aterial had not 
racemised.

4c,à'-D im ethyl-1, 1 '-binaphthyl.—  4-Bro mo- 1-m ethylnaph

thalene (22-6 g) was heated to  230 °C w ith a trace of iodine 
and copper bronze (24 g) added gradually during 4— 5 h, 
the temperature being raised to  270 °C and 1-m ethyl
naphthalene added when the mixture became very viscous. 
Steam  distillation left a tarry mass which was extracted  
w ith chloroform and filtered through diatomaceous earth; 
addition of hght petroleum (b.p. 40— 60°) precipitated som e 
tar which was filtered off and the solution purified on an 
alumina column, w ith elution w ith light petroleum (b.p. 
40— 60°). R em oval of the solvent gave an oil: the part 
w hich distilled below 130°/1 mm was rejected; the residue 
crystallised from acetone in colourless needles, m.p. 143—  
144-5° (yield, ca. 0-5 g). Its molecular w eight was 282 
(by mass spectroscopy).

N.m.r. spectra were determined on a Varian A-60 instru
m ent in CCI4 solution w ith tetram ethylsilane as internal 
standard.

W e thank the Rockefeller Foundation for a m aintenance 
grant and Makere U niversity College, Kampala, for study  
leave (R. Z. M.), and W est H am  College of Technology and  
the School of Pharm acy and Queen Ehzabeth College, U ni
versity  of London, for preliminary n.m.r. spectra. W e  
thank Mr. J. Pragnell for help in the preparation of 4,4'-di- 
m ethyl-1,1 '-binaphthyl.

[0/1598 Received, September 17/A, 1970]

D. Muriel Hall and E. E. Turner, J. Chem. Soc., 1955, 1242.
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Secondary R adicals in  the A utoxidation  of H ydroquinones

B y P. A shw orth  and W . T. D ixon*

{Bedford College, Regents Park, London N.W .1)

Sum m ary Strongly alkaline solutions of hydroquinones, 
shaken in air, m ay give e.s.r. spectra corresponding to  
radicals other than the expected semiquinones; secondary 
or even tertiary stages of the autoxidation m ay thus be 
observed.

The autoxidation of hydroquinones in alkaline solution is 
well known to be a radical process involving initial formation

of ÿ-sem iquinone radicals,* which are short-lived in aqueous 
solution, but can be kept for m üch longer periods in strongly  
alcoholic media. The relative stab ility  of these 'primary' 
radicals in alcoholic solution® has, to  a certain extent, 
precluded further investigation of w hat appears to  be a 
complex autoxidation process.

The autoxidation of 4-m ethylcatechol in aqueous alkali 
has been found to  give a secondary radical, in which an
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additional oxygen is bonded to  the aromatic ring.® .T h is  
extends our knowledge of the autoxidation process in that 
particular case, and now, using e.s.r. spectroscopy, we have 
found rather similar results for some substituted hydro
quinones and ^-quinones.

In contrast to  the situation in ethanolic solutions, more 
than one type of radical m ay be observed in largely aqueous 
solutions of certain hydroquinones or ^-quinones, depending 
on the conditions. For example, in 1% sodium hydroxide 
solution, simple p-sem iquinone radicals are usually observed, 
but after a relatively short time, their e.s.r. spectra disappear. 
In more concentrated alkali (5— 20% NaOH), totally  
different e.s.r. spectra are obtained (apart from cases where 
we m ight expect strong steric hindrance), corresponding to  
‘secondary’ radicals. These arise from substitution of an 
aromatic hydrogen, probably by hydroxyl, to give radicals 
derived from the 1,2,4-trihydroxy benzene system .

F i g u r e . E.s.r. spectrum of secondary radical from methylhydro- 
quinone.

Coupling constants in the e.s.r. spectra of the observed radicals

Coupling Constants (Gauss)

Hydroquinone or ^-quinone Proton
Primary 

(weak alkali) Secondary (strong alkali)
2 2 38 •

Unsubstituted 3 2 38
5 2 38
6 2 38

A B
2 2 12 b »

2-Methyl- 3 1 75 0 55 (H) 0 95 (Me)
5 2 54 4 15 (H)
6 2 45 0 95 (Me) 0 55 (H)
2 2 32 0 d

2,5-Dimethyl- 3 1-84 0 98 (Me) 0 88 (Me)
5 2 32 4 31 (H)
6 1 84 0 88 (Me) 0 98 (Me)
2 215C

2,6-Dimethyl- 3 1 98 0 97 (Me)
5 1 98 5 20 (Me)
6 2 15 0 72 (H)
2 b

2,5-Di-t-butyl 3 209
5
6 209

• Aqueous solution. b 1:1 H ,0 -E t0 H . 0 1 :: 1 H.O-DMF. d 3 :; 1 H,0-DM F.

0 56 (H> 0 66 (H)
6 18 (Me)

0 66 (H) 0 56 (H)

One characteristic of the ensuing radical is that the 
coupling constants of m ethyl or aromatic protons para  to an 
oxygen atom  {i.e. on C-5), are much larger than in the  
original />-semiquinone radical (Table).

Me(5)H Me (3)HMe

(3)H HI6)61HH(5

A B C
I t  is clear th at com peting reactions in these solutions are 

finely balanced, for changes of solvent have a marked effect 
on the ease of form ation and lifetim es of the observed 
radicals and also, in  one case, th at of methylhydrpquinone, 
at least tw o secondary radicals can be observed depending on  
the conditions (A— C).

{a) In cold sodium hydroxide (^^20% ) radical A  (or 
radical B, which would be expected to  have similar coupling

Me
Me

D

Me

Me

E
constants) was observed (Figure) ; (6) in hot, strong alkali 
radical C, the same as th at observed b y  Stone and W aters 
from 4-m ethylcatechol, was obtained; and (c) in  m ildly
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alkaline aqueous DM F a spectrum corresponded to  a m ix
ture of both radicals was obtained.

In the case of m ethylhydroquinone a  'tertiary' radical was 
obtained in  very strong, cold alkali (30% NaOH). The 
resulting spectrum appears to  correspond to  a Ijiphenyl 
derivative, D  or E , where there is conjugation betw een the  
tw o rings, th e  coupling constants being approxim ately .half 
those in the secondary radical (A or B) from w hich it  would  
be formed.

® G. K. Fraenkel and B. Venkataraman, / .  Amer. Chem. Soc., 1965, 77, 2707.
• G. K. Fraenkel and B. Venkataraman, / .  Chem. Phys., 1959, 30, 1006.
• T. J. Stone and W. A. Waters, J . Chem. Soc., 1965, 1488.

The formation of this dimer is apparently favoured by the  
high spin-density on the position para  to  an oxygen {i.e. on 
C-5), and the presence of a  replaceable hydrogen a t that 
position.

P. A. thanks the S.R.C. for a research grant.

{Received, J u ly  20/A, 1971; Com. 1268 )
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Secondary Radicals in the  Autoxidation of Hydroquinones and Quinones
By P. A sh w o rth  and W. T. Dixon,* Bedford College, Regents Park, London N.W.1

The autoxidation of hydroquinones and quinones in strongly alkaline solution gives rise to  radical intermediates 
other than the  expected semiquinones. These ' secondary ' radicals, which are derived from 1 ,2,4-trihydroxy- 
benzene, can be characterised by means of e.s.r. spectroscopy. Different isomeric radicals may be formed, d e p en d 
ing on the solvent, and apparently these  may reduce any excess of quinone present to the  corresponding semi- 
quinone.

S e m iq u in o n e s  were among the first radicals to be in
vestigated by means of e.s.r. spectroscopy because they 
are easily produced and can generally be obtained in 
relatively high concentrations. A wide range of ortho-, 
meta-, and ^ara-semiquinones have been studied.^"  ̂
However, the formation of semiquinones is only the 
first stage in the autoxidation of dihydric phenols in 
alkaline solution. Further stages can profitably be 
followed by changes in the e.s.r. spectra of the solutions. 
For example, Stone and Waters  ̂ have observed semi
quinones of trihydroxybenzenes in the autoxidation of 
some substituted catechols. It is surprising that this

* G. K. Fraenkel and B. Venkataraman, J. Amer. Chem. Soc., 
1955, 77. 2707.

® R. Hoskins, J. Chem. Phys.,  1955, 23, 1975.

has not been reported before, in any detail, in relation 
to the autoxidation of hydroquinones, since slight 
variations in alkalinity, concentration, and in the 
composition of the solvent lead to radicals derived from 
1,2,4-trihydroxybenzenes rather than the expected p- 
semiquinones.® These ' secondary ’ radicals can be 
characterised from their e.s.r. spectra which are fre
quently well defined and easily resolved.

High concentrations of semiquinones can be obtained 
just as easily from quinones as from the corresponding 
hydroquinones,^*® in spite of the fact that in the latter

T. J. Stone and W. Waters, J. Chem. Soc., 1964, 4302.
* T. J. Stone and W. .\. Waters, J. Chem. Soc., 196.5, 1488.
 ̂ P. Ashworth and W. T. Dixon, Chem. Comm., 1971, 1150.

® D. C. Reitz, J. R. Hoilahan, F. Dravnieks, and J. E. Wertz, 
J. Chem. Phys.,  1961, 34, 1457.
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case tliere is aerial oxidation, and in the former an overall 
reduction. This apparent paradox can be resolved by 
postulating intermediates capable of reducing quinones 
and it seems that these may well be the secondary 
radicals which we have been investigating. Under 
certain conditions we observed spectra which appear to 
arise from products of coupling reactions and we vdll 
refer to these as ' tertiary ' radicals.

The radicals we obtained and their e.s.r. coupling 
constants are shown in the Table. In practice the

stituted and the 2,3-dimethylhydroquinones. {b) The 
hydroquinone or quinone {ca. 0-005.\i) was left in 1% 
sodium hydroxide solution for ca. 1 h and then an equal 
volume of 10% sodium hydroxide was added. This was 
effective for the disubstituted compounds where method 
{a) gave only primary radicals, (c) A solution of the 
quinone {ca. 0 -0 1 m) was added dropwise to an excess of 
alkali (5% NaOH).

The solutions were immediately transferred to an 
aqueous cell in the cavity of an e.s.r. spectrometer. The

C oupling co n sta n ts  of prim ary (as I) and  secondary (as II) radicals

Coupling constants/G

Parent hydroquinone;
Hydroquinone
Zdethyl

E thyl

t-B utyl

2 ,3-Dimethyl 

2,6-Dimethyl 

2,5-Dimethyl 

5-Isopropyl-2-methyl

Primary radical 
(in SO'̂ o aq. EtOH)

2 1 2
(Me)

(quartet)

2 0 2
(Et)

(triplet)

1 74
(Me)
2 0 9
(Me)
2 34 
(.Me)
2  18
(Me)

-2 37-
1 76 

I 74

I 65

1 74
(Me)
I 93 

I SO 

1-76

2  61

2 53

2 89

2  62

1 93

2 34
(Me)
1-92

( P d )
(doublet)

2 41

2 53

2 1 2

2-62

2 - 0 9  
(-Me) 

I 8 0

1-46

«3 
0  60
0-58

0 55 

0 54

0 56 

0 52

0 66 
0 55

0-97
(Me)
0-88
(Me)
0-92
(Me)

Secondary radical

«5
4-98
5 12 
(Me)

4 15

4-56
(Et)

4-14

0  16 *
(Bid)

(septet)
4 02
4-70
(Me)
5 20 
(Me)
4 20 

4-20

«6
1-34 
0 69

0 95 
(Me) 
0-71

1-08
(Et)
0 - 8 4

0-55
(Me)
0-72

0-98
(Me)
0-75
(IV)

(doublet)

Solvent
Water
50",, aq. EtOH  

Water

5 0 ",, aq. EtOH

W ater

W a t e r

Water
Water

50"y aij. DMF f 

50",, aq. D.MF I 

Water

* Splitting from 6  equivalent proton.^ showing that the t-butyl group is not frc-cly-rotatmg (C. 'I rajip, C. .\. Tyson, a 
cometti, J. .4mrr. Chem. Soc., 1968, 90, 1394). 7  Diinethylformamidc.

and G. Gia-

observation of each secondary radical was favoured by 
certain conditions. A working guide for producing the 
radicals is as follows.

Primary Radicals.—These are produced in even 
faintly alkaline solutions of hydroquinones and quinones 
and are more stable in alcoholic media. The spectra are 
best observed by use of a flow system and in this case a 
solution of the hydroquinone (0 -005 m ) in ethanol was 
allowed to flow against 1% sodium hydroxide solution.

Secondary Radicals.—Although these are formed in 
dilute alkali, more concentrated alkali is usually required 
to obtain good e.s.r. spectra. Different isomeric radicals 
may be obtained depending on the solvent (see Table) 
and sometimes mixtures of these radicals are observed. 
The techniques used for obtaining e.s.r. spectra of the 
secondan,' radicals were as follows, (a) A solution of 
the hydroquinone {ca. 0 -0 1 m) in the appropriate solvent 
was added to 10% sodium hydroxide solution. This 
technique was particularly effective for the monosub- 

R R

spectra observed were then normally uncontaminated 
by the presence of other radicals and subsequent inter
pretation was made easier. Tlie exact values of the 
coupling constants of the secondary radicals were fcmnd 
to depend on the nature of the solvent, as observed for 
primary radicals."

Characterisation of the Radicals.—We felt that the 
e.s.r. spectra alone did not enable us to deduce with 
certainty the nature of the secondary radicals, so we 
tried to gather supporting evidence. The most obvious 
method was to synthesise the 1,2,4-trihydroxybenzene 
derivatives which on autoxidation should give semi
quinones which correspond to the secondarv radicals. 
We did this for three hydroquinones by means of the 
sequence® (1). When R =  H we observed the same 
eight-line spectrum (from three doublet splittings) as 
that ascribed to the secondary radical of hydroquinone

’ E. W. stone and A. H. Maki, J. Chem. Phv.s., 1962, 36. 1944.
* E. B. 'Vlict, Org. Synth., Coll. Vol. I, 317.
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(see ligure 2). When R =  Me we observed the same 
spectrum as that of radical A from 2,5-dihydroxy toluene. 
When R =  Bu*̂  we observed the same spectrum as that

(a)

F u . u r e  1 The e.s.r. spectra obtained from alkaline solutions of 
ethylhydroc|uinone; (a) primary radical in 50°,, ethanol, 1°„ 
NaÔH; (b) secondary radical A in 50°„ ethanol, 10'\, NaOH; 
(c) secondary radical B in I0"„ NaOH

(a) lb)
FiorKF. 2 (a) Spectrum from hydrorjiiinone (0 00 1 Ml in 5°„

NaOH; lim's .A tine to secondary radical; lines B due to 
tertiary radical, (b) spectrum from 1 ,2 ,4 -triacetoxybcnzene 
in 6 “„ NaOH

of radical A from l,4-dihydroxy-2-t-butylbenzene. The 
three radicals just discussed were also reproduced by

OAc
R ACgÔ

«2S0,  o j

0-

D " 4F . 0 '
OAc 0 -

(1)

adding solutions of catechol and the 4-substituted 
catechols (0-01m) dropwise to 5% sodium hydroxide. 
If 5% alkali is added to a more concentrated solution of

J.C.S. Perkin II

catechol (0-05m) a different type of radical is observed 
along with the o-semiquinone, i.e., the dimer observed 
by Stone and Waters.®

Having thus proved the identity of these three radicals 
we reasonably infer the structure of other secondary 
radicals on the basis of their e.s.r. spectra and a know
ledge of the starting material. The following rules seem 
to apply : (i) Spin densities para with respect to oxygen 
atoms are high (proton coupling constants ca. 4—5 G);
(ii) methyl proton coupling constants tend to be slightly 
higher than corresponding aromatic proton splittings;
(iii) spin densities on ring carbon atoms between those 
attached to two oxygen atoms are apparently lower than 
those on carbon atoms adjacent to only one carbon- 
oxygen linkage.

On the basis of these empirical rules we could con
sistently account for tlie observed hyperhne splittings. 
Our assignments imply that hydroxyl is introduced into 
the ring at the least hindered position, as expected.

DISCUSSION

Since our secondary radicals are derived from 1,2,4-tri- 
hydroxybenzenes, we now ask how they arise. It is 
of interest that both hydroquinones and quinones can 
be used as starting materials.

It is not difficult to arrive at a feasible reaction scheme. 
The first steps (2) in the autoxidation of hydroquinone 
lead to benzoquinone. We are not concerned here with 
coupling products so the next stage is the introduction 
of a further oxygen atom into the ring. Here we are

O'
[0] [0]

0 -
(I)

(2 )

(3)

OH [0]
(4)

0“ r  (n )

iielped by two well established reactions in which no 
overall oxidation of the quinone takes place. First, 
there is addition of HCl to give chloroquinol,^® and 
secondly there is the Thiele acétylation®-^^ discussed 
above. We might, therefore, expect a base-catalysed 
addition (3) of the elements of water. If this is so there

® T. J. Stone and \V. .V. Waters, J . Chcut. Sac., 1904, 408.
J. B. Conant and I.. F. i'ieser, J .  Jnicr. Chem. Soc.. 1929, 

45. 2194.
" J. Thiele and F. Winter, Aiiiialcu, 1900, 311. 941.
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must then be further attack by oxygen (4) to give the 
semiquinone of trihydroxybenzene.

We can now rationalise the observed reduction of 
quinones when their alkaline solutions are shaken in air. 
It appears that they are reduced by the corresponding 
secondary radicals. This possibihty is strengthened by 
our experiments on quinones. When the quinone is 
always present in high concentration {e.g., 0 - 0 1 m ) ,  the 
primary radical is observed in alkaline solution, whereas 
if the concentration of the quinone is kept low {i.e., by 
adding a 0 - 0 1 m  solution dropwise to alkali) a secondary 
radical is observed.

Similarly when an alkaline solution of benzoquinone 
{ca. 0-01 m ) is left, the signal due to the semiquinone 
decays. After ca. 1 h, addition of fresh alkali leads to 
the secondary radical, showing that the trihydroxy- 
benzene derivative must have replaced the quinone.

Therefore, we suggest the Scheme for the cycle of 
reactions leading to the formation of primary and second-

0 -

,0H

(I) 0 \

0 0 - 0

0

,0H[0]

0 -0
S c h e m e

ary r a d i c a l s . ’ ^  Both primary and secondary radicals 
may be destroyed by further oxidation, by dimérisation, 
or by coupling with, for example, benzoquinone. The 
further oxidation stage was demonstrated by an experi
ment in which a solution of t-butylhydroquinone in 5®o 
sodium hydroxide was left open to the air for a day. 
When the mixture was allowed to flow against dithionite 
the spectrum of a mixture of both secondary radicals 
(see Table) was observed showing that the hydroxy- 
quinone derivatives must have been formed. There was 
no trace of the spectrum of t-butylsemiquinone.

We have obtained a number of well defined spectra 
which are probably due to coupled products of the re
action. For example the quartet which appears in the 
secondary spectrum from hydroquinone or benzoquinone 
(Figure 2) appears to arise from radical (Ilia) in which 
there is no delocalisation around the second ring. The

coupling constants, 0 90 and 0 45 G, are similar to those 
obtained by Reitz et al.^ starting from the quinol (1\ ) 
but they apparently saw a further splitting of 0 1 G. 
We did not observe this small splitting but we feel 
justified in our assignment because, first, the magnitudes 
of the coupling constants are just those expected for a 
trihydroxy-compound and not for a substituted semi
quinone {cf. radical A from t-butylhydroquinonc in the 
Table). Secondly, under the conditions of their experi
ment (10% NaOH), we would expect a secondary-type 
radical.

0 - 0- OH

OH0 - 0 -

m(ma)

If we add 10% sodium hydroxide to a solution <4 
benzoquinone in 50% dimethylformamide we observe a 
different quartet (splittings 4 52 G, 0-70 G) which we 
ascribe to the isomeric radical (IIIb). However, the 
situation with regard to these tertiary radicals is still 
not clear and furtlier study is required.

F ..\P E R IM IÎ\T .\L

E.s.r. spectra  were ob ta ined  w ith  a \'a r ia n  E -4  in stru 
m ent b y  use of both  flow and sta tic  m ethods.

Q uinones could be obtained  b y  ox id a tio n  of th e  corre
sp ond ing hydroquinones w ith chrom ic anh ydride in 
acetic  acid . T he reverse process was efleeted  b y  reducing  
the qu inone w ith  zinc and liydrochloric acid.

W hen neither th e  qu inone nor tlie  hyd roquinone were  
ava ilab le  th e  corresponding phenol was ox id ised  to  the  
quinone b y  use of F rém y ’s salt, according t(; the m eth od  of 
T auber and Ran.'® 4 -S u b stitu ted  ca tech o ls were pre
pared analogously,^'* th e  o-quinones so produced being  
reduced by  zinc and liydrochloric acid.

T riacctoxyb en zene d er iva tives were prepared by the  
T hiele a céty la tion  ® and were used d irectly  since th e  a cety l  
groups were hyd rolysed  off b y  th e  a lkaline m edium .

W e th a n k  th e  S.R .C , for a grant (to f̂ . A.) and M iss J . E. 
F in ch  for assistance in preparing the typescrip t.

[2/llG  Received, \\)lli January.  I'.»72.

** M. Eigen and P. Matthias. Chem. Ber.. Ithil, 94.
“  H .-J. Teuber and W. Kau, Chem. Ber., IDSIl, 8 6 , H'.'Hi.
** H .-J. Teuber and G. Staiger. Chem. Bee.. 1955, 8 8 , K02.
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Electron Spin Resonance Spectra of Radicals derived from Arylhydro- 
quinones
By P. A sh w o rth  and W . T. Dixon,* Bedford College, Regents Park, London N.W.1

The e.s.r. spectra of radicals formed In the  autoxidation of arylhydroquinones sh o w  hyperfine splitting from protons 
a ttached to the  aryl group, showing th a t  the  odd electron is delocalised over both rings. Substituents on the  
phenyl group influence the  various proton coupling constants  in a w ay  which is related to their e lectron-donating 
or e lectron-withdrawing properties.

We have reported how several different types of radical 
intermediate can be observed during the autoxidation of 
alkylhydroquinones and quinones.^* ̂  In addition to 
semiquinones, radicals derived from 1,2,4-trihydroxy
benzenes can be seen by means of e.s.r. spectroscopy. 
A parallel series of radicals are formed during the autoxi
dation of arylhydroquinones, showing that the aryl 
groups have little effect on the reactivity of the quinone 
nucleus, although the hyperfine sphttings of aryl protons 
indicate that the odd electron is delocalised on to the 
second ring to some extent. Substituents on the aryl 
group have only a small effect on the coupling constants 
although the trends are reasonably definite.

The parent quinones were made by direct arylation of 
_/)-benzoquinone via the diazonium salts,® and the ease 
with which this reaction could be made to yield the aryl- 
quinone varied somewhat from one case to another. The 
primary radicals were generated easily in dilute alkaline 
solutions and the secondary radicals from more concen
trated alkali. The latter were always obtained initially 
as a mixture of two isomeric radicals, (A) and (B). This 
contrasts with the behaviour of alkylhydroquinones 
which could be made to yield one or other isomer depend
ing on the conditions. However, when the solutions were 
left the (B)-type radical decayed, often leaving a pure

 ̂ P. .\shworth and W. T. Dixon, Chem. Comm., 1971, 1150.
2 P. Ashworth and W. T. Dixon, ÿ .C .5 . Perkin I I ,  1972, 1130.

spectrum from type (A). Improved spectra of the 
secondary radicals could be obtained by acetylating the

O' (A)
Primary radical S eco n d ary  ra d ic a ls

arylquinones followed by alkaline hydrolysis (Scheme 1). 
The e.s.r. spectra were in general well resolved and

Ac,0
AcO

OAc

Mixture of
OAc

+
OAc

S c h e m e  1

2 secondary 
radicals

although there was a mixture of secondary radicals both 
spectra could be analysed because the overlap between 
them was minimal (see Figure 1). Difficulties arise in a 
few cases because the smaller splittings are of the same

® P. Brassard and P. L. Écuyer, Canad. J.  Chem., 1958, 36, 
700.



1972

order as the line-widths, and since we observe the first 
derivative of the absorption spectrum, overlapping of 
maxima and minima can lead to reductions of apparent

2265

previous workers.^"® These rules may be summarised 
thus: (1) coupling constants of protons para  to a sub
stituent on the semiquinone nucleus are large; (2) coupl
ing constants of protons ortho to an electron-donating

U G ■*)

(b)

F i g u r e  1 E.s.r. spectra of radicals from w-chlorophenylhydro- 
quinone, (a) primary radical (in 60% aqueous ethanol, 0-5% 
sodium hydroxide; (b) secondary radicals (in 7-6% sodium  
hydroxide)

intensity or even total annihilation of some lines. This 
leads, in the case of j^-nitrophenylsemiquinone to some 
uncertainty in the smaller coupling constants (see Figure 
2).

1 0

11

F i g u r e  2 One of the side bands of the e.s.r. spectrum of 
ÿ-nitrophenylsemiquinone, with the reconstructed ' stick ' 
spectrum (alternate lines are ' missing ')

T a b l e  1

C oupling constan ts o f prim ary radicals 
Coupling constants/G

Aryl group 
Ph
p-OB.
ÿ-OMe
/)-Me
ÿ-Ph
«Î-C1
-̂Cl

p-CO^B
/j-COjMe
ÿ-NO,

2.5-Diphenyl
2.5-Di-p-Cl

Ooriho ( âra «3 « 6

0 27 0  16 1 99 2 56 2  1 2

0  3 2 0 14 1 38 2 53 2 33
0 30 0 1 5 1 85 2  5 6 2  16
0  2 8 0 1 6 1 8 8 2  5 5 2 13
0  28 0  2 0 1 98 2  6 8 2  1 0

0 27 0 1 5 2  0 0 2 52 2 13
0  2 8 0 1 6 2 1 0 2 64 2  1 0

0 27 0 17 2  1 0 2  5 6 2 1 0

0 29 0 1 8 2  2 6 2 56 1 95
0 30 0 15 2  3 8 2 50 1 92

flji =  0 76
0  25 0 14 2  2 0 2  2 0
0 31 0  16 1 78 1 78

T a b l e  2

Coupling constan ts/G  o f secondary  radicals
Secondary radical (A) Secondary radical (B)

Aryl ^ortho ^ortho
group «3 Opara a. «3 «5 f^pata

Ph 0 50 0 54 0 31 108 0 67 4 62 0  1 2 0  1 2

p -O B 0 53 0 65 0  2 7 0 53 0 63 4 00 0 14 0 1 0

ÿ-OMe 0 53 0 59 0 29 0 90 0 65 4 40 0  1 2 0  1 2

ÿ-Me 0 50 0 58 0 31 0 90 0 67 4 42 0 13 0 13
ÿ-Ph 0 50 0 58 0 33 M 2 0  6 6 4 52 0  1 2 0  1 2

m-C\ 0 52 0 54 0 29 11 9 0 67 4 62 0  1 2 0  1 2

p-C\ 0 48 0 59 0 31 116 0 * 6 8 4 58 0 1 2 0  1 2

ÿ-COgH 0 48 0  5 8 0  3 2 117 0 67 4 6 6 0  1 2 0 1 2

ÿ - N O ; 0 45 ^orlho 0 30 1 48 0 70 4 8 6 0  1 2 0 - 1 2

=  0-60

a.v 
=  0 1 5

substituent are small. As an example, consider structure 
(I). Position 5 i s t o  X ; positions 5 and 6 are or/Ao 
to 0 “ ; position 3 is ortho to O" and to X. Hence a^ <  
6̂ <  (3) the influence of the group X  decreases along

the series 0" >  Bu‘ >  Me >  Ph >  Cl >  H.

The assignments given in Tables 1 and 2 are based on 
the rules adopted in our previous paper  ̂ on alkyl semi
quinones and which are in agreement with the results of

* B. Venkataraman, B. G. Segal, and G. K. Fraenkel, J. Chem. 
Phys.,  1959, 3 0 , 1006.

In the case of primary radicals we expect substitution 
into the phenyl ring to affect H-3 more than H-5, and we

® A. Fairbourn and E. A. A. Lucken, J .  Chem. Soc., 1963, 258. 
• K. A. K. Lott, E. L. Short, and D. N. W aters, J. Chem. 

Soc. (B), 1969, 1232,
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assign the larger splitting to H-3 in two cases: (a) 
Y =  NOg and (b) Y =  COgMe (see Table 1).

The coupling constants of protons on the phenyl ring 
were assigned by reference to unambiguous cases {e.g., 
w-chlorophenyl) and in the primary radicals and the 
secondary radicals of type (A) the ortho- and ̂ ara-proton 
splittings were of the order of twice the meta-proton 
coupling constants.

Trends in the Coupling Constants.—There seems to be 
a small but definite relationship between the electron- 
donating power of the substituent on the phenyl ring and 
the coupling constants of the various protons. For 
example, the rules applying to the protons attached to 
the original quinone nucleus are as follows. For protons 
ortho to the aryl group, the coupling constants decrease 
with increasing electron-donating power of Y, as shown 
in Table 3. Protons meta to the aryl group have coupling

Y  O -
ôrlho

Primary 1 38
Secondary (A) 0 63 
Secondary (B) 4 00

T a b l e  

OMe Me H Cl COjMe NOj

1-85 
0 90 
4 40

188
0-90
4-42

1-99 
1-08 
4 62

2 10 
116  
4-68

2  26 2 38 
1 4 8  
4-86

constants which increase with increasing electron-donat
ing power of Y, as shown in Table 4. Protons para to the

Y
O fittla

Primary 
Secondary (A)

o-
2 33 
0 63

T a b l e  

OMe Me

2  16 
0-63

2 1 3
0  60

H

2 12 
0  50

Cl CO,Me NO,

2 10 
0 48

1 95 192  
0 45

aryl group are little affected by the substituent Y, if 
anything the trend is similar to that for or//w-substituents, 
as shown in Table 5. When the overall spin density in

O-Y
p̂ara

Primary 2 53 2 56
Secondary (B) 0 63 0 65

T a b l e  5  

OMe Me H Cl CO,Me NO,

2 55 
0-67

2 56 
0 67

2 54 
0 68

2 56 2  60 
0-70

the aryl ring is large the ortho- and para-proion coupling 
constants are of the order of twice those of the meta- 
protons, but as this overall coupling decreases the 
splittings become more equal. The difference between 
the coupling constants of the ortho- and meta-protons is

Y
ôrlho

Primary 
O- Cl

0 32 0 28
0 1 4  0 1 6

T a b l e  6  

(A)
O- Cl 

0 65 0 69
0 27 0 31

(B )

O - Cl
0 1 4  0 12
010  012

apparently increased somewhat by electron-donating 
substituents in the para-pos\t\on, as shown in Table 6. 
Addition of the proton coupling constants gives us a

J.C.S. Perkin II

measure of the amount of spin associated with carbon 
atoms attached to hydrogen, provided that the splittings 
all have the same sign. If this is the case, then it 
appears that electron-donating substituents on the phenyl 
ring tend to decrease the probabihty of the odd electron 
being on carbon atoms attached to hydrogen. It, there
fore, appears to be probable that the ^ - Y  group tends 
to ' attract ' spin density more when Y releases electrons 
more easily. We can rationalise this in terms of valence- 
bond approach to radicals in which the odd electron is 
largely associated with oxygen. The only canonical 
structures which have reasonably low energies and can 
lead to delocalisation of the odd electron are those having 
a double bond to, or a negative change on, the oxygen, 
i.e., for phenoxyl or semiquinone radicals the main 
canonical structures are of types (i), (ii), and (iii). The

0 O' Q-

A  fAi f A i
(i) (ill

A
(ill)

odd electron density will be greater on positions which 
yield electrons more easily, for the canonical structures in 
which the odd electron is associated with these positions 
win have higher probabilities owing to contributions of 
canonical structures of type (II). The delocalisation of 
the odd electron to the phenyl group must occur largely 
through structures such as (II)— (IV) and that explains

0 -  (HI)0 -

why the spin density on the ortho- and ^ara-positions is 
generally greater than that on the m<?^a-positions.

Similarly on the hydroquinone nucleus, the trends of 
the coupling constants of protons meta to phenyl sub
stituents probably arises from the lack of conjugation 
between the two positions and also, perhaps, from the 
influence of the phenyl group on the adjacent oxygen 
atom.

B y difference, these trends are opposite to those at the 
ortho- and ^rtm-positions, which, from the usual valence- 
bond viewpoint, are more directly affected by the sub
stituents, although the observed changes at the para- 
position are very small.

Finally the extra stability of the radicals of type (A) 
compared with corresponding radicals (B) is probably due 
not so much to the fact that there is greater delocalisation 
of the odd electron in type (A), but more to the availabihty 
of a position of high spin density for further attack in the 
type (B) radicals.
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E X P E R I M E N T A L

E .s.r . sp ectra  w ere recorded on  a  V arian E 4  instrum ent. 
T o  ob ta in  th e  prim ary  rad ica ls a  so lu tio n  o f th e  arylhydro- 
qu inone (O-OIm ) in  e th a n o l w as m ix ed  w ith  an equa l vo lu m e  
o f 1 % sod ium  h y d ro x id e  so lu tion , b o th  flow  and sta tic  
m eth o d s be ing  used . T h e  secondary  radicals w ere ob ta in ed  
b y  add ing  an aqu eou s so lu tio n  o f th e  h yd roq u inon e ( 0 - 0 5 m )  

to  an equal v o lu m e o f 15% sod iu m  h yd rox id e  solution .
M a te r ia ls .— T h e ary lq u inon es w ere o b ta in ed  b y  d irect 

ary la tio n  o f ÿ-b en zo q u in o n e  v ia  th e  d iazonium  sa lts  accord
in g  to  th e  m eth od  o f B rassard and  L ’Écuyer.® In  certain

cases, w here appreciab le am ou n ts o f th e  d iary lq u inon e  
ten d ed  to  be form ed, i t  w as co n v en ien t to  use a large excess  
o f th e  ^ -b enzoquinone. T he arylquinone w as m uch easier  
to  separate  from  th e  excess o f sta rtin g  m ateria l th a n  from  
th e  d iaryl com pound. R eaction  of th e  ary lq u inon e in  
aqu eou s aceton e  w ith  further d iazonium  sa lt  produced th e  
2,5-d iary l com poun d in  m oderate  yield.®

T he tr ia ceto x y -d er iv a tiv es w ere prepared b y  h ea tin g  th e  
qu inone w ith  acetic  anhydride and  a litt le  concen tra ted  
sulphuric acid a t  80 °C.

[ 2 / 1 2 1 6  Received, 31s< May,  1 9 7 2 ]
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Steric Effects observed in th e  Electron Spin Resonance Spectra of Some 
Arylsemiquinones
By P au l A sh w o r th  and W illiam  T. D ixon. Department of Chemistry, Bedford College, Regents  Park, 

London NW1 4N S

The e.s.r. spectra of radicals derived from arylhydroquinones are discussed with particular reference to h o w  the 
conformations of the  radicals vary with increasing ort/?o-substi tution on the  aryl group. With tw o  oriho-sub- 
sti tuents the  dihedral angle  becom es close to  9 0 '  so that  the major splitting from the aryl group is from the meta- 
protons. The results are rationalised in terms of tw o  contr ibutions to the  coupling constan ts  of protons associated 
with the  aryl group, one  from the  -  electron system and the o ther from delocalisation through t h e o  bond framework.

