
HIGH R E S O L U T I O N . 'PROTON MAGNETIC RESONANCE STUDY 

I N HYDROGEN BONDED SYSTEMS 

by 

NATSUKO NAMBA 
B. Eng., University of Osaka Prefecture, 19&0 

A. THESIS SUBMITTED IN PARTIAL FULFILMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in the Department 
of 

Chem 3 try 

We accept this thesis as c o n f o r m i n g to the r e q u i r e d standard. 

THE UNIVERSITY OF BRITISH COLUMBIA 

APRIL, 1964 



In p r e s e n t i n g t h i s t h e s i s i n p a r t i a l f u l f i l m e n t of 

the requirements f o r an advanced degree at the U n i v e r s i t y of 

B r i t i s h Columbia, I agree that the L i b r a r y s h a l l make i t f r e e l y 

a v a i l a b l e f o r reference and study, I f u r t h e r agree that per­

m i s s i o n f o r extensive copying of t h i s t h e s i s f o r s c h o l a r l y 

purposes may be granted by the Head of my Department or by 

h i s r e p r e s e n t a t i v e s . I t i s understood that, copying or p u b l i ­

c a t i o n of t h i s t h e s i s f o r f i n a n c i a l gain s h a l l not be allowed 

without my w r i t t e n permission® 

Department 

The U n i v e r s i t y of B r i t i s h Columbia, 
Vancouver 8, Canada 



i i 

ABSTRACT 

The keto-enol tautomeric systems of cyclic 1,3 diones have 
been' studied by the proton magnetic resonance method. The pre­
sence of both keto and enol forms were confirmed in chloroform 
and acetonitrile solutions. . From the concentration dependence of 
OH proton chemical shift, the equilibrium among the three forms 
has been suggested: 

• A linear relationship was found between the OH proton chemi­
cal shift and l / / c \ The chemical shift of the hydrogen bonded 
OH proton was found to be -7-\Q cps-. from T.M.S.. at 60 M.c. by 
extrapolation to infinite concentration. That of the non-
hydrogen bonded OH proton was found to be -l]i\.0 cps, which gave 
the most reasonable equilibrium constant, K| , for a l l concentra­
tions. 

The equilibrium constants were "obtained; from the observed 
OH chemical shift and from the ratioC. of the areas under the 
specific peaks for each species. Measurements were also made in 
the temperature range 302°K to 357°K for cyclohexane 1,3 dione 
in chloroform. The overall heat of conversion from the dimer 
enol form to the monomer keto from was found to be 2,o£ 
Kcal/mole. 

•The proton magnetic resonance spectra of methyl pyridines 
have been investigated both in catfbontetrachloride and trifluoro-
acetic acid. The broad'triplets which were observed at the 
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pyridine concentration of 6 ^ 8 mole .%, in trifluoroc a c e t i c acid . 
confirmed the presence-of the pyridine• cations . Almost, a l l the 
signals, shifted to low f i e l d on protonation. The factors which 
affect the chemical shift were spl i t into several terms on the 
basis of Pople's theory. The chemical shifts of the pyridine 

and pyridinium systems were compared with the benzene system. 
Dominating factors were found to be; the inductive and anisotro­
pic effects of the nitrogen atom or the protonated nitrogen atom, 
the mesomerlc effect of the above, and the inductive and aniso­
tropic effects of the me-thyl; groups. Using these values, which • 
were .obtained' from-the simple compounds/ the chemical shifts .•• 
were calculated and compared with the observed values. They 
agreed in most of the cases within t 5 cps at 6 0 M.c. 

The ortho coupling constants between the 2 and 3 ring pro­
tons in the puridine' system, are much smaller than those in the 
benzene system. The slight increases in coupling constants on 
protonation were only understandable considering the pyridinium 
cations as odd sequences from the benzene and pyridine systems. 

It was observed that the C'3-H' coupling constants increased 
on protonation as a result of the increase in the electronega­
t i v i t y of the nitrogen atom. That is the s character in the 
carbon atomic .orbital increased on protonation. 



iv 

ACKNOWLEDGEMENTS 

The author' wishes to express her sincere appreciation 
for the Inspiring supervision and encouragement of 
Dr. L . W. Reeves throughout this work. 

