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sehe Situation bezüglich des Zusammenhangs von 
Spinorkalkül und Bispinorkalkül hinsichtlich unserer 
Thematik aufzuklären. Außerdem ergaben sich 
Bedingungen, unter welchen der D i R A C s c h e /-Appa-
rat in krummlinigen Koordinaten so formulierbar 
ist, daß gewissen Hermezitätsforderungen entspro-

chen werden kann. Schließlich konnte der Weg 
genau verfolgt werden, wie sich die Axiomatik der 
PAULi-Matrizen in GALiLEi-Koordinaten in den gro-
ßen Rahmen einfügt. 

Herrn NOTTROTT danke ich für Kontrollrechnungen. 
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Many authors have shown that the stretching fre-
quencies, the absorption intensities, and in some cases 
the band widths arising from vibrations localized in 
functional groups attached to an aromatic ring can be 
related to the electronic nature of the ring substituents 
through the HAMMETT substituent constants (o) 1 based 
on chemical reactivitv studies. Such correlations have 
been published for the OH stretching vibration in 
phenols2, the C = N stretching vibration in benzonitri-
les 3~5 , the — NH stretching vibration in N-methvl ani-
lines6, the NH2 stretching vibrations in anilines5-8 , 
and the C = 0 stretching vibration in benzaldehvdes9, 
ethyl benzoates 9 and acetophenones 9- 1 0 . BROWN 11 has 
shown that in some cases such correlations are more 
appropriately made in terms of the electrophilic sub-
stituent constants o" 12. The high precision and accuracy 
of the recent infrared measurements in this field has 
justified a statistical treatment of the data by RAO and 
VENKATARAGHAVAN 1 3 . 
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Although such relations have contributed to our 
understanding of the structure and behaviour of or-
ganic molecules, they have remained largely empirical 
since completely satisfactory theoretical calculations of 
the substituent constants have not yet been made14. 
However, BROWN 15 has shown, on the basis of a simple 
molecular orbital treatment, that such correlations of 
spectroscopic parameters with essentially kinetic con-
stants are reasonable, since the changes in electron 
distribution which occur in the molecule during vibra-
tional distortions closely parallel those which occur in 
the formation of the transition state during chemical 
reactions. 

These correlations have also been shown to hold in 
such cases where the vibration involves one of the aro-
matic ring carbon atoms, as in the asymmetrical 
C —O —C stretching vibration in anisoles 16. More re-
cently RITSCHL 17 has extended this to a simpler vibra-
tional mode, the C —N stretching vibration in para-
substituted anilines, where the frequency rises as the 
ring substituents become more electron withdrawing. 

Since no interpretation was offered for this behaviour 
of the C —N stretching frequency, and since the NH2 
stretching vibrations in substituted anilines have been 
studied in great detail18' 19, it has now been possible 
to justify these results in a more fundamental manner. 
The HNH bond angle calculated from the NH2 stretch-
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mental and first o v e r t o n e N H 2 s tretching v ibrat ions in 
d i lute c a r b o n te t rach lor ide so lut ion f o r m o r e than 60 
ortho-, meta- and para -subst i tuted ani l ines . T o b e pub l i sh -
ed short ly . 
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ing frequencies20 increases smoothly from 109.4° in 
p-phenylenediamine to 111.1° in aniline to 113.6° in 
p-nitroaniline, as the nitrogen atom changes from al-
most pure sp3 hybridization towards a state with a 
higher s/p ratio as the lone pair electrons are progres-
sively delocalized over the aromatic ring. This increase 
in s-character is reflected in an increase in the NH2 
stretching frequencies, accompanied by a rise in the 
C —N stretching frequencies as this bond acquires more 
double bond character. 