T he mechanism of the initial stages in the autoxidation 
of hydroquinones has recently been elucidated by means 
of e.s.r. spectroscopy.^ After initial formation of the 
appropriate semiquinone (I) the reaction later involves 
secondary’' radicals of t\q>es (.\) and (B).

The e.s.r. spectra of these three species are related to  
each other in a simple way and so it is useful to  be able

to obtain three spectra from each starting material, since 
they corroborate each other and aid us in the assign
ments of coupling constants. In a previous paper we 
discussed radicals from />ara-substituted arylhydroquin- 
ones.2 Trends were pointed out both in the hyperfine 
sphttings of protons attached to the semiquinone ring, 
and in those of protons in the aryl fragment. The re
sults indicated that delocalisation of spin density aw ay  
from the semiquinone ring is facilitated by electron- 
donating groups in the />am-position of the attached aiyl 
group.

Other things being equal, we would have expected 
similar trends when the substituents were in an ortho- 
instead of the ^ara-position.

 ̂ P . Ashworth and W . T. Dixon. J.C.S. Perkin IT, 1972. 11.30.
* P. Ashworth and W . T. Dixon. J.C.S. Perkin II,  1972. 2264.
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RESULTS

H o w ev er , as regards th e  coup ling  c o n sta n ts  on  th e  sem i
q u in on e  r ing, th e  effects of oW Ao-substituents in  th e  ary l 
group are m u ch  sm aller  th a n  w h en  th o se  su b stitu en ts  are in  
th e  p a ro -p o s itio n , and  are rou gh ly  th e  sam e as in  th e  corre
sp o n d in g  m e/a -d criva tives (see T ab les 1  and  2).

T h is  la s t  o b serv a tio n  can  be coup led  w ith  th e  m ore str ik 
in g  resu lt , th a t  th e  cou p lin g  co n sta n ts  o f  th e  aryl proton s

w ith  increasing  O ffAo-substitution o n  th e  ary l group, th e  
ortho- and  ^ a ra -sp littin g s decrease sh arp ly . (2) F or  
m e th y l su b stitu en ts  o n  th e  ary l group (i) ;p-m ethyl p roton  
sp litt in g s  are a b o u t th e  sam e a s th o se  o f ^ -h yd rogen s, (ii) 
o-raethyl p ro to n  sp litt in g s  are less th a n  th ose  o f o-hydrogens, 
and  (iii) m -m eth y l proton  sp litt in g s  are a b o u t h a lf th o se  o f 
m -hydrogens. (3) R e la ted  to  p o in ts  in (2 ), w h en  th e  ary l 
group h a s tw o  o -m eth y l groups, a  ^ -cliloro  or -m eth y l

T a b l e  1

(a) C oupling co n sta n ts  o f p r im a ry  rad ica ls from  m o n o -su b stitu ted  a ry lsem iq u in o n es

Coupling constants (G)
t-  — — ■ ' *-----------------------------------------------

Aryl group splittings

Aryl group «4 «« a«(H) f l m ( H ) flp(H) « su b s titu e n t
P h IHO 2 50 2-12 0-27 0-16 0-27
«-Id-,>1 1 4 2 0 7 2-52 2 21 0-16 0-16 0-16 ap =  0-56

2 02 2 50 2 1 3 0-28 0-15 0-28 ay «  0 -04  *
M  (-.11, 2 01 2 54 2 12 0-28 0-15 ap — 0  57
u - ( i ( - , l i , 2 12 2 52 2-22 t
u Bv( ,11, 2- III 2 50 2 20 0-10 0-10 0-10
p  BK , . i l , 2 114 2 48 2-04 0-28 0-16
ii-.McCjH, 2 (10 2 51 2-20 0 13 0 1 3 0-13 «Me ~  0 -05  *

14 1 0 0 2 58 2-14 0-27 0-18 0-27 «M e =  0-09
o-O.MfC,I I , 2 0.6 2 03 2-17 0-15 0 15 0-15
ui-C).McC»H4 2 02 2 54 2-05 0-26 0-15 0-26
u - 0 11 C ,H , 1-82 2 05 2-28 0-14 0-14 0-14
» U -011( 'J l4 Ih l 2-67 2-17 0-26 0-15 0-26
/>-{)HC'«ll, 1 38 2 53 2-33 0-32 0-14
o-NO,C,H4 2 in 2-50 2-10 0-10 0-16 0-16 as  »  0 06  *
m-NOjCgHi 2-2H 2 44 1-94 0-27 0-17 0-27 as % 0 04 *
P -N O A H 4 2 38 2 50 1-92 0-30 0-15 « X  — 0 0 7
o - l ' h C g l l , 2-00 2-60 2-00 t

•  llnrosulvt •d splitting, estim ated from observed splitting in secondary (A). + Aryl group splittings not resolved.

(b) C ou p ling  c o n sta n ts  o f seco n d a ry  rad ica ls from  m o n o su b stitu ted  a ry lsem iq u in o n es
Coupling constants (G)

Secondary radical (A) Secondary radical (B)

Aryl Liuup
Aryl group splittings

I'h
-!■( 1!

j,; 1 r 
r Id ,

■( -CU ,!!, 
"-BrCJI.

fj-.MeCgi I, 
m-MeCjl I4 
o-OMcCgH, 
»«-( )\leC*l I, 
(>-(

f«-OMC„H,

»/-N( )..C,iM, 
p - \ (  ),C.H, 
o - l’hC,.!!^

« 3 a, ' A ( U ) Ow(H) «p(H) «fcubrtitnen t « 3 « 5 «.(H ) ««.(H) «p(H)
(1 .Ml 1 -OS (1-54 0-31 0-54 0-67 4 5 2 0  12 0 12 0 12

• 0-68 4-72 t
II 53 1 15 (1-53 0-28 0-53 ay =  0-08 0-66 4-64 0 12 0-12 0-12
0  51 1 ( 1 9 II-5S 0-3(1 Op -- 1-09 0-66 4 -48 0-12 0 12
I t 5 0 1 27 0-25 0-25 0-20 0-65 4-72 Î
0  48 1-23 0-24 0-24 0 17 0-64 4-74 t
(I 49 1-13 0-59 0-31 0-67 4 6 6 0-12 0 12
(1 51 0-96 0-28 0-28 0-28 « M e =  0-11 0 -64 4 -56 t
0-52 1-06 0-52 0-32 0-52 «M e “ 0-16 0-65 4-45 0 12 0-12 0-12
0-52 1 12 0-26 0 2 6 0-26 0-67 4-65 t
0-.54 1 0 8 (954 0-29 0 -54 0-68 4-66 0 12 0-12 0-12
(1-49 0-82 (1-24 0 2 4 0-30 0-64 4-16 t
0  51 0-96 0-51 0-27 0-51 0-66 4 36 0  12 0-12 0-12
(1-53 0-53 0  65 0-27 0-63 4-00 0 14 0 10

» «S =  0-13 +

0-43 1-42 0-60 0-30 0-60 as =  0 -09 Î
0-45 1-48 0-60 0-30 as =  0 -15 0-70 4-86 0-12 0 12
0-48 1-04 0-30 0-30 0 2 0 0-1 0  (2 protons) 0-64 4 -4 4  t

Spectra not analysed, f Aryl group splittings not resolved. J Spectra not obtained.

Aryl group splittings
^ sa b « ti iu e n t

Op =  0  4 0  

a y  ~  0  2 4

arc a b o u t tw ice  as large w h en  a  su b stitu en t is e ith er  in th e  
rneta- or />am -position  th a n  w hen  it  is ortho w ith  respect to  
th e  bond jo in in g  th e  tw o  rings.

T h ese  tw o  broad  generalisations h a v e  led  us to  in v estig a te  
m ore c lo se ly  h ow  changes in  th e  d ihedral angle  a ffect th e  
cou p lin g  c o n sta n ts  o f proton s in  th e  sy stem  w h ich  g iv e  a  
m easure o f th e  co n ju g a tio n  betw een  th e  tw o  rings.

A  nu m ber o f a d d ition a l p o in ts  arise from  th e  resu lts g iven  
in  T a b les 1 and  2 and  require exp la n a tio n . (1) W hereas th e  
m eta -p ro to n  co u p lin g  co n sta n ts  seem  to  rem ain co n sta n t

group does n o t a ffect th e  reso lu tion . On th e  o th er  hand in  
th e  o-ch lorop henylsem iq u inon e th e  ary l proton  sp litt in g s  
are n o t reso lved  (due p rob ab ly  to  b roaden in g  b y  hyp erfine  
co u p lin g  w ith  ®®C1 an d  ®’C1 nuclei). (4) In  th e  prim ary  
radicals (I), no  sp litt in g  is observ'ed from  o -m eth y l p rotons, 
from  o-nitro n itrogen  nuclei, or from  on  th e  m eta-  
posit ion .

M ost o f th ese  p o in ts  can  be exp la in ed  in term s o f th e  
increase in d ih ed ral ang le  b etw een  th e  tw o  rings w h en  th e  
num ber o f or//?o-substituents is increased.
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THEORY
I t  is n o t difficult to  find a relatively sim ple, satisfactory  

m odel for th e  situation presented b y  tw o rings joined to 
gether. In  th e  first place i t  seem s th a t th e  coupling con
stan ts in th e  three typ es of radical bear a sim ple relationship

benzene, i.e. expected ratios of aryl proton sp littings are 
typ e (B) ; typ e  (I) : typ e (A) : ; 1 34 : 2 37 : 4-98, i.e. ca. 
1 ; 2 : 4 as observed.

M olecular Orbital M odel.— W e can consider the délocalisa
tion  of the odd electron on to  the aryl substituent as being

T a b l e  2

(a) Coupling constants of prim ary radicals from  polysubstitu ted  arylsem iquinones
Coupling constants (G)

I— •*--------------------------------------
Aryl group splittings

Aryl group « 3 « 6 « 8 a.(H) a»(H) «p(H) «aiibatltueni*
a-Naphthyl 2 1 6 2 52 2-16 0 - 1 0  ( 2  protons)

0-16 (I proton)
2-Mc, S-ClCjHa 2  2 0 2 52 2 - 2 0 *

2,3-Me%C,H, 2 05 2 52 2-18 0 1 2 0 1 2 0  1 2

2,4-MegCgHg 2 0 5 2 55 2-18 0 13 0 13 Onelo) =  0 13
2,5-Me2CgHa 2 05 2 55 2-17 0  1 2 0 - 1 2 0 - 1 2

2 ,6 -Me2CgHg 2  1 0 2 50 2  26 0 15 «Mc(») ~  0 05 t
2-Me,6-ClC,H, 2 14 2  60 2-18 0 13
2,6-C l,C ,H, 2  1 0 2 50 2 42 '-O-IO
2,6-Mej,4-ClCgH, 2  2 0 2-48 2  2 0 0 15 ' 0-05 t
2 ,6 -Mej, 4-BrCgH. 2  2 0 2-49 2 - 2 0 0-14 « M e t » )  ~  0-05 t
2.4,6-Me,CgH, 2 11 2-54 2-26 0-16 ~  0-04 t
2 .4 ,6 -Mc3 , 3-BrCg?I 2  16 2-50 2-16 0 - 1 1

Aryl group splittings not resolved. t  Unresolved splitting, estim ated from observed splitting in secondary (.\).

(b) Coupling constants of secondary radicals from  p o lysu b stitu ted  arylsem iquinones
Coupling constants (G)

Secondary radical (A) Secondary radical (13)

Aryl group « 3 « 6 «.(H) «m(H) flp(H) « su b sU tu e n t « 3 « S
a-Naphthyl 0-53 1-16 0-23 (2 protons) 0 64 1-60

0-34 (1 proton)
2-Mc, 3-ClCgH3 * 0 64 4-64
2,3-Me2CgHg 0-48 1 - 1 0 0-24 0-24 0-24 0-64 4-48
2,4-Me%CgH3 * «ileW =  0 - 1 0 0-64 4-52
2,5-Me2CgHj * 0-64 4-52
2,6-Me,CgHg 0-51 1-08 0-31 «M e(ol =  0-09 0-63 4-52
2-Mc, 6 -ClCgHg 0 54 1-18 0-30 0-56 5-86
2 ,6 -ClgCgH3 0-54 1 38 0-27 1 - 2 0 5 16
2 .6 -MC3 , 4-ClCgH, 0-51 1-08 0 30 «M e(«l =  0 0 9 0-63 4-62
2 ,6 -Mc2 , 4-BrCgH2 0-50 1-09 0-30 « M e =  0-09 0-64 4-62
2,4,6-Me3CgHg 0-49 1 - 0 0 0-32 «M eio» =  0-08 0 65 4-52

«Meij»! ~  0-00
2 ,4 , 6 -Mc3 , 3-BrCgH * 0 64 4-60

A r y l  g r o u p  s p l i t t i n g s  
«o(H) « m  ( 1 1 )  « p ( l l )  « .u bs U lu cn C

t

t

0 0 8

0  09

Spectra not analysed or resolved, f  Aryl group splittings not resolved.

to  each other, i.e. th e  hyperfine sp littings of m ethyl or aryl 
protons w hich are associated w ith  th e  aryl substituents 
vary in the sam e w ay for all three types of radical, as far as 
one can detect. These sp littings in radicals of typ e (B) are 
about half those in the corresponding prim ary radicals w hich  
in turn are about half those in  th e radicals of type (A).

This suggests first th a t the dihedral angle is probably th e  
sam e in all three cases and secondly, th a t th e  sp littings in  
the aryl group are roughly proportional to the spin density  
on the carbon atom  to  w hich th ey  are attached. Support

similar to  th a t in benzyl. Thus we look a t the fragm ent 
consisting of th e  aryl group and the carbon atom  to w hich

plone of aryl ring

A 2.37G
U s^ 237G

0 '

dihedral angle
-plane of semiquinone 

ring

F i g u r e  1
1-34f

for this second possib ility  com es from the coupling constants 
in sem iquinone itself and the radical from 1,2,4-trihydroxy-

® J. A. Pople and D. L. Beveridge, / .  Chem. Pbys.,  1968, 4 9 , 
4725.

it  is attached. This problem, together w ith the variation  
of spin densities w ith  the angle of tw ist about the carbon- 
aryl bond has already been discussed a t various levels of 
sophistication.®'^ H ow ever som e understanding is to  be 
gained using sim ple m olecular orbital theory. If the d i
hedral angle is 0 (see Figure 1) then we can resolve the

* W. J. Van den Moek, B. A. C. Rousseeuw, J. Smidt, W. G. B . 
Huysm ans, and W . J. Mijs, Chem. Phys. Letters, 1972, 13. 429.
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2p-  orb ita l of th e  ad ja cen t carbon atom  in  th e  sem iq u in on e  
ring in to  tw o  parts, one, <f)̂  cos 0 , w h ich  h as th e  sam e sy m 
m etry  as th e  V orb ita ls of th e  ary l su b stitu en t, and  th e  other, 
^ 0  s in  0 , w h ich  h as in teraction s o n ly  w ith  th e  ct orb ita ls o f th e  
ary l group  (see F igu re 2 ). Sp in  d en s ity  is  therefore trans-

cr part ÏÏ part
F i g u r e  2

m itted  e ffec tiv e ly  via  tw o  d istin ct routes and w e can w rite  
th e  hyperfine sp littin g s as a  sim ple  sum  o f tw o  term s  
[equation  ( 1 )].

fl(0) =  fl„(0) +  fl„(0)
=  <i„(0 ) cos * 0  -j- sin  * 0  ( 1 )

W e are in terested  in ca lcu la tin g  th e  order o f m agn itud e  
o f th e  sp littin g s and can estim a te  « ,(0 )  an d  fl<,(90°) e ith er  
em p irica lly , or th eoretica lly  u sin g  th e  param eters show n in  
F igu re  3, w h ich  h a v e  been sh ow n to  a cco u n t for a  v a r ie ty  
o f co u p lin g  c o n sta n ts  in n.m .r. sp ectra  ® and for certa in  
effects in e lim in a tio n  reactions.® In  b o th  cases it  is r

Tîport 6=0"

a2)=Kai) c(3i=(ytŷ )ai)
©

« h (o) =  508pH (2)

form ula a s for b en zy l [acJi2  =  16 3, ««(H) =  4 9, flw(H) =  
1 5 ,  Oy(H) =  6 1  G], i.e. a"(H) =  — 28pc w here po =  sp in  
d e n s ity  in a d ja cen t carbon p „  orb ita l. T o be rea listic  w e  
sh a ll u se  th e  co u p lin g  co n sta n ts  in  free b en zy l to  g iv e  us 
th e  7c co n tr ib u tio n  and for th e  variou s k in ds o f p ro to n  w e  
g e t  th e  re la tion sh ip s (3)— (8 ) for th e  depend en ce  on d i
hedral angle, for a g iven  sp in  d e n s ity  ‘ p ' on  th e  ‘ b en zy lic  ' 
carbon.

for th e  7t p art :

ortho: flo’ (H) =  — 8-75 p cos® a % — (3)

m eta:  =  + 2 6  p cos ®0 % (4)

p a r a :  a / { H )  =  — 1 0  5 p cos ® 0  % — (5 )

for th e  o part:

Û£,"(H) =  —0-95 p sin. ®0 % +«o"(C H 3 ) (6 )

=  -r 2-54 p sin ®0 (7)

«p"(H) =  0  % «..."(CHg) % « /(C H g ) (8 )

O nly th e  v a lu e  o f  p is d ifferent for t lie  th ree  ty p e s  o f  
radicals and to  e stim a te  it  w e use th e  cou p lin g  co n sta n ts  in  
th e  corres%ionding m eth y l su b stitu ted  radicals ® u sin g  
Qcna ~  30 G, i.e. from  m eth y lsem iq u in o n e  in  prim ary  (1) 
a(CHg) =  2 1 2 ,  in secondaiy- ' (A) ', a{CH^) =  5 1 2 ,  and  
in secon d ary  ' (B) ', «(C H j) =  0-95 G.

F or  our purposes, changes in ‘ p ’ w ith  th e  su b stitu en t in  
th e  ar}d ring are sm all, and for o b ta in in g  orders o f m agn i
tud e, w e  can eq u ate  « (H ) w ith  «(CH g). W e sh a ll go th rou gh  
w ith  th e  ca lcu la tio n  o n ly  for secondary  radicals ty p e  ' (A) 
since th ese  h a v e  th e  largest sp littin g s .

T he va r ia tio n  o f proton  sp litt in g s  w ith in  th e  aiyd group  
in  th e  ty p e  (A) rad ica ls is th erefore g iv en  b y  e q u a tio n s  
(9)— (13). O ne m ig h t h a v e  ex p ected  th e  d ihedral angle  in

Oo(H) =  — T 4 cos® 0 +  0 16 sin* 0 (9)

«(.(CHg) =  + T 4  cos® 0 +  0-16 sin® 0 (10)

rt„,(H) =  0  44 cos® 0 +  0-42 sin® 0 (II)

<®m(CH3 ) =  - 0  44 cos® 0 (12)

a^(H) =  «^(CHa) =  - 1  75 cos® 0 (13)

p h en y lsem iq u in on e  to  be o f  th e  order o f  45°, th a t  in th e  
m ono-or//io -su bstitu tcd  p h en y lsem iq u in o n es to  b e  60° or

AG

or part 6=90°

F igure 3 Some of the orbitals involved in extreme conform
ations, with the appropriate resonance integrals and coefficients

in tera ctio n s b etw een  b on d s on  ad ja cen t a to m s w h ich  are 
m a in ly  responsib le  for th e  sp in  dé loca lisa tion . I f  w e  n eg lec t  
differences in cou lom b  in tegra ls th e  odd electron  goes in to  a 
n on -b on d in g  orb ita l.

I t  h as been  found th a t  v a lu es y„  X  1/4, y  x  1/4 -y/2, for  
th e  resonance in tegra ls, rou gh ly  reproduce th e  cou p lin g  
co n sta n ts  in  v in y l and  in  p h en y l (in th e  case  o f th e  ortho- 
and  m e/a-protons). W e use form ula (2) for  th e  sp litt in g

w h ere pg =  sp in  d en s ity  in  th e  h yd rogen  Is orbita l.
T h is corresponds to  an e ffec tiv e  a to m ic  nu m ber o f h y d ro 

gen  o f u n ity . In  th e  case  o f th e  rr sy stem  w e  g e t th e  sam e

F i g u r e  4  E.s.r. spectrum of the primary radical 2,6-dim ethyl- 
phenylsem iquinone in 50% aqueous EtO H

m ore, an d  th a t  in  th e  2 , 6 -d isu b stitu ted  p h en y lsem iq u in o n es  
to  b e  c lose  to  90°. I t  is in terestin g  therefore to  com pare  
th e  p red icted  cou p lin gs for th ese  ang les w ith  th o se  observed  
for  th e  ty p e  (A) rad icals w h en  th e  ary l su b stitu en t is  one of 
th e  m e th y l p h en y l groups.

» W. T. D ixon, J .  Chem. Soc. (A), 1967, 1879.
• W . T. Dixon, Tetrahedron, 1968, 24, 5509.
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DISCUSSION
From Table 3 we can see that the theory does account 

quite well for the variation of the various coupling con
stants, the most significant deviations from predicted 
behaviour being that of o-methyl proton coupling 
constants. This might have been expected since dis
tortion is most likely to occur at the or^Ao-position  ̂
(bond bending of C-CHg). From the theoretical point 
of view this simple approach gives much the same 
variations with dihedral angle as do more sophisticated 
theories. ‘ a Spin delocalisation responsible for coup
ling constants when the angle is 90°, arises mainly from 
7c type interactions involving the carbon hybrid orbitals 
each of which has 2J3 p  character which can be resolved

^flra-position, quite definite effects are observed in the 
coupling constants of protons attached to the original 
semiquinone ring. When the same substituents are in 
either the ortho- or in the mc/a-positions of the aryl ring, 
they have very little effect on the spin densities around the 
semiquinone ring. This is because, in the latter case, 
there is insufficient conjugation and in the former, 
presumably, there is less conjugation due to an increased 
diliedral angle. The most obvious case is that when the 
substituent on the aryl group is hydroxy (see Table 1) 
but other cases {e.g. NOg) show similar relationships. 
The direction of effects induced by substituents on the 
aryl ring have been discussed already but what is im
portant in the light of the present evidence is that the

T a b l e  3

C om parison o f ca lcu la ted  co u p lin g  c o n sta n ts o f p ro to n s asso c ia ted  w ith  aryd su b stitu en ts  w ith  som e of th ose  observed
for secon d ary  rad ica ls ty p e  (A) (in gauss)

.\r  5 Ar = Ar a Ar a A r  a
8  =  45° /)-MeC,H^ jM-MeCgHj 6  =  60° o-MeCgHg 8  =  90° 2 , 6  McgCgHj 2,4,6-Me,(

fl-(H) ( - )  0  62 0-58 0-62 ( - )  0-23 0-28 ( +  ) 0-16
«-(CHa) ( +  ) 0-78 { + )  0-47 0 - 1 1 ( +  ) 0-16 0-09 0-08
fl-(H) ( + )  0-43 0-31 0 32 ( +  ) 0-42 0-28 ( r )  0-42 0-31 0-32
a-fCHg) ( - )  0  2 2 0-16 ( - ) O - l l 0

«-(H) ( - )  0 87 0-62 ( - )  0-45 0-28 0 0

«-(CH,) ( +  ) 0-87 0-58 ( +  ) 0-45 0 0

into part along the adjacent C-C bond and part per
pendicular to it. In fact the 7t interactions between 
carbon sp^ hybrid orbitals in ethylene are half the 
magnitude of the resonance integral assigned to the tc 
bond, so they are by no means negligible.

metSi-Proton Splittings.—Out of the theory and also 
from the results comes the fact that the meta-^xoion  
splittings are remarkably constant throughout the various 
series of aryl substituents studied. This has also been 
observed in aryl nitroxide radicals.® This proves that 
the coupling constant must have the same sign at all 
dihedral angles. Since in the near perpendicular con
formations these splittings arise effectively from hyper
conjugation, i.e. direct transmission of spin density, the 
sign should be positive. This means that if we accept 
the spin polarisation mechanism in tz type radicals we are 
led to confirm empirically that the spin density^ in the 
meta-cashon 2p„ orbital must be negative.

Dihedral Angles.—The disappearance of hyperfine 
splitting due to ortho- or para-^xoions or methyl protons, 
in the primary and secondary type (B) radicals, together 
with appropriately low values in the secondary type (A) 
radicals, confirms that when there is a 2,6-disubstituted 
aryl ring, the dihedral angle between the two rings is 
close to 90°. Similarly when there is no or/Ao-substituent 
on the aryl ring, the angle, by comparison with theory, 
is apparently of the order of 45°. With a single ortho- 
substituent the situation is intermediate between these 
two.

Substikient Effects.—When substituents are in the
’ W . T. D ixon, M. M. Harris, and R. Z. Mazengo, J .  Chem. 

Soc. {B), 1971, 775.
® A. Calder, A. R. Forrester, J. W . Em sley, G. R. Luckhurst, 

and R. Storey, Mol. Phys. ,  1970, 1 8 , 481.

effects of a given substituent must be largely determined 
by the relative configuration of the tt electron system, 
i.e. the effects of substituents are transmitted only by 
the Tz electron system. This point is usually assumed but 
seldom proved so directly. The reason why transmission 
of polar effects or of spin density is inefficient in the 
a framework is because the o bonds are so strong that 
they effectively damp out the effects of different polar 
groups.

®̂F Splittings.—Two points stand out here; first the 
®̂F splitting in the o-fluoro-derivative is unexpectedly 

large, compared with either the _/)-fluoro case, or with the 
o-proton splitting which in other systems is usually 
about half the corresponding ®̂F coupling constant. 
Secondly, the coupling of a w-fiuorine nucleus could 
only be resolved in the secondary type (A) radical spec
trum. Both of these points can be explained by the 
fact that when fluorine is attached to a it system, the 
®̂F coupling constants are thought to be of opposite 

sign to corresponding proton splittings® and has been 
proved in some cases, e.g. by n.m.r. contact shifts in 
stable nitroxide radicals.^® This is so because spin 
density can get directly onto the fluorine atom via the 
F(2/>„) orbital. Similarly in the case of p-fluorine coup
ling io,ii spin density is transmitted onto a F(2/>„) 
orbital, presumably also giving rise to a positive con
tribution to the hyperfine splitting. The result of these 
two effects is that «„(̂ ®F) and «„(̂ ®F) have the same sign

• A. H udson and J. E. W. Lewis, Mol. Phys.,  1970, 1 9 , 241. 
H . J. Jakobson, T. E. Peterson, and K. Torssell, Tcirahedron 

Letters, 1971, 2913.
D. J. Edge and J. K. Kochi, J. Amer. Chem. Soc., 1972, 9 4 , 

4485.
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for o-fluorine but have opposite signs in the case of tn- 
fluorine nuclei, because in the iz part there is negative 
spin density derived from the m-caihon 2p„ orbital. 
From our calculations above a„'̂  and are approxi
mately equal for hydrogen nuclei and of the same sign, 
i.e. for an angle of ca. 45°. For fluorine nuclei in the 
wg^a-position these two contributions would be ex
pected also to have the same magnitude {i.e. about 
twice the proton splittings) but of opposite sign, so they 
cancel so effectively that the resultant splitting can be 
resolved only in the spectrum from the secondary radical 
type (A).

For o-fluorine, the two contributions are both positive 
and add to each other giving a comparatively large 
coupling constant.

E X I ' I I R I M E N T A L

E .s.r. sp ectra  w ere recorded on a V arian E 4  instrum ent. 
T o o b ta in  th e  prim ary radicals a  so lu tion  o f th e  ary lh ydro- 
qu inone (O OI.m) in eth an o l w as m ixed  w ith  an equal vo lum e

of 1 % sod iu m  h y d ro x id e  so lu tion , b o th  flow  and s ta tic  
m eth o d s be ing  used . T h e secondary  rad icals w ere o b ta in ed  
b y  ad d in g  an  aqu eou s so lu tion  o f th e  h yd roq u inon e ( 0 - 0 5 m )  

to  an  equa l v o lu m e o f 15% sod iu m  hyd rox id e. A  m ix tu re  
of th e  tw o  secondary  radica ls w as in it ia lly  o b ta in ed , b u t  on  
lea v in g  th e  so lu tio n s th e  sp ectra  from  th e  ty p e  (B) rad ica l 
d eca y ed  lea v in g  a  pu re sp ectru m  from  ty p e  (A). S in ce  
th e  overlap  o f th e  sp ectra  from  (A) and (B) w as, a t  th e  m ost, 
v e ry  sm all, b o th  cou ld  be analysed .

M a te r ia ls .— T h e ary lq u inon es, som e o f w h ich  w ere n ew  
com poun ds, w ere o b ta in ed  b y  d irect ary la tio n  o f p -b en zo-  
qu in on e v ia  th e  d iazon ium  sa lts  according to  th e  m eth od  o f  
B rassard  and  L ’Écuyer.®*

T h e  e x tr a  ster ic  stra in  in  th e  orf/io-substitu ted  ary l
qu in on es low ered  th e  m .p . in  th ese  com poun ds and th e y  
w ere in it ia lly  produced  as o ils. T h ey  w ere ob ta in ed  pure b y  
rep eated  cry sta lliza tio n  from  lig h t  petro leu m  (a t ca. 
— 50 °C) u n til th e ir  m .p .s  w ere  sharp and  th e  e.s.r . sp ectra  
did  n o t reveal im purities.

[3/512 Received, 12/A March, 1973] 

P. Brassard and P. L. L ’Ecuyer, Canad. J .  Chem., 1958, 8 6 ,
700.



The Electron Spin Resonance Spectra  of Naphthoxyl Radicals
By W illiam  T. D ixon," W en d y  E. J .  F o s te r , and D avid M u rp h y , Department of Chemistry, Bedford College, 

Regent's Park, London NW1 4NS

Reprinted from

JOURNAL
OF

THE CHEMICAL SOCIETY

PERKIN TRANSACTIONS JL

1973



2124 J.C.S. Perkin II

The Electron Spin Resonance Spectra  of Naphthoxyl Radicals
By W illiam  T. D ix o n /  W en d y  E. J . F o s te r , and  D avid  M urp h y , Departm ent of Chemistry, Bedford College, 

R egen t 's  Park, London NWl 4N S

The e.s.r. spectra  of a -  and of p-naphthoxyl radicals have been  ob tained  and  analysed. U nam biguous a ss ign 
m ents  of the  coupling constan ts  have been  found  by ge tting spectra  from a num ber of substi tu ted  naphthols  and 
th ese  have been confirmed by generating  radicals from the  dihydroxynaphthalenes in acid solution and analysing 
the  corresponding  e.s.r. spectra.

T h e  e.s.r. parameters of a- and of p-naphthoxyl radicals 
are of intrinsic interest because they indicate features 
about the electronic structure of these species which are 
simple extensions of phenoxyl or, for that matter, of 
benzyl radicals. However the e.s.r. spectra of neither 
a- nor of p-naphthoxyl have until now been obtained in 
resolvable form so the two sets of proton coupling con
stants have not been available. The e.s.r. spectra of both 
radicals were obtained by Stone and Waters  ̂ in 1964

but the signal-to-noise ratio was unfavourable and 
analysis was not possible. Using essentially the same 
technique {i.e. the oxidation of naphthols by eerie ion) 
we have been able to  increase the intensity of these two 
spectra by a factor of 10 or more and have thus been able 
to resolve and to analyse them. We achieved this by 
modifying the coaxial mixing device ® so that the reactant

* T. J. Stone and W. A. Waters, J. Chem. Soc., 1964, 213.
• W. T. Dixon and R. O. C. Norman, J. Chem. Soc., 1963, 3119.
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solutions mixed virtually inside the cavity of our Varian 
E4 spectrometer. We estimate a ‘ dead tim e ’ of ca. 1 
ms. The signals were largest at the maximum flow rate 
we could achieve {ca. 15 ml s“̂ ) so it  appears that 
naphthoxyl radicals are at least as unstable as phenoxyl 
radicals and the second ring contributes httle towards 
their stability under the conditions used

H----- 1-0 mT— H

F igure 1 E.s.r. spectrum of 1-naphthoxyl

\-Naphthoxyl and Related Radicals.—The spectrum  
obtained for 1-naphthoxyl is shown in Figure I and was 
easily analysed to give the coupHng constants shown in 
Table 1.

Of course, the assignments of these coupling constants

coupling constants) by comparison with the n electron 
radical formed by ehminating C-1. In either case the 
predicted odd electron densities are in the same ratios. 
A rough rule for getting negative spin densities which 
more or less inevitably appear when Huckel theory leads 
to predictions of zeros, is : the negative spin density at a 
position where the simple theory predicts zero, is 
approximately proportional to the adjacent positive spin 
density. B y comparison then with the m^/a-sphttings 
in phenoxyl we are led to the assignment shown, with 
some ambiguity in the 6- and 8-positions.

Although the agreement with such a simplified theory 
is in many ways very satisfactory, we felt it necessary to 
confirm the assignments empirically, the more so since 
the sphttings bear almost no relationship with those 
observed in nitroxyl radicals containing naphthyl groups.* 
The results from a number of substituted 1-naphthols 
which gave rise to well resolved e.s.r. spectra are shown 
in Table 1 and evidently confirm the picture we have 
given.

A point of interest here is that the substituent groups 
do not seem to alter the general odd electron density very 
much.

2-Naphthoxyl and Related Radicals.—A similar exercise 
was undergone for 2-naphthoxyl and some of its deriva
tives, and though in general the spectra were not quite 
well resolved as in the 1-naphthoxyl, they could be 
analysed easily to give a consistent set of results leading 
to the assignments shown.

Once again the substituents did not seem to affect the 
odd electron density very much. The main deviations 
from what might be expected from a simplified molecular 
orbital model such as that used for 1-naphthoxyl are that 
the coupling constants of protons on 6- and 8-positions 
are rather large and the splitting of the 3-proton is 
rather small. We might attribute this to  the relative 
fixation of double bonds across C-1 and -2 and across 
similar pairs of carbon atoms, in the naphthalene skeleton. 
The 6-position which is furthest from the oxygen atom

Substituents 
in starting 

material

Observed
coupling
constants

T a b l e  1

Coupling constants (in mT) in «-naphthoxyl radicals
Huckel

1-OH 1-OH 1-OH 1-OH 1-OH 1-OH Assigned MO spin
1-OH 2-CO;H 5-CO*H » 7-COjH » 5-OMe « 4-SO3- 8-S O ,-- positions density
1075 1-04 1-075 1-10 1-10 1-075 4 4x
0-825 0-825 0-85 0-725 0-875 0-875 2 4%
0 25 0-29 0-25 0-275 0-25 0-20 7 X
0-25 0-29 0-25 0-25 0-20 6 X
0-175 0-09 0-21 0-20 0-15 0-25 0-20 3 0
0-065 0-09 0 09 0-05 0 0-075 0 6 0
0 » 0 0-06 0-05 0 0 8 0

“ Limit of resolution '̂ 0-04 mT. * Ref. 4. * Ref. 5. * Ref. 6.

to particular protons is ambiguous in the first instance, 
but can be tentatively made by comparison with the 
simple Huckel theory for the corresponding benzyl-type 
radical, or, since most of the odd electron density is on the 
rings and not on the oxygen (from the magnitude of the

3 J. L. Duncan, A. R. Forrester, G. McConnachie, and P. D. 
Mallinson, J.C.S. Perkin II , 1973, 718.

* F. A. Royle and J. A. Schedler, J. Chem. Soc., 1923, 1641.

has the highest spin density, apart from that on the 1- 
position, and this can be explained from simple molecular 
orbital theory in terms of the sliort C-7-C-8 bond 
(resonance integral p), i.e. in the non-bonding orbital 
pC-8 -{- p'C-6 =  0. But the C-7-C-8 bond is shorter

* C. A. Naylor and J. H. Gardner, J. Amer. Chem, Soc., 1931, 
53, 4109.