.. The author * Is also' greatly, indebted to p r v " E v - J . ; ...Well 
who has made.many; valuable suggestions f o r the writing o f the 
discussion. 



V 

TABLE OF CONTENTS 

ABSTRUCT . . . ' • . i i 
ACKNOWLEDGEMENT iv 
TABLE OF' CONTENTS v 
LIST OF TABLES " v i i 
LIST OF FIGURES v i i i 
CHAPTER I. INTRODUCTION- 1 
"iAiA' "Study of Keto-Enol.. Tautomerism' by N..M.R. . . . . . 1 
B.\ Hydrogen Bond by- N;J|,JR.'- . . . . . . . . . L|. 

1. General Descriptions [j. 
2. Hydrogen'Bonding Involving OK by N.M.R. . . . 5 

..C. Pro ton .Exchange . . . . . . . . . . 7 
1. General Descriptions 7 
2. Protonation by Strong Acids 11 

P.. Carbon 13-Pro ton Coupling . . . . . . . . . . . . ll). 
CHAPTER II. OBJECT OF THE PRESENT STUDY 16 
A. Keto-Enol Tautomerism of Cyclic 1,3 Diones . . 16 
B. Protonation of Pyridines 16 

CAHPTER III. EXPERIMENTAL . . . 13 
' A'. Preparation of Samples . 18 
. B. Measurements • 19 

CHAPTER IV. RESULTS . . . . . . . . . . . . . . . . 22 
A. Keto-Enol Tautomerism of Cyclic 1 ,3 Dione . . . 22 

1. Cyclohexane 1,3 Dione in'Chloroform . . . . . 22 
2. Cyclohexane 1,3 Dione in Acetonitrile • . . . . 25 
3. 5,5' Dimethyl Cyclohexane 1,3 Dione 

in Chloroform 25 
B. Protonation on Pyridines • 27 

1. Change of.Spectra on Protonation 27 
2. Concentration Dependence of/Chemical Shifts 

and Coupling Constants . . 30 
3. Signal of Proton Bonded to Nitrogen 31 
)+. C13' -H.1 .Coupling..Constants in CH3 32 

CHAPTER V. DISCUSSION, ... .38 
A. Keto-Enol Tautomerism of. Cyclic 1,3 Diones . . 38 

1. Cyclohexane 1,3 Dione in Chloroform 3Q 
2. Cyclohexane 1,3 Dione in Acetonitrile . . . . [̂ 1 
3. 5J5 ' Dimethyl Cyclohexanel,^:rMie^lh^Chlbf6form • hx 

B. Protonation on Pyridines . . ........ ..... ..... i\h. 
1. Chemical Shifts of Ring Protons 

a. Changes between Benzene and Methyl Benzenes . J4.6 



b. Changes betweeh 'Benzene,- Pyridine, and 
Pyridinium .ion''. . . . . . •. . 

c. Changes between Pyridine and Methyl Pyridine 
d. Changes- between Methyl Pyridines and • •• 

the. Methyl Pyridinium Ions. . . . . . 
2..,; Chemical.. Shifts of Methyl Protons • . ,..,,.,.17'.' 
3. Concentration. 'Hependence of Chemical Shifts 
-)..)..• Signal of the' Proton ;fhich' 'is "'Bonded 'to the ' 

Hitrogen Atom 
2...:.Coupling Constants . 

a. General Considerations 
"''"'bT '''Benfenl"- and Pyridine 

c. Pyridinium Cation Systems 

LITERATURE CITED 



v i i 

L i s t o f T a b l e s 

T a b l e P a g e 

.The S i g n a l s U s e d f o r t h e A n a l y s i s 20 

2. C y c l o h e x a n e 1 , 3 D i o n e i n C h l o r o f o r m 23 

3. C y c l o h e x a n e 1,3 D i o n e i n C h l o r o f o r m a t H i g h 2!+ 
T e m p e r a t u r e s _ • 

k. C y c l o h e x a n e 1,3 D i o n e i n A c e t o n l t r i l e 26 

5 . 5 , 5 ' D i m e t h y l C y c l o h e x a n e 1,3 . D i o n e i n . C h l o r o f o r m 26 

6. . C h e m i c a l S h i f t s c p s f r o m T . M . S . a t 60 M . c . 3I4. 