Quantitatively the constant b, which is the coefficient 
of the 2s-orbital of nitrogen in the hybrid 20 

V'hybrid = 6 V (I - b2) ( 1 ) 

can be used as a measure of s-character of the hybrid 
nitrogen orbitals binding the hydrogen atoms. This co-
efficient can be calculated from the expression 

b2= - c o s 0 / ( 1 - c o s 0 ) (2) 

where 0 is the HNH angle. These results are tabulated 
in Table 1. Since b and the double-bond character of 
the C —N bond increase together as the substituent 
groups become more electron-withdrawing, a linear re-
lationship between the C —N stretching force constant 
and b might be expected. In this closely related series 
of molecules this force constant should be proportional 
to the square of the corresponding stretching frequency. 
Fig. 1 shows that this linear dependence is observed. 

2 0 S . F . MASON, J. C h e m . S o c . 1 9 5 8 . 3 6 1 9 ; see a lso J. W . 
LINNETT, T r a n s . F a r a d a y S o c . 4 1 , 2 2 3 [ 1 9 4 5 ] . 
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In einer vorangehenden Arbeit1 wurde das Elek-
tronenspinresonanz(ESR)-Spektrum des bei 77 "K be-
strahlten Benzols durch das Cyclohexadienylradikal in-
terpretiert, das durch Anlagerung eines Wasserstoff-
atoms an den aromatischen Ring entsteht. Diese Inter-
pretation ist auch von anderen Autoren2 unabhängig 
von uns vorgeschlagen worden. Sie konnte weiterhin 
durch die Berechnung der Spindichtenverteilung des 
Radikals gestützt werden 3, die gute Übereinstimmung 
zwischen dem Spektrum entnommenen „experimentel-
len" und „theoretischen" Werten ergab. 
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F i g . 1. R e l a t i o n s h i p o f the C — N stretching f o r c e constant in 
para -subst i tuted an i l ines , as m e a s u r e d b y the square o f the 
c o r r e s p o n d i n g s tretching f r e q u e n c y , to the s - character o f the 
h y b r i d n i t r o g e n o r b i t a l s b i n d i n g the h y d r o g e n a toms . T h e 
absc i s sa ax is a l so re f lec ts an i n c r e a s e in the d o u b l e - b o n d 

charac ter o f the C — N b o n d . 

No. ; Substituent C —N Stretching 
Frequency (cm -1) a s-Character b HNH Angle 

( ° ) c 

1 p -NH. , - 1 2 6 1 0 . 4 9 9 109 .4 
2 P-CH3O- 1 2 7 0 0 . 5 0 4 109 .9 
3 P-CH3- 1 2 8 0 0 . 5 0 8 110 .3 
4 H - 1 2 8 5 0 . 5 1 4 111.1 
5 p - F - 1 2 8 4 0 . 5 0 8 1 1 0 . 3 
6 p -C l - 1 2 9 2 0 . 5 1 6 111 .3 
7 p -Br - 1 2 9 0 0 . 5 2 1 111 .8 
8 p - I - 1 2 9 0 0 . 5 2 5 112 .4 
9 p - N O , - 1 3 1 9 0 . 5 3 5 113 .6 

a according to RITSCHL17; measurements in tetrahydrofuran. 
b calculated from equations (1) and (2), and equal to 0.500 for an sp3 

hybrid orbital. 
c calculated from the symmetric and asymmetric NH, stretching frequencies 

according to LINNETT 20. 

T a b l e 1. T h e C — N Stretch ing F r e q u e n c i e s in para -Subst i tu ted 
A n i l i n e s . 

Aus der Literatur 4 ist nun bekannt, daß durch An-
lagerung von Wasserstoffatomen an aromatische Ver-
bindungen hydrierte Ringsysteme gebildet werden. 
Wenn diese Hydrierung nach einem Radikalmechanis-
mus abläuft, sollten insbesondere bei Benzol Cyclo-
hexadienylradikale als instabile Zwischenprodukte auf-
treten, die durch ESR-Untersuchungen nachgewiesen 
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A b b . 1. E S R - S p e k t r u m v o n P r o d u k t e n d e r R e a k t i o n zwischen 
Wassers to f fa tomen u n d f e s t e m Benzo l . M e ß t e m p e r a t u r 2 1 0 ° K . 
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