* G. Heller, Z. anorg. Chem., 1928, 41, 171.
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than the C-6-C-7 bond implying that P >  P' and hence 
that (C-6)2 >  (C-8)2.

f)'

Radicals from Dihydroxynaphthalenes.— Some further 
interesting points come out of the study of radicals

J.C.S. Perkin II

odd electron density were obtained (see Figure 2) showing 
a change similar to that in going from phenoxyl to semi
quinone.

In Table 3 we see that when the two hydroxy-groups 
are conjugated with each other {i.e. one can draw 
quinonoid structures) the coupling constants are relatively 
small whereas in the other cases larger couplings may 
appear.

T a b l e  2

Coupling constants (in mT) in p-naphthoxyl radicals
Substituents 2-OH Huckel
in starting 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 6-SO,- Assigned MO spin

material 2-OH l-CO,H 3-CO,H 3-OMe • 6-OMe » 7-OMe « 1- s o , - 6-SO,- 7-SO3- 8-SO3- positions densities
r 1075 1-04 0-95 0-975 1-05 11 1-075 1-065 1

0 54 0-56 0 52 0-55 0-526 0-55 0-56 6 X
Observed 0-43 0-425 0-44 0-45 0 375 0-4 0-45 0-425 0-425 8 X

coupling 0-145 0-15 0-25 0 15 0-15 0-15 0-15 0-2 3 X
constants 0-145 0-15 0-16 0-10 0-125 0-126 0-15 0-15 0-125 0-15 6 0

0-12 0-125 0-08 0-05 0-125 0-125 0-15 0-15 7 0
Lo 0 0-08 0 05 0

• Ref. 7.
0

* Ref. 8.
0 0 0 0-05 4 0

formed by the oxidation of dihydroxynaphthalenes by 
eerie ion. In most cases good e.s.r. spectra were ob
tained, but it is clear that the radicals are not particularly

In three cases the results appear to be anomalous, i.e. 
when starting from 2,3-, 1,6-, and 1,7-dihydroxynaph- 
thalenes, in the sense that the coupling constants lack the 
expected symmetry. With the 1,6- and 1,7-isomers one 
can justify the result to some extent by suggesting that 
in each case there is competition between oxidations at a 
1- or a 2-position and that the former is favoured. The 
second hydroxy-group can then be regarded as simply a 
perturbing substituent. We can rationalise the spectrum  
from the 2,3-isomer in an analogous way although here 
the oxygen atoms seem to be in identical positions.

Connection between Radicals from Mono- and Di
hydroxynaphthalenes.—Tables 1—3 contain further in
formation which throw light on the apparent anomalies 
just discussed. In the acidic conditions we would expect 
the hydroxy-groups to be protonated so that on oxidation  
say, of 1,5-dihydroxynaphthalene, the initial radical 
formed would be either A or B.

OH

OH A

Once these naphthoxyl radicals are formed we would 
expect rapid proton exchange with the acidic medium, 
leading to rapid equilibration of the two isomers. The

F igure 2 E.s.r. spectrum of radical from 4,6-dihydroxy- 
naphthalene-2,7-disulphonic acid

stabilised and that they were just as transient in the
acidic oxidation conditions as were the naphthoxyl
radicals themselves.

In most cases spectra indicating a rather smoothed out
’ p. Friedlaender, Monatsh., 1902, 23 . 513.
* D. F. Downing and D. Woodcock, J. Chem. Soc., 1958, 531.

OH

T 1/2 *̂ 8̂

(observed)
F igure 3 Averaging of coupling constants due to rapid 

proton exchange

result of this is that an average coupling constant would 
be observed for each proton (see Figure 3). This type of

OH

"4 T H
0
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situation has been observed in the case of ortho- and ̂ am- 
semiquinones.^^

As we have seen from Tables 1 and 2, substituents have 
but little effect on coupling constants so we might use the 
coupling constants in the two parent naphthoxyl radicals

The excellent agreement between calculated and ob
served splittings shown in Table 4 reinforces our confi
dence in the assignments of the coupling constants in a- 
and p-naphthoxyl both from the point of view of their 
magnitudes and of their signs.

T a b l e  3

1-OH 1-OH 1-OH. 8 -OH
1-OH" 2-OH 1-OH 2-OH 1-OH 1-OH 1-OH 1-OH 7-OH 1-OH 3-SO ,- 2-OH 2-OH
2-OH 4 -SO 3 - 3-OH 3-OH 4-OH 5-OH 6 -OH 7 -0 H » 3-SO ,- « 8 -OH 6 -SO ,- 6 -OH 7-OH

0  2 0 1 19 0 95 0-325 0-54 1-075 0-95 0-925 0-70 0-70 0-41 0-74
0 1 2 5 0 47 0-475 0-325 0-54 0-875 0-675 0-70 0-70 0-70 0 41 0-74
0 125 0 36 0-525 0-081 0-35 0-30 0-225 0-25 0-575 0-613 0-24 0-32
0 0 5 0 36 0-125 0-081 0-35 0 - 2 0 0 - 1 0 0-576 0-613 0 24 0 32

0  " 1 1 0-125
0-125

0-06
0-06

0 - 2 0 0 - 1 0

0 - 1 0

0 - 1 0

0 - 1 0

0-125 
0-125 
0  0 6 ' 0-05 '

0 07 
0-07

• Spectrum very poor. * Ref. 9. * Ref. 10. * Coupling with H-bonded proton chaiacteristic of 1,8-derivatives.^

T a b l e  4

Comparison of observed and calculated spectra for radicals from  som e dihydroxynaphthalenes (in mT)
1.3 1.4 1,5

Calc. Obs. Position Calc. Obs. Position ■ Calc. Obs. Position
0-49 0-47 2 0-323 0-325 2 0-38 0-35 2

1-07 1-19 4 0-125 0-08 6 0-035 0  08 3
0-34 0 36 6  0 09 0-08 6 0-54 0-54 4

- 0 - 0 9 0 - 1 1 6

0-39 0-36 7
- 0 - 0 7 0 8

2 , 6 2,7 1 . 8

Calc. Obs. Position Calc. Obs. Position Calc. Obs. Position
0-46 0-41 1 0-75 0-74 1 0-54 0-575 2

0 0 3 0-34 0-32 3 -0 -1 2 5 0-125 3
0-215 0-24 4 - 0 - 0 7 0-07 4 0-67 0-70 4

to  estimate the average. These are compared with the 
splittings observed in Table 4 and the agreement is very 
convincing.

The so-called anomalous cases can now be seen in a 
different light. An obvious possibility is that the proton 
exchange is relatively slow in these cases and that the p- 
oxygen atoms are effectively protonated for a long time, 
on the scale of the e.s.r. experiment. W hat factors are 
involved here we cannot say exactly at the moment but 
in the case of the 2,3-isomer it is likely that some sort of 
complexing takes place with the m etal ion present in
fluencing the proton exchange rate. In the other cases, 
the radicals from 1,6- or 1,7-dihydroxynaphthalene, it 
appears that an «-naphthoxyl type of radical is preferred. 
The presence of a 3-sulphonate group does not change 
this tendency.

• H. T. Bucherer and K. Seyde, J. prakt. Chem., 1907, 75, 249.
J. Boeseken, Rec. Trav. chim., 1939, 58, 3.

E X PE R IM E N T A L

E .s.r. Spectra .— T he spectra were observed using a Varian  
E 4 spectrom eter. The naphthoxyl radicals were obtained  
using a flow system  modified so th a t th e  m ixing took place  
virtually  in  th e  cav ity  of the spectrom eter. N aphthols were 
dissolved if possible in a sm all am ount of h ot w ater or, if 
insoluble, in  th e  m inim um  am ount of ethanol, and th e  solu
tion  diluted w ith  w ater to  a concentration o f ca. 1 0 ~ ® m . 

T hese solutions were run against eerie su lphate (B D H  
reagent grade) a t a concentration of 2 x  1(T®m  in 0 - 5 m -  
sulphuric acid.

M ateria ls .— All naphthols and substituted  naphthols used  
were purified b y  th e  usual m ethods. Their physical con
stituen ts agreed w ell w ith  those o f the literature.

[3/1542 Received, 23ri July, 1973]

“  L. H. Piette, M. Okamura, G. P. Rabold, R. T. Ogata, R. E. 
Moore, and P. J. Scheuer, J. Phys. Chem., 1967, 71. 29.

I. C. P. Smith and A. Carrington, Mol. Phys., 1967, 12. 439.
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The Identification by Electron Spin Resonance Spectroscopy of Dimeric 
Species form ed in th e  Autoxidation of Hydroquinone and Quinone
By Paul A sh w o r th  and W illiam  T. D ix o n /  Chemistry Department, Bedford College, Regents  Park, London N.W.1

Som e of the  e.s.r. spectra observed during the  autoxidation of hydroquinone and quinone  appear  to  arise from the 
formation of dimeric p roducts  in the  reaction since these  spectra  can be obtained from diquinone under similar 
conditions. The hyperfine splittings in these  types of radicals can be explained in terms of the  oxidation s ta tes of 
the  tw o  quinonoid rings.

D u r i n g  o u r  e .s .r .  investigations of the autoxidation of 
hydroquinone and quinone,^ we observed what we called 
‘ tertiary radicals,’ which, from their e.s.r. spectra, were 
identified as the dimeric species (IA) and (IB). Radical 
(lA) had apparently been observed before  ̂ during the 
reduction of diquinone by glucose in 10% NaOH, but had 
been identified as radical (II). We have previously

(001 mT) 

0  ^
(0  04 6  ml)

(0 092 ml) 

( l A )

(0-268 m l)  9 ’ 
H

H
( 0  2 1 2  rriT)

0
H(0-191mT)

H' 'H
(0 068 m l)  (0-438 ml)

( I B )

(0 234 m l ) 0 -  (0  082 ml) 
H H

(0-113 m l)  0 -  J

' H (0-113 ml)

ĥ h 
(0-082 r r f ) o -  (0 234 mT)

( ID A )

(0 0 6 4 .m T ) O -

(0032  mT)0- T |
H y 'L y > ^ H ( O 0 3 2  mT) 

0 -

J _ ( 0  064 mT)

(me)
advanced reasons  ̂ why such an assignment must be in
correct, for under the strongly alkahne conditions em
ployed hydroxylation of the quinone ring invariably 
occurs giving rise to radicals of t}q)e (I). The three 
doublet splittings observed (0-092, 0-046, and 0-01 mT) 
are also consistent with (IA) rather than (II).

Radicals of type (IIIA) and (IIIB), containing a fully 
reduced second ring, have been observed during the 
electro-reduction of certain quinones. It is found that 
the odd electron is shared equally between the two rings

1 P. Ashworth and W. T. Dixon, J.C.S. Perkin I I ,  1972, 1130.
• D. C. Reitz, J. R. Hollahan, F. Dravnieks, and J. E, Wertz, 

/ .  Chem. Phys.,  1961, 84, 1457.
• E. W. Stone and A. H. Maki, J .  Chem. Phys.,  1964, 41, 284.

(fast spin exchange) even in radical (IIIB), where a high 
^hedral angle might be expected, and splitting from 
pairs of equivalent protons is observed in the spectra.

We have now obtained an authentic spectrum of radical 
(II), in which the e.s.r. coupling constants (0-268, 0-212, 
and 0-191 mT) are typical of a substituted semiquinone. 
This spectrum is identical to that obtained by Pedersen ® 
during the autoxidation of ^-benzoquinone, but which 
was ascribed by him to radical (IV), postulated as the 
chief intermediate in the hydroxylation process of 
quinones. However since our spectrum was obtained 
from diquinone in very dilute alkali, conditions under 
which only primary radicals are observed,^ we can be 
certain that we are correct in our assignment.

s - W - L  “ijr "
0 -  0 

( observed)

Further, from the quinone under the usual conditions 
for obtaining secondary radicals (10% NaOH), we 
observed the spectra of (IA) and (IB), previously ob
tained by us from hydroquinone or quinone under the 
same conditions. The small doublet spHtting of 0-01 mT 
in the spectrum of radical (lA) is apparently due to 
coupling with one proton in the quinone ring substituent, 
and from our knowledge of the relationship between the 
sphttings in primary and secondary radicals we can esti
mate a smaU sphtting of ca. 0-005 mT in radical (II). In 
fact a sphtting of this order was observed in the spectrum  
obtained by Pedersen, but which we were unable to see 
due to the limitations of resolution.

We now feel that we have found the correct identity 
of the radicals associated with the various e.s.r. spectra 
obtained by us and by other workers during the autoxid- 
ations of hydroquinones and quinones. It is interesting 
that the quinone ring substituent leads to very httle de- 
locahsation of the odd electron, whereas the radicals of 
type (HI), containing a fuUy reduced second ring, exhibit 
fast spin exchange between the two rings.

[3/1613 Received, 31s/ July,  1973J

* J. Pilar, I. Buben, and J. Pospisil, Coll. Czech. Chem. Comm., 
1972, 37, 3599.

* J. A. Pedersen, J .C .S. Perkin I I ,  1973, 424.
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The E.S.R. spectrum  o f the tropolonyl rad ical

by W IL L IA M  T . D IX O N , W E N D Y  E. J. F O ST E R  and D . M U R P H Y

Departm ent of Chemistry, Bedford College, Regent’s Park,
London N W l 4N S

{R eceived  24 Septem ber 1973)

T h e E .S .R . spectra of the tropylium  radical and of the radical anion of 
tropone [1], have been studied carefully over the last few years but that of the 
tropolonyl radical has hitherto eluded detection.

Figure 1. E .S .R . spectrum  of the tropolonyl radical.

- 2 a

6 6 )(-)

(1 9)(+)
-a

(103)(-)

- a-0

(70)(-)

(26)(+)

(103)(-)
f  M easured in th is laboratory.

F igure 2. Skeletons of phenoxyl and of tropolonyl w ith  s im p lified  H uckel m .o . coefficien ts  
of the orbital contain ing the odd  electron and the experim ental coup ling  constants in  
G  =  10 “  ̂ T  (in brackets), ap =  ccc, and signs are inferred.



1710 Research Notes

Som e close chemical resemblances between phenol and tropolone suggest 
that the latter may undergo oxidation by cerium (IV ) ion and that the first inter
mediate radical m ight be detectable by means of E .S.R . spectroscopy. W e have 
indeed succeeded in obtaining a relatively intense spectrum of the tropolonyl 
radical (see figure 1 ) in a flow  system  under analogous conditions to those in 
which phenoxyl could be generated in observable concentrations from phenol 
[2]. T he remarkable similarity between the two sets of coupling constants (see 
figure 2 ) suggests that in both cases the radicals resemble pentadienyl and that in 
sim plified m.o. terms, the odd electron occupies an approximately non-bonding  
orbital symmetrical with respect to the corresponding planes of symmetry  
perpendicular to the tt electron system s.

R eferences

[1] PiE TR A , F ., 1973, Chem ical R eview s, 73, 293.
[2] S t o n e , T . J., and W a t e r s , W .  A ., 1964, J .  chem. Soc., p . 213.
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An Electron Spin Resonance Study of th e  Autoxidation of Naphthols in the  
Presence of Hydrogen Peroxide
By Paul A sh w o r th  and  W illiam  T. D ix o n ,*  Chemistry Department, Bedford College, Regents  Park, London NWl

A number of radicals have been obtained from polyhydroxylated naphtha lenes in alkaline solution by m eans  of 
autoxidation. and their e.s.r. coupling constan ts  have been measured. A n ew  w ay  of generating radicals derived 
from naphthalene-1 ,2-dio l  is reported in which  alkaline hydrogen peroxide is used, and a mechanism for the 
observed transformation is proposed. Radicals can be obtained from resorcinols in an analogous way.

M a n y  hydroxylated naphthalene derivatives occur in been shown that the characterisation of many such
nature,^ e.g. Vitamins Kj and K3, and their formation and compounds can be facilitated by use of the e.s.r. spectra
behaviour are of great potential interest. It has already of the corresponding semiquinones,^ which are formed

 ̂ R . H . Thompson, ' Naturally Occurring Quinones,’ Aca- ® L. H. P iette, M. Okamura, G. P. Rabold, R. T. Ogata, R. H.
dem ie Press, London, 1971. Moore, and P. J. Scheuer, / .  Phys. Chem., 1967, 71, 29.
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from the parent compounds by autoxidation or re
duction, whichever is appropriate. We have prepared 
solutions of a number of radicals derived from hydroxy
lated naphthalenes by autoxidation, and have shown that 
their e.s.r. parameters can be used analytically to 
identify many of the species thus observed. Of par
ticular interest to us were the radicals formed when

J.C.S. Perkin II

same skeleton of carbon and oxygen atoms as the 
starting material. In the cases of the 1,2- and the
1.4-diol, the primary radicals were observed in weak 
alkali but in the other cases, i.e. the 1,7-, 2,3-, 2,6-, and
1.5-isomers, though it was evident that some autoxid
ation was taking place, only secondary radicals or 
unresolvable complex spectra were observed. The

Radical skeleton

t

T a b l e  1 
Method of Position of oxygen  
generation in starting material

1,2
1

42

Coupling constants (g.T)

On

446 28 142 14 130

Me

2 ,3

1.2
1.3
1.4 

1,2,4

1.4
1.2.4

1.2.5
1.5
1.6

2,6
1,6

39 0 200 39 184

13 197 11 154

38
(Me)

98 494

26 208

250

13

16

151

235

58 502 140 36 140

O'+t

1.2,7
1,7

1,8

48 497 48 243

75 460 100 150 100

102

52

* A, sim ple autoxidation; B , 11*0* +  autoxidation. f See IM. Adams, M. S. Blois, and R. H. Sands, J .  Phys. Chem., 1968, 28, 
774. t Sec M. R. Das, H. D. Connor, Ü. S. Lcniart, and J. H. Freed, J .  Amer. Chem. Soc., 1970, 92, 2258.

hydrogen peroxide was present in the alkaline solutions, 
because tlie pattern of hydroxylation was then very 
different from that observed when oxygen groups are 
added to the naphthalene nucleus by other means {e.g. 
by using Fremy’s salt *).

Autoxidation o f Naphihalcncdiols.—In some cases 
radicals could be generated in alkaline solution by  
simply shaking in air, but in others no reaction could be 
detected either from tlie appearance of the solutions or 
by means of e.s.r.

Primary radicals are defined as those containing the

remaining isomeric diols, in which the oxygen atoms 
were not ‘ conjugated ’ with respect to each other, did 
not apparently undergo autoxidation, except the 1,3-diol 
which did give a resolvable spectrum of a secondary 
radical {i.e. containing one more oxygen atom than the 
primary).

The structures of the various radicals observed were 
deduced mainly on the basis of production of the same 
species via different chemical pathways, e.g. from

® H. Zimmer, D. C. Lankin, and S. W . Horgan, Chem. Rev., 
1971, 249.
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different starting materials (see Table 1). In cases 
where this was not possible we rationalised the spectra 
on the basis of rules and trends inferred from the better 
established cases, e.g. Scheme 1.

OH

10,1

S c h e m e  1

Radicals obtained in the Presence of Hydrogen Peroxide. 
—The introduction of hydrogen peroxide into alkaline 
solutions of hydroquinones or of catechols makes no 
appreciable difference to the observed e.s.r. spectra of

cfllOV.ca. 90 Vo
S c h e m e  2

the semiquinones resulting from autoxidation. How
ever, when hydrogen peroxide was introduced into 
alkahne solutions of naphthalenediols clear spectra were 
obtained in every case {e.g. see Figure) which correspond 
to oxygen being added to give eventually a 1,2-naphtho- 
semiquinone derivative (see Table 1). The interesting

oxidation. The rule which seems to apply is that 
radicals dimerise through the positions of highest spin

k#------------  1 m T  w

The e.s.r. spectrum of the species obtained from the action of 
alkaline hydrogen peroxide on naphthalene-2 .7-diul

density but the rate of dimérisation depends also on the 
degree of steric hindrance at that position. For example 
an intense spectrum of the dimer from naphthalene- 
1,2-diol (Scheme 4) was observed. In this case there 
was minimal steric hindrance at the 4-position.

In other cases we can rationalise the results by 
postulating that steric effects are important in slowing 
down the dimérisation so that further oxidation of the 
semiquinone can take place. Thus sometimes steric

primary
radical

OH

S c h e m e  3

OH

[0 ]

secondary
radical

aspects of these results are that (a) the third oxygen 
atom was never introduced into a 4-position with 
respect to an «-oxygen atom, and (b) the spectra indicate 
that oxidation occurs preferentially at a ^-position. 
This pattern of substitution calls for an explanation 
since it is not typical of naphthalene chemistry in 
general, and we shall offer one after discussing the 
spectra of further radicals produced in the reactions, 
usually under more strongly alkahne conditions.

Further Secondary Radicals and Dimers.—From our 
previous work on semiquinones  ̂ we expect secondary 
radicals to be formed in strong alkah via the sequence 
shown in Scheme 3. This development during the 
autoxidation apphes as much to 1,2- as to 1,4-quinones. 
However, it seems from our present results that there is 
an appreciable possibility of dimérisation in the sense of 
two naphthalene units becoming joined together. 
Exactly what emerges in the e.s.r. spectrum depends on 
the balance between this dimérisation ® and further

* P . Ashworth and W . T. Dixon, J.C.S. Perkin I I ,  1972, 1130.
® A. I. Scott, Quart. Rev., 1965, 1.

effects appear to proliibit dimérisation altogether, e.g. 
with naphthalene-1,2 ,5-triol only the secondary radical 
was observed in strong alkali (Scheme 5).

d im e r i s a t io n

[03 '

S c h e m e  4

O '

ÔH

101

Q-

observedinstrong
alkali

S c h e m e
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In 1,4-naphthoquinone derivatives, the primary The ease of formation of secondary radicals is similar 
radicals have no positions of high spin density [i.e. all to that in the autoxidation of catechol or of hydro-
the proton coupling constant are less than ca. 0 4 mT) quinone. The activating effect of the second ring is
and so no dimérisation occurs. however illustrated by the formation of a secondary

radical from naphthalene-1,3-diol, whereas its mono- 
cyclic analogue, resorcinol, is inert under similar 

The patterns of the sets of coupling constants were conditions, 
much as expected and it is clear that the overall spin The autoxidations in the presence of hydrogen
distribution is much more affected by a further oxygen peroxide were the most interesting for us, both from the

DISCUSSION

T a b l e  2

Hadical skeleton
Method of 
generation

Position of oxygen  
in starting material

1.2.5

Coupling constants {pT)

1,7

1.4.6

1.2,5

28

60

40

:i3

10

40

260

200

10

150

B

1.2

2,6

1,7

30

70

62

103

17

73

120

520

84

33

73

13

40

20 216

214

164

150

150

103

107

150

80

Oh

39

A, simple autoxidation; B, HjOj -f autoxidation. f See ref. 2.

atom attached to the skeleton than by an additional 
aryl or alkyl group. Thus we were able to characterise 
the dimers without much difhculty, since their coupling 
constants arc similar to those of the monomeric radicals 
except that one hydrogen atom is missing. As is the 
case with monocyclic semiquinones, hydroxy-substituents 
appear to increase spin density on positions para to 
themselves.^

point of view of the mechanism, and because they 
afforded a way of obtaining a series of 1,2-semiquinones 
which would otherwise have been difficult to prepare in 
detectable quantities.

A general observation in these experiments was that, 
even in the cases when no autoxidation took place in 
alkaline aqueous solution (as far as one could tell from 
the absence of colour change or of an e.s.r. signal).
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resolved e.s.r. spectra were immediately detectable on 
addition of hydrogen peroxide. This showed that 
hydrogen peroxide was active at some early stage in 
the reactions leading to the observed radicals. A

necessary alkahne conditions, we feel that hydrogen 
peroxide cannot be involved in a free-radical step and 
therefore propose a simple reaction between hydrogen 
peroxide, or its anion HOg", with the ionised naphthol

T a b l e  3

Radical skeleton

•Me
27

0

Method of 
generation

A t

Position of oxygen  
in starting material

1.4

Coupling constants ([xT)

A t 1,4

1.4,5

1,4,6

324

300
(Me)

390

442

«3

324

235

270

278

«5

65

62

«6

58

68

80

60

«7

68

68

30

164

«8

65

76

112

an

80

A, simple autoxidation. f See footnote +, Table 1. f Vitamin K ,. § See ref. 2.

second point is that only 1,2-semiqiiinones were ob- (Scheme 7). The functions of the second ring and a
served, although under the conditions of our experi- second hydroxy-group seem to be to activate the site of
ments 1,4-semiquinones would be long-hved and would attack. We deduced this point from furtlier experi-
also have been observed had they been formed to any 
appreciable extent. This pattern of reaction products 
(or rather intermediates in the overall oxidation) is

Fremy s 

s a l t
ca. 1 0 0  7 .

F rem y ’s 

s a l t

OH 0  

ju g lo n e  ca .5 0 7 .

OH 

ca.5 0 7 .

(100  % from naphtha lene-  
1,8-diol)

S c h e m e  6

completely different from that observed in the usual 
radical reactions of naphthols, e.g. with Fremy’s salt, 
chromic acid, peracetic acid, etc., in which oxidation 
occurs preferentially at the 4-position ® (Scheme 6).

In view of the two foregoing points, together with the
* L. F. Fieser and M. Fieser, ' Reagents for Organic Synthesis,' 

W iley, N ew  York, 1967, p. 650.

O '

OH

( o b se r v e d )
S c h e m e  7

ments, for p-naphthol and various phenols did not react 
whereas resorcinols and a-naphthol, though they were 
not autoxidised in alkali, after addition of hydrogen 
peroxide gave the corresponding semiquinones (Scheme 
8).

If the mechanism is correct then the lack of attack 
on the 4-position can be attributed partly to the fixation 
of the double bonds in the naphthalene skeleton, for 
the 1,2- and 3,4-bonds are similar in length to the C=C 
bond in ethylene.^ The resulting bond alternation

’ E.g.  see Chem. Soc. Special Publ. No. 18, ' Interatom ic 
D istances,’ 1958.
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could damp out mesomeric effects markedly in com
parison with the situation in benzenoid compounds in 
which the C-C bonds do not usually vary much in 
length. Another factor favouring ortho attack is the

■OH.HjOg
1 0 1

The main difference here is that the reaction involves 
the ‘ reduced ’ form of the naphthols and not the 
quinones.

An alternative mechanism involving catalysis by  
transition metal ions seems unUkely since it does not 
explain why even activated phenols did not react nor 
why the presence of an excess of ethylenediamine tetra
acetate in the solutions made no observable difference to  
the intensities of the spectra obtained with alkaline 
hydrogen peroxide solutions.

OH

OH 10 1

S c h e m e  8

possibility of hydrogen bonding between the hydro- 
peroxy-group and the neighbouring oxygen atoms.

If we regard the 1,2-linkage as a double bond, the 
addition of ILOg or 'OgH is similar to an analogous step 
in tlie oxidation of purpurogalloquinone by hydrogen 
peroxide,® which involves attack by HgOg on a quinonoid 
structure; it also resembles the attack on a tertiary 
carbon atom by peroxide in the oxidation of phthaleins.®

E X PE R IM E N T A L

A utoxidations were norm ally carried out in 50% aqueous 
m ethanol containing sodium  hydroxide (2% w /v), b ut for 
th e  observation of secondary radicals a t least 10% sodium  
hydroxide was required.

Quinones were reduced in 90% dim ethylform am ide w ith  
alkaline dithionite.

In th e  hydrogen peroxide experim ents th e  solutions 
contained aqueous 2% alkali and 5% hydrogen peroxide.

T he solutions studied were about 10~“m w ith  respect t o  
the naphthalene derivatives.

[3/2305 Received, ^th November, 1973]

* P. D. Collier, J .  Chem. Soc. {B), 1968, 1494.
• E. McKeown and W . A. W aters, J .  Chem. Soc. {B), 1966, 

6679.
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Long-range Electron Spin Resonance Coupling Constants 
in Radical Adducts of Maleic Acid

By W illiam T. D ixon , James F oxall a n d  G areth  H. W illiams

Department of Chemistry, Bedford College, Regent’s Park,
London NWl 4NS

Received 11 th Marché 1974

The c.s.r. spectra of a number o f radical adducts o f  maleic acid have been observed and hyperfine 
structure arising from y-, from 5- and from c-coupling has been revealed. This provides a positive 
identification of the radicals involved. The origin o f the long-range coupling constants is discussed 
in terms of simple molecular orbital theory and direct magnetic interaction. The difference between 
spectra observed in acidic and in alkaline conditions, is interpreted in terms of structural changes.

Alkyl or aryl radicals may be trapped by maleic acid,*’  ̂ and the short-lived 
adducts so-formed detected by means of e.s.r. spectroscopy. The sequence of
reactions leading to the observed radicals have generally been as follows :

T i'" -fH ,0 ,-» T i* '' +  0 H -b ’0 H  (1)
RH + 'O H -^R .-l-H jO  (2)

CHCOJ-I HOCHCO2 H
I I  + -0 H -*  I (3)
CHCO2H .CHCO2H

(I)
CHCO2 H RCHCO2H
II + R —  1 (4)
CHC02H .GHC02H

(H)
Phenyl adducts have been generated from the corresponding diazonium salts by 

reduction.^ In alkaline or neutral solution the reducing species has been Ti*** and in 
acidic solution the reduction has been achieved by radicals R« formed in reaction (2) 
where RH is a primary or secondary alcohol or j^ormic acid.

PhN^ -b [Ti*"(edta)]-.[Ti''(edta)] -b N ; -h Ph.. (5)
It is easy to arrange the conditions so that the consecutive reactions (2) and (4) 

dominate, and the e.s.r. spectra of the resulting radicals of type (II) consist of four 
lines. The two coupling constants obtained from each spectrum characterise the
adducts but do not positively identify them. These splittings do not, for example,
tell us whether or not the species, which has added to the double bond, is the same as 
that which would have been observed in the absence of maleic acid from the solutions. 
We now report successful attempts to improve the resolution of the four line spectra, 
so that in most cases further small splittings appear, which confirm the assumed 
nature of the adduct radicals.

In the most straightforward cases each of the four lines was split further into a 
multiplet as appropriate for the number of y-protons in the adduct. Thus the e.s.r. 
spectrum of the methyl radical adduct had a small quartet (1 : 3 : 3 : I) splitting 
whereas there were small doublet (1 ; 1) splittings when either dioxan or ethylene- 
diaminetetra-acetic acid were the “ primary ” substrates in the T i" '/H 2 0 2  system (see 
table 1). In neutral or in alkaline solution the spectrum of the hydroxyl radical adduct 
itself has a small doublet splitting.



mT

Fig. 1.— E.s.r. spectrum o f maleic acid adducts with methyl and hydroxyl (asterisked) radicals.

The spectra obtained from the adducts of radicals of type RR'd^OH were not so 
straightforward, since they were less well resolved in neutral or in alkaline solution, 
but appeared to have small couplings corresponding to the appropriate number of y- 
and 5-protons in acid. These “ extra ” splittings confirm the nature of these radicals. 
No additional splitting of the four lines was observed in the spectrum ascribed to the 
phenyl radical adduct, so 2-fluorophenyl was used in the hope that the fluorine split
ting might be large enough to observe. In fact a fluorine splitting was observed and 
it was larger even than that expected from previous studies on aryl semiquinones.^ 
All of the results are summarised in table 1.

T a b l e  1.—C o u p l i n g  c o n s t a n t s  o f  r a d ic a l s  RCH(C02H)CHC03H, N u m b e r s  o f

PROTONS IN b r a c k e t s

acid alkali

R flari) funhcr splittings « ari) V ) further splittings

•OH 12.7 20.7 — 15.3 20.2 0.2(1)
•(edta— H )t ' — — ---- 7.5 19.8 0.9(1) 0.2(N)
•C H jO H 13.7 20.8 0.6(1) 0.3(1) 9.8 20.2 —

C H jtH O H 9.5 20.6 0.4(4) 7.5 20.0 0.3(3)
( C H 3 ) : C 0 H 10.5 20.5 0.3(6) 5.1 20.0 0.3*
(C H a liC O H -C H r 9.0 20.3 • 7.1 19.9 0.6(1) 0.3(7)
C H jC H O E i 11.5 20.4 ■ 0.3* 6.7 20.0 0.3(3)

[C H jL  

/  \
o  o 11.2 21.0 0.4(1) 8.0 20.3 0.3*

‘C O jH 15.2 20.9 — 8.4 20.0 —

•C H 3 13.5 20.8 0.6(3) 10.3 20.3 0.7(3)
C ^ H , .
o-CfiH ^F.

14.6
10.9

20.9
20.3 1.6(F)

10.7 20.4 ----

♦ Denotes incomplete resolution.
t  Most probably a proton a- with respect to one o f  the carboxyl groups is abstracted.

RESULTS AND D ISC U SSIO N  

THE O R IG IN  OF THE L O N G -R A N G E  C O U P L IN G  C O NSTANTS

(i) 5-SP L IT T IN G S

The patterns of the small coupling constants establish convincingly the structures 
of the adduct radicals. Relatively large y-coupling constants have been observed 
many times, e.g. in radicals from t-butyl alcohol, ether, dioxan etc., *• * and it seems 
likely that they arise from a combination of hyperconjugation and spin polarisation.* 
The observation of 5-splittings is less common, however, and such splitting generally 
occurs only in rigid systems such as the adamantyl r a d i c a l s . I t  is not difficult to 
see how coupling through so many a-bonds arises, since the situation is essentially the 
same as that leading to large me/a-coupling constants when aryl rings are twisted out 
of the nodal plane of a single occupied molecular orbital,* e.g. as in the rubrene 
radical ions.® The transmission of spin density through tx-bonded systems has 
already been explained in simple MO terms,*' but in view of the complexity 
of the present problems it is rewarding to examine them in some detail.
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(J -:-y o s

y'n  COS ycl  ; Ci =  {yn cos80 ;( I
F ig, 2.— Diagram showing orbitals and interactions mainly responsible for the e-spin delocalisation 
with cocflicients of non-bonding orbital. Values o f the non-zero parameters are

«C = «H. yK%yi,%i. y%iV3
fli =  dihedral angle of orbital 2 about C, —Cp bond with respect to axis of orbital 0. 6 2  =  dihedral

angle about Cy—Cô bond.