7. C o u p l i n g C o n s t a n t s ' 36 

8. C a l c u l a t e d a n d Obgerved C h e m i c a l S h i f t e r . _ h.9 
w i t h r e s p e c t t o B e n z e n e ... 

9. C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t w i t h 50 
. . r e s b e c t t o C o r r e s p o n d i n g M e t h y l B e n z e n e 

10. C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 5 l 
w i t h r e s p e c t t o P y r i d i n e 

11. C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t £2 
w i t h r e s p e c t to ' B e n z e n e 

12. C a l c u l a t e d a n d O b s e r v e d S h e m i c a l S h i f t w i t h 53 
r e s p e c t t o C o r r e s p o n d i n g M e t h y l B e n z e n e 

13. C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t $\\ 
w i t h r e s p e c t t o P y r i d i n e ' 

l k . C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 55 
w i t h r e s p e c t t o C o r r e s p o n d i n g P y r i d i n e 

1 5 . C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 56 
w i t h r e s p e c t t o . P y r i d i n i u m I o n 



v i i i 

L i s t o f F i g u r e s 

F i g u r e To F o l l o w P a g e 

1. S a m p l e Tube C o n t a i n i n g a C y l i n d r i c a l a n d 21 
a S p h e r i c a l R e f e r e n c e Tube 

2. S p e c t r u m o f C y c l o h e x a n e 1 ,3 D i o n e i n C H C l a 22 
"(16.0 m o l e fo) 

3 . S p e c t r u m , o f . C y c l o h e x a n e 1 ,3 D ione . i n C h l o r o f o r m 22 
(1 .05 m o l e fo) 

.Lu C h a n g e of. . O H - E r o t o n C h e m i c a l . S h i f t w i t h C :.'22 
C o n c e n t r a t i o n 

5. OH P r o t o n C h e m i c a l S h i f t o f C y c l o h e x a n e 1,3 D i o n e 23 
i n C h l o r o f o r m • 

6. Cye^ohexane.V 1,3 D i o n e i n C H C l ^ a t V a r i o u s . 2l.|. 
T e m p e r a t u r e S 

7. S p e c t r a of- I4. M e . t h y l P y r i d i n e a n d I t s C a t i o n 28 

8 . R i n g P r o t o n S p e c t r a o f 3,5 D i m e t h y l P y r i d i n e 29 
. a t V a r i o u s A c i d C o n c e n t r a t i o n s 

9. C h a n g e o f C h e m i c a l S h i f t ' w i t h C o n c e n t r a t i o n ' 30 

10 . C h a n g e o f JhfH*-oLti w i t h C o n c e n t r a t i o n 31 . 

11 . S p e c t r u m o f fflf P r o t o n , 32 

12 . P o s i t i o n o f R i n g P r o t o n R e s o n a n c e 1+6-



I . ••INTRODUCTION 

A. S t u d y o f K e t o - E n o l T au tome i * ism b y N.M.R. 

K e t p - e n o l t a u t o m e r i s m i n v o l v e s t h e m o t i o n o f a p r o t o n to a 

c a f b o n y l o x y g e n f r o m a n £ ( - c a r b o n . T h i s i s i l l u s t r a t e d i n the 

f o l l o w i n g e q u a t i o n . ^ 

0 OH 

; g - c J r c - - = c ~ 

The e x i s t e n c e o f two forms' was f i r s t r e c o g n i z e d f r o m t h e behav­

i o r i n c h e m i c a l r e a c t i o n s . - ^ P r e s e n c e o f t h e s e i s o m e r s [wa°'s** a l s o 

s e e n f r o m the s t u d i e s o f I.R."'", U.V.'1, and N.M.R J s p e c t r a . 

I n g e n e r a l , t h e c a r b o n y l compounds e x i s t a l m o s t e x c l u s i v e l y 

i n the k e t o f o r m - u n l e s s t h e r e i s any s t a b i l i z i n g f a c t o r f o r the 
7 

e n o l f o r m . The k e t o f o r m i s a b o u t 17 k c a l / m o l e more s t a b l e 

t h a n t h e e n o l f o r m f r o m b o n d e n e r g y c a l c u l a t i o n s . The r e l a t i v e 

s t a b i l i t y o f t h e s e two forms i s a f f e c t e d b y f a c t o r s s u c h as r e s o ­

n a n c e , c o n j u g a t i o n o f C=C and 0=0 d o u b l e bonds, the f o r m a t i o n o f 
S 

h y d r o g e n bonds to t h e e n o l p r o t o n and o t h e r s t r u c t u r a l f e a t u r e s . 