Using the MO parameters given in fig. 2, the average coupling constant of the 
(5-prolons, assuming free rotation about the Cy—Q  bond is given approximately by :

= 2 >«(y' cos 508Z^ff X tesla (a)
where we take the hyperfine splitting due to the nucleus in a free hydrogen atom to be 
50.8 mT and is the effective atomic number for the hydrogen orbital in a mole
cule. There are several ways of obtaining an order of magnitude for at from this. 
However, we shall take values of 7 ,  and yj, which have been shown to account for the 
coupling constants in the vinyl radical and also for the n.m.r. coupling constants in 
butadiene,' * i.e. so that eqn (a) becomes :

Qi % cos^ Oy Zlff. {a')
If cos^ Oy is about 0.5 then for Z^ff =  1.0, gg%0.5 x lO"'  ̂T.

This is of the correct order of magnitude and is close to the limits of resolution of 
our spectrometer under conditions of flow. If necessary, Oi can be quickly estimated 
for any dihedral angle using formula (a '). We can even go so far as to deduce the 
conformation about the C,—Cp bond. The ô coupling constants observed are of the 
order of 0.03 mT which corresponds to a dihedral angle of about 60". Similarly the P 
coupling of about 1 mT (averaged over the different adducts) corresponds to a dihedral 
angle of about 60°. The resulting conformation is given in fig. 3.

F ig. 3.— One o f the two conformations predicted for the (CHsl^OCH adduct.

(ii) e - C O U P L l N G  C O N S T A N T S

The splittings from protons attached to a-, to /?-, toy- and to 5-carbon atoms can be 
explained in terms of transmission of spin density through bonds. The mechanisms 
involved may be separated approximately into two, i.e., (a) hyperconjugation and (b) 
spin polarisation. Appreciable splittings from e-protons have already been ob
served and they have been ascribed to “ throughspace ” interactions. This term 
has not yet been clearly defined and in many cases where it has been invoked, an 
extended theory of hyperconjugation of the type given above for 5-splittings can 
account for the observations. Also, because of the way spin densities tend to be 
transmitted to alternate orbitals, direct through-space interaction of a hydrogen 
orbital with the orbital containing the odd electron would result in spin density 
appearing not in the hydrogen orbital itself, in the first instance, but on the adjacent 
carbon atom.



ïn  view of these thoughts we have investigated the possibility that e-splittings 
,arise not from spin density associated with the e-hydrogen orbitals, but from a direct 
magnetic interaction between those protons and the cloud of spin density on the a- 
carbon atom. The hypothetical situation which would give the maximum effect of 
this kind is shown in fig. 4.

Fig. 4.— Diagram showing nearest approach o f an t  proton to the a-carbon atom in adduct 
CH CO iH  CH (C0zH )CHzC(0H )(CH 3)z.

Point X is nearest approach o f a 8  proton. Adjacent C— C bonds are all taken to be 1.54 A.

The Slater-type orbital most commonly used for carbon 2p orbitals is :

iA (W  =  ( iy /2 n )(Z la o y f^ z  exp(-Z r/2ûo)
where the effective atomic number Z =  3.25 and Qq is the Bohr radius of the hydrogen 
atom.

The magnetic interaction of a proton with an electron in this carbon 2/j,  orbital is 

(508/7raJ)[i^(2p,)]" =  2.06 x 10" z" raT

where distances are measured in Angstroms.
For the proton in fig. 5 this becomes 10.2 mT. Now we would not expect that 

the proton could possibly get nearer to the a-carbon atom than a distpnce somewhat 
greater than the C—H bond distance, so if we doubled the distance of closest approach 
the maximum direct coupling is reduced fifty times to 0.2 mT.

Allowing further free rotation of the methyl group and for other possibilities of 
bending or flapping in the molecule, the estimated e-splittings are rather less than 
0.05 mT. The main point here is that this direct magnetic interaction could be large 
enough to account for the observed splittings. The effect could be enhanced by 
steric repulsions of the /?-carboxyl group.

The corresponding direct interaction with one of the 6-protons has a maximum 
value of 0.05 mT. Allowing again for free rotation of methyl groups and for bending 
within the molecule, this is negligible compared with the coupling due to extended 
hyperconjugation, and is moreover extremely sensitive to the exact position of the Ô 
carbon atom.

A D D U C T S OF RA D IC A LS DERIVED FROM ALCOHOLS

The pattern of lines in the spectra from the adducts of maleic acid with radicals 
formed by a-hydrogen abstraction from alcohols, were dependent on the pH of the 
solutions. The maximum fine structure was observed in strongly acidic solutions and 
and in the case of the adduct formed from «CH^OH, this fine structure unexpectedly 
showed two non-equivalent protons. . A reasonable way of accounting for this, and 
for the apparent disappearance of some of the couplings when the solutions are made 
alkaline, is that there is some rigidity in the molecule, preventing free rotation and the 
corresponding equivalence of the two methylene protons of the CH^OH group. 
This rigidity could arise from hydrogen bonding between the hydroxyl group of 
CH jO H  and the neighbouring carboxyl group (see fig. 5).

h■X' :
I

F i g . 5 .
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One might expect these structures to break down under alkaline conditions.
The results for simple addition of hydroxyl radicals indicate that the rate of 

exchange of the hydroxyl proton in the CHgOH is much faster in acidic solution than 
when conditions are more alkaline.

In conclusion it can be stated that the observed hyperfine splittings in the e.s.r. 
spectra of these adducts of maleic acid confirm their identities more completely than 
has previously been possible. The long-range 6-coupling constants arise from ex
tended hyperconjugation through the <r-bonds and e-splittings from direct magnetic 
interactions. Both are observed because of favourable conformations.

EX PER IM EN TA L

The conditions in our experiments were similar to those of Beckwith and Norman * 
except that the flow system was driven by a peristaltic pump which gave a fine control of the 
flow rate (co. 10  cm^ s~‘). The concentrations used were approximately 0 .0 5  mol dm~^ for 
Ti'" and peroxide, 0 .2 5  mol dm~^ for the diazonium salts and for the substrates about 
0 .5 - 1 .0  mol dm-^. The acidic solutions contained 0 .5  mol dm"^ sulphuric acid and the 
“ alkaline ” solutions were at pH 7-9.

' W. T. Dixon, R. O. C. Norman and A. Buley, J. Chem. Soc., 1964, 3634.
* A. L. J. Beckwith and R. O. C. Norman, / .  Chem. Soc. B, 1969, 403.
’ P. Ashworth and W. T. Dixon, J.C .S. Perkin / / ,  1973, 1533.
* W. T. Dixon and R. O. C. Norman, / .  Chem. Soc., 1963, 3119 ; 1964, 4850.
* Y. Ellinger, A. Rassat, R. Subra and G. Berthier, / .  Amer. Chem. Soc., 1973, 95, 2372.
® P. J. Krusic, T. A. Rettig and P. von R. Schlcyer, J. Amer. Chem. Soc., 1972, 94, 995.
’ R. V. Lloyd and M. T. Rogers, Chem. Phys. Letters, 1972, 17, 428.
* R. Biehl, K. P. Dinse, K. Mobius, M. Plato and H. Kurreck, Tetrahedron, 1973, 29, 363.
’ J. A. Pople and D . B. Santry, Mol. Phys., 1964, 7, 269.

W. T. Dixon, Mol. Phys., 1965, 9, 201.
"  W. T. Dixon, J. Chem. Soc. A, 1967, 1879.
** P. Smith, R, A. Kaba and P. B. W ood, J. Phys. Chem., 1974, 78, 117.
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E.s.r. Spectra of Radicals Derived from Tropolones and Benztropolones
By W . T. D ixon  * and D. M urphy, Bedford College, London NWl 4N S

The oxidation of tropolones and benztropolones such  as purpurogallin by cerium(iv) in a flow system yields 
radicals which  can be characterised by m eans of e.s.r. spectroscopy. The spin distribution can be related to n o n 
bonding orbital coefficients in model com pounds .  In alkaline solutions l ' ,2 '-d ihydroxy-3 ,4-benztropolone  and 
its derivatives can be autoxidised to corresponding semiquinones from w hich intense e.s.r. spectra can be obtained. 
Secondary  radicals may also be formed w hen  the  4 '-position is vacant.  The tropolone analogue of p -b en zo -  
semiquinone can be observed in hexamethylphosphoramide, but ring contraction takes place too quickly for this 
to be detected  in aqueous  solution.

The existence of the tropolone structure was first 
realised  ̂ in 1945, and since then it has been found that 
derivatives of 2-hydroxycycloheptatrienone (I) occur 
quite widely in nature,^ e.g. in the Thuja conifers, some 
penicillin moulds, and the autumn crocus.

OH

Dewar  ̂ rationalised the properties of tropolone and 
predicted that it should undergo ready electrophilic 
substitution and generally resemble phenol. In fact 
electrophilic attack is more or less confined to the 5- 
position and tropolones have additional possibilities of 
nucleophilic substitution as well as ring-opening re
actions * (Scheme 1). ,

f u s e d

H2N-0H

S c h e m e  1

Previous work on radicals containing the tropolone 
skeleton has largely been confined to the di- and tri-

0  cr'.S;'"')
OH

S c h e m e  3

CO;
H,0



T a b l e  1

E .s.r. param eters (ufmT) o f radicals from  o x id a tio n  of tropolones (sp littin g s for th e  corresponding p h en o x y l
rad ica ls in parentheses)

Substituents
0 7 (0 6 6 ) 
0-625 (0-69) 
0-725 
0-77 
0-75

0-25 (0-18)
an 0  1 0  ( 0  08)
0-275

4-Pr* (fi-Tluijaplicin) •
6-CH,-CO.,H.7-CO,H
4.7-(CO,H),.6-CH,-CO,H
4.6.7-(CO,H),

* Assignments made by comparison with the corresponding phenoxyl radical, which we have studied together with its isomers.

1-03 (1-02) 
1-05 (1-02) 
1-05 .
1-00
1-00

0-26 (0-18) 
0-25 (0-18) 
ocHi 0-113 
^CHi 01 1 7

0-7 (0-66) 
0-725 (0-70)

T a b l e  2

E .s.r. sp ectra  from  a u to x id a tio n  o f 6 -h yd ro x y tro p o lo n es ; a ss ig n m en ts m ade b y  com parison w ith  th e  benzenoid  
cases (effects o f th e  isopropyl group assum ed  to  be sim ilar to  th ose  o f m eth yl)

Starting material

6 -H yd ro x y t ropol one

6 -H ydroxy-4-isupropyl tropolone

6-H ydroxy-3,4-benztropolonc

Solvent

HMPA

H ,0

HMPA

H ,0

HMPA
H.O

Radical (s)

cr
^-Bcnzosemiquinone (0-235 x  4) 
Hydroxysem iquinone (0-06, 0-48, 0-135)

0 -2 2 5 ^

0 -108 '

0 -175

CHMej
0 - 0 5 5

0 -

i0 -0 6 40 -2 6 0 |

O-2 /.2 '

|0-175
0 - 0 0 8

CHMe.
0 -13 2 '

CHMe.
0 -2 5 8 '

Naphthosemiquinone (0-33, 0-025, 0-065) 
Naphthosemiquinone (0-33, 0-058, 0-065)

T a b l e  3

E .s.r . sp ectra  (a/m T ) from  3 ,4 -b en ztropolon es  

0

(a) O xidation by Ce'v in acid solution; corresponding naphthoxyl sp littings in parentheses
(b) Autoxidation in aqueous alkaline solution

Substituents « S « 4 - « 3 -

l',2'.(OH)\iZcO,H
(a) 0 85 (0-825) 0-25 (0-175) 1-05 (1-075) 0-25 (0-25) 0-10 (0-065)
(a) 0-75 1 - 0 0 0-065 0-065

' ( b ) 0-013 0-05 0-358 0-045
l',2'-(O H )„6-CO jEt 

1 '
(a) 0-70 1-025 0-081 0-081
( b ) as with 6 -COjH

r ,2 ^ (0 H )„  / (a) 0-775 1-025 0-07 « M e  0-07
3f-Mc.6-CO,H/ ( b ) 0-013 0-013 0-46 « M e  0-013l', .̂(OH)„ / (a) 0-75 1-025 « M e  0-086 0-086
-l(-Mc,6-C0jH ( b ) 0-03 0-085 « M e  0-049 0 - 0

l',2V3'-(OH>i,^ (a) 0-70 0-25 0-90 0-85
(pHrpurogallin)

l',2 ',3 ^ 0 H )„ 6 -C O ,H
( b ) 0-055 0-28 0-075 0 - 1 1

(a) 0-75 0-925 0-85
( b ) 0-05 0-05 0-145

a,.
0-25 (0-25)

«1-
0-0 ( 0 -0)

Spectrum from 4,5-bcnztropolone;

(aj a , 1-04 (1-075), a, 0-16 (0-145), a , 0-0 (0-0), 0-11 (0-145), a,, 0-50 (0-54), a., 0-00 (0-12), 0-48 (0-43).
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hydroxybenztropolones the most well-known of 
which is purpurogallin (II) (easily formed from pyro- 
gallol). Until recently® no e.s.r. spectra of directly

related radicals had been reported, though radicals 
containing the tropone skeleton have been observed. 
A spectrum ascribed to the semiquinone of purpuro
gallin ® has subsequently proved to be due to that of 
pyrogallol (see later).

With the phenol-like properties of tropolone in mind, 
we oxidised it in a flow system with cerium(iv) and were 
able to observe tropolone analogues of phenoxyl and 
some accessible derivatives, showing that the balance 
between production and destruction is similar for the 
two types of radical. The e.s.r. parameters of the 
tropolonyl radicals are, surprisingly, nearly the same as 
those of the corresponding phenoxyl radicals,® the main 
difference being a larger value of what we assume is 
negative spin density at the ‘ nieta '-position of the 
seven-membered ring radical. It seems that the two 
carbon-oxygen groups of tropolonyl behave as if they 
were only one, and this can be partly rationalised by 
comparison with simple MO models consisting of 
corresponding frameworks of carbon 2p„ orbitals: both 
in the model system for phenoxy (i) and in that for 
tropolonyl (ii) the odd electron occupies a non-bonding 
orbital.®

(i) Alternant model for (ii) Corresponding model
phenoxyl (i.e. benzyl) with for tropolonyl (a =  l j \^5)
NBO coefficients (a =  1 / y/ 7)

Analogues o f ^-Semiquinones.— Pressing the analogy 
between pheitol and tropolone still further, we prepared 
5-hydroxytropolone in the hope of obtaining a relatively 
stable radical, in alkaline solution, which could resemble 
/(-semiquinone. In faintly alkaline solution an e.s.r. 
spectrum identical with that of />-benzosemiquinone was 
obtained, which in more alkaline solution was quickly 
replaced by the familiar spectrum of hydroxysemi- 
quinone.^® Evidently the seven-membered ring must 
have contracted. The most likely explanation for this 
is that since tropolone or its simple derivatives are stable 
at ordinary temperatures, and require drastic conditions 
for ring contraction, oxidation to the unstable quinone 
may have occurred (Scheme 2). The mechanism for the

O'

-w V  ^  Jf  [unstable]
IT \ ' n  H jO  /

()■ O'

S c h e m e  2



loss of CÔg could be as shown in Scheme 3. This is 
similar to other mechanisms proposed for the pro
duction of six-membered rings from tropone and 
tropolone derivatives.® ^ ^

The ring contraction step çould result in the form
ation of the anion of 2,5-dihydroxybeiizoic acid. How
ever, experiments carried out with this acid under 
similar conditions did not lead to the above pattern of 
radical products, and only the spectrum of the primary 
radical {IV) was observed. When the solutions were 
made strongly alkaline some decarboxylation did occur, 
however. This evidence is consistent with the de
carboxylation of the tropoquinone being concerted with 
the formation of the six-membered ring as indicated in 
the suggested mechanism.

The foregoing results by no means prove that the 
radical (III) is in fact formed, though it does seem 
likely that it exists for a short time. In order to 
detect this intermediate we resorted to an aprotic 
solvent,hexam ethylphosphoram ide (HMPA), in which 
it seems that many free radicals are much longer-lived 
than in aqueous solutions.* It appears that by using

• \Vc have, for example, observed the semiquinone of 2,6- 
dihydroxynaphthalcne [coupling constants 0 42, 0 1.3, and 0 07 
mT (all twice)] in this solvent, whereas only degradation products 
could be detected in aqueous solutions.

the sparingly soluble sodium methoxide in conjunction 
with this solvent, the base concentration can be kept 
low enough to slow down the overall oxidation rate 
without preventing the first step. We obtained spectra 
from hyclroxytropolonc and hydroxythujaplicin, which 
correspond to tropolone analogues of the /(-semi
quinones and which decayed in the former case to give 
/(-benzosemiquinone. The results are summarised in 
Table 2. The primary radical from 5-hydroxy-3,4-

-0-5mT-

F i g u r e  1 E.s.r. spcclrum of the tropolone analogue of 
/-benzosem iquinone
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benztropolone (V) was not observed even in HMPA; 
only the corresponding naphthosemiquinone (VI) was 
obtained.

OH

COJ

OH

(YI)IIY)

Radicals from  Di- and Tri-hydroxybcnzlropoloncs.— 
These hydroxylated benztropolones are formed by the 
interaction of or/Ao-quinones with pyrogallol or an 
appropriate derivative. They behave in two distinct 
ways, depending on the conditions, and therefore form a 
class of their own.

(a) Autoxidation in  alkaline solutions. As one might 
expect by analogy with hydroxylated naphthoquinones, 
in alkaline solution semiquinones are formed in which 
spin densities generally differ little from those observed 
(or expected) for the corresponding naphthosemi- 
quinoncs (see Table 3).

-0 -5  m T-

F ig ure  2 E .s.r. spectrum  of purpuroganoscm iquinone

The authentic e.s.r. spectrum of the semiquinone from 
puqmrogallin is clear and long-lived and we would 
expect to sec it if purpurogallin were a major inter
mediate in the autoxidation of r,2'-dihydroxy-3,4- 
benztropolone as suggested previously.^ Secondary 
radicals are formed in the autoxidations of derivatives 
of this last compound, and in one case wc obtained a 
pure spectrum which we ascribe tentatively to the 
species (VII). No secondary radicals were observed

0-135

(Yni
when the 4 '-position was blocked by a methyl group. 
These results suggest that the secondary radicals are 
derived from the quinone in the usual way rather than 
by oxygenation at the 3'-position.'^

-  0 -253
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(b) spectra in acidic solution. Oxidation by cerium- 
(iv) in the flow system took place under acidic conditions, 
and completely different patterns of coupling constants 
were observed (see Table 3). The spectra can be 
rationalised by looking upon these radicals as being 
derived from the tropolone unit, which in protonated 
molecules seems to be the most easily oxidised part. 
The patterns of coupling constants can be explained as 
before with the help of simple hydrocarbon models: 
thus for r,2'-dihydroxy-3,4-benztropolone, the NBO 
coefficients are as shown in (iii), and for the purpurogallin 
model as shown in (iv). It appears that the presence of

{Q=1/J5 ( a =1/j5

the 3'-oxygen atom in purpurogallin makes a different 
pattern of délocalisation possible.

EX PER IM E NTA L

C om m ercial sam p les w ere purified b y  vacuum  su b lim 
ation . 3,4-BcnztropoIonc,*® 4,5-bcnztropolone,^* r ,2 '-c li-  
hyd roxy-3 ,4-bcnztrop olon cs,i^  4-liydroxytropolones,**  the  
tropolone ca rb oxy lic  acids,® and purpurogallin  ca rb oxy lic  
acid ** w ere prepared b y  literatu re m eth o d s. T he co n 
d itio n s and  flow sy stem  for th e  ceriu m (iv) o x id a tio n s were  
as previou.sly reported,** and th e  a u to x id a tio n s  w ere  
condu cted  in the usual w a y  for g en eratin g  semiquinones.*®

[4 /861  R eceived ,  30//i A p r i l ,  1074]
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Regularities observed in the e.s.r. spectra o f many o-, and /^-substituted phenoxyl radicals allow  
unambiguous assignments o f the coupling constants as well as the determination o f their relative 
signs. It is shown that semiquinone anions can be classed as phenoxyl radicals and similarly for 
radicals from the oxidation o f trihydroxybcnzene derivatives.

With suitable parameters, the patterns o f splittings in these radicals can be rationalised by means 
of McLachlan’s SCF theory ; a heteroatom model and an inductive model both explain most of the 
observed trends. IN D O  calculations gave a rather poor account o f the splittings in phenoxyl.

The e.s.r. of para-benzosemiquincnes  ̂ and of phenoxyl  ̂ have long since been 
available, yet although systematic investigations of substituent effects in semiquinones 
have been undertaken at various times, little has been added to the original work of 
Stone and Waters on short-lived phenoxyl radicals.^ These authors made the 
important observation that the algebraic sum of the ortho and meta coupling constants 
in a para-substituted aryloxyl radical is approximately independent of the substituent. 
(See table 1). This simple rule enabled them to deduce empirically that these two 
coupling constants must generally have opposite signs. In fact, the relationship also 
holds good for p-benzo semiquinone where the two splittings are equal and of the 
same sign. We have investigated the origin and limitations of this intriguing rule and 
have also discovered analogous relationships among the ortho- and meta-substituted 
isomers.

The first necessity was to obtain more experimental data, for there were many gaps 
to be filled in the list of e.s.r. spectra of mono-substituted phenoxyl radicals and it was 
also necessary to find substituents which had relatively large effects on the spin distri
bution. We have remeasured spectra previously reported because our equipment 
seems to give improved spectra for this class of transient radical * (see fig. I).

ImT

F ig. 1.—Spectrum from oxidation of /n-methoxyphenol.

The relatively complete spectra of which we have now obtained has enabled us to 
assign the splittings, from more or less obvious trends, and also to deduce their 
relative signs.



E X PER IM EN TA L
Most of the radicals were produced by flowing 10”'*' M solutions in 0.5 M sulphuric acid 

against 10"* M CelV solutions. The alkaline solution spectra were at pH =  7-9. Spectra 
•from 0- and p-semiquinone anions were obtained in a static system which gave much better 
line widths. Coupling constants were measured to within ±0.01 mT.

PA R A -SU B ST IT U T E D  PH EN O X YL R A D IC A L S

The results for this class o f radicals are given in table 1. In order to obtain a 
“ smooth ” change in relative splittings in going from X =  NO^, through X =  OMe

T a b le  1.—C o u p l in g  c o n s t a n t s  ( in  —10"* T) o f  p r o t o n s  in  p a r a - s u b s t i t l f t e d  p h e n o x y l
RADICALS

substituent* ai 0i «4 as 06

NO: 7.0 - 2 .4 JanI =  2.4 - 2 .4 7.0
COOH 6.75(7.1) — 2.2(—2.3) — - 2 .2 6.75
CHO 6.8 - 2 .2 IahI =  0.3 -2 .2 6.8
COCH 3 6.75 - 2 . 1 — - 2 . 1 6.75
H 6 .6 [6 .6 ] - 1 .8 [ - 1 .8 ] 1 0 .2 (1 0 .2 ] - 1 . 8 6 . 6

CH 3 6 .1 [6 .2 ] -1 .4 [-1 .6 ] kcHjI =  12.5 - 1 .4 6 . 1

CHMe: 6 . 0 - 1 . 2 jûCHjl =  0 4
|a h 1 =  4.5 - 1 . 2 6 . 0

Cl 6.4 - 1 .9 kcii =  L9 - 1 .9 6.4
F 6.25 -1 .4 5 |a f 1 =  27.5 -1 .4 5 6.25
OCH 3 4.9[5.2) 0 .0[-0 .7 koMel =  2 . 1 0 . 0 4.9
N H : 4.0 0.5 |anI =  6 . 6 0.5 " 4.0 "

kNHl =  8 . 0

D (alkali) 2.37[2.5] 2.37 — • 2.37 2.37
OH (acid) 2.4(2.45} 2.4 2.4 2.4

I ] value calculated using heteroatom model, ( ) value calculated using inductive model, { } mean 
value o f results from OMe derivative.

to X  =  Ü  (semiquinone) the ortho and meta splittings have to have opposite signs in 
the majority o f cases since then |t7o+^„| =  4.7 ± 0 .2  G. Presumably the large coup
ling constants correspond to positive spin densities so that the small splittings usually 
correspond to negative spin densities. From the results for meta substituted phenoxyl 
radicals, it is clear that the smaller proton splitting must be ascribed to the meta 
ppsition and, therefore, that is the site o f the negative spin densities observed. The 
coupling constant in semiquinone must be negative to maintain continuity.

ORTHO SU B ST IT U T E D  PH EN O X YL R A D IC A L S

Two important conclusions arise from inspection o f table 1. First, it is clear that 
substituents lead to a change in the spin distribution in these radicals but that these 
changes can be arranged in a regular series and depend roughly on the'electron- 
donating power o f  the substituent. Secondly, using this regularity, semiquinone 
anions can be regarded not as totally different species but rather as a phenoxyl radical 
with a particular substituent, i.e., X =  G. From the results given in table 2 it is clear 
that there are also trends in the splitting patterns when the substituents are in the ortho

T a b le  2.—C o u p l in g  c o n s t a n t s  (—10"* T ) in o r th o -su b stitu ted  PHENOXYL RADICALS

lubstitueats «2 0 3 «4 as 06

NO: [anI =  2 . 1 —1 . 2 10.25 - 2 .4 7.25
COOH — -1 .2 5 (-0 .6 ) 10.2(10.3) — 2.1 (—2.4) 7.15(7.8)
CHO — -1 .7 1 0 . 0 - 2 . 0 7.1
COCH3 — -1 .5 10.25 - 2 . 0 7.0
H 6 . 6 - 1 . 8 1 0 . 2 - 1 . 8 6 . 6

CH3 |acH j1 =  7.5 -2 .0 (-2 .3 ] 9.7(9.6] —1 .5 ( -1.6] 6.0(5.9]
CHMe: — - 2 . 0 9.6 - 1 .5 6 . 0

Cl |aciI =  1.05 - 2 . 0 9.8 - 1 . 6 6 . 0

F |afI — 16.8 - 2 . 1 1 0 . 0 - 1 .4 5.5
OCH3 IaochJ =  1 . 8 -1 .9 (-2 .6 ] 8.5(8.1] 0.0(-0.3] 4.3(4.0]
NH: (anI — 6.62 

I^nhI =  8.13
- 0 .9 6.62 1.5 2 . 6

G  (alkali) 
OH (acid)

— 0.75(0.6] . 3.75(3.5] 
1.0{1.2} 4.1(4.25}

for figures in brackets refer to table 1

3.75
4.1

0.75
1 . 0

■ ■ ■
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position. However, there is the initial problem o f assignment and we have had to 
arrive at those given in the table by finding consistent regularities. The ambiguities 
could not be resolved convincingly by any simple arithmetic relationship and we had to 
resort to a graphical procedure (see fig. 2). What we have done is to plot the alge
braic sum (or the difference) of pairs of splitting constants against each of the remaining 
two. This gives rise to graphs containing series o f points and those which fall on 
the same smooth curve must correspond to each other, remembering that only one 
point on each curve can arise from one particular substituent. Since the parent

2mT

- 0 .2 0 .4  mT0 .2

Om/mT

Fio. 2.— Graph for coupling constants for ortho-substituted phenoxyl radicals. A , flm =  0 3  ;
B, Ofxi — Os.

radical phenoxyl, and o-benzo semiquinone both give points lying on the curves 
we can assign all four splittings for each radical. We also deduce, that the two 
splittings in ortho-semiquinone have the same sign and that in the radical with X =  
N H j, the two small coupling constants have opposite signs. For clarity in fig. 2 we 
have used the final assignments which were the outcome o f the investigation o f all the 
obvious possibilities.

M E T A - S U B S T I T U T E D  P H E N O X Y L  R A D I C A L S

The results for these are given in table 3 and the assignments were made by an 
analogous method to those considered above, one o f the resulting graphs being given

T a b le  3.—C o u P L m o  c o n s t a n t s  ( in  —10"* T) in  m e ta - s u b s t i tu t e d  p h e n o x y l  r a d i c a l s

substituent! et «J «4 as 06

NO 2 7.35 |ûn1 =  0.5 9.8 - 2 . 1 6.75
COOH 7.25(7.4) — 9.9(9.8 ) -1 .9 ( -1 .6 ) 6.5(5.9)
CHO 7.1 — 9.8 ' - 2 . 0 6.75
COCH3 7.1 — 9.9 —1.9 6.5
H 6 . 6 — 1 . 8 1 0 . 2 —1 . 8 6 . 6

CH 3 5.9[6.2] kcHjl =  1.5 10.5(10.2] -1 .9 (-2 .0 ] 7.1(6.7]
CHMe: 5.9 IûhI =  0 . 8 10.3 -1 .9 7.0
Cl 6 . 2 jflcii =  0.25 10.5 - 2 . 1 7.5
F 5 IûfI =  5.8 ■ 10.75 -2 .2 5 8

OCH 3 3.5[4.6] lûOCHs! =  0 . 6 11.4(10.8] -2 .3 (-2 .4 ] 9.0(8.0]
N H : 3.1 IanI =  6 . 8 10.9 - 2 . 0 8 . 6

Q  (a lk a li)
|<3nhI =  8 . 1

— 0.7[—0.8] — 1 1 .2 (1 2 .8 ] -2 .8 (-3 .4 ] 1 1 . 2

OH (acid ) 3.75(3.5} 1 0 .0 ( 1 0 .2 } — 2.3(—2 .3 } 11.0

for figures in brackets refer to table 1



in fig. 3. As expected, the radical from resorcinol can be treated as a meta-substituted 
phenoxyl radical and the smallest splitting observed in its spectrum would appear to 
be due to negative spin density on the 2 position, which differs from previous con-

I
Q

F io. 3.— Graph for coupling constants for /wc/a-substituted phenoxyl radicals. O , x  points if 
Û2  =  + 0 .07  mT in “ semiquinone ” from resorcinol. A , a'o =  ; B, — ae.

elusions.’ In simple m.o. terms it is clear that the odd electron goes into an anti- 
symmetrical orbital when X =  Q so that a^, a^, and all maintain the same sign 
along the series whereas has to change rather drastically.

Once again the effects of substituents are in a similar order to their electron 
donating power and we can arrange them in the following series i

N O :; C O :H ; H ; Me, C l; F ; OM e; NH^ ; D

A worthwhile point to remember here is that, as implied by Stone and Waters,’ 
these results and inferences are self-contained and do not depend on any parallels 
drawn between these radicals and those o f other types.

R A D I C A L S  F R O M  D I -  A N D  T R I - H Y D R O X Y  B E N Z E N E  D I R I V A T I V E S

Attempts to make assignments in p-semiquinones have centred around “ addi
tion ” rules which state that the effects of substituents are additive. These rules 
have been developed extensively only for substituents which have relatively little effect 
on the overall spin distribution, such as alkyl groups and halogen. We now prefer to 
follow graphical procedures analogous to those used above.

T a b l e  4 . — C o u p l i n g  c o n s t a n t s  ( i n  1 0 " *  T )  in  r a d ic a l s  f r o m  d i -s u b s t it u t e d  p h e n o x y l

RADICALS

«2 OJ «4 Os

2Ü, 3 Me ----- O M e  =  0.65 2.9[3.0) 4.15[3.6] 0.3[0.3]
2 0 , 4Me ----- 0.15[0.24] o m c  =  4.85 3.8[3.6] 0.95(0.7]
2 0 , 30Me ----- O Q M e =  0.65 1.3[1.8] 4.75[4.0] 0.55(0.4]
2 0 , 40M e ----- 0.0[-0.6] O O M c  =  1*1 3.7[4.1] 0.75(0.8]
20 ,3C 02H ----- — 5.15(5.2) 2.9(3.5) I.7(2.4)
2 0 , 4C0jH ----- 1.25(2.8) — 3.25(3.6) 0.75(1.3)
2 0 , 3 0 ----- — —0.95[—1.6] 5.5[4.3] 0.95
2 0 , 4 0 ----- — 0.6[—1.4] — 4.98[6.1] 1.35(1.0]
A N ,  2Me -- 1.75[2.1] — 2.6[2.8] 2.4(2.4]
4 0 , 20Me -- 0.57[0.9] — 3.66[3.5] 2.01(2.2]
4 0 , 2C0iH -- 2.6(4.8) — 2.0(2.5) 2.25(3.3)
20H  60H* OQH — 0 75 -1 .5 [-2 .0 ] . 7.6[7.6] - 2 .0 ooH =  0.75

•  In flow system using eerie ammonium nitrate as oxidant under near-neutral eonditions ; for 
figures in brackets refer to table 1 .

Once again, regularities can be found by plotting for example the sum o f two 
splittings against the third and there are smooth transitions to the semiquinones o f  
1,2,4-trihydroxybcnzene and o f pyrogallol ® from those o f quinol or catechol (e.g., see 
fig. 4). The smallest splitting in the semiquinone o f 1,2,4-trihydroxybenzene turns out 
to be negative. In the radical from phloroglucinol the expected Jahn-Teller distor
tions are evidently being rapidly averaged out and the sum o f the three coupling 
constants (23.4 G) is much the same as it is in all meta-substituted phenoxyl radicals.

I  i
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- o 0 .2  0 .4  \ o . 6

- 0 .2

a'/mT

Fio. 4.—Graph for coupling constants in 3-substituted o-semiquinones. A, o" =  n* ; B, a" =  05 ;
C, a" =  fle.

E . S . R .  S P E C T R A  O F  S E M I Q U I N O N E S  I N  A C I D  S O L U T I O N

In acid solution the semiquinones from quinol catechol ® and resorcinol  ̂ are 
protonated and, provided the rate o f proton exchange is fast enough, an averaged 
spectrum is observed.

O- OH

at, OH 06 O'

The results we have obtained in acid solution are shown in the tables. From the 
coupling constant o f the proton on position 2 in resorcinol, it is clear that OH has 
approximately the same effect as OMe, as suggested by Carrington and S m i t h . I n  
the table the empirical predictions are made using the results for corresponding 
methoxy-substituted derivatives. The agreement between the empirical estimate and 
experiment is very good.

T H E O R Y  O F  S P I N  D E N S I T I E S  IN  P H E N O X Y L - T Y P E  R A D I C A L S

The results o f INDO  calculations'^ were disappointing for, as in similar radicals,'^ 
calculated negative spin densities are much too high and the coupling constants are 
highly sensitive to bond lengths, e.g.,

C—O =  1.3 A, C—C =  1.40 A, C—H =  1.08 A 
a„ =  —0.50, a„ =  +0.28, and =  —0.44 (in mT) 

with carbon-carbon bond lengths o f 1.46, I.34A (alternating) the predictions become 

a„ — —0.58; =  0.38; Op =  —0.73.

E M P I R I C A L  S C F  T H E O R Y

Because o f the occurrence o f appreciable negative spin densities in many o f the 
radicals observed, simple m.o. theory could not be applied satisfactorily, so 
McLachlan’s approach was used to include such a possibility. The familar 
problem o f parameterisation appears here for it was discovered that none o f the 
existing sets of parameters given for oxygen gave good predictions for phenoxyl. 
Taking the only variable parameters for atom X as being the coulomb integral 
«X =  a +  /ixA and the resonance integral to a neighbouring carbon atoms j?cx =  
we found a family o f values o f hx, kx  which gave exact predictions for phenoxyl and 
good predictions for oxygenated derivatives such as o- and p-benzosemiquinone and 
the semiquinones from 1,2,4- and 1,2,3-trihydroxybenzenes. One such pair was 
hx =  1.6, kx =  1.3 with a Q value of —3.0 mT. Treating the substituents as
heteroatoms, each can be assigned two parameters as above for oxygen. With 
hx =  1.5, values for methyl, kcm  =  0.3 and methoxyl A-qmc =  0.6 lead to good  
predictions confirming the signs and relative magnitudes o f the observed coupling 
constants. These results imply that the McLachlan approach using this parameter
isation can be used with a fair degree of confidence to assist in the assignment of 
coupling constants and to confirm the nature o f radicals. N o satisfactory parameters 
could be found for electron-attracting substituents. An even more simple theoretical 
model for phenoxyl is to regard it as a benzene positive ion on which is attached an 
0 “ substituent.'®* We consider only a change in Coulomb integral of the adjacent 
carbon atom so there is one ‘‘ inductive” parameter for each substituent, i.e., the 
coulomb integral a' =  a +  ôxP.



The best agreement over the range of radicals studied was with a Q value o f  
—2.4 mT and So =  —1.5, =  —0.2, =  + 0 .2 , 5omc =  —0.6. Though the
results with this simple model were not so good when there were two electron-donating 
groups para with respect to each other, the calculations for X =  CO^H did confirm 
the assignments given in the tables.

CONCLUSIONS
The inference which can be drawn from this investigation is that the splitting 

patterns observed in a given class of radicals can be expected to change in a smooth 
way with substitution. This variation with substituents, however, is not necessarily 
as simple as implied by attempts to impose addition ® or superposition rules which 
could lead, perhaps, to false conclusions if pushed too far.

The trends deduced from the spectra have been confirmed by simple m.o. theory in 
conjunction with McLachlan’s refinement. These trends do not themselves depend 
critically on the parameterisation and so add to our confidence that the theoretical 
models proposed will be useful as aids in the assignment of coupling constants in 
related radicals.

It is interesting that recent work on the radiolysis o f alkaline solutions of phenols 
has led to the production o f aminophenoxyl radicals which have different e.s.r. 
parameters to those given above. We tentatively suggest that these differences arise 
from rapid proton exchange on the oxygen in our acidic solutions. However, the 
reported assignments must be wrong according to our work, for the data fit our 
curves. The splittings in ortho-aminophenoxyl have to be assigned as follows :

Û3 =  0.0, ^4 =  0.431, ÛS =  0.294, =  0.101 mT.

In ref. (21) U; and were assigned the other way around. This illustrates how useful 
this approach can be. In the absence o f a sufficiently complete seties o f results on 
related compounds we would have to resort to the empirical theories.

‘ B. Venkataraman and G. K. Fraenkel, / .  Amer. Chem. S o c , 1955, 77, 2707.
* J. K. Becconstall, S. Clough and G. Scott, Trans. Faraday Sac., 1960, 56, 459.
* T. J. Stone and W. A. Waters, J. Chem. Soc., 1964, 213.
* W. T. Dixon, W. E. J. Foster and D. Murphy, J.C.S. Perkin II, 1973, 2124.
* T. J. Stone and W. A. Waters, J. Chem. Soc., 1964, 4302.
‘ B. Venkataraman, B. G. Segal and G. K. Fraenkel, J. Chem. Phys., 1959, 30, 1006.
’ P. Ashworth and W. T. Dixon, J.C.S. Perkin II, 1972, 1130.
* J. A. Pedersen, J.C.S. Perkin II, 1973, 424.
® T. J. Stone and W. A, Waters, J. Chem. Sac., 1965, 1488.

I. C. P. Smith and A. Carrington, Mol. Phys., 1967, 12, 439.
“  I. C. P. Smith and A. Carrington, Mol. Phys., 1964, 8, 101.

J. A. Pople and D. L. Beveridge, Approximate Molecular Orbital Theory (McGraw-Hill, N.Y.,
1970).

"  C. Thomson, Electron Spin Resonance (Chem. Soc. Spec. Period Report, 1973), p. 1.
G. Vincow and G. K. Fraenkel, J. Chem. Phys., 1961, 34, 1333.

“  A. D. McLachlan, Mol. Phys., 1960, 3, 233.
K. A. Lott, E. L. Short and D. N. Waters, J. Chem. Soc. B, 1969, 1232.
H. M. McConnell, J. Chem. Phys., 1956, 24, 764.
A. Carrington, Quart. Rev,, 1963, 17, 67.
M. R. C. Symons, Ado. Phys. Org. Chem. (Academic Press, New York, 1963), vol. 1, p. 283.
J. C. Schug, T. H. Brown and M. Karplus, J. Chem. Phys., 1962, 37, 330.
P. Ncta and R. W. Fessenden, J. Phys. Chem., 1974, 78, 523.

1 1 1 1  E . S . R .  S P E C T R A  O F  P H E N O X Y L  R A D I C A L S

2 2 2 2  E . S . R .  S P E C T R A  O F  P H E N O X Y L  R A D I C A L S

3 3 3 3  E . S . R .  S P E C T R A  O F  P H E N O X Y L  R A D I C A L S

4 4 4 4  E . S . R .  S P E C T R A  O F  P H E N O X Y L  R A D I C A L S

5 5 5 5  E . S . R .  S P E C T R A  O F  P H E N O X Y L  R A D I C A L S

W . T .  D I X O N ,  M . M O G H I M I  A N D  D .  M U R P H Y  6 6 6 6

W . T .  D I X O N ,  M . M O G H I M I  A N D  D .  M U R P H Y  7 7 7 7

W . T .  D I X O N ,  M . M O G H I M I  A N D  D .  M U R P H Y  8 8 8 8

W . T .  D I X O N ,  M . M O G H I M I  A N D  D .  M U R P H Y  9 9 9 9

W , T .  D I X O N ,  M . M O G H I M I  A N D  D .  M U R P H Y  OOOQ
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4  Free-radical  React ions  and Electron Spin  
R e s o n a n c e  S p e c t r o s c o p y

By W. T. DIXON 

Dept, of Chemistry, Bedford College, Regents Park, London, NW l

1  Introduction

The main difficulty confronting a Reporter in the field of free radicals is that o f  
classifying the work which has been done. In a way the first obvious choice is to 
divide the material into work involving (i) direct observation o f free radicals, 
which m ainly involves the use o f e.s.r. spectroscopy, although visible and u.v. 
spectra are also  em ployed for this purpose, and (ii) other work which affords 
indirect evidence o f  free-radical reactions. In this second approach the analysis 
of the products or, in kinetic runs, the analysis o f starting material at different 
times plays a major role.

Since the Reporter has been concerned with e.s.r., this article is naturally biased 
in that direction, but even a casual glance at the papers which have appeared over 
the past twelve m onths show s that investigators in the free-radical field are turn
ing more and m ore towards e.s.r. spectroscopy for inspiration or for proving 
a point.

The introduction of this convenient technique into the subject has necessarily 
brought with it a different experimental approach and has polarized interest 
towards radicals which can be observed. Previously, in what one might broadly 
call the ‘kinetic’ approach, experimental conditions were arranged so  that re
actions were relatively controlled and as ‘clean’, i.e. as simple, as possible. O ne  
aimed at obtaining analysable solutions. In contrast, to som e extent at least, 
the principle aim in the e.s.r. field is that o f obtaining high concentrations of a 
single type o f radical, so  that by analysis o f its spectrum various things about it, 
including what it is, can be deduced.

Generally speaking, although the radical observed does give rise to  products 
which depend on its environm ent, it is not usually the m ost im portant radical or 
species in the reaction, in the sense that in the majority o f  interesting radical 
reactions a highly reactive species is produced and actually starts the reaction  
which then gives rise to  secondary, tertiary, etc. stages. Som ewhere along the 
line the balance o f production and destruction o f a radical leads to its having a 
high concentration and hence that species is the one observed in the e.s.r. spectro
meter. Since e.s.r. spectrom eters have been widely available the em phasis in free- 
radical chem istry has swung more and more over to these ‘accessib le’ radicals
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and possibly their reactions. T he m eans o f generating them are still com para
tively few, stretching chem ical and m echanical ingenuity to the full. M ost radicals 
are reactive and have to be generated continuously by one or other well-tried 
techniques, e.g. by m eans o f irradiation (radioactive, electron, or u.v.), flow  
system s, electrolysis, auto-oxidation, and so on. Alternatively, one might artifi
cially prolong the lifetime o f a radical by trapping it in an unreactive solid.

A lthough one could use the types o f experiment as a basis for classification, the 
Reporter prefers instead to use the types o f radicals them selves to classify the 
rather heterogeneous material which appeared during 1972.

2 Simple Alkyl and Aryl Radicals

There has been little evidence, this year, o f a great deal o f work on the reactions 
o f  sim ple alkyl or aryl radicals, although it seem s that reactivity patterns o f the 
methyl radical ' and the phénylation o f heterocyclic system s such as thiophen^ 
or the pyridiumm cation^ still evince som e interest.

The way towards som e further possibilities in this direction has been pointed  
out in the study o f  the decay o f  m ethyl radicals formed in y-irradiated methyl 
isocyanide between 77 and 125 K.'*̂  As the well-known 1 : 3 ; 3 :1 quartet 
ascribed to m ethyl dim inishes, a 1 :1 : 1 triplet increases in am plitude. This new  
signal is attributed to the radical CH ^NC and strongly suggests that a hydrogen  
abstraction has taken place:

C H 3  4- C H 3 N C  - >  C H 3 N C  4- C H t

The absence o f any splitting from the m ethylene protons is attributed to the 
large anisotropic coupling constants o f the «-protons in a polar m olecule o f  
this sort, so  that the outer lines of the 1 : 2 : 1  triplet (due to the rotating CH^ 
group) are broadened, but the centre line {nij =  0) remains sharp. A remarkable 
thing about this experim ent is that if the deuteriated isocyanide is used, C D 3  

decays m uch m ore slow ly than C H j and does not give the expected CD ^NC. 
O ne cannot help feeling that this system  needs further investigation.

O ther ‘sim ple’ aliphatic radicals have been investigated. For exam ple, the 
e.s.r. spectrum o f an ‘o ld ’ radical, vinyl, has been reported^-^ and som e ‘new ’ 
ones, propargyl and butatrienyl,* have been made in an argon matrix by photolysis  
o f HI in the presence o f  the appropriate poly-yne, e.g. (1). U nlike vinyl, these 
radicals appear to  be axially symmetric. Som e new phenyl-type radicals have 
also been observed,’ i.e. 2-, 3-, and 4-pyridyl, using the technique® o f  condensing  
the vapours o f sodium  metal mixed with a chloropyridine diluted with argon on

' W . A . P ry o r, D . L. F u lle r, and  J. P. S tan ley , J. Am er. Chem . Soc., 1972, 94. 1632.
 ̂ C. M . C arm ag g i, G . D e L uca, an d  A. T u n d o , J .C .S . P erkin  11, 1972, 412.
 ̂ J. M . B onn ier an d  J. C o u rt, Bull. Soc. chim . France, 1972, 1834.

* J. T . W an g  a n d  F. W illiam s, J. A m er. Chem . Soc ., 1972, 94, 2930.
’ S. N ag ai, S. O hn ish i, an d  1. N itta , J .C .S . P erkin  II, 1972, 379.
* P. H . K asa i, J. A m er. C hem . Soc ., 1972, 94, 5950.
’ P. H . K asa i a n d  D . M cL eod , ju n .,  J. A m er. C hem . Soc., 1972, 94, 720.
® J. E. B ennett a n d  A. T h o m as , N ature, 1962, 195, 995.
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to a cold finger, thus trapping these reactive radicals in an inert matrix. Like 
phenyl the pyridyls appear to be «-radicals.

H

H C = C -C = C H  c = C = C = C - H
/

H

( 1 )

The usefulness o f freezing-out radicals in an inert matrix was again dem ons
trated in the pyrolysis'* o f iodoacetic acid. According to the conditions, one m ight 
see methyl and/or formyl, which are secondary radicals, the primary radical (2 ) 
being seen only after initial pyrolysis at a relatively low temperature.

C H j +  C O ;

ICH,CO;H -L  CH,CO;H

(2) 2 C H O  4 - H -

The ‘universal chlorine or brom ine abstractor’, triethylsilyl, formed by the 
action o f t-butyl radicals on triethylsilane, has been used with good  effect to 
obtain m any halogenated alkyl radicals.'" As regards the a-halogenated methyl 
radicals, alm ost every com bination from C H 3  to C F 3 , to C C I3 , and to C M cj has 
been achieved.'"" O f particular interest are the ‘^C coupling constants in the 
fiuorinated m ethyl radicals, which vary from 272 G in Ù F 3  to 38 G  in Ù H 3 , 
indicating a much higher s  character in the odd-electron orbital in the former 
case, and suggesting that the geom etry o f these radicals changes from pyramidal 
in the case o f Ù F 3  to planar in the case o f  Ù H 3 .

In an analogous investigation o f  radicals o f the type (S iM c 3 L SiM e 3 _^, the 
*’ Si splitting changed from 183 G for .x =  0 to 65 G  for x  =  3, presum ably show 
ing that the steric hindrance o f the larger groups pushes the m olecule closer to  a 
planar configuration.

In a som ewhat similar investigation of /3-fluorinated ethyl radicals,*"* the *"F 
coupling constant was much smaller in the case o f C H 2 C F 3  (29.8 G) than with 
C H iC H F j (4 9 .5 G ) or with C H 2 C H 2 F (4 5 .4 G), and the spectra all showed  
temperature dependence and the broadening o f lines arising m ost probably from  
restricted rotation about the carbon-carbon bond. Similar effects are observed  
when larger groups (e.g. trialkyl-silyl or -germanyl) are attached to the )3-carbon 
a tom ."

3 Neutral Radicals of Group IV Elements

We have already seen that hydrogen is easily abstracted by t-butoxyl radicals 
from the trialkylsilanes, and the resulting radical whose spin density is localized

’ P. H. K asai an d  D. M cL eod , ju n ., J . A m er. Chem . S oc ., 1972, 94, 7975.
(a) J. C o o p er , A . H u d so n , a n d  R . A. Jac k so n , M ol. Phys., 1972, 23, 209; (6 ) D . J. Edge 
an d  J. K . K o ch i, J. A m er. Chem . Soc ., 1972, 94, 6485.

"  T . K a w am u ra , P. M eak in , an d  J. K . K och i, J. A m er. Chem. S oc ., 1972, 94, 8065.
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m ainly on a relatively electropositive atom  is attracted, in a sense, to electro
negative atom s such as Cl or Br rather than to hydrogen, for example. Thus in 
contrast to methyl, which tends if anything to abstract hydrogen, the m etalloid  
nature o f silicon makes attack on halogen or oxygen more likely. In fact, under 
favourable conditions, chain reactions with di-t-butyl peroxide may take place, 
as is the case with a variety o f diarysilanes (3). A rather sim ilar type o f  chain

P h jS iH j  4- B u O - -►  P h ,S iH  B uO -

(3)

process may also occur with the analogous tin com pound and certain alkyl 
halides, e.g. (4), once the reaction has been started.'^ Since the m ain organic 
product o f  this reaction is 1 , 1 , 1 -triphenylethane, it seems that the chain involves

P h ,C C H ,C l  S S "  P h a C H C H .P h  +  P h .C C H ,

(4) 0.23 : 19

halogen abstraction by the stannyl radical and hydrogen abstraction by the alkyl 
radical (5). This is one exam ple o f hom olytic substitution and it seem s that the 
process is accelerated by electronegative ligands on the tin, according to results

P h j C C H X l  P h jC C H j  +  B u jS n C l

(5)
|BujSnH

P h jC C H j  4- B u jS n

o f  photolysis o f  di-t-butyl peroxide and chlorinated stannane derivatives ' ■* (which 
is in fact an 5^2 process).

T hese substitution reactions on tin have been used to investigate the inter
conversions between isom eric radicals,’ e.g. the conversion o f (6 ) into (7) and

hcx-l-ene

mcthylcyclopentane
S. L. Sosin , V. P. A lekseeva, an d  V. V. K o rsh ak , D o kla Jy  A kad . N a u k  S .S .S .R .,  1972, 
203, 129.
M . L. P o u tsm a  a n d  P. A . Ib a rb ia , Tetrahedron L e tte rs, 1972, 3309.
A . G . D avies, B. P. R o b erts , a n d  J. C . S c iano , J. O rganom etailic  C hem ., 1972. 39, C55. 
C . W alling  a n d  A. C ioft'ari, J . A m er. Chem . Soc ., 1972, 94, 6059.
C . W alling  a n d  A . C ioffari, J . A m er. C hem . Soc ., 1972, 94, 6064.
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(8 ). Evidently when the com petition between cyclization and further hydrogen  
abstraction favours the latter process (because the concentration o f the hydrogen  
source R^SnH is large) there is not enough time to form the cyclopentylm ethyl 
radical which eventually would give rise to the cyclic product. Cyclization to the 
six-membered ring is apparently unfavourable here. M ore general studies o f  
radicals o f the type M R 3  have been accom plished” ’’® and various kinetic  
experiments have been attem pted using these system s.’®’”  For exam ple, relative 
rates o f hydrogen abstraction from alkylated silanes (9) by CCI3  have been found

R'jSiH R ' , S i - £ a , . c c l ,

(9) R ',S ,y ^  \R S S iH

R’jS i. R^jSi-

c c \  y/CCI.

•C C I3

by analysis o f the products obtained, say in carbon tetrachloride. Since all o f  
the silicon radicals attack the solvent, there is a continuous supply o f  CCI3  and 
so there is always a straight com petition taking place.

The rates o f dim erization (or self-reaction) o f the radicals o f  the type KfM cj 
(M =  C, Si, G e, or Sn) and more com plicated types in a system  in which a chain 
reaction does not take p lace’® have been measured using e.s.r. The chemical 
system is the familiar Bu'^O^ -l- H M M c 3  and the radical ( 1 0 ) production is kept

^  2B u'0‘ • MMcj (observed)

(10) i
(MMCj)!

going by u.v. irradiation. The irradiation is continually ‘chopped’ and the light- 
chopping is synchronized with the corresponding signal am plitude and ‘collected’ 
by a com puter, which m akes it possible to measure the absolute decay rate. 
This is the technique developed by W einer and Hammond.^® The results are 
that the larger the radicals are, the slower they decay, suggesting that the reaction  
involved is largely diffusion-controlled. The kinetics are, as expected, second  
order.

Another exam ple of the tendency o f  the radicals o f type KlR 3  to attack electro
negative sites is their reaction with oxygen leading to the form ation o f  peroxyl 
radicals (11).^’ T he order o f  stability o f these peroxyl radicals as observed by 
e.s.r. is Pb >  Sn >  Si, with G e som ewhere in between.

Bu'^O^ MC3 M ^  MC3 MOO-

(II) M =  Pb, Sn, Si, or Ge

'  ̂ J . E. B cnncti a n d  J. A. H o w ard , J .C .S . Perkin I t, 1972. 322.
"  G . B. W atts  an d  K . U . Ingo ld , J. A m er. Chem . Soc., 1972, 94, 491.

L. H . S o m m er a n d  L. A. U llan d , J. A m er. C hem . S oc ., 1972, 94, 3803.
S. A. W ein er an d  G . S. H a m m o n d . J. A m er. Chem . Soc., 1969, 91. 968.

*' J. E. B ennett an d  J. A. H o w ard . J. A m er. Chem . Soc., 1972, 94, 8244.
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4 Decomposition of Organic Peroxides

Som e interesting work on cage effects has appeared, show ing that the course of 
the radical decom position o f acyl peroxides depends on the viscosity o f the so lu
tion and hence on whether the radical pair initially formed can diffuse easily out 
of the solvent cage. This has been investigated in solution^^ by com paring the 
products when the solution contains a mixture o f benzoyl peroxide and acetyl 
peroxide with those obtained when it contains only the mixed peroxide M eC O -  
O j-O C Ph. In a parallel type o f experim ent in the solid phase,^^ the m ixed per
oxide gave toluene and m ethyl benzoate but none o f the products found in the 
liquid phase at 60 °C. Labelling w ith ” 0  showed that the peroxy oxygen was 
favoured in coupling with methyl. Presum ably the radicals, once formed, are 
kept together in a cage, so we would expect Schem e 1 to apply to the main course

Ac” 0 —” OBz ^  M eC0'®0* +  P h C 0 ‘®0-

C H j  4 - C O ;  P h C O ^ O C H j  P h - 4- C O ;

jcH,

P h C H ;

Scheme 1

o f the reaction. H owever, it cannot be taken for granted that decom positions of 
this class o f com pound are always radical processes, for the decom positions o f  
cumyl peracetate^'^ and o f cum yl peroxide, or its potassium  salt,^* are mixed 
radical-ionic reactions depending on the solvent. So too is the reaction between  
benzoyl peroxide and triethylamine^® in the absence o f oxygen, which has been 
shown to involve radicals in part by the use o f the nitroxide radical (12). An

analogous reaction with dim ethyl s u lp h id e ,w h ic h  is first order with respect to 
both the sulphide and benzoyl peroxide and which can becom e explosive, is 
apparently a purely ionic process.

W . A. P ry o r, E. H . M o rk v ed , an d  H. T . B ickley, J . Org. C hem ., 1972, 37. 1999.
N . J. K a rch  an d  J. M . M cB ride, J. A m er. C hem . Soc ., 1972, 94, 5092.
J. E. Leffler a n d  F. E. S ch rivener, ju n .,  J. Org. C hem ., 1972, 37, 1794.
N . A . S o ko lov , L. G . U sova , a n d  V. A . S h u sh u n o v , Zhur. org. K him ., 1972, 8 . 751.
B. M . S o g o m o n y a  a n d  N. M . B eileryan , Vch. Z a p . Erevan. Univ. E siestv . N a tik i, 1970, 
3, 148.
W . A . P ry o r an d  H . T . B ickley, J. Org. C hem ., 1972, 37. 2885.
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5 Radicals Containing Quadrivalent Phosphorus

The chem istry o f alkylated phosphorus com pounds parallels that of the organic  
chemistry o f the silicon group o f elem ents rather closely. Developm ents in tech
niques have now m ade it possible to observe the intermediate radicals in the 
reactions o f the t-butoxyl radical with alkylated phosphines^® or phosphites.^® " 
The products and radicals formed can be explained by Schemes 2 or 3. In a num 
ber o f cases both the interm ediate phosphoranyl radicals and the alkyl radicals

R ,P O B u ‘ 4- R-

R jP  4- -O B u ' RjPOBu'

p h o s p h o ra n y l
rad ica l

(d isp lacem en t 
i.e. s u b s titu tio n )

R 3 P O  4- B u '- 

(o x id a tio n )

Scheme 2

( R O ) jP  4- O B u ' ( R O jP O B u *

(R O ) ,P O B u ' +  O R  
(su b s titu tio n )

(R O I3 P O  4- B u '. 
(o x id a tio n )

(R O );P O (O B u ')  4- R . 
(o x id a tio n  4- s u b s ti tu tio n )

Scheme 3

formed from their decom position  have been observed by e.s.r. and, as one might 
expect, bulky groups like t-butyl m ake the best leaving groups.^®

It is interesting that it is not apparently necessary to postulate phosphoranyl 
radical interm ediates to explain the kinetics o f  the autoxidation of trimethyl 
phosphite, triphenylphosphine, or methyl diphenyl phosphinite,^’ although  
steps where they could be formed are written as in Schem e 4. In fact one would  
have thought that phosphoranyl radicals would be important in autoxidations

R O ;-  4- R jP  

R O - 4- R 3 P

Scheme 4

R 3 P O  4- R O - 

R 3 P O  4- R-

P. J. K rusic . W. M ah le r, a n d  J. K. K och i, J. A m er. C hem . Soc., 1972, 94. 6033.
"  A. G . D avies. D . G rille r, and  B. P. R o b erts , J .C .S . P erkin  It, '.972 ,993 .

W . G . B en trudc , E. R. H an sen , W. A . K h an , an d  P. A . R ogers, J . A m er. C hem . Soc. 
1972, 94. 2867.
Y. O gata  and  M . Y a m ash ita , J .C .S . P erkin  II , 1972, 730.
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when they are formed, because they react easily with m olecular oxygen to give
peroxyl radicals (13) which can be observed by m eans o f their e.s.r. spectra.

X^P- +  O ,  -► X^POO- 

(13)

The structure o f these phosphoranyl radicals is itself o f great interest.^* 
According to theory^^ the ligands are at four corners o f a trigonal bipyramid and 
in the case o f P F 4  (14) the large coupling com es from the tw o fluorines in 
the axial positions. This helps the assignm ents in the alkylated radicals, e.g. (15).

F OBu‘
I F  I H 9.76 G

G >  P G >  P
Of = 13.70 G I \  = 631.5G 1 \

I f  I C H ,  4.05G
la r g e  *®F —♦ F H h o g

splitting

(14) (15)

The other striking thing about these radicals is the very large phosphorus hyper- 
fine splitting.

The corresponding radicals o f  arsenic^*^ also have large splittings from the 
‘central’ nucleus (1900 G), show ing that 20%  o f the odd-electron density is 
associated with the arsenic 4s atom ic orbital. The chem ical behaviour o f these 
com pounds is also  sim ilar to that o f phosphoranyl radicals, except that from the 
nature o f the products it seems that the displacem ent is favoured, e.g. Schem e 5.

PhjAs +  Bu'O- - >  PhjAsOBu' Ph^AsOBu' +  Ph- 

Scheme 5

Similar results have been found with other sim ple phosphorus radicals 
(P O j^", P O 2 O H  H P O 2 ’ , and P h P O j ^) in aqueous solution.^* These radicals 
are formed from the corresponding anions by hydrogen abstraction by hydroxyl 
in the titanium lniF-H jO j system. They cannot really decom pose in the manner 
o f the phosphoranyl radicals just discussed but can add to  double bonds and 
nitroalkane aci-anions to give appropriate radicals. The large ^*P splittings in 
these phosphorus(iv) radicals ( ~  500 G) show  that the general structure must be 
sim ilar to the trigonal bipyram id with the odd electron confined m ainly to the 
equatorial plane. T he absence o f splitting from the phenyl protons in P h P O j • 
indicates that the phenyl group is also  probably joined to the phosphorus by a 
bond in the equatorial plane (in view o f the other results just discussed) though

G . B. W atts  and  K . U . In g o ld , J. A m er. C hem . Soc ., 1972, 94, 2528.
“  J. H iguch i, J . C hem . P hys., 1969, 50, 1001.

E. F u rim im sk y , J . A . H o w a rd , a n d  J. R . M o rto n , J. A m er. Chem . Soc ., 1972, 94, 5932.
B. C . G ilb e rt, J . P. L a rk in , R . O . C . N o rm a n , an d  P. M . S to rey , J .C .S . P erkin  II, 1972,
1508.
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this is not exactly the view put forward.^* There are evidently som e interesting  
stereochem ical problem s to  be solved in these phosphorus radicals.

6  Phenoxyl and Semiquinone Radicals

Various new ways o f generating phenoxyl radicals have been found. In the first 
place, since hindered phenols give stable radicals very easily, they may be used 
as spin traps in any reactions in which there are more active radicals.^* As one  
might expect, phenoxyl or related radicals may be obtained from derivatives o f  
the keto-form s of phenol by appropriate choice o f r e a g e n t , e . g .  (16).

m o r p h o lm e

R Br 

(or orf/io-isomer)

T he excited states o f diketones have also been used not only to produce the 
phenoxyl radical from phenol itself but in such concentrations that the rate of 
dim erization can be f o u n d . I n  these experiments, solutions o f the diketone and  
phenol were photolysed and steady concentrations of radicals were observed by 
e.s.r. (Schem e 6 ). Again the rotaiing-sector m ethod, already m entioned, was used 
to look at the relative rates o f  decay o f  these radicals so that termination  
constants could be measured.

M eCO
I +  PhOH ^  PhO- +  M eC(OH)COM e 

M eCO '------------------- „------------------- '
c.s r. spctira  observed 

Scheme 6

Irradiation o f  phenol in alkaline solution can give appreciable concentrations 
of phenoxyl directly.*" This involves excitation of the phenoxy-anion, m ost 
probably, so  that the first part o f the reaction appears to be as shown in Schem e 7.

+  e(aq)‘

Scheme 7

C. M . C am agg i a n d  M . J. P erk in s. J .C .S . Perlcin II, 1972, 507.
D. K . R asu lcva , A. A. V olod k in . V. V. E rshov , N . N . B ubov, S. P. S o lo d o v n ik o v ,
A. P. P r o k o fc v ,  an d  S. G . K ukes, I:ve.<;t. A ka d . N auk  S .S .S .R .,  S er  kh im .,  1972, 1446.
A. P. P ro k o fc v , S. P. S o lo d n ik o v , A . A . V olod k in , a n d  V. V. E rshov , D o klady  A ka d . 
S a n k  S .S .S .R .,  1972, 204, 1114.
L. R. M ah o n e y  and  S. A. W einer, J. A m er. Chem . Soc ., 1972, 94. 585.

*” M . C occivcra , M . T om kiew icz , a n d  A. G reen , J. A m er. C hem . Soc ., 1972, 94. 6598.
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N o w  the e.s.r. spectra o f sem iquinone and even hydroxylated scm iquinones are 
also observed in this system  (depending on the pH), so their formation is ration
alized in Schem e 8  (in D^O for clarity). O nce the polyhydroxyiated benzenes

+  H DO

H O D  O D

Scheme 8

are formed they would quickly react with the relatively reactive phenoxyl radicals 
to give corresponding sem iquinones (Scheme 9). Presum ably, by the sam e token, 
quinones could easily arise in a similar way, since the steps leading to the other

+ OD

O '
Scheme 9

radicals have been confirm ed by e.s.r. work on the autoxidation o f  substituted  
hydroquinones (Scheme 10)."*̂  in the presence o f oxygen these last steps take 
place with O 2  as the oxidizing agent. Similar reactions take place in alcoholic

in  a b s e n c e

etc.

Scheme 10

P. A sh w o rth  a n d  W. T . D ix o n , J .C .S . P erkin  II , 1972. 1130.



Free-radical Reactions and Electron Spin Resonance Spectroscopy 199

s o l u t i o n s , t h e  main difference being that (a) alkyl groups cause greater 
com plexity o f spectra which can increase the difficulty in analysing overlapping  
spectra, though the E N D O R  technique can be o f help,'^^ and (b) the alkoxy- 
groups seem  to add on in pairs so that the radicals observed, starting with hydro- 
quinone, are (17), (18), and (19).

O*

(18)

O'
OR ORRO

ORRO RO
O '

(19)

In these various reactions it is only the step (A) o f  Scheme 8  which is not im m e
diately obvious as a possibility. It was introduced tentatively to  account for the 
fact that, during irradiation o f phenolic solutions at pH 11 in D jO , both the aryl 
protons and those o f the H D O  formed gave em ission n.m.r. spectra.*® The forma
tion o f  a radical pair, o f  adm ittedly short lifetime, o f the type implied by step (A) 
could account for the spin polarization o f  both types o f  proton. This work  
shows how potentially powerful a com bination o f C ID N P  and e.s.r. could be in 
probing the details o f radical reactions.

7 Semidiones and Related Radicals

M ore developm ent has been taking place in the study or sem idiones, especially 
those in which the tw o oxygen atom s are attached to a ring system.** For 
example, it has been show n that the cyclobutene ring is a favourable system  for 
delocalization o f  the spin density to rem ote nuclei: starting from the parent 
com pound (2 0 ), further rings have been built on so that in (2 1 ) the rem ote 
couplings even four carbon atom s away from the oxygen are still 0.4 G. The  
assignm ents have been confirmed by deuterium substitution. In the remarkable 
radical (2 2 ), couplings with protons five carbon atom s away from the oxygen are

14 G

H

(20)

O '

o

H 04 G H 0 25 G

0 4  G

11,1 G
O '

11.5 G

(2 2 )

D . C . R eilz, J. R . H o lk ih a r , F . D rav n iek s, and  J. E. W ertz , J . C hem . P hys., 1961, 34, 
1457.
N . M . A th e rto n  an d  A. J. B lack h u rst, J .C .S . Faraday II, 1972, 6 8 , 470.

** G . A . R ussell, P. A . W hittle , R. G . K eske, G . H o llan d , a n d  C. A u b rich o n , J . A m er. 
Chem . S oc ., 1972, 94, 1693.
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still observable (0.25 G). These radicals were m ade by the autoxidation o f the 
bis(trim ethylsiloxy)alkene in strong alkali. Another feature o f sem idiones which 
has been investigated as the form ation o f gegenions w ith metal cations.**'*® 
W hen acetol, for exam ple, is treated with base (MOBu*; M =  alkali metal), the 
sem idiones generated, half life ~ 0 .5  min, are in the cis- and rra«5 -forms.** The 
larger the m etal ion, the greater is the proportion o f the c/s-form, ow ing to chelate  
form ation, e.g. (23). This is favoured by bulky substituents. In the case o f the

(23)

G roup II m etals these chelates can be quite stable and have been observed as a 
third type o f radical when diketones are reduced by C H yO H  or C O j after these 
have been generated by the Ti^'-H ^O z-substrate system  in the first m ixing  
cham ber o f a m ulti-flow system  (Schem e 11).*®

\

/

Ç —O 7CO,

c = o
O

o

h c = c  
/  \  

• o  o

\  /  

• o  o

Scheme 11

M

chelate

observed by e.s.r.

A number o f perfluorinated sem idiones and related radicals have been produced  
by electrolytic reduction,*^ e.g. (24)— (29). For som e reason these radicals are 
much more stable than their hydrogen analogues.

(CF,)2CO^

(24)

(C F jC O )y

(25)

(CF,);C s;

(26)

F

O '

F

'O ’
(27)

F ^ F
N = N

(28)

[F C ]N = N C F ,]

(29)

G . A. R ussell a n d  D . F . L aw son , J. A m er. C hem . Soc ., 1972, 94, 1699.
** A. J . D o d d s, B. C. G ilb e rt, an d  R. O. C. N o rm a n , J .C .S . P erkin  II, 1972, 2053.

G . A. R ussell, G . L. G e rlo c k , and  G . R. U n d e rw o o d , J . A m er. Chem . Soc ., 1972, 94, 
5209.
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8  Sulphur Radicals

N ot every one-electron reducing agent gives rise to sem idione-type radicals with 
diketones. Thus whereas the tetraketone (30), derived from ninhydrin reduced by 
dithionite, with sulphuric acid gives the radical (31), biacetyl instead gives a

O

O

(31)
(30)

sulphur radical via the route"*® show n in Schem e 12. The big difference between 
the chem istry o f sulphur and that o f  oxygen becom es apparent here, for rather 
than form m ultiple bonds, sulphur atom s tend to com bine with each other. Thus

S ,O J

"Mc t

H ,  H ,S O , M e—C —SH 
11

M e - C - S H

• , H , S O .
o x id atio n o x id a tio n

Mc

Scheme 12

- ^  M eCO CH (O H )M e
|HjSo.