E q u i l i b r i u m p o s i t i o n a l s o c h a n g es w i t h d i f f e r e n t s o l v e n t s . 

The k e t o f o r m i s al m o s t , i n v a r i a b l y more p o l a r t h a n the e n o l f o r m 

and t h e k e t o - e n o l r a t i o f o r a. g i v e n p a i r o f t a u t o m e r s a t e q u i ­

l i b r i u m I'-nM s o l u t i o n depends m a r k e d l y on the p o l a r i t y o f the s o l ­

v e n t , and t h i s r a t i o t e n d s t o be t h e g r e a t e s t i n the l e a s t 
1 
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9 polar solvents. Acidic and basic solvents also vary the posi­

tion, both favouring the formation of the enol form. The hydro­

gen bond to the solvent molecule is also important. 
1CVI4-

Tautomeric systems have been analyzed by chemical, ( 
r refractive index"^ and light absorp.tion"1""^1^ methods. 

Proton magnetic resonance has been a useful method for 

studying tautomeric aystems^' °' 7 ' 15>lo>17 A 8 A 9 , 20, 21 because 
l l t doesri't perturb the system during measurements. The enoliza-

tion of c a r b o n 7 r l compounds, in particular, p - dike tones and ^~ 
triketones; etc., are well known and much work has been done on 

5 6 7 15' 

the factors, which• influence the position of equilibrium. ' ' ^' 
lb, 17 ,18,20 T h e f i r g t e n o i i C compound studied by N.M.R. was the 

< 6 

l i q u i d ace tyl ace tone . ' The spec trsinof l i q u i d acetylacetone 
show five peaks which were assigned to two different methyls due 
to the keto and to the enol forms, to CHg. protons between the 
two carbonyls in the keto form, to olefinic protons C=CH in the 
enol, and :'to the' OH protons in the enol. The ratio of the keto 
to the enol forms woro determined from the measurements of sig­
nal intensities(= ratio of area under the peaks)'. The heat of 
conversion.has also been obtained from the measurement of the 

'keto-enol ratio over a range of .temperatures . The: Enthalpy, «4H, 
was. thus found from the slope of a graph of log K g versus l/T. 
Similar work has been done in different solvents to stud;/ the 
effect of solvents on the system. 

1 

With certain assumptions the condition for coalescence of 

two peaks.andVg arising from two non-equivalent protons which 
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may undergo exchange can be written: 

where 2X= TA = % 

Ty = average lifetime of the proton at the site.;£. 
Prom the above equation we can estimate the average lifetime of 
the keto and enol forms to be at least 0.07 sec. 

Triketones, such as cyclic ^-triketones, dehydroacetic 
17 16 acid, diacetic and cinnamoyl acetoacetic esters and usnic 

16 

acid were found to be completely enolized in solutions and to 
form intramolecular hydrogen bonds with unsymmetrical diketones, 
such as£>f-formyl. ketones, with various substituents, several 
enolic forms are possible, and there will also be a tautomerism 
between the two enol forms. 

6 

The study of the temperature dependence of the chemical 
19,20,21 

shifts and spin-spin coupling constants in these com­
pounds will give additional information on the energetics of the 
proton transfer in the enolic systems. 

The large coupling constants observed between the hydrogen 
19 22 

bonding proton and the other protons in Schiff Bases ' pro­
vides strong evidence that the compounds exist exclusively in the enaminoketone forms: Similarly some 0^-formyl 

ketones have been shown to exist in only one specific enol 
' - 2 0 form. 