M e C -S H  

M e C -S H

whereas sim ple reduction o f  diketones gives sem idiones (negative ions) under the 
above conditions, 1,2-dithiole radicals (32), which are positive ions, are produced.

a-Hydroxy-ketones
a-D ikctones

N a .S  o r  N a .S O , ^ 
o r  N a .S .O *  

H.SÔ

(32) (overall oxidation)

The coupling constants o f  the nearest (^-) m ethylene protons in the bicyclic 
radicals (33) are only about a third o f those in the sem idiones (34), suggesting  
that the spin density is m ore on the sulphur in the former than it is on the oxygen  
in the latter.

(C H ,) (C H ,)
C - O

G . A . R ussell, R. T an ik eg a , an d  E. R . J a la ty , J. A m er. Chem . Soc ., 1972, 94, 6125.
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Rather sim ilar types o f  radical (35) m ay be obtained by electrolytic reduction  
o f dithiolylium'^^ ions in acetonitrile. W hen the temperature is lowered in this 
system  the e.s.r. signal dim inishes, but presum ably without appreciable broaden
ing. O n reheating it reappears and this effect is ascribed to a d im erization- 
dissociation equilibrium.

"S-

Ar Ar Ar Ar

(35)

The thianthrene m olecule ion (36) reacts with am m onia to give a cation*” 
in which tw o thianthrene m oieties are connected via sulphur to  a nitrogen atom .

NH,

CIO,

CIO,

W hen there is a substituent in the 3-position in thiophen, the 2-position is 
activated towards attack by phenyl radicals (relative to the 4-position) (Scheme 
13).* ‘ This tendency appears to hold whatever the nature o f substituent X. It 
w ould appear from this that polar effects are not the m ost im portant ones.

:cjC '*• o C
Ph

main product 

Scheme 13

Another rather unexpected result is that thiazol-2-yl radicals,*^ formed by 
pyrolysis or photolysis o f 2 -iodothiazole, attack arom atic com pounds to yield 
ortho : m eta  ; para  ratios o f products in the opposite sense to those accustom ed  
in electrophilic substitution, i.e. anisole, 70 :15  : 13;  nitrobenzene, 6 0 : 1 2  : 27. 
Thus para-substitution is relatively favoured by what are usually called ‘de
activating’ groups.

C . T . P edersen , K . B echgaard , an d  V. D . P a rk e r, J .C .S . C hem . C om m .. 1972, 430.
H . J . Sh ine an d  J. J. Sh ine, J. A m er. C hem . Soc ., 1972, 94, 1026.

”  C. M . C am agg i, G . D eL u ca , and  A. T u n d o , J .C .S . P erkin  II, 1972, 1594.
G . V ern in , R . Jau ffre d , C . R icard , H . M . J. D o u , and  J. M etzger, J .C .S . P erkin  II, 
1972, 1145.
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D iphenyl th ioketone reacts with Grignard reagents** to give a thioether via 
a long-lived free radical (37) whose e.s.r. spectrum shows that it is o f the benz- 
hydryl type. This im plies attack by R* (alkyl) on the sulphur atom , and other

Ph 2 C = S  R SCPhî —► RSCHPhz

(37)

studies have further confirmed that sulphur is in general open to attack by radicals. 
For exam ple, the high yields o f alkene which are found when episulphides (38) 
react with methyl radicals*"* indicate that the main process is abstraction o f  
sulphur by the alkyl radical.

CH j CHj _

\  /  4 - -SM e
S main

(381

The products o f photolysis o f  methyl ethyl sulphide** in order o f their yields 
include: M cH  >  M eSSEt >  EtSSEt >  EtH, together with all the other com 
binations, show ing the presence o f methyl, ethyl, and the tw o sulphide radicals.

Som e interesting effects are observed when the various isom eric dithienyl- 
ethylenes (39) are reduced in alkali.*” M ixtures o f the e.s.r. spectra o f rotational 
isomers can be resolved with the aid o f a computer.

V j 3 - c h = c h - < . ^ 3  à r

(39)

W hen anions o f  thiophen in which there are one or two C H O  groups in the 2- or 
5-positions are generated by photolysis o f the parent m olecule in alkaline solu
tion,*’ the aldehyde group does not rotate freely, according to the e.s.r. evidence, 
but is effectively locked.

9 Aromatic Radical Ions 

As with other well-worn fields, it becom es increasingly difficult to say anything  
new or unexpected about arom atic radical ions. There still remain, however, 
m any radicals which have incom pletely explored structures and which are 
intrinsically interesting. Som e o f these are the annulene radical ions, for they 
give inform ation about the structure o f the parent m olecule. O ne exam ple is

M. D ag o n n ea u , J. F. H em idy , D . C o rn e l, an d  J. V ialle, Tetrahedron L e tte rs, 1972, 3003.
E. Jak u b o w sk i, M . G . A h m ed , E. M. L ow n , H . S. S a n d h u , R. K . G o sav i, a n d  O . P.
S trau sz , J. A m er. C hem . Soc ., 1972, 94, 4094.
D. R. T y ch o litz  a n d  A. R. K n ig h t, Canad. J . C hem ., 1972, 50, 1734.
L. L unazz i, A . M an g in i, G . P iacucci, P. S pag n o lo , an d  M . T iecco , J .C .S . P erkin  II,
1972, 172.

”  L. L unazzi, G . F. P eduli, M. T iecco , C. V incenzi, an d  C. A . V eracin i, J .C .S . P erkin  II,
1 9 7 2 , 7 5 1 .
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[16]annulene/®  which has several possible structures having dilTerent com bina
tions o f cis- and trans-bonds. T he anion can be generated electrolytically and in 
the e.s.r. spectrum  the proton hyperfine splittings are approxim ately 4.0 G  
( 8  protons), 1.0 G (4 protons), and 0.75 G (4 protons). This is consistent with an 
‘85’ structure (40). The convention is to designate alternate bonds as either

(40) [1 6 ]-8 5 -A n n u len e

CIS (0), e.g. bond ‘a ’, or as trans (1), e.g. bond ‘b ’. Starting with cis, the collection  
o f zeros and units are then taken as a binary number and this is converted into 
decim als. In this case the binary number starting a t ‘a ’ is 01010101 =  2  ̂ 4- 2*̂  -t- 
2" +  1 =  85.

The sm aller coupling constants are assum ed to be negative if we are to take 
the m olecule as being planar and the g -va lu e  is not to be too dilTerent from those  
usually applied to arom atic radical ions. The effect o f  bridging forces the 
annulenes out o f the planar configuration and this is reflected in the coupling  
constants, for exam ple in the two bridged [14]annulenes (41) and (42).^"  ̂ The

2 8 G 2 4 0

4.5 G 3.5 G

(42) cis  b rid g es

(41) fra /îs  b rid g es

different patterns o f coupling constant can be ascribed to different degrees o f  
puckering in the rings. Similarly, in 7,12-dihydropleiadene anion (43) the coup
ling constants o f the m ethylene protons give a clue about the conform ation o f the 
seven-m em bered ring.**® Here E N D O R  has been used to help in the analysis of 
the e.s.r. spectrum.

J. F . M . O th , H . B au m an n , J. M . G ille r, an d  G . S c h ro d e r, J. A m er. C hem . S oc ., 1972, 
94, 3498.
P. G e rso n , K . M ullen , an d  E. V ogel, J. A m er. Chem . S oc ., 1972, 94, 2924.
R. D . A lla n d o e rfe r, P. E. G a llag h er , a n d  P. T . L an sb u ry , J. A m er. C hem . S oc ., 1972, 
94, 7702.
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K inetic studies o f reactions o f radical ions can be m ade using the linewidths in 
e.s.r. spectra, as in the electrochem ical oxidation/reduction o f arom atic species, 
where the broadening o f lines arises from exchange between the radical ion and 
the parent molecule.^ ‘ For fast reactions the stopped-flow  technique in conjunc
tion with the electronic spectra can be applied, e.g. as in protonation o f perylene 
radical ions.*’  ̂ Slower reactions such as the reaction between the anthracene 
negative ion and water*’  ̂ can be followed in a more leisurely fashion.

M eX H  Cl

M e,CH Cl 

(44)

Linewidth alternation in the e.s.r. spectrum o f  a calicene derivative (44) has 
been used to arrive at a value o f the barrier against rotation o f the isopropyl 
groups o f  about 1.5 kcal m o l“ In this and related radicals the rings are not 
coplanar.

10 Nitro Radical Anions

The main interest in nitro radical ions is now as an aid in exploring different 
types o f  chem ical structure. In fact the existence o fth e  easily reduced nitro-group  
in a m olecule enables a ‘spin probe’ to be introduced. G ood exam ples o f  this are 
investigations o f  the cyclopropyl groups when it is attached to the 4-position  
o f the nitrobenzene negative ion (45) the [i- and y-coupling constants are 1.39 G  
and 0.27 G , respectively.^* On introduction o f  two methyl groups into the 3- and 
5-positions (46). the /^-splitting rises to 5.68 G, show ing that steric hindrance 
has pushed the cyclopropyl group as a w hole into a m ore favourable position. 
Insertion o f  an acetylenic linkage between the arom atic ring and the cyclopropyl

B. A. K o w ert, L. M arco u x , a n d  A. J. B ard , J. A m er. Chem . Soc., 1972, 94, 5538.
G . Levin , C . S a ip h en , a n d  M. Sw arc, J. A m er. Chem . Soc., 1972, 94, 2652.
S. B ank and  B. B o ck ra th , J. Am er. Chem . Soc.. 1972. 94. 6076.

*■* S. N iizum a, S. K o n ish i, H . K o k u b u n , and  M. K o n izu m i, Chem . L e tte rs , 1972, 643.
** L. M. S tock  an d  P. E. Y oung . J. A m er. Chem. Soc ., 1972. 94, 7686.

C . E . H u d so n  a n d  N . L. B au ld , J. A m er. C hem . Soc ., 1972, 94, 1158.
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N O ,"  NO,*

H 1.39 G
H  5.68 G

(46)

group (47) effectively rem oves strong steric interactions and the w hole group  
rotates freely dow n to quite low  temperatures.*^

- 2 G  
H

\  /
(47)

An attem pted study o f  the effects o f  conform ation on P coupling constants*’ 
in radical ions o f the type (48) where X =  O  or S was not com pletely convincing

O

R ' lP  — X - f  \  NO

R’
(48)

in view o f  the large number o f factors involved. A good  way o f  producing ali
phatic nitro-anions is to em ploy the uci-anion o f nitrom ethane (49) as a spin 
trap.*®'*’  The resulting radicals have been exam ined by e.s.r. for a very wide 
selection o f radicals X -, produced by T i^ ^ -H ^O ; and other system s, and again

X* 4- C H ^ N O r  X C H ^N O j-

(49)

the nitro-group can be regarded as a useful spin probe. O ther o n -a nions o f  
nitroalkanes or oxim es have been allow ed to  react with N O  or N O 2  to give 
radical anions (Schem e 14).*’

O "  NO
+ /  /

N O  +  > C = N  -►
\  \

O "  N O ; -

ad-anion  nitronitroso radical ion

Scheme 14

W . M . G u lick , ju n ., J . A m er. Chem . S oc ., 1972, 94, 29.
B. C . G ilb e rt, J. P. L a rk in , a n d  R. O . C. N o rm a n , J .C .S . P erkin  II, 1972, 1272.
G . A . R ussell, R. K . N o rris , a n d  A. R. M etca lf, J. A m er. C hem . Soc.. 1972, 94. 4959.
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11 Nitroxide Radicals

O ne might alm ost say that these have becom e the m ost popular class o f  radicals. 
This is largely because m any o f them are easily formed, are quite stable, and are 
not charged, and so can be used in neutral solutions or in non-aqueous solvents. 
Thus nitroso-com pounds (50) can be used as spin traps.’ ® T he resulting nitroxide

R
\

R - N = 0  + X- - ♦  N - O

(50) X

radicals may well have structures o f interest and this is another useful role of 
the nitroxide grouping as a spin probe. Thus di-t-butyl nitroxide has been used 
to study m icelles in detergent so lutions”  and various nitroxides have been used 
to study the pulse radiolysis o f cytosine, thymine, guanine, and adenine.’  ̂ In 
this case the fact that the nitroxide (51) does not react with the radical formed by 
adenine shows that the site o f the odd electron must be relatively hindered.

Being stable m agnetic species, nitroxides m ay be used to quench excited states, 
e.g. o f  stilbene or naphthalene.’  ̂ They have also been used to produce 
contact chem ical shifts in the n.m.r. spectra o f arom atic m olecules.’ * As with 
the nitro-group, the main interest in nitroxides will probably be that they will 
introduce unpaired spin into structures o f  interest, e.g. attached to  a seven- 
membered ring as in (52).’ * Similarly, in azabicycloheptyl A -oxyl derivatives (53)

b  Bu'

(52) 2-t-butylam inotropone N-oxyl radical; =  12.7 G, 0 ^  =  0 ^ =  0.93 G, and
Û3 — flj — fl, — 1.86 G

C. M . C am ag g i, R . J. H o lm a n , a n d  M . J . P erk in s, J .C .S . P er/dn  II , 1972, 501 ; A . L.
B luhen an d  J. W inslc in , J. Org. C hem ., 1972, 37. 1748.

”  N . M . A th e rto n  an d  S. J. S trach , J .C .S . Faraday II, 1972, 6 8 , 374.
T . B ru sted , H . Bugge, W . B. G . Jo n es , a n d  E. W old . In ternat. J . R ad ia t. B iol., 1972. 22,
115.
R. A. C aldw ell an d  R . E. Schw erzel, J. A m er. Chem . Soc ., 1972, 94, 1035.
1. M o rish im a , K . K a w ak am i, T . Y o n ezaw a, K . G o to , and  M . Im a n a ri, J. A m er. Chem .
Soc ., 1972, 94. 6555.
T . T o d a , E. M ori, a n d  K. M u ray am a , Bull. Chem . Soc. Japan, 1972 ,45 , 1852.
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(53)

the coupling constants have yet to be explained satisfactorily.^^ In this case zero 
coupling with bridging hydrogens show s that they are in the nodal plane.

12 Radicals related to Amines

P hotolysis o f  halogenoam ines gives rise to the corresponding am ino-radicals. 
For exam ple, if conducted in sulphuric acid solution , dialkylam inium  cations 
(54), which are isoelectronic with the corresponding sim ple alkyls, are obtained  
and can be detected by means o f  their e.s.r. spectra.”'’ The interesting thing about 
the e.s.r. parameters o f  these radicals is that they are nearly the sam e as in their 
carbon analogues, i.e. a , =  23 G, =  34 G , and =  19 G.

RjNHCl ^  R^NH +  Cl-

(54)

The sim ple am ido-radicals (55) can also be m ade from the photolysis o f  the 
chloram ide.’ * The coupling constants indicate that these radicals are o f  a 
7i-type, as are the sim ple am ino-radicals.

R
/

o = c
NCHj

(55) «N =  15G, acH,= 29G

It is interesting to com pare these results with those from the y-irradiation o f 
iV-halogenosuccinim ide single crystals.’  ̂ The trapped radicals have the odd  
electron in the a* orbital o f  the N -h a logen  bond (56). It may be that in the solid  
dissociation is prevented and that som e sim ilar type o f radical is a precursor to

C H j-C
^ N - C I

D . J . K o sm an , Tetrahedron L e tte rs, 1972, 3317.
W . C . D an en  a n d  R . C . R ic k a rd , J. A m er. C hem . S oc ., 1972, 94. 3254. 
W . C  D an en  a n d  R. W . G ille rt, J. A m er. Chem . Soc., 1972, 94. 6853.
G . W . N ie lson  a n d  M . C . R. S ym ons, J .C .S . Faraday II, 1972, 6 8 , 1582.
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am ino- or am ido-radicals in solution . T he interaction of solvated electrons 
(sodium  in a large excess o f liquid am m onia) with am ides or thioam ides leads also  
to m ono- and di-negative ions, (57) and (58), observable in a flow system  by 
e.s.r.*® In the dianions the e.s.r. spectra show that there is restricted rotation  
about the C — Ar bond, perhaps ow ing to repulsion o f the tw o negative charges 
(one o f  which is associated with the ring, approximately).

ArCO NH z [A rC O N H j]-

(57)

or [A rC O N H ]’ -  

(58)

A kinetic study o f the reaction between chlorine dioxide and triethylene- 
diamine* ' by m eans o f  the stopped-flow  m ethod shows that the red intermediate  
must be an am inium  cation radical. T he m echanism  is as show n in Schem e 15.

(red)

CD
I +  2H C H O  

H

H ,C  =  N N =  C H ,

Scheme 15

CIO,

N N

In the photolysis o f  hexafluoroacetone imine** the products, analysed by mass 
spectrom etry, are, in order o f abundance, C F jC H  >  C F jH  >  H ; ,  and this is 
explained by the sequence show n in Schem e 16. A som ewhat related reaction,

[ (C F j ) j C = N H ]*  C F 3  4- C F 3 C = N H

^ 'F ,C = N H  jcF jC = N H  

C F 3 H +  C F 3 C N  2 C F 3 C N  4- Hz

Scheme 16

the isom erization o f  oximethionocarbamate,®^ yields a high enough concentra
tion o f  the iminyl radical interm ediate (59) for it to be detected by e.s.r. W here 
there is an orr/io-fluorine substituent the ‘‘’F splitting is relatively large (2.3 G) 
and this is rationalized by a through-space interaction (60).

I H E lson . T . J . K em p , a n d  T . J. S to n e , J .C .S . Faraday II, 1972, 6 8 . 1452.
G . T . D avis. M . M . D em cl. an d  D . H . R o sen b la tt. J . A m er. C hem . S oc ., 1972. 94. 3321. 

“* F. S. T o b y , S. T o b y , and  G . O . P ritch a rd . J. A m er. C hem . Soc ., 1972, 94. 4441.
R . F. H u d so n , A . J. L aw son , a n d  E. A. C. L ucken . J .C .S . Chem . C om m ., 1972, 721.
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A r , C = N - O C

NMc

A r X = N - S C

f
C =  N

• (60)

In the e.s.r. spectra o f  N-t-butylanilino-radicals,*'* the ring-proton splittings 
are relatively insensitive to  substituents. In the case o f the corresponding  
iV-m ethylanilino-radicals (61) it is found that loss o f  nitrogen from the starting

R
R . Me \ /  Me

 ̂ 2 X - ^  + NjN

(61)

azo-com pound is m uch greater when there is an ort/io-methyl group on the 
arom atic ring. A lso with the orr/io-methyl com pound, the reaction is virtually 
independent o f  the para-substituent X, im plying that efficient overlap between  
the half-filled orbital on the nitrogen and the arom atic ^-system  is im portant in 
determ ining the rate o f  decom position.

13 Delocalization of Odd Electrons through o-Bond Frameworks

Although already im plied and accepted as the explanation o f P coupling constants 
in ethylvinyl etc., c-sp in  delocalization, as it has been called,** is m ore im portant 
than has previously been thought. Its presence has been deduced in nitro- 
arom atic radicals,*® nitroxides,*’ or in «-substituted benzyl radicals,** when  
steric hindrance pushes the plane o f the ring away from that o f the p-orbital o f  
the extra-nuclear atom  which has the largest spin density [see (62)]. This is shown,

S. F . N ie lsen , R. T . L an d is , L. H . K iehle , a n d  T . H . L eung , J. A m er. C hem . S oc ., 1972,
94, 1610.
W . J . V an d erH o e k , B. A . C . R ousse luw , J . S c h m id t, W . G . B. H u y sm an s , a n d  W . J .
M ijs, Chem . Phys. L e tte rs , 1972, 13, 429.

** D ; R . G eske , J. L. R ag le , M . A . B am benek , an d  A. B alch, J. A m er. Chem . Soc., 1964,
86 , 987.
A. C ald er, A . R. F o rre s te r , J . W . E m sley , G . R . L u ck h u rs t, a n d  R . A . S to rey , M ol.
P hys ., 1970, 1 8 ,4 8 1 .
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d ih ed ra l  a n g le

(62)
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o f  r ing

for exam ple, in the e.s.r. spectra o f substituted m ethoxycarbonylcyanobenzyl 
radicals, m ade by the therm olysis o f 1 : 2 diarylsuccinonitriles (63). There is an 
increase in the coupling constants o f the m-protons relative to the o,p-protons

COzR
A r - C - C N

A r - C - C N

COjR
(63)

NC^ . /COzR

, X , .

R'

and an overall decrease in spin density on the ring. W hereas the spin densities 
on the o- and p-positions decrease rapidly with the dihedral angle, the m-proton  
splittings do not change much because even in the perpendicular conform ation  
they are o f the order o f 2 G. This has already been confirmed®* by the e.s.r. 
spectrum o f the benzoyl radical (64), which show s a major splitting from the ni- 
protons (1.16 G), which are equivalent, indicating that this is a <T-radical but that 
a rapid flip-over is occurring. The assignm ents here have been m ade relative to 
the /1-splittings in the vinyl radical.

( - lOl

H1̂ 20)

(~2Gt

H (-IG(

After a number o f vain attem pts it seems that the e.s.r. spectra o f 1- and 2- 
adam antyl radicals, (65) and (6 6 ), have been observed.*’ -^° A s expected, the 
patterns o f  coupling constants in these radicals are very different from each other.

H 3  6 G

6.6 G (6 protons)

G (3 protons)

H 0.8 G (3 protons)

H 3.1 G (3 protons) 

(65)  l - a d a m a n t y l

o n . )

20.5 G ( I proton)

(66)  2 - a d a m a n t y l

P. J. K rusic  an d  T . A. R ellig , J. A m er. Ctxem. Soc., 1972, 94. 722.
P. J . K rusic , T . A . R ettig , a n d  P. von R Schleyer, J . A m er. C hem . Soc ., 1972, 94, 995. 
R. V. L loyd an d  M. T . R ogers, Chem . Phys. L etters, 1972, 17, 428.
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but both show  splittings rem ote from the site o f  the odd orbital. In the case o f
l-adamantyl®^ the low jS-coupling constant (6 . 6  G) is attributed to the pyramidal 
conform ation at the 1-position. T he spectrum  o f  2-adamantyl^® was badly 
resolved, so  the sm aller coupling constants were obtained using the E N D O R  
technique. T he assignm ents agreed with appropriate IN D O  calculations. An 
interesting point here is that l-adam antyl is longer lived in an oxidizing atm o
sphere than its 2-isomer,^ ‘ in spite o f its being a tr-radical. This perhaps shows 
that <T-radicals are not necessarily m ore reactive than similar rr-radicals. In fact 
there is evidence to show  that negative groups attached to the carbon o f a methyl 
radical tend to push it out o f  p la n a r i t y .T h is  is show n up by the way a- and 
^-coupling constants do  not run parallel to  each other. M any sim ple radicals 
will have appreciable cr-character according to this.

As a final example, the anion radical from a spirotetraenedione has been 
obtained^^ and the coupling constants have been assigned as shown in (67). The

1.4 Cl 0  87  G
7 6 G  1..1G

(67)

splittings were assigned with reference to related radicals and also confirm ed by 
calculation. Evidently the radical is not sym m etrical as one might have expected  
by com parison with the sem iquinone type radical from 4,4'-dihydroxybiphenyl, 
but then in this case the two rings are m utually perpendicular. O ne consequence  
o f  this is that if it were sym m etrical there would be tw o degenerate orbitals into 
which the odd electron m ight g o ; hence, according to the Jahn-T eller theorem, 
the m olecule w ould distort to  rem ove this degeneracy. The radical therefore 
resem bles a cyclohexadienyl type with the spin localized on one ring [see (6 8 )].

(6 8 )

The 6 -position, in the other ring, is effectively in the m -position and has a larger 
spin density than the proton attached to the 5-position. This is thus another  
case o f  a-spin delocalization.

I. T ab u sh i, Y. A o y a m a, S. K o jo , J . H a m u ro , an d  Z  Y osh ida, J . A m er. Chem . Soc., 
1972, 94, 1177.
A . J . D o b b s, B. C. G ilb e rt, a n d  R. O. C . N o rm a n , J .C .S . P erkin  II, 1972, 786.
F . G e rso n , R . G le ile r, G . M o sh u k , a n d  A. S. D re id in g , J . A m er. C hem . Soc ., 1972, 94, 
2919.
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I Introduction

O n ce  ag a in  th is year h as  been o ne  o f  fu rth er co n so lid a tio n  ra th e r  th an  o f  
in n o v atio n  in the field o f  free rad ica l chem istry . L eav ing  a side  the e.xplosion 
o f  in te rest in C ID N P  a n d  rela ted  topics, w hich give in fo rm a tio n  a b o u t  w hat 
h ap p en s  im m ediate ly  before  th ere  is a change  o f sp in  m u ltip lic ity  a n d , m ore  
p a rticu la rly , a b o u t the  species involved  in such  a step , m o st stu d ies  o f  free 
rad ica ls  a n d  their reac tio n s  have u tilized  e lectron  sp in  reso n an ce .

C lassical ‘k in etic ’ studies, o f  the  type long-used  in  e lec tro p h ilic  a ro m a tic  
su b s titu tio n , in w hich  different m olecules on  sites c o m p e te  for som e active 
rad ica l such  as hydroxy l, a ry l, alky l o r  even h y d ro g e n lf -, seem  to  be d w ind ling  
in  th e  absence  o f  any  clearly  defined a im s o r in te rp re ta tio n . T h is  m igh t be ex
p ec ted . since th e  em p h asis  ten d s  to  be on  su b s titu e n t effects in the  m olecules 
‘a tta c k e d ’ a n d  n o t so  m uch o n  the  free rad ica ls  them selves. A ny b ran c h  o f 
chem istry  w hich p e rta in s  to  a c lass o f  co m p o u n d s  will co n sis t m ain ly  o f th eir 
syn thesis, analysis, an d  th e ir  chem ical an d  physical p ro p ertie s .

E.s.r. is a n  an a ly tica l tech n iq u e  par excellence  for free rad ica ls , an d  is a lso  
useful in follow ing th eir reac tions , i.e. by  m eans o f  th e ir  ra te s  o f  d isap p earan ce , 
a p p e a ra n c e  o f  new rad ica ls, etc. N o t on ly  d o  e.s.r. sp ectra  p ro v id e  useful finger
p rin ts  for rad ica ls , the  exact values o f  the  c o u p lin g  c o n s ta n ts  (and  also  th e  g-  
factors) d ep en d  ra th e r  c ritica lly  on  the  geo m etry  o f  the  rad ica l in question , 
an d  th is  aspec t is o ne  th a t is being  very actively  p u rsu ed .

T h e  ‘syn th esis’ o f  free rad icals is ach ieved  by rela tively  few m eth o d s. O n e  
usually  s ta r ts  w ith  o rg an ic  m olecules in w hich all the  sp ins a re  p a ired . U n p a ired  
sp ins can  on ly  be in tro d u ced  e ith e r by p h o to n s, in o rg an ic  rad ica ls , o r  by th erm al 
o r  m echan ica l (the  sam e th in g  really) fission o f  bonds. A su rvey  o f  th e  lite ra tu re  
show s rela tively  few m ain  g ro u p s o f active w orkers, each  o f  w hich h as  developed 
expertise  in a p a rticu la r  techn ique  o f ge tting  free rad ica ls . O n e  m ight regard  
these techn iques as  w ays o f  in itia tin g  the syn thesis  o f  rad ica ls , a n d  they  consist 
in th e  m ain  o f  rad io lysis  (i.e. irra d ia tio n  w ith  y-rays). irra d ia tio n  o r  red u c tio n  
o f  peroxides, n itro -co m p o u n d s , ketones, etc., a u to -o x id a tio n  a n d  o x id a tio n  by 
m etal ions such  as C e '''.  U sually  the  rad ica ls  o f  in terest a rise  from  som e secondary
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o r  tertia ry  process, ( o r exam ple, hydroxyl rad icals, form ed from  the red u c tio n  
o f  N ^O  by so lvated electrons w hich are , in tu rn , form ed in the y-radiolvsis o f 
w ater, a ttack  a ro m atic  su b stra te s  to  give, in general, add  net radicals.

A p art from  the p red ic tab le  investigations o f  stab le  rad ical an ions or n itrox ides 
o f m ore an d  m ore in trigu ing  shapes, an d  the filling in o f ‘gaps’ in the a rray  o f 
sim ple  rad icals  w hich have been stu d ied , th e  m ost in teresting  developm ents 
have been in stereochem istry . T h e  c o n fo rm atio n s  an d  configurations o f rad icals 
have been  very m uch em phasized  and  som e stereospecilic rad ical reac tions have 
been  th orough ly  investigated. As w as the case last year, it seem s th a t the  best 
way o f  classifying the m ateria l is in term s o f th e  types o f  radicals.

2 Sim ple A lkyl and Aryl R adicals

R em arkab ly  s tro n g  steric  in te rac tio n s  o f  fluo rine a tom s exist in f luo rina ted  
alkyl rad icals , so  m uch so th a t flu o rin a ted  ethy l rad icals  invariab ly  give e.s.r. 
spectra  w hich are  tem p era tu re  d ep en d en t, im ply ing  h indered  ro ta tio n . F or 
exam ple. C F .C H j  has an  in te rn al ro ta tio n  b a rrie r  o f  a b o u t 2 kcal m o l" ' and  
exists in an  equ ilib rium  betw een the th ree  e qu iva len t form s (I)— (.1).' It is u nusua l

H .
y '

F ; F F ! 1
H. H. h. Hs\  /

(1) C (2)
/ i \

F ; F
H.
(3)

to  ac tua lly  be ab le  to  observe restric ted  ro ta tio n  o f a m ethyl g ro u p  directly , 
a n d  th e  effect here  m ay be en h an ced  by th e  fact th a t the  geom etry  a t th e  a- 
c a rb o n  a to m  is p y ram idal and  no t p lan a r  as in ethyl itself, since the a rran g em en t 
a b o u t the «-carbon  deviates m ore an d  m ore  from  p lanarity  as hydrogen , a lkyl, 
o r  even C F j  groups^ a re  rep laced  by fluorine a tom s. T his trend  is deduced  from  
the changes in '^ C  o r *’ F  c o u p lin g  c o n s ta n ts :  for exam ple, uf«-F) increases 
w ith  the n um ber o f  fluorine a to m s a tta c h ed  directly  to  the  « -carbon  a to m . 
R a th e r unexpectedly, perhaps, sym m etrica l confo rm ations  a re  the m ost s tab le  
for /J-fluoroethyl radicals, w h eth er there  be one, tw o, o r  even th ree  ^ -fluo rine  
a tom s. T h is has been deduced  from  the size o f the /f-p ro ton  coup ling  c o n s tan ts  
in (4) an d  (5), thougli the  e.s.r. spectra*  o f  these  rad icals  a re  tem p era tu re  d ep en 
d en t, show ing hindered  ro ta tio n

'  K . S ch cn  a n d  J. K . K o c h i. Chem. Phys. Letters. 1973. 2.3. 233.
'  R . V. L lo y d  a n d  M . T . R o g e rs .  J. Amer. Chettt. Sue., 1973, 95 . 1512.
'  I. B id d ie s . J .  C o o p e r .  A . H u d s o n ,  R . A . J a c k s o n ,  a n d  J . T . W 'itJcn, Sful. Phys., 1973.

25 . 225.

•  W h en  n o t  sp ec ifica lly  s ta le d  s p l it t in g s  a re  g iv en  in u n ity  o f C  ( = 10“ * T ).

1I..Ç  .F
H - C - H

(4)

M - C - H

F"'ô
(5)

T he  e.s.r. sp ectra  o f  ch lo ro - an d  b ro m o alk y ls  a lso  generally  show  som e tem 
p e ra tu re  dependence , as one m ight expect, an d  th ere  is a certa in  a m o u n t o f  
ra th e r flimsy theore tica l and  em pirical ev idence th a t there a re  unsym m etrical 
halogen  bridges in m olecules such as C U ,C H ,C I  a n d  C H jC H ^ B r. T h is  idea 
o f  halogen  b ridg ing  is deduced  from  low values o f  /J-p ro ton  splittings,"* * trans  
ad d itio n  reactions."' an d  a lso  from  C ID N P  observed  in the n.m .r. spectra  o f  the 
p ro d u cts  o f  a d d itio n  rea c tio n s .' P erfltioroalkyl rad icals, form ed by the u.v. 
irrad ia tio n  o f  perflu o rin a ted  fatty-acid  salts  o f  P b ' \  a b s tra c t p ro to n s , b u t n o t 
fluorine a to m s, from  —C H F j o r —C H ,F  groups,* an d  m ethyl rad icals a b s trac t 
h ydrogen  from  the «-positions o f  sidc-chains o f  alkylbenzencs, in preference to  
ad d in g  to  the a ro m a tic  skeleton .’  This c o n tra s ts  som ew hat w ith the b eh av io u r 
o f  p h e n y l, '“ th iazo ly l.' '  o r  even hydrogen  a to m s ,"  w hich tend  to  a dd  to  a ro m atic  
rings in a  ra th e r  unseiective way. In such  studies the  isom er d istr ib u tio n  o f  the 
p ro d u cts  may not be sim ply related  to  the  rela tive reactiv ities o f the orig inal 
p o s itio n s .'"  A d ram a tic  decrease in a ttack  orilu) to  a t-bu ty l g ro u p ’ "  show s the 
im p o rtan ce  o f  steric  facto rs in such reac tions. P heny l rad ica ls  will no t only 
a b s trac t a lip h a tic  h ydrogen  a tom s, b u t a lso  iodine, and  since the ra te  o f  this 
process w ith (6) is th e  sam e as that w ith (7), th ere  can  be no  ‘anch im eric  a ssistance '

(6)
'SMe r 

(7)

from  su lp h u r in th e  la tte r  c a s e ."  T h is m ay be a ttr ib u te d  to  a large d ih ed ra l 
angle , m ak ing  such  assistance via S -bridg ing  unfavourab le .

3  Benzyl-ty pe Radicals

T h e  techn ique  o f  y -irrad ia tion  o f  aq u eo u s so lu tio n s  c o n ta in in g  n itrous  oxide 
has p roved  to  be a n  efficient way o f g en era tin g  o rg an ic  rad icals  via the hydroxyl

* I. H . E lso n . K . S, C lic n , a n d  J. K K o c lti .  Chem. Phys. Letters. 1973, 21 . 72.
* K . S. C h e n , I. H . E lso n . a n d  J . K . K o c h i,  J. Amer. Chem. Soc., 1973, 95 , 5341.
'  P. S. S k e ll,  R . P. PaVlis. D . C . L ew is, a n d  K . J .  S h e a .  2 . Amer. Chem. Soc., 1 9 7 3 ,9 5 , 5735 . 
’ J .  H . H a rg is  a n d  P . B S h e rk in .  J . C .5  Chem. Comm.. 1973, 179.
* P . B. A y sc o u g h , J .  M a c h o ra ,  a n d  K . M a c h . J.C.S. Farmlay / / ,  1973, 69 , 750.
* S. J. H a m m o n d  a n d  G . H . W illiam s , J.C.S. Perkin II. 1973, 484.

J . T .  H e p in s ta ll ,  j u n . .  a n d  i .  A . K e m p m e ie r . J. Amer. Chem. Soc., 1973, 95 , 1904.
"  G . V e rn in . H . J .  M . D o u , a n d  J. M e tz e r . J.C.S. Perkin II. 1973. 1093.
"  W . A . P ry o r ,  T . H . L iu , J . P . S ta n le y , a n d  R . W . H e n d e r s o n ,  J. Amer. Chem. Soc.. 1973. 