B. Hydrogen Bond by N.M.R. 
1. General Descriptions 

The following definition is suggested for hydrogen bond by 
p 

Pimentel and McCIellan. 
"A .hydrogen' bond exists between a functional group A-H and 

an atom or a group of atoms B in the same or a different mole­
cule when (a) there is evidence of bond formation (association 
or chelation), (b) there is evidence, that this new bond linking 
A-H and B specifically involves the hydrogen atom already bonded 
to A." Or in other words, the hydrogen bond is the interaction 
which involves two functional groups in the same or different 
molecules. One of these groups must be a proton .donor and the 
other an electron donor. Most commonly the proton is donated by 
a carbox.yl;,- hydroxyl, amine, or amide groups to oxygen in car-
bonyls, ethers, and hydroxyls, to nitrogen in amines and in 
N-heterocyclic compounds, and to halogen atoms in particular 

u 

molecular environments. 
The strength of the hydrogen bond l i e s between that of • 

chemical bonds and Van der Waals interactions, and the.energy of 
? 

breaking is the order of a few kilocalories. 
The formation of a hydrogen bond in a compound, either in 

solution or in the pure form, modifies a great many physical and 
a few chemical properties; molecular weight, shape, arrangement 
of atoms, frequency of I.R. and Raman bands, change of freezing 
point and boiling point, .solubility, N.M.R. shift, etc... 

The hydrogen bond can be detected f a i r l y e a s i l y b y 
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p r a c t i c a l l y a n y p h y s i c o c h e m i c a l m e t h o d . O t h e r t h a n s p e c t r o s c o ­

p i c s t u d i e s , d i e l e c t r i c m e a s u r e m e n t s a n d g a s i m p e r f e c t i o n s a r e 

t h e m o s t f r e q u e n t l y u s e d t o g i v e t h e maximum i n f o r m a t i o n . 

T o g e t h e r w i t h N . M . R ; . s p e c t r o s c o p y , I . R . a n d Raman s p e c t r o ­

s c o p y a r e e x c e l l e n t m e t h o d s o f d e t e c t i n g h y d r o g e n b o n d s . S i n c e 

t h e r e s t r a i n i n g f o r c e s a r e s i m p l y r e l a t e d t o c h e m i c a l b o n d 

o r d e r s , t h e v i b r a t i o n a l s p e c t r a a r e . s i g n i f i c a n t l y d i s t u r b e d b y 

h y d r o g e n b o n d f o r m a t i o n . E v i d e n c e s ' J b r t h i s a r e ; f r e q u e n c y s h i f t 

o f OH p e a k , b r o a d e n i n g o f t h e p e a k . b y h y d r o g e n b o n d f o r m a t i o n ; 

i n t e n s i t y c h a n g e ; a n d t e m p e r a t u r e , c o n c e n t r a t i o n , a n d s o l v e n t 

d e p e n d e n c e o f t h e s e c h a n g e s . 

O t h e r s p e c t r o s c o p i c s t u d i e s s u c h as U . V . , v i s i b l e , f l u o r e s ­

c e n c e , a n d n u c l e a r q u a d r u p o l e r e s o n a n c e s p e c t r o s c o p y a l s o g i v e 

2 

i n f o r m a t i o n a b o u t t h e h y d r o g e n b o n d . 

. 2 . H y d r o g e n B o n d i n g I n v o l v i n g OH b y N . M . R . 

When a p r o t o n e x p e r i e n c e s a d i f f e r e n t m a g n e t i c s h i e l d i n g b y 

f o r m i n g h y d r o g e n b o n d , t h e c h e m i c a l s h i f t w i l l v a r y f r o m t h e u n -

a s s o c i a t e d s t a t e t o a s s o c i a t e d s t a t e . 

23 

M a r s h a l l g a v e a c r u d e e q u a t i o n f o r t h e c h e m i c a l s h i f t o f 

p r o t o n s c o n s i d e r i n g a n i n t e r m o l e c u l a r e l e c t r i c f i e l d E : 
° " 216 mc* 

w h e r e 

$ - t h e c h e m i c a l s h i f t 

m = mass o f t h e p r o t o n 

• c = v e l o c i t y o f l i g h t 

a = t h e B o h r r a d i u s 
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A c c o r d i n g t o t h i s e q u a t i o n , ' . ; a n e l e c t r i c f i e l d o f O'.ILL a t o m i c 

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

a b o u t 1.JLL A, g i v e s a s h i f t o f LL p p m . 

I n a d d i t i o n t o i t s p r i m a r i l y e l e c t r o s t a t i c c h a r a c t e r , the . 

h y d r o g e n b o n d h a s some c o v a l e . n t c h a r a c t e r , s u c h as : 

X ~ * " » H - Y + 

a n d t h e d o n a t i o n o f e l e c t r o n s f r o m Y m o l e c u l e i n t o t h e X ' ^ ' H 

b o n d l e a d s t o i n c r e a s e d e l e c t r o n d e n s i t y o n t h e h y d r o g e n a n d a 

s h i f t t o h i g h f i e l d . H o w e v e r , u s u a l l y , t h e e l e c t r o s t a t i c c h a r ­

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

t h a t t h e o b s e r v e d c h e m i c a l s h i f t s a r e u s u a l l y t o l o w e r f i e l d ;• 

when a h y d r o g e n b o n d i s formed."*" 

The N . M . R . m e t h o d i s s u p e r i o r t o t h e I . R . m e t h o d i n t h a t i t 

i s m o r e s e n s i t i v e t o f r e q u e n c y s h i f t a n d t h a t w a t e r may be u s e d 

as a s o l v e n t . I f , t h e l i f e t i m e o f t h e h y d r o g e n b o n d i s v e r y 

s h o r t , we o b s e r v e i n t h e N . M . R . s p e c t r u m t h e t i m e a v e r a g e d c h e m ­

i c a l s h i f t o f a s s o c i a t e d a n d u n a s s o c i a t e d p r o t o n s ^ ' ^ i n s t e a d 

o f t h e two o v e r l a p p i n g , d i f f e r e n t a b s o r p t i o n , as i n t h e I . R . 

s p e c t r u m . 

The c h a n g e s i n p r o t o n c h e m i c a l s h i f t , i n ammonia a n d w a t e r 
, . ' 2 6 , 2 7 

w e r e f i r s t d e m o n s t r a t e d by-; Ogg b y m e a s u r i n g t h e p r o t o n 

s h i f t s i n t h e l i q u i d a n d g a s e o u s s t a t e s . A n u m b e r o f s t u d i e s 

h a v e a l s o b e e n d o n e , o n t h e a s s o c i a t i o n o f a l c o h o l s a n d , 
p h e n o l s . 6 ' 2 8 ' 2 8 ' 2 9 ' 3 0 ' 3 1 ' 3 2 ' 3 3 ' 3 ^ 3 5 ' 3 6 ' 3 7 ' 3 8 Some o f t h e 
r e s u l t s o f d i l u t i o n c h e m i c a l s h i f t m e a s u r e m e n t s w e r e c o r r e l a t e d 

2 9 , 3 5 , 3 6 
w i t h t h e d a t a o b t a i n e d b y t h e I . R . s p e c t r o s c o p y . 
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« 29 

H u g g i n s , P i m e ^ t e l a n d S h o o l e r y h a v e s t u d i e d t h e h y d r o g e n 

b o n d i n g o f p h e n o l a n d s u b s t i t u t e d p h e n o l s . A t t h e e q u i l i b r i u m 

o f r a p i d e x c h a n g e o f m o n o m e r - d i m e r s y s t e m , t h e f o l l o w i n g e q u a - . 

t i o n ' w a s a p p l i e d t o t h e o b s e r v e d c h e m i c a l s h i f t o f GH p r o t o n . 

m " x 

w h e r e x = t o t a l m o l e s o f p h e n o l 

ra = m o l e s o f monomer 

S^- c h e m i c a l s h i f t o f monomer 

^ = c h e m i c a l s h i f t o f d i m e r 

K n o w i n g J> M and S^t a n d m e a s u r i n g £ , t h e e q u i l i b r i u m c o n s t a n t s 

o f t h e m o n o m e r - d i m e r s y s t e m o f p h e n o l d e r i v a t i v e s h a v e b e e n 

o b t a i n e d . 