9 5 , 6993 .
"  W . C . D a n e n ,  D . G . S a u n d e rs ,  a n d  K . A R o se , J. Amer. Chem. Soc., 1973, 9 5 , 1612.



rad ical o r  its an io n  (Schem e II  T h e  O -  ion a b s tra c ts  hydrotten  readily  from  
alkyl g roups an d  so  generates, for exam ple, b en /y l rad icals  from  a lky lben /enes. 
T h e  e lectron ic  spectra  o f these rad ica ls  have been observed  in pulse radiolysis

N , 0

+ NjT

• O H  +  N ;T

A r C H .C O I ’h -  ; > A r C H ,-  +  - C O P h

Scheme I

[ A r C H ,-  CCI,]

A r C H , - C C I ,  
( p o la r iz e d  n ,m .r . s p e c tru m )

Scheme 3

experim ents'"* a n d  it h as  been show n th a t the  m echan ism  in s trong ly  a lkaline 
so lu tio n  is direct hydrogen  a b s trac tio n , w hereas in m ore  acid ic  so lu tions (below 
p H  ~  10) a  m ore com plex  process occurs (Schem e 2). In b o th  ex trem e cases the

C .H ,C H , + O - - »  C .H ,C H y  +  O H "

C .H ,C H , +  -O H  —  [C .H ,C H ,(O H )] ^  C .H .C H ,-  ere. 
observed

Scheme 2

m ain  p ro d u ct is bibenzyl. T he  reac tio n  in a lk a lin e  so lu tion  has been utilized 
to  genera te  m any  su b stitu ted  benzyl rad ica ls ,”  w hich a re  rem ark ab le  in th a t 
the  co up ling  c o n s tan ts  d epend  on ly  very slightly  on  the n a tu re  o f  the substituen ts. 
e.g. (8) an d  (9).

C H , '“ C H , '•'»

T h e  signs o f  the fluorine c o u p lin g  c o n s tan ts  in o-, m-, a n d  p-fluorobenzyl 
have been de term ined  using  C ID N P ,'* ’ since the  p o la riza tio n s  induced  depend 
on  the signs o f  the co u p lin g  constan ts. T h e  reac tio n  used was the pho to lysis  of 
the  ap p ro p r ia te  benzylphenonc in carb o n  te trach lo rid e  (Schem e 3). T h e  o- and

"  H . C . C h r is te n s e n .  K . S c h e s te d . a n d  E . J. H a r t .  J. Phvs. Chi-m., 1973, 7 7 . 983 .
'*  P. N e ta  a n d  R. H . S c h u le r . J. Pins. Chem.. 1973. 77 , 1368.
"  (a )  J. B a rg o n  a n d  K. G. S e ig e n ,  > . Phys. Chem.. 1973. 77 . 2 8 7 7 ; (h i  D . B e the l). M . R. 

B r in k m a n , a n d  J. H a y e s , 9 .C .S .  Chem. Ciimm.. 1972, 1324,

p-fluorine coup ling  co n stan ts  were positive  but the  m -F w as negative, as  expected. 
S im ilar em pirical conclusions have been deduced  from  stud ies o f  aryl sem i
q u in o n es . ' '  T he co n fo rm atio n  o f  i-d iflu o ro b en zy l rad icals  is a p lan a r o ne  in 
the  absence o f  oriho  s u b s t i t u e n t s . T h i s  has been deduced  from  the fluorine 
sp littings, which are  a b o u t 50 G , co m p ared  w ith 5 6 G  in C F H C O N H ,,  k now n 
to  be p lan ar, and  with 72 G  in C F jC O N H ,,  which is pyram idal.

4 Cyclic Atfduct Radicals

T he  y-radiolysis o f w ater gives so lvated  e lectrons w hich can  be efl’ectively re
garded  as hydrogen  a to m s ; these m ay add  on  to  su itab ly  active  species such  as 
fu ran  to  give ad d u c ts  a n a lo g o u s to  cydohexadicnyl. As we have a lread y  said, 
the  presence o f N , 0  leads to  hydroxyl rad icals which can  a d d  on  sim ilarly , 
o r  a b s trac t active hydrogen  a tom s. T h u s  the p aren t rad icals  o f  the  furan series'* ' 
c an  be o b ta in ed  in co n cen tra tio n s  sufficiently large for d e tec tion  by e.s.r. (Schem e 
4).

:i.i H

p. A sh w o r th  a n d  W . T . D ix o n .  J.C.S. Perkin It. 1973. 1533.
L. D . K isp c r t .  H . L iu . a n d  C . U . P u tm a n ,  ju n . .  J. Amer. Chem. 
R H , S c h u le r . G . P. I a ro ff .  a n d  R. VV. E e s s c m d e m .9 .  Phys. Che

S<H .. 1973, 9 5 . 1657. 
1 9 7 3 .7 7 .4 5 6 .



In  base, when the active species in the  presence o f N , 0  is O  • , 2.5-ciim cthylfuran 
yields an  ana logue  o f  benzyl (Schem e 5). 2 -N iiro fu ran s  lose the n itro -g ro u p

H . c Q c n .  ^  _

Scheme 5

w hen subject to  a ttack  by O H  in a  sim ila r way. but in the case o f  l-b ro m o - 
fu rano ic  acid  the ring opens (Schem e 6). S im ilar types o f  ad d u c ts  a re  form ed

ô;c^ o

Ô,c{^Br
,O H  

'Br J o,c
H O  Br .

0 , C "  'O H
COjH

T h e  tendency o f O H  to add  to  u n sa lu ra ied  system s w herever th a t is possible 
is ag a in  illu stra ted  by the radiolysis o f  acpieous allyl a lc o h o l’ ’ in the presence 
o f N jO  (Schem e 8).

C H , = CHCHjOM

J :  <2H (CH ,0H ),

S c h e m e  8

Renew ed in terest in F en to n 's  reagent has led to  fu rth er exhaustive stud ies o f  
the  isom er d istr ib u tio n s  o f  p ro d u cts  from  th e  hyd ro x y la tio n  o f  n itrobenzene, 
c h lo ro b e n /e n e , to luene eic.,^^ an d  a  large n u m b er o f  hydroxycyclohexadienyl- 
type rad icals  have been identified by m eans o f e s.r. sp ectro sco p y  in the  o x id atio n  
o f  benzene- an d  pipid ine-carboxylie a c id s ’  ̂ by F e n to n 's  reagent (Schem e 9).

Fe" + H , 0 ,  Fe'" + OH + OH

H
OH

w ith pyrole  derivatives,* ' a lth o u g h  the p a re n t m olecule itself reacts fu rth e r  to  
e lim ina te  w ater (Schem e 7).

I 44 \
H

■ ç < :

. H

Scheme 7

O ';

C. C. G rc c n s to c k .  I. D u n to p .  a n d  P . N c ia ,  J. Phvs. Chem., 1973, 7 7 , 1 187. 
"  A . S a m u r i a n d  P. N e ta , J. Phys. Chem.. 1973, 7 7 , 1529.

5 F urther Radicals from  Peroxides

F e n to n 's  reagent has a lso  been used to  oxid ize u n sa tu ra te d  a lipha tic  co m 
pounds** '*’ and  som e in teresting  reac tions  have developed . F ro m  alkynes 
a  n u m b er o f  possibilities can  occur, d ep en d in g  on  w hether sub stra te -red u c in g  
o r  -oxid izing  agen ts are  present in excess (Schem e 10). S im ila r types o f  situ a tio n  
can  o ccu r in T i '" - H j 0 2 , and  e.s.r. k inetic  stud ies ind ica te  th a t the  acetony l 
rad ica l is reduced  by T i'"  q u ite  elTectively in n eu tra l so lu tion .* ’  L im ita tions in 
the k inetic  a p p ro a c h  no t only to  the T i'"  F L O , system , b u t a lso  to  s teady-sta te  
s itu a tio n s  in general, have been po in ted  o u t again.**

D u rin g  the photo lysis  o f  maleoy l pheny l peroxide,*" fission o f the peroxy 
b o n d  leads to  the fo rm ation  o f tw o carboxyl rad ica ls  in th e  sam e m olecule and  
C O ,  is lost stepw ise, so th a t th ere  is ap p rec iab le  p ro b ab ility  of again  fo rm ing

"  S t. K . F h c rh u ra i  a n d  M . Y o sh id a . J. Phys. Chem.. 1973. 7 7 . 5 8 9 : M . S im ic . P. N e ta ,  
a n d  E. H a y o n ,  ihki. p . 2552.
T . S h ig a , f ,  K is h im o to ,  a n d  E. T o m ita ,  J. Phvs. Chem.. 1973. 7 7 . 330,
C . W ,iltin g  a n d  G . M . Et 1 a tia w i. J. Amer. Chem. ,Voc.. 1973. 9 5 . 844.

”  C . W a ttin g  a n d  G . M . Et T a tia w i. J. Amer. Chem. Soe.. t9 7 3 . 9 5 , 848.
B. C . G itb e r t .  R , O , C . N o rm a n , a n d  R. C , S ea ty , J.C .S. Perkin  / / ,  1973, 2 t7 4 .

*’ D , M c ise t, G , C z a p sk i, a n d  S a m u n i.  J.C .S. Perkm II. 1973, 1702.
"  M . M . M a r tin  an d  J. M . K in g , J. Ory. Chem.. 1973. 38 , 1588.
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a b ond  betw een the tw o radical fragm ents (Schem e 11). In c o n tra s t to  a lkyl- 
carboxyl rad icals, alko.xy-adducts w ith C O ; a re  co m p ara tiv e ly  long-lived and

O
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P h C - C

HC- O-

O
P h C = C HPh

-C O ,

-c o >
•O

P o ly m e rs

P h r - O

a
S c h e m e  11

add  on  to  d o u b le  b onds^ ’ to  form  c a rb o n a tes  (Schem e 12). How ever, in the 
absence o f  a lkenes the e.s.r. spectra  o f the alkoxyl rad icals  only  a re  observed.

6 R adical R eactions o f  Cyclopropyl Derivatives

It is no t d ifhcult, it seem s, to  form  cy c lo p ro p an e  by a  free rad ical p a th . F o r 
exam ple, 1 ,3 -d i-iodopropane reacts w ith  benzoyl peroxide in c a rb o n  te tra-  
•'* D . J .  E d g e  a n d  J . K . K o c h i, J. Amer. Chem. Soe., 1973. 9 5 . 2635.

(RO- -K CO ;) 

S c h e m e  12

ch lo ride  to  form , am o n g st o th e r  things, cy c lo p ro p an e  (Schem e 13).*® How ever, 
the ih rec-m em bercd  ring  is easily ojx-ned by rad ical a ttack  an d  som e in teresting

B z , 0 , ------ ► 2B7.0 » 2 P h -  + 2 C O ,

IC H ,C H ,C H ,C I

lCH;CHjCH;I-̂ ICH;CM;CHi-

A

stereochem istry  resu lts. T he  rad ical b ro m in a tio n  o f  c/.s,ris-trim ethylcyclo- 
propanc** gives only  th ree  o f  the  possible p ro d u cts  w hich m ay be form ed by 
the sequence show n in Schem e 14. T he  observed  p ro d u cts  show  th a t the initial 
b rom ine  a ttack  was from  an  eq u a to ria l d irec tion  an d  th is has been confirm ed 
in a n u m b er o f  o th e r  cases.**

G enera lly  speak ing , cyc lopropyl itself can  only  be o bserved  a t  low tem pera tu res, 
since it tends to  o p en  to  form  an  allv l-type rad ical (Schem e 15).** T h u s ring- 
o p en in g  o ccurs by fission o f  th e  bon d  o p posite  to  the site o f the  od d  electron.

F acile ring -expansion  can  o ccu r if there  is an  od d  e lec tron  on  a side chain*'* 
a ttach ed  to  the cyclopropy l ring (Schem e 16), and  this is really  the sam e type of 
reaction  as the r ing -open ing  by a brom ine a to m . A sim ilar type o f  reac tion  takes 
place in cyclopropoxy l rad icals, bu t there  the fo rm ation  o f  a k eton ic  g ro u p  is 
preferred  to  the fo rm atio n  o f a four-m em bered  ring  (Schem e 17),**

A . F . D ru ry  a n d  L. K a p la n .  J. .4 » k t .  Chem. Sm .. 1973, 9 5 , 2217.
G . G , M a v n c s  a n d  D  E. A p p lc g u is i ,  J. Amer. Chem. Soe., 1973. 9 5 , 856.
K . J. S h e a  a n d  P. S. S k e ll, J. Amer. Chem. .Soe., 1973. 9 5 . 6728 .
K . S. C h e n , D . J .  E d g e , a n d  J. K . K o c h i, J. .4oier. Chem. Soe.. 1973, 9 5 . 7036.
M . P. D o s  le, R . W . R a v n o ld s .  R . A . H a rem s. T . R  B ad e . W . C . D a n e n ,  an d  C . T . W est, 
J. Amer. Chem. Soe., 1973. 9 5 . 5988.
C . H . D e  P u y . H . L. J o n e s ,  a n d  W . M . M o o re . J. Amer. Chem. .Soc., 1 9 7 3 ,9 5 . 477.
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7 Furllu-r A liphatic R adical Reactions

A lcohols m ay undergo  hydrogen  ab s tra c tio n  from  the hydroxyl g ro u p  d u rin g  
the decom position  o f  p ersu lp h a te  ion*" cata lysed  by p h o to n s  o r  reducing  
m etal ions such as Ag'. T h e  reac tion  is su pposed  to  proceed  by sim ple e lectron  
tran sfe r;

, 50.-
R ' R * C H O H ^  ( R ' R * C H O I I ] : - ^  R 'R * C H O -

l l t e  alkoxyl rad ical m ay be l r a p |x d  by the N -ox ide  P h C H = N

O
y
\

which

Bu'
a d d s on  alkyl and  alkoxyl rad icals to  give n itro x id es; the  la tter m ay be identified 
from  their e s.r. spectra. In a  p a rticu la r  case the reaction  proceeds as show n in 
Schem e 18. T he m echanism  has been e lucidated  by m eans o f  the ingenious

P h C H X H . O H P h C M X H . O -

PhCH  =  N O Bu'

P h C H j -  +  C H ; 0

P h C H j O H  p h C H ; O I , P h  

• P h C H O

Ô  B u '
/  \  .

P h C H - N  N - O
I \  /

P h C H . C H . O  B u ' P h C H ,

device o f  co n ducting  it first in th e  presence o f the above rad ical trap , w hich 
evidently  stops the reaction  before the b reak -u p  o f the a lkoxyl rad ical, an d  then  
separa te ly  in the presence o f  t-bu ty l n itro n e . which tra p s  alkyl rad ica ls  but not 
a lkoxyl radicals. T h e  ad d u c t o f  P h C H C H ^O H  is a  very m in o r c o n stitu en t o f  
the  n itrox ide p roduct o f w hich the m ajo r co m p o n en t is benzyl t-buty l nitroxide.

An in teresting  rad ical rea rran g em en t occurs** w hen the halogen  a to m  is 
ab strac ted  from  a ^ -b ro m o a lk y l es te r by tria lky ltin  h y dride  plus t-bu toxy l 
rad icals (Schem e 19). T he  m ost p lausib le  m echan ism  seem s to  be th a t th e  es te r 
g ro u p  ‘w alks’ to  its new  positio n  (Schem e 20). It is in teresting  th a t in th e  case 
when R* =  phenyl it m igrates, p e rh ap s  via fo rm ation  o f a  cyclohexadienyl-type 
o f  in term ed iate  (Schem e 21). In tram o lecu la r  rad ical cy c li/a tio n  a lso  takes p lace 
in the ad d itio n  o f pcrfluo roa lky l iod ides to  h cp ta-l,6 -d ien e  in preference to 
sim ple ad d itio n  to  one o f the  d o u b le  bonds (Schem e 22).*"

A. L cd w iiti. p . J . R u ssc tt. a n d  L . H . SulctifTe. J.C.S. Perkin II. 1973. 630. 
A . I-. }. B eckw ith  a n d  C . B, T h o m a s .  J.C.S. Perkin II. 1973, 861.
N . O . B race . J  Org. Chem.. 1973, ,3*. 3167,
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T h e  radical ad d itio n  o f t-buty l h y poch lo rite  to  vinylacetylenc*'* sta rts  with 
a d d itio n  o f  t-bu toxy l to  one end  of the m olecule an d  thereafte r ch lo rine  goes on  
a t o ne  o f the o th ers  (Schem e 23).

M . L . P o u ls m a  a n d  P. A  Ib a rb ia .  J. Amer. Chem. Soc.. 1973, 95 , 6000 .

+  B u O -  - V  B u O C T l jC H C H C H B u O C H ;C H = C = C H

C H ; = C ! l C = C 1 1 0 B u

1
C H = C H C C I= C H O B u

I
( C H C I C H = C C I C H O )  
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f B uO C H ;C H C IC =C H  
| B uO C H ;C H = C = C M C 1

8 R adical Ions

A particu la rly  in te resting  an io n  which has been genera ted  w ith  g reat difficulty 
is th a t o f  hcxafluorobenzene,'*® i.e. which a lth o u g h  it w ould  seem  su p er
ficially to  resem ble is ev idently  com pletely  different, s ince the six fluorine
nuclei have sp littings o f 137 G . T h e  reason  for th is en o rm o u s  coup ling  co n s ta n t 
is th a t the  od d  e lec tro n  is in a o  ra th e r th an  a n m o lecu lar o rb it. T h is is itself 
a result o f the  large n u m b er o f e lectrons in the  n m o lecu lar o rb ita ls  ow ing  to 
the fact th a t each  fluo rine a to m  co n trib u te s  tw o a-c lectrons. B ecause o f  th is  the  
o dd  e lectron  goes in to  the  first em pty  a  an ti-b o n d in g  o rb ita l instead  o f the  first 
n* o rb ita l as is the case w ith the  benzene negative ion. D inegative ions o f benzen- 
oid carboxylic  acids have been p ro d u ced  in basic m ed ia  by red u ctio n  w ith 
so lvated  electrons'* ' a n d  the  carb o x y la te  g roup  has a s im ila r effect to  oxygen 
in phenoxyl o r  sem iqu inone  ions so  th a t the co up ling  co n s ta n ts  ra th e r resem ble 
those in those radicals. These sp litting  p a tte rn s  can  be u n d ers to o d  in term s o f 
the  sym m etry  o f  the benzene M O s as show n in S chem e 24, the  sub stitu en ts

, s i  .

v‘7
Zi

Ù I

CO;

C O ,

f t .
S c h e m e  24

hav ing  the efleet o f  p u ttin g  the o dd  e lectron  in to  the o rb ita l w ith  the greatest 
value a t th e  ad jacen t c a rb o n  a tom s.

*“ L. F . W illia m s , M . B. Y in , a n d  D . E. W o o d ,  J. Amer. Chem. Soc.. 1973, 95 . 6475.
* ' P . N c ia  a n d  R. W . F e s se n d e n . J. / ’Av.<. Chem.. 1973. 77 . 620.



T h e hep lafu lvalene trincgaiive  ion'*^ h as  been p repared  and  there is coup ling  
only  w ith the p ro to n s  o f  one ring. Since these arc large, and  in view of the s trong  
repu lsions betw een the tw o ring  system s a ris in g  from  th ree negative charges, 
it seem s th a t the tw o rings could  be pe rp en d icu la r to  each o ther, as show n in ( ID).

Som e n ap h th a len e  negative ions have been generated , usually  electro ly tically , 
an d  it is found th a t  t-buty l o r  trim ethylsilyl g roups a ttach ed  to  the n a p h th a len e  
ske le ton  d o  n o t have very m uch effect o n  the spin distribution."*^ H ow ever, 
b ridges across the  p eri-positions can  have m uch grea te r effects,"*"* as well as 
p ro v id ing  rigid fram ew orks th ro u g h  w hich sp in  density  c an  be tran sm itted  
relatively efficiently, e.g. (11) and  (12)."*’

T h e  negative ions o f  h a logenoqu ino lines have been studied  p o larograph ically  "*° 
an d  from  the half-w ave po ten tia l loss o f  ch lo rid e  ions could  be deduced . T h u s 
b o th  q u in o lin e  itse lf an d  6 -fluoroqu ino line gave sim ple half-wave po ten tia ls  
co rre sp o n d in g  to  the  fo rm ation  o f th eir negative  ions. 6 -C h lo ro q u in o lin c , 
o n  the  o th e r  han d , gave tw o half-w ave po ten tia ls , one co rresp o n d in g  to  th a t o f  
qu ino line . T h is  is a ttr ib u te d  to  the  sequence show n in Schem e 25. It is d o u b tfu l, 
how ever, th a t the  sigm a 6-quinolinyl rad ical w ould ever actually have a d iscrete  
existence. A d isp ro p o rtio n a tio n  step  in the  presence o f  p ro to n s  seem s m o re  
likely. S teric  s tra in  is ap p a re n t from  the e.s.r. spectra  o f 4 ,4’-polym cthylene- 
b ipheny l rad ical an io n s  (13),"*' b u t w hen the m ethylene chain  is longer th an  
15 C H ; units  the  co u p lin g  c o n stan ts  ind icate  that s tra in  is v irtually  absen t.

'*• N . L. B a u ld , C . S , C h a n g ,  a n d  J . H . E ile r t ,  Tetrahedron Letters, 1973, I.S3.
** A . G . E v a n s . B. J e ro m e , a n d  N . H . R ees , J.C.S. Perkin II. 1973, 2091 .
■“  S. F . N e lse n  a n d  J , P. G ille sp ie , J. .4oier. Chem. Soc.. 1973, 95 , 1X74.
■*’ S . F . N e lse n  a n d  J . P . G ille sp ie , J. Anier. Chem. Soc.. 1973, 95 , 2940.

K . A lw a in  a n d  J . G r im s h a w , J.C.S. Perkin II. 1973, 1811.
'  K . I s h i /u .  F . N in m to ,  H. H a sc g a w a , K . Y a m u n o lo ,  a n d  N . N a k a /a k i ,  Ball. Chem. Soc. 

Japan. 1973, 4 6 , 140.
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(13)

Incidentally , a ro m atic  rad ical an ions can  be p roduced  advantageously  by using 
trim ethyisilylsodium "*’ ra th e r th an  sodium  m etal d ispersed  in a su itab le  solvent.

F u r th e r  e.s.r. w ork  has been d one  o n  the a u to -o x id a tio n  o f  h y d ro q u in o n es  
and  q u i n o n e s * a n d  dim eric  in term ediates, e.g. (14) an d  (15), positively

identilied."***’ It is in te resting  th a t w hereas spin density  is tran sm itted  a ro u n d  the 
ring  of an  ary l su b stitu en t a ttach ed  to  sem iquinone, the  carbony l g ro u p s o f  a  
q u in o n o id  su b s titu e n t seem  to  present a b arrier to  th e  o dd  e lectron . T h e  e.s.r. 
spectra  o f  som e o f  these d im eric  species w ere orig inally  a ttr ib u te d  to  rad icals 
o f  different structures,"*’  an d  th is illustra tes the dangers o f  try ing  to  identify 
rad icals  on ly  on  the basis o f the num ber and  type o f  co u p lin g  c o n stan ts  in an  
e.s.r. spectrum . A rem ark ab le  feature ab o u t som e 'h e te ro cy clic ' sem iq u in o n es’ ” 
is th a t  the second  rings co n ta in in g  nitrogen  a tom s, e.g. (16) an d  (17), seem  to 
have but little  effect on  the sp in  density , which rem ains m ain ly  o n  the  sem i
q u in o n e  part.

'  H . S a k u m i,  A . O k a d a ,  FI U m in o , a n d  M . K ira , J. Amer. Chem. Sot ., 1973, 95 , 955.
** (o) J. A . P e d e rse n , J.C .S  Perkin II. 1 9 7 3 ,4 2 4 : (6) P. A s h w o r th  a n d  W . T . D i.xon, J  C.S.

Perkin II. 1973, 2128.
M . K . V. N a ir ,  K . S. V. S a n lh a n a a n ,  a n d  B. V c n k a ta ra m a n , J. Majtn. Resonance. 1973,
9 , 229 .



A n u m b er o f  n ap h lh o x v l radicals, e.g. (18) and  (19), have been identified by 
e .s.r.”  a n d  it seem s th a t substitu en ts  have little effect on  the sp in  d istr ib u tio n , 
w hich is slightly  different in the case o f  /J-naphthoxyl (19) from  th a t expected  by 
c o m p ariso n  w ith phenoxyl an d  naïve M O  theory .

A ring-closure  reac tion  has been observed  w hen su itab ly  hydroxy la tcd  benzo- 
p h en o n cs  a re  oxidized by a lkaline  forricyanide to  xan th o n es  (Schem e 26).’ * 
I t w ould  be in te resting  to  see w hether it is the  d ihydroxy la ted  r ing  w hich under-

F c lC N L '-

[O ) (O

minor productmajor product

Schem e 26

9 R adicals containing Group IV Elements

Several m ore exam ples o f  S„2 reactions o f  tin and  lead co m p o u n d s  have been 
rep o rted  and  these can  be g rouped  in to  those w hich o ccu r a t a halogen a to m ’  ̂ ’ '*:

RCl =  SnM cj —► R- + ClSnM cj

w hich a re  o f course  a lread y  well-know n and  which a re  used extensively in the 
case o f  alkylsilyl rad ica ls  for the p ro d u ctio n  o f  alkyl rad icals, an d  those  which 
take  place a t the G ro u p  IV a to m :”

BuO- +  R.SnJf*_, —► B u O S n R ._ ,X ,_ . +  R- 
(X =  halogen)

This last type o f reac tio n  is to  be co n tras ted  w ith the reac tion  w ith tin  tetra-alky l- 
tin , w here hyd ro g en  a b s trac tio n  takes place in preference to  s u b s ti tu t io n :”

R 'C H .S n R ’ j  + BuO- - »  BuOH -F R 'C H S n R 'j

T he  rates o f  ad d itio n  o f G ro u p  IV radicals to  carbony l c o m p o u n d s ’* a re  in the 
o rd e r :

RjSi- >  R ,G e- RjSn- >  R jPh-

an d  the ra te  o f  th is  reac tio n  w ith a given rad ical R jM -  is in the o rd e r :

diketone >  oxalate >  ketone >  trifluoroacctate >  acetate

T h e  reac tions  o f  the  silicon an a logue  o f  the  t-butoxyl rad ical have been studied  
n'a pho to lysis  o f  th e  p e ro x id e :’ '

M ejSiOO Bu' ^  MCjSiO- +  Bu'O-

T h is rad ical reac ts  w ith  th e  s ta rtin g  m ateria l to  give a silicone e th e r  by  an  Sh2 
m echan ism :

MCjSiO- +  M cjSiOjBu —* MOj-SiOSiMcj -t- -0 ;B u

In the presence of a lkenes b o th  p rim ary  rad icals  m ay ad d  :

M ejSiO- 4- C H ,= C H j M cSiO CH jC H j-

and  with b u ta-l,3 -d ien e  there  a rc  several possibilities, such as stra ig h tfo rw ard  
a d d itio n  o r  m ore  com plex  reactions, e.g. Schem e 27. In the  case  o f  organosily l

goes the in itia l a ttack , because a lth o u g h  the rad ica l cyclization  via the oxygen 
show n in Schem e 26 looks feasible, the sp in  density  o n  the oxygen a to m  m ust 
be sm all, w hereas in the puru -position  o f pheno.xyl it is large.
”  W . T . D ix o n .  W . E . J. F o s te r ,  an d  D . M u rp h y ,  J.C .S. Pi-rkin II, t9 7 3 . 2124.
"  P. D . M c D o n a ld  a n d  G . A . H a m ilto n ,  J. Anwr. Cheni. Soc.. 1973, 95 , 7752.

J. C o o p e r ,  A . H u d s o n ,  a n d  R . A . J a c k s o n ,  7 . C .5 . Perkin II. 1973, 1056. 
** D . A . C o a te s  a n d  J . M . T e d d e r .  J.C.S. Perkin It. 1973. 1570.
”  A . G . D av ie s  a n d  J . C . S c a ia n o .  J.C.S. Perkin / / ,  1973, 1777.

J. C o o p e r .  A . H u d s o n ,  a n d  R . A . J a c k s o n .  J C.S. Perkin II, 1973, 1933. 
'•  D . J. E d g e  a n d  J . K . K o c h i,  J.C.S. Perkin II. 1973, IK2.

R . W est a n d  P. B o u d jo u k ,  J. .4mer. Chem. Sue., 1973. 95 . 39S3.
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O C I I ]  +

Scheme 27

.S iM c j  ( c is - tr im e th y ls il> la lly l)

derivatives o f h ydroxylaniine, rearran g em en t to  the  n iirox ide  can  o c c u r;

B u j O j  2 B u O -

R jS i N H O S i R ,  R j S i N ^ ^ S i R ]

1
(R]Si)]N̂ O

10 R adicals containing N itrogen

N itro x id es  are  still p robab ly  the m ost w idely stud ied  rad icals  because o f their 
ease o f fo rm ation , use o f  n iiro so -co m p o u n d s as rad ical traps, and  their stability . 
They a re  so s tab le  that large enough  co n cen tra tio n s  can  be achieved  to  enab le  
o n e  to  o b ta in  their n.m .r. spectra' in som e cases. F ro m  the n.m .r. spectrum  one 
can  o b ta in  the signs o f the co u p lin g  co n stan ts  since they d e te rm in e  the d irec tion  
o f  the  ‘c o n ta c t’ chem ical shift. T h is  exercise h as  been com ple ted  for a- and  for 
^ -n ap h th y l t-bu ty l n itrox ides, (20) and  (21).”  T h e  spin d istr ib u tio n s  bear

115 N B u  -0.21»

N B u  -o o M

alm o st no  re la tio n sh ip  to  those in <x- an d  ^ -n ap h th o x y l, an d  in the case o f the 
flt-naphthyl derivative  the co up ling  c o n s tan ts  suggest th a t there  is som e degree 
o f  tw isting  a b o u t the c a rb o n -n itro g cn  bo n d . A variety  o f  cyclic n itrox ides have

”  J .  L. D u n c a n ,  A . R . F o r re s te r .  G .  M c C o n n a c h ie ,  a n d  P . D , M a llin s o n .  J.C.S. Perkin II. 
1973. 718.

been p repared  and  the spin label a llow s investigation  o f the Happing o f rings*" 
as well as their co n fo rm atio n s* ' to  be d e te rm ined  from  the e.s.r. param eters.

An in teresting  class o f n itrox ide  rad icals  has been studied  using the spin tra p  
(22). A dd ition  occurs at the carb o n  a to m  an d  the rad ical form ed m ay be s trongly

B u '

R -  -F 1 I ] C = N  - *  R C H jN B u '

O O-
(22 )

asym m etric , i.e. Schem e 28.* ' L ook in g  a lo n g  th e  m eth y len e -carb o n -n itro g en  
b o n d  there  will be tw o s tab le  co n fo rm atio n s. (23) an d  (24). If R is an  asym m etric

- O — N - B u '  
/

H ,

23)

-O —N —Bu' 
/  \

R H ,

(24)

g ro u p  such  as C H jC H O H . then even w hen there  is fast in terconversion  betw een 
these tw o con fo rm atio n s  the tw o p ro to n s  will have different average splittings. 
T h e  d isp arity  increases w ith the  size of R -.

If th ere  is siiflicient steric h in d ran ce  alkyl g roups m ay be forced to  ad d  to  
the  oxygen o f a n itroso  g ro u p  ra th e r th an  to  the nitrogen  a to m  (Schem e 29).*’“ 
F ro m  the co up ling  co n stan t o f the  n itrogen  a to m  (err. 10 G ) the A '-a lko \yan ilino - 
rad ica l is p robab ly  a  rr-type and  so are  the  a lip h a tic  analogues, e.g. Schem e 30.*’* 
O n  the  o th e r  han d , im inoxyl rad ica ls  a re  o f  <r-type,*‘‘ as a re  iminyl rad icals  
(Schem e 31).

A n in teresting  rearrangem ent takes p lace a fter rad ical a ttack  on  aryl hydra- 
zo n ates .* ’

T o  finish this section  o n  n itrogen  rad ica ls it seem s ap p ro p r ia te  to  m ention  
th e  red u ctio n  o f  n itrox ides to  the  co rre sp o n d in g  secondary  am ines w ith  iron  
ca rb o n y ls  (Schem e 33).*“

R . E. R o lfc , K. D . S a le s , a n d  J. H . P . U tle y . J.C.S. Perkin II. 1973, 1171.
V. M a la lc s ta  a n d  K . V. In  g o ld . J. .4nter. Chem. SiH'.. 1973. 95 . 63 9 0 . 6 3 9 5 ; J.C.S. 
Perkin II. 1973. 2 1 3 4 ; S. F  N c lsen  a n d  R . T .  L a n d is ,  sec ., J. Amer. Chem. Soc.. 1973, 
95 , 6454 .
B. C . G ilb e r t  a n d  M . T re n w ith .  J.C.S. Perkm II. 1973. 1834.
(a )  S. T e ra b e  a n d  R. K o n a k a .  J.C .S Perkin II. 1973. 36 9 ; (b )  W . C . D a n e n .  C . T . W e s t,  
a n d  T . T . K en s le r , J. Amer. Chem. Soc.. 1973. 9 5 . 5716.
G . D . M e n d e n h a ll  a n d  K . U . In g o ld . J. Amer. Chem. Soc.. 1973. 95 . 2963 . 3422.
A . F . H e g a r ty , J . A . K e a rn c v .  a n d  F . L S c o t t ,  J.C .S. Perkin II. 1973, 1422.
H . A lp c r ,7 .  Org. Chem.. 1973, .38. 1417.
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Scheme 33
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11 Radicals containing G roup V Klenu'fits

T h e  w ork  on  p h o sp h o ran y l rad ica ls* ' ** and  the c o rre sp o n d in g  arsenic  co m 
p o u n d s  h as  co n tin u ed  a long  the sam e lines as last year. T he s tru c tu re  o f  these 
rad ica ls  is o ne  o f  a trigonal b ipyram id  w ith alkoxyl o r halogen ligands filling

D . G r i l le r  a n d  B. P. R o b e r ts . J  C S. Perkin II. 1973, 1339. 
* ' D  G r i l le r  a n d  B P. R o b e r ts .  J.C  S. Perkin II. 1973, 1416.

the  ax ial p o sitions preferentially , e.g. (25) and  (26). T h e  p h o sp h o ru s  and  arsen ic  
c o m p o u n d s  u n d erg o  sim ilar types of reac tion  (Schem e 34).

Et
Cl

OBu

(25)

OBu 
■

q ; a s  , 

OBu 

(26)

Ph

S om e c h e la tin g  ligands have been a ttach ed  to  p h o sp h o ru s , y ielding ‘sp iro - 
p h o sp h o ra n y l’ radicals,** and  exchange o f halogen betw een eq u a to ria l and  axial 
p o sitio n s  h as  been observed  by e.s.r. (Schem e 35).

12 R adicals containing G roup VI Elem ents

T h e  pulse rad io lysis o f  th io ls o r  ‘suIfliydryT co n q x iu n d s leads to  su lp h u r radicals, 
w hich readily  form  links w ith fu rther su lp h u r to  give a negative  ion in which



12:

PXjiüdi,iiuOI>X,
B u O P X ] +  X -

* B u - +  O P X ]

B u O A s P h ,  +  P h -

PhjAsŜ BuOAsPh]y
%

B u - + O A s P h ,  

S c h e m e  34

C II .OR 
GP(

I OR 
OR

OR

M c.SSM e,

6 » (1 2  p ro to n s )

S c h e m e  37

RC HO HCH jSR - *  RCHO + CH^SR +  H* 

R
\

C = 0  +  H* +  SR

H]C ( t r a p p e d  b u t  n o  o b s e r v e d  d ire c t ly )  

S c h e m e  3 8

th ere  a rc  tw o su lp h u r a to m s (Schem e 3 (> ). '" "  T h is  w ell-know n oxidative 
coup ling  o f  su lp h u r is so s tro n g  a tendency th a t it ap p ears  th a t it can  even happen  
with d ialky l su lphides (Schem e 3 7 ) ."  A great varie ty  o f  rad icals m ay be generated  
from  such a lip h a tic  su lp h u r c a tion  rad ical, for exam ple w hen there  is a ^-hydroxyl 
g ro u p  (Schem e 3 8 ) ."

R S  RS- ^  R S % R

î«-
RSSR

(27) c is .c is (28) cis.lrans (29) [rans.trans

Sulphonyl rad icals  (30) an d  (31) have been p repared  by ab strac tio n  o f ch lo rin e  
from  su lphonyl c h lo r id e s '’ w ith  th e  triethylsilyl rad ical. T h e  assignm ents were 
m ade on  the a ssu m p tio n  o f  tw isting  o f the  - S O . -  an d  th a t the  configuration

SH S
/  / |

R -----* R -
\

S -  S

C H , C H ] C H ] S O ,C I

H -^ d isp ro p o rtio n a lio n  ■

S H

R +  R /
\  \ l

SH S

Som e in te resting  th io p h en  derivatives (27>—(29) have been p repared  in which 
different isom ers can  be d istinguished  in the e.s.r. sp ec tra . '■*

E. F u r im s k v ,  J .  A . H o w a rd ,  a n d  J . R . M o r to n .  J. Anier. Chem. Soc.. 1973. 95 . 6574.
M . Z . H o O m a n  a n d  E. H a y o n .  J. Phys. Chem.. 1973, 77 , 9 9 0  

"  P. C . C lia n  a n d  13 H  J. B ic lsk i. J. Amer. Chem. Sac.. 1973, 95 , 5504.
B. C . G ilb e r t ,  D  K . C . H o d g e m a n , a n d  R  O . C . N o r m a n .  J.C.S. Perkin II. 1973. 1748.
B. C . G ilb e r t ,  J .  P . L a rk in ,  a n d  R . O . C . N o rm a n ,  J.C.S. Perkin II. 1973, 272.
C . M . C a m a g g i, L. L u n a z / i ,  a n d  G . P la c u c c i,  J.C .S. Perkin II. 1973, 1491.

CH]CH]CH]SOi

f i Q s o . -

(3 1 )

a t  th e  su lp h u r is py ram idal, the  preferred  co n fo rm atio n  lead ing  to  asym m etry . 
This is ra th e r different from  th e  case o f the  p rim ary  alky l su lphonyls, (32)— (34), 
w here ro ta tio n  is relatively unrestric ted , it seems..

13 Spin D elucall/a tion  through o-Bonds

T he existence o f  su b s tan tia l ^ -p ro to n  co up ling  c o n s tan ts  in alkyl rad icals  
an d  in a lk y l-su b stitu ted  a ro m a tic  rad icals proves in itself th a t spin density

”  A . G . D av ie s . B. P. R o tx -r ts .  a n d  B. R . S a n d e rs o n ,  J.C.S. Perkin II. 1973, 626.
J .  K . K o e h i. P . B ak u z is , a n d  P. J. K ru s ic .  J. Amer. CJiem. Soc.. 1973, 9 5 , 1516.
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H b

(33)

O
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t )  large cotipling 
small coupling

(341

can  be tran sn iiiied  th ro u g h  <r-bonds. T h is process, which arises from  the in te r
ac tio n  o f  a  n-type a to m ic  o rb ita l and  the o rb ita ls  o f  a n e ig h b o u rin g  a -b o n d , 
is called hypcrco n ju g atio n  and  the idea can  be ex tended to  acco u n t for som e very 
long-range coup ling  c o n stan ts, e.g. those in (35) an d  (36).

H a . -

a .  <  0

n in teraction

n in teraction 7t interaction "s > 0

n interaction

Figure Diagram showing interactions responsible for transmission o f spin density 
through a-bands. Orbitals in which there is relatively high positive spin density are 
shaded.

In the  b ridged  n ap h th a len e  an io n  already  m entioned  there is even an  o bservab le  
«^-coupling co n stan t. T hese long-range sp littings generally  a re  observed  in 
system s in w hich a rigid co n fo rm atio n  exists w hich is favourable  for each  hyper- 
co n jugative  in te rac tion . T here  a re  som e em pirical rules, w hich have som e 
fo u n d atio n  in sim ple M O  theory , which a m o u n t to  say ing  th a t transm ission  
th ro u g h  a cr-system on ly  o ccurs w hen the b o n d s  a re  lined u p  w ith  each  o ther. 
M o re  soph istica ted  th eo ries”  a re  ab le  to  acco u n t for negative spin densities 
on  y -p ro tons as well as positive densities o n  fS- and  i5-protons when the  c o n fo rm a
tio n  is favourable  (see the Figure).

P a rtic u la r  cases o f  <r-delocali/ation occur when the  steric  forces cause tw isting 
in a ro m atic  system s.”  ' " T h e  co u p lin g  co n stan ts  o f  p ro to n s  a ttach ed  to 
ary l sub stitu en ts  generally a rise  from  a  m ix tu re  o f tw o c o m p o n en ts , o ne  from  
transm issions o f  sp in  density  th ro u g h  the ir-system an d  the  o th e r  th ro u g h  the 
o-system . T w isting  becom es ap p a re n t w hen the ortho  an d  para  p ro to n  sp littings 
decrease in re la tion  to  the  meia  p ro to n  co up ling  co n s tan ts. W hen the tw isting  
becom es m uch m ore p ro n o u n ced  a  situ a tio n  is found in which the nieia sp litting  
is m uch larger th an  the o thers. e.g. in the rubrene  positive o r  negative  rad ical 
ions (37).'^  A particu larly  c lear exam ple o f  th is efl'ect a p iv a r s  in the series of aryl 
sem iqu inones (38)—(40).”  T h e  large meta  coupling, which is a p p a ren t when 
th e  aryl ring  is a p p ro x im ate ly  p e rpend icu la r to  the  noda l p lane  o f th e  od d  
e le c tro n ,' '  is sim ply a  case o f d -coup ling  described  before.

”  Y . E llin g e r . A . R a ss :il,  R . .S ub ra. a n d  G . B e rlh lc r . J. Ami-r. Chem. Soc.. 1973. 9 5 . 2372. 
'  H  G . A u r ic h . H . F o rs te r .  A . L o tz . a n d  W . W eiss . Chem. Her.. 1973. 10.3. 2832.

"  R B ieh l, K  P D in se . K . M b b iu s ,  M . P la to ,  a n d  Ft K u r rc c k .  Tetrahedron. 1973, 29 . 353.

Ph Ph

(38)

increasing dihedral angle

14 Som e M iscellanies

T h ere  has been som e interest in the  s tru c tu re  o f  m ethyl-lith ium , w hich is a 
tc tram cr consis ting  o f a le trah c d ra n  o f lith ium  a to m s w ith  a m ethyl g ro u p  by



the cen tre  o f each face. The e.s r. spectrum  of the co rrespond ing  alkyl rad ica l,"” 
in w hich o ne  hydrogen a to m  has been rem oved, has been ob tained  an d  shows, 
as  e.vpected, hyperline co up ling  w ith three equivalent 'L i  nuclei [ / ( ’ Li) =  j]. 
T h is is consisten t with the s tru c tu re  (41). 1 here m ust be rap id  ro ta tio n  o f  the 
m ethy lene g ro u p  to  acco u n t for the equivalence of the three lith ium  nuclei.

it.
H - r - C r r - H , , !  Li

J;
L i f — l L i , ,  ^ L i

CH}
L i

e n d  v iew  (41)

F u rth e r  exam ples o f em ission  lines in e.s.r. spectra have been observed" ' 
w hich can  give in fo rm ation , in p a rticu la r, a b o u t the s itua tion  w hen a rad ical is 
actually  being form ed o r  possibly destroyed . A report o f  a reaction  which has a 
m easurab le  dependence on  m agnetic f ie ld " ' streng th  m ight well be related  to  
this, for though  m agnetic energies a re  m uch to o  sm all, under usual con d itio n s, 
to  have any visible elTect on  rad ical reactions, w hen the sin g lc t- trip le t tran sitio n  
p ro b ab ility  depends on  the field, the  la tte r  cou ld  have p ro n o u n ced  elTects on  
th a t step  o f a reaction . If this resu lt is confirm ed it could  have im p o rtan t th eo re ti
cal and  p ractical im plications.

Finally  it shou ld  be n o ted  th a t the  follow ing texts have a p p e a re d : a sim ple 
in tro d u c tio n  to  free rad ical c h e m is try " ' an d  a com prehensive m o n o g ra p h ." '

K . S. C h e n .  F . H e rtin i, a n d  J. K K o c h i, J. Amer. Chem. .Soc., 1973, 9 5 , 1340.
P . W . A tk in s .  A . J. D o h b s ,  a n d  K . A . .M cL au ch lan , Chem. Hhys. Letters, 1973. 23 , 204. 
R . Z  S ag d ccv . K . V. S a lik h o v , T . V  L c sh in a . M . A . K a m k h a ,  S . M . S k e in , a n d  Y u . N . 
M o ltn , Pis'rma /Chur. eksp. tear. F ir . ,  1972. 16. 599.
J . I. G . C a d o g a n ,  P rin c ip le s  o f  F ree  R a d ic a l C h e m is try ,’ M o n o g ra p h s  fo r  T e a c h e rs ,  
T h e  C h e m ic a l S o c ie ty . L o n d o n .  1973. N o . 24.
J . K . K o c h i, F ree  R a d ic a ls :  V o l. I. D v n a m ic s  o f  t i e m e n ta r y  P ro c e s se s ',  W iley , N e w  
Y o rk ,  1973.
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The e.s.r. spectra of a number o f radical adducts o f maleic acid have been observed and hyperfine 
structure arising from y-, from S- and from e-coupling has been revealed. This provides a positive 
identification o f the radicals involved. The origin of the long-range coupling constants is discussed 
in terms of simple molecular orbital theory and direct magnetic interaction. The dilfcrence between 
spectra observed in acidic and in alkaline conditions, is interpreted in terms o f structural changes.

Aliphatic or aryl radicals may be trapped by maleic acid,*’  ̂ and the short-lived 
adducts so-formed detected by means of e.s.r. spectroscopy. The sequence o f
reactions leading to the observed radicals have generally been as follows ;

T i'” -b H ^O .-FTi*'" 4- O H -  -b -O H  (1 )

R H -b 'O H -h R .-b H ^ O  (2 )

C H C O 2 H  H O C H C O 2 H
II + - 0 H -^  I (3 )
CHCO2H .CHCO2H

(I)
C H C O 2 H  R C H C O 2 H
II - f R —♦ I (4 )
C H C O 2 H  -C H C O a H

(II)

Phenyl adducts have been generated from the corresponding diazonium salts by 
reduction.^ In alkaline or neutral solution the reducing species has been TP" and in 
acidic solution the reduction has been achieved by radicals R* formed in reaction (2) 
where RH is a primary or secondary alcohol or formic acid.

PhN^-b[Ti"*(edta)]^[TP>dta)]-bN2 +  Ph.. (5)
It is easy to arrange the conditions so that the consecutive reactions (2) and (4) 

dominate, and the e.s.r. spectra o f the resulting radicals o f type (II) consist o f four 
lines. The two coupling constants obtained from each spectrum characterise the 
adducts but do not positively identify them. These splittings do not, for example, 
tell us whether or not the species, which has added to the double bond, is the same as 
that which would have been observed in the absence of maleic acid from the solutions. 
We now report successful attempts to improve the resolution o f the four line spectra, 
so that in most cases further small splittings appear, which confirm the assumed 
nature o f the adduct radicals.
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In the most straightforward cases each o f the four lines was split further into a 
multiplet as appropriate for the number of y-protons in the adduct. Thus the e.s.r. 
spectrum o f the methyl radical adduct had a small quartet (I : 3 : 3 : 1) splitting 
whereas there were small doublet ( 1 : 1 )  splittings when either dioxan or ethylene- 
diaminetetra-acetic acid were the “ primary ” substrates in the TP"/H202 system (see 
table 1). In neutral or in alkaline solution the spectrum o f the hydroxyl radical adduct 
itself has a small doublet splitting.

ImT

F ig. 1.— E.s.r. spectrum of maleic acid adducts with methyl and hydroxyl (asterisked) radicals.

The spectra obtained from the adducts o f radicals o f type RR COH were hot so 
straightforward, since they were less well resolved in neutral or in alkaline solution, 
but appeared to have small couplings corresponding to the appropriate number o f y- 
and 5-protons in acid. These “ extra ” splittings confirm tlie nature o f these radicals. 
N o additional splitting o f the four lines was observed in the spectrum ascribed to the 
phenyl radical adduct, so 2-fiuorophenyl was used in the hope that the fluorine split
ting might be large enough to observe. In fact a fluorine splitting was observed and 
it was larger even than that expected from previous studies on aryl semiquinones.^

E X P E R I M E N T A L

T he co n d itio n s in our experim ents were sim ilar to  those o f  B eckw ith and  N o rm a n   ̂
except that the flow  system  w as driven by a peristaltic pum p w hich gave a fine contro l o f  the  
flow  rate {ca. 10 cm^ s~ ‘ ). - T he concentrations used were approxim ately  0 .05 m ol dm~^ for  
Ti"' a n d  peroxide, 0 .25 m ol dm~^ for the d iazonium  salts and for  the substrates abou t 
0 .5-1 .0  m ol dm"^.. T he acid ic  so lu tion s contained  0 .5  m ol dm"^ sulphuric acid  and  the  
“ alkaline ”  so lu tion s w ere at pH  7-9. - - -

R E S U L T S  A N D  D I S C U S S I O N  ' .

All o f the results are summarised in table 1.

THE O R IG IN  OF THE L O N G -R A N G E  C O U PL IN G  CO NSTANTS

(i) 5-SP L IT T IN G S

The patterns o f the small coupling constants establish convincingly the structures 
of the adduct radicals. Relatively large y-coupling constants have been observed 
many times, e.g. in radicals from t-butyl alcohol, ether, dioxan etc., * and it seems 
likely that they arise from a combination of hyperconjugation and spin polarisation.^ 
The observation o f 5-splittings is less common, however, and such splitting generally
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occurs only in rigid systems such as the adamantyl radicals.®'  ̂ It is not difficult to 
see how coupling through so many c-bonds arises, since the situation is essentially the 
same as that leading to large meta~coup\\i\g constants when aryl rings are twisted out 
o f the nodal plane o f a single occupied molecular orbital,^ e.g. as in the rubrene 
radical ions.® The transmission of spin density through tr-bonded systems has 
already been explained in simple MO t e r m s , b u t  in view o f the complexity 
o f  the present problems it is rewarding to examine them in some detail.

T a b l e  1.— C o u p l in g  c o n s t a n t s  ( in  10 T )  o f  r a d ic a l s  R C H f C O z H lC H C O ^ H .
N u m b e r  o f  p r o t o n s  in  b r a c k e t s

acid alkali

R V D further splittings V ) 0^(1) further splittings

•OH 12.7 20.7 — 15.3 2 0 . 2 0 .2 ( 1 )
•(edta— H )f — — — 7.5 19.8 0.9(1) 0 .2 (N )
•C H 2 O H 13.7 2 0 . 8 0.6(1) 0.3(1) • 9.8 2 0 . 2 —
C H 3 C H O H 9.5 2 0 . 6 0.4(4) 7.5 2 0 . 0 0.3 (3 )
(C H slzC O H 10.5 20.5 0.3(6) 5.1 2 0 . 0 0.3*
(C H alzC G H -C H i- 9.0 20.3 * 7.1 19.9 0 .6 (1 ) 0 .3(7)
C H aC H O E t 11.5 20.4 0.3* 6.7 2 0 . 0 0.3(3)

[C H zlz  
/  \

0 0 1 L 2 2 1 . 0 0.4(1) 8 . 0 20.3 0.3*

C H 2 — C h
•CO 2 H 15.2 20.9 — 8.4 2 0 . 0 —

•C H 3 13.5 2 0 . 8 0.6(3) 10.3 20.3 0.7(3)
C gH g. 14.6 20.9  
o-C eH ^F- 10.9 20.3

•  Denotes incomplete resolution.

1.6(F)
10.7 20.4

t  M ost probably a proton a  with respect to one o f the carboxyl groups is abstracted.

Cl = 0 ;  C2 =  C2' =  - Y n  COS e^Co ; Cs =  - y c ^  ; C3 =  ( y ,  COS < ? 2 + y > 2

2-—p iag ram  showing orbitals and interactions mainly responsible for the a-spin delocalisation 
With coefficients of non-bonding orbital. Values of the non-zero parameters are

8i =  dihedral angle o f  orbital 2  about Cx— Cp bond with respect to axis o f  orbital 0 . 0i =  dihedral
angle about Cy— bond,



w .  T.  D I X O N ,  J.  F O X A L L  A N D  G.  H .  W I L L I A M S  1617

Using the MO parameters given in fig. 2, the average coupling constant o f the 
<5-protons, assuming free rotation about the Cy— Q  bond is given approximately by :

=  {y l(y ' cos SOSZ f̂f x 10""̂  tesla (a)

where we take the hyperfine splitting due to the nucleus in a free hydrogen atom to be 
50.8 mT and Z^({ is the effective atomic number for the hydrogen \s  orbital in a mole
cule. There are several ways o f obtaining an order o f magnitude for as from this. 
However, we shall take values o f and y'„ which have been shown to account for the 
coupling constants in the vinyl radical and also for the n.m.r. coupling constants in 
butadiene,*‘ i.e. so that eqn (a) becomes:

ÜS «  COŜ  Oi Zeff. («')

If cos^ 01 is about 0.5 then for = 1.0, aa%0.5 x 10 * T.
This is o f the correct order o f magnitude and is close to the limits o f resolution of 

our spectrometer under conditions of flow. If necessary, as can be quickly estimated 
for any dihedral angle using formula {a'). We can even go so far as to deduce the 
conformation about the C.— bond. The Ô coupling constants observed are o f the 
order o f 0.03 mT which corresponds to a dihedral angle o f about 60°. Similarly the 
coupling o f about 1 mT (averaged over the different adducts) corresponds to a dihedral 
angle o f about 60°. The resulting conformation is given in fig. 3.

»• -  *  -  -  —.  — CO2H

CO2H
Fig. 3.— One o f the two conformations predicted for the (CH 3 )zCOH adduct.

HO CH.

HO,C

Fig . 4.— Diagram showing nearest approach o f  an e proton to the «-carbon atom in adduct 

CHCOzH CH(C02H)CH2C(0H)(CH3)2.
Point X  is nearest approach o f  a S proton. Adjacent C— C bonds are all taken to be 1.54 Â.

(ii) e-C O U PL IN G  CO NSTANTS

The splittings from protons attached to a-, to f?-, to y- and to 5-carbon atoms can be 
explained in terms o f transmission o f spin density through bonds. The mechanisms 
involved may be separated approximately into two, i.e., (a) hyperconjugation and (b) 
spin polarisation. Appreciable splittings from e-protons have already been ob
served and they have been ascribed to “ through-space ” interactions. This term
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has not yet been clearly defined and in many cases where it has been invoked, an 
extended theory o f hyperconjugation o f the type given above for 5-splittings can 
account for the observations. Also, because o f the way spin densities tend to be 
transmitted to alternate orbitals, direct through-space interaction o f a hydrogen 
orbital with the orbital containing the odd electron would result in spin density 
appearing not in the hydrogen orbital itself, in the first instance, but on the adjacent 
carbon atom.

In view o f these thoughts we have investigated the possibility that e-splittings 
arise not from spin density associated with the e-hydrogen orbitals, but from a direct 
magnetic interaction between those protons and the cloud of spin density on the a- 
carbon atom. The hypothetical situation which would give the maximum effect of  
this kind is shown in fig. 4.

The Slater-type orbital most commonly used for carbon 2p orbitals is :

iA (W  =  (W 2;r)(Z /ao)^zexp(-Z r/2jo)
where the effective atomic number Z  =  3.25 and Oq is the Bohr radius o f the hydrogen 
atom.

The magnetic interaction o f a proton with an electron in this carbon 2p, orbital is 

(508/7iao)[>/'(2pr)]^ =  2.06 x 10  ̂ mT
where distances are measured in Angstroms.

For the proton in fig. 5 this becomes 10.2 mT.. Now  we would not expect that 
the proton could possibly get nearer to the a-carbon atom than a distance somewhat 
greater than the C—H bond distance, so if  we doubled the distance o f closest approach 
the maximum direct coupling is reduced fifty .times to 0.2 mT.

Allowing further free rotation o f the methyl group and for other possibilities o f  
bending or flapping in the molecule, the estimated e-splittings are rather less than 
0.05 mT. The main point here is that this direct magnetic interaction could be large 
enough to account for the obsen'ed splittings. The effect could be enhanced by 
steric repulsions o f  the )5-carboxyl group.

H ,

cô H :
F ig. 5.

The corresponding direct interaction with one o f the 5-protons has a maximum 
value o f 0.05 mT. Allowing again for free rotation o f methyl groups and for bending 
within the molecule, this is negligible compared with the coupling due to extended 
hyperconjugation, and is moreover extremely sensitive to the exact position o f the 5 
carbon atom.

A D D U C T S OF R A D IC A L S DERIVED FROM ALCOHOLS

The pattern o f lines in the spectra from the adducts o f maleic acid with radicals 
formed by «-hydrogen abstraction from alcohols, were dependent on the pH o f  the
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solutions. The maximum fine structure was observed in strongly acidic solutions and 
and in the case o f the adduct formed from *CH2 0 H, this fine structure unexpectedly 
showed two non-equivalent protons. A reasonable way of accounting for this, and 
for the apparent disappearance of some of the couplings when the solutions are made 
alkaline, is that there is some rigidity in the molecule, preventing free rotation and the 
corresponding equivalence o f the two methylene protons o f the CH2OH group. 
This rigidity could arise from hydrogen bonding between the hydroxyl group o f  
CH2OH and the neighbouring carboxyl group (see fig. 5).

One might expect these structures to break down under alkaline conditions.
The results for simple addition of hydroxyl radicals indicate that the rate o f  

exchange o f the hydroxyl proton in the CH2OH group is much faster in acidic solution 
than when conditions are more alkaline.

In conclusion it can be stated that the observed hyperfine splittings in the e.s.r. 
spectra o f these adducts o f maleic acid confirm their identities more completely than 
has previously been possible. The long-range 5-coupling constants arise from ex
tended hyperconjugation through the «-bonds and g-splittings from direct magnetic 
interactions. Both are observed because of favourable conformations.

* W. T. Dixon, R. O. C. Norman and A. Buley, / ,  Chem. Soc., 1964, 3634.
'  A. L. J. Beckwith and R. O. C. Norman, J. Chem. Soc. B, 1969, 403.
 ̂ P. Asliworth and W. T. Dixon, J.C.S. Perkin II, 1973, 1533.

■* W. T. Dixon and R. O. C. Norman, J. Chem. Soc., 1963, 3119 ; 1964, 4850.
: Y. Ellingcr, A. Rassat, R. Subra and G. Bcrthier, J. Amer. Chem. Soc., 1973, 95, 2372.
® P. J. Krusic, T. A. Rettig and P. von R. Schleyer, J. Amer. Chem. Soc., 1972, 94, 995.
’ R. V. Lloyd and M. T. Rogers, Chem. Phys. Letters, 1972, 17, 428.
® R. Biehl, K. P. Dinse, K. Mobius, M. Plato and H. Kurreck, Tetrahedron, 1973, 29, 363.
® J. A. Popie and D . B. Santry, Mo/. Phys., 1964, 7, 269.
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Electron Spin Resonance Spectra of Hydroxyl Adducts of Some Aromatic  
Acids

By W .  T .  D i x o n  * a n d  D .  M u r p h y .  D e p a r tm e n t  o f  C hem istry ,  B ed ford  C o l le g e ,  R e g e n t ’s  Park, L o n d o n  N W l 4 N S

T h e  first e.s.r, sp ec tra  o f  hydroxyl  a d d u c t s  o f  s o m e  n a p h th a l e n e  der iva t ives  are reported .  T h e  spin  dis tr ibution in 
t h e s e  radicals  r e s e m b le s  t h o s e  in c o r r e s p o n d in g  n a p h th o x y l  radicals .  Further e x a m p l e s  o f  c y c i o h e x a d i e n y l - t y p e  
radicals  are a ls o  g iv e n  a n d  fresh light is s h o n e  o n  th e  d e ta i l ed  m e c h a n i s m  o f  the  form at ion  of  b enzy l  an d  p h e n o x y l  
radicals  in the  T i“ ^ H j O j  s y s te m .

R .A D I C A L S  of the cyclolie.xadienyl type are imi)ortant 
intermediates in many hemolytic reactions of aromatic 
compound.s and a number have been directly observed 
by means of e.s.r. spectroscopy.*"^ Though heterocyclic 
analogues of these radicals have been studied relatively 
c.xtcnsivcly,®"’ only one example has been reported of an 
adduct radical in the naphthalene system, and that was 
in a single crystal.® We have extended the range of 
hydroxyl adduct radicals by using sulphonic acids which 
are water soluble, and have also obtained spectra arising 
from both a- and 3-addition to the naphthalene skeleton.
Some of the results obtained with sulphonic acids were 
rather unexpected' but not inconsistent with the ideas 
developed by Norman d  al}'^  for the mechanism of form
ation of benzyl^ and of phenoxyl® radicals in the Ti“ *- 
IfgOg system.

R E S U L T S

Spectra  fro m  aphlhalcncsn lphonic A c id s .— N a p h th a len e  
com poun ds are genera lly  m uch less so lub le  in w a ter  th an  
corresponding bcnzcnoid  com poun ds and  th is, togctljcr  w ith  
th e  increased num ber o f s ites for possib le  a tta ck , m akes  
tlicm  poor su b stra tes in th e  Ti***-HjOj sy stem . T he  
n ap h th a lcn em on osu lp h on ic  acids h ow ever arc so lu b le  in 
w ater  b u t g ive  a t  b est, w eak sign a ls due to  m ix tu res o f  
radicals in th e  flow sy stem . In  co n tra st to  ^this th e  sy m 
m etrical d isu lphon ic  acids g a v e  re la tiv e ly  in ten se  .spectra in • '
w hich one co m p o n en t w as m uch stronger th a n  the o th ers and  
could be p icked o u t  w ith  case. In these  cases th e  signal 
ascribed to  a T i'^ -H O j- com plex^-* w as en tire ly  quenched , 
in co n tra st to  th e  s itu a tio n  w ith  m onosu lph on ic  acid s, ;
show ing the re la tiv e ly  u n rcactive nature o f the la tter  species. .

T he coupling co n sta n ts  were assigned  by com parison  w ith  
the corresponding n a p h th o x y l rad ica ls,’® im p ly in g  th a t  th e  '
geom etries of the n a p h th o x y ls  are sim p ly  related  to  th o se  of | ' ,
the add uct radicals.

Jiadicals fro m  Benzene A c id s .— In som e cases, su ch  as for 
bcnzcncsu lph on ic  acid , m ix tu res o f radicals w ere observed  
b u t lines due to  m cfa-adducts cou ld  u su a lly  bo p icked  o u t  
b(;causc their sp ectra  w ere m uch w ider than  th o se  from  
other i.somcrs. T h e  resu lts for n v a r ie ty  of rad icals arc
g iven  in T ab le  2.       ■_________



D I S C U S S I O N

It is clear that carboxy- or sulpho-groups have little 
effect on the spin distribution in the adduct radicals al
though the coupling of the methylene proton does change 
markedly depending on the number of adjacent sub
stituents, ranging from ca. 3 0 mT with no adjacent sub
stituent, to ca. 2-5 mT when it has substituents on either 
side. The fused benzo-group can be regarded as a sub
stituent and so the effect can be interpreted as being due 
only to steric forces. With increasing substitution the 
hydroxy-group is pushed further from the plane of the 
ring, moving the methylene proton nearer to that plane 
hence decreasing hypcrconjugation. The clcctrophilic 
nature of the hydroxyl radical is shown by a preponder
ance of addition ' mcla ' to a sulpho-group.

Tolucnc-Y>-sulplionic A cid .—The results using this sub
strate seemed to be anomalous because at the liigh 
acidity of our solutions one would have expected to 
observe only the substituted benzyl radical.®''* Benzyl 
radicals arise from initial addition of 'OH followed by 
acid catalysed loss of water.® The presence of the 
electron-withdrawing sulphonic acid group tends to

(q) 1-0 mT I'O mT

E.s.r. spectra from 5-sulphosalicyiic acid (a) with Co’'' and (b) with T i-” ’H ,0 ,  and an excess of substrate

T a u le  1

C oupling co n sta n ts  (10"* T) in h y d ro x y l a d d u ct radicals of som e nap htlia lcn cd isu lp h on ic  acids (corresponding
n a p h th o x y l coup ling  co n sta n ts  in parentheses)

Position of
Substituent ‘OH attack a, a , a , a* a , a,
3.G-(S0,H ), 1 ag 24 4 0 4 (0 8 ) 13-3 (10 8 ) 3 0 (2-5) 3-6 (2 5)
3.7-(SO ,H ), 1 a  ̂ 22 0 10 4 (0 8 ) 13 4 (10 8 ) 3 0 (2 5) M  (0-7)
4.8-(SO ,H ), 2 11-70 (10-8) a  ̂ 32-7,5 2-0 (1-0) 1-0 (1-6) 6-25 (0-4) 1-9 (1-2)

1-0 ( 0) 
1-1 (0)

T a u le  2

C oupling c o n sta n ts  (10"* T) in radicals from  a tta ck  b y  'OH  on som e benzene acids
Position of

Substituents •OH attack fli 0% a . « 4  f l4 <7,
3-80,11 1 3 5 0 8-75 13-25 2-75 0-5
3 ,6 ( 8 0 ,H i, 1 35 5 0 - 0 13-0 9-0
4 ,0 .(8 0 ,H) 1 30-75 8-75 2-25 2-25
3-CO,H-4-SO,lI 1 36-0 8-5 2 - 8 9-0
3 -8 0 ,1 1-4-C0,II 1 30-0 0 - 0 2 - 8 9-5
2.0-(C O pi),-4-SO ,U 1 24-5 2-75 2-75
4,6.6-(C 0,H ), 1 32-0 8-25 2-5
3.4.0-(CO,H), 1 30-25 8-0
2.3.0.G-(CO,H)P 1 28-75 12-4
2 -CI (,-.3-80,11 1 32-5 flMo 0 5 2-75 13-0 8  5
2-Cli,-l-SO,H-.5-ElO,CO 1 32-70 rtir« 0-75 2-25 7-75
l-OII-2-COp 1-4-80,11 2 8 - 0 12-25 2-25
1-011-2-00,11-4-80,11 1 • • 1 -0 . 2 - 2 7-1
1-011-4-80,11 1  * 7-25 2 - 1 2 - 1 7-25
1-011-2 ,4(80,11), 1  • 1-75 2-26 6-3
1-011-2.4,6.(80,11), 1 • 2 - 0 2 - 0

1-011,-4-80,11 1  t a'cit . lG-25 5-25 1-76 1-75 5-25
a, =  M ethylene proton splitting.
* Phenoxyl radicals confirmed by CcW oxidation in the flow system . t Benzyl-typo radical.



P erk 2— 4/147— 2

4* HjO

s+ V  '

SOaH 
( la  )

favour loss of a j'iroton from tlie mctliyl group but on the 
other hand would inhibit proton attack on the hydroxy- 
group, as wc can see from the charge distribution in 
model (la). ‘ The observation of an adduct : benzyl 
radical ratio of ca. 2 : 1 (from peak heights) at pH ca. 0, 
suggests that the rate determining step is the attack by a 
proton.® This was confirmed by varying the acidity of 
the solutions. In ox-sulphuric acid a pure spectrum of 
the sulphonatcd benzyl radical was obtained, whereas at 
higher pH (zero sulphuric acid concentration) the benzyl 
radical could not be detected at all in the presence of a 
somewhat decreased signal from the adduct radical. It 
is interesting that tlie substituent on a ;aria*position is 
conjugated in the same sense as is the />axa-position of the 
ring, i.e. with the substituent in the 1-position.

Hydroxybcnzcncsn!phonic A cids.— Having observed ad
duct radicals from tuluene-/^-sulphonic acid under 
strongly acidic conditions, we investigated the possibility 
of observing something similar with phenols. From the 
results it seems that the sulpho-group docs not prevent 
loss of water, from the initially formed adducts ® so that 
we only observed plicnoxyl radicals except in one special 
case, 5-sulphosalicylic acid. This compound evidently 
formed a complex with titanium(iii) since when it was 
present in excess the colour of the solution became dark 
brown instead of purple. With high Ti*“ concentrations 
a mixture of radicals was observed, the main one being 
tlic aryloxyl radical. When the Ti’** concentration was 
reduced with respect to the substrate concentration, a 
pure spectrum (Figure) was obtained which could only be 
interpreted in terms of adduct (II). It seems that when 
the Ti"* complex reacts with 11 0̂  ̂ the hydroxyl radical 
formed attacks the nearest accessible site. This par
ticular site would probably be favoured because it would 
initially carry a'small negative charge [see (III)].

OH ,0H ■ 

CO2H

SO 3 H

(H)

CO2H

( n )



•

E X P E R I M E N T A L

T h e sp ectra  w ere ob ta in ed  using th e  flow sy stem  reported  
p rev iou sly  and th e  signals w ere b e st  ob ta ined  a t  th e  
m axim um  flow rate we could  ac liicv c  (ca. 15 m l s"’). In  th e  
o x id a tio n s b y  Ti***-H,O j tlic  su b stra tes w ere in th e  range  
0 1— 0-3.M. T he ex p erim en ta l con d ition s were as in ref. 1, 
b u t th e  so lu tion s w ere m ade stro n g ly  acid w ith  su lphuric  
acid (pi I cn. 0). A ttem p ts  to pu rify  the com m ercial sam p les  
of the su lp hon ic  acids by  recrysta lliza tion  led to  no im prove
m en t in the sp ectra  ob ta ined  and so m etim es led to  w orse  
resu lts. W e a ttr ib u te  th is  to  th e  l a b i l i ^  o f th e  su lpho- 
group.
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