The c o n c e n t r a t i o n d e p e n d e n c e o f OH s h i f t i n d i l u t e s o l u t i o n 

was i n t e r p r e t e d i n t e r m s o f a d i m e r - m o n o m e r e q u i l i b r i u m a r id t h e 

f o l l o w i n g r e l a t i o n b e t w e e n t h e s l o p e a n d t h e e q u i l i b r i u m c o n ­

s t a n t ,twa;S;;i d e r i v e d : 

f( = e q u i l i b r i u m c o n s t a n t 

4j> = Sx> ~ $H 

w h e r e ( 7 7 / ~ t t L e l i m i t i n g s l o p e 

G . P r o t o n E x c h a n g e 

1. G e n e r a l D e s c r i p t i o n 

• The s h a p e a n d t h e w i d t h o f N . M . R . s i g n a l s a r e s e n s i t i v e t o 
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a t i m e d e p e n d e n t p r o c e s s . F o r a s l o w p r o c e s s o n t h e t i m e s c a l e 

o f t h e L a r m o r f r e q u e n c y d i f f e r e n c e ' i n d i s t i n c t e n v i r o n m e n t s , 

s p e c t r a a p p e a r as s e p a r a t e l i n e s f o r e a c h e n v i r o n m e n t . F o r 

r a p i d processes, t h e s p e c t r a a r e d e t e r m i n e d b y t h e t i m e a v e r a g e 

e n v i r o n m e n t o f t h e n u c l e i u n d e r i n v e s t i g a t i o n . When t h e l i f e ­

t i m e i n d i s t i n c t s i t e s i s o f t h e o r d e r } 

7l/27c( U*-Ve>) x io'J< t<N272Tc( ± 0 - y f l ) x 10"* 1 

w h e r e ( - î g ) i s t h e f r e q u e n c y d i f f e r e n c e i n two s i t e s , N . M . R . 

s p e c t r o s c o p y c a n be a v a l u a b l e t o o l i n q u a n t i t a t i v e r a t e i n v e s ­

t i g a t i o n s . 
39 

The B l o c h e q t i a t i o n s , w h i c h d e s c r i b e t h e a p p e a r a n c e o f a 
kO 

r e s o n a n c e s i g n a l , h a v e b e e n m o d i f i e d b y G u t o w s k y t o o b t a i n a 

q u a n t i t a t i v e r e l a t i o n b e t w e e n t h e l i n e s h a p e a n d t h e r a p i d e x ­

c h a n g e r a t e f o r a n u m b e r o f c h e m i c a l s y s t e m s . T h i s metho .Zd o f 

s o l v i n g t h e B l o c h e q u a t i o n s u n d e r t h e I n f l u e n c e o f c h e m i c a l e x -
ILI, 14.2,14.3 

c h a n g e h a s b e e n e x t e n d e d t o a n u m b e r o f r e a c t i o n - r a t e 

p r o b l e m s . M c G o n n e l l h a s g e n e r a l i z e d t h e B l o c h e q u a t i o n s t o 

i n c l u d e t h e e f f e c t o f c h e m i c a l e x c h a n g e a n d r e d u c e d t h e e q u a ­

t i o n s t o s i m p l e a l g e b r a i c f o r m . T h e y c o n s i d e r e d a 

s i m p l e c h e m i c a l e x c h a n g e s y s t e m i n w h i c h a n u c l e u s X i s t r a n s ­

f e r r i n g b a c k a n d f o r t h b e t w e e n two m o l e c u l a r e n v i r o n m e n t s A a n d 

B . The c o m p o n e n t s o f t h e X n u c l e a r m a g n e t i z a t i o n w e r e w r i t t e n 
• \ 

as %the sum o f t h o s e i n A a n d B s y s t e m s . 

u = U4 + U B 

V = + V B 

Kx - M / + M / 
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w h e r e u - c o m p o n e n t s i n p h a s e w i t h t h e e f f e c t i v e 

r o t a t i n g c o m p o n e n t o f t h e r» !f. f i e l d 

v = c o m p o n e n t o f o u t o f p h a s e w i t h t h e a b o v e 

r o t a t i n g r£f. f i e l d 

M Z = c o m p o n e n t i n t h e d i r e c t i o n o f t h e l a r g e 

• s t a t i o n a r y f i e l d 

T h e n t h e m o d i f i e d e q u a t i o n s a r e : 

+ 

+ ^WgVB = + 

-A j , U / , = + V B / T B -

- 4 ^ B L I B = - V b 4 B + ve/i* • - M i 

- U),' v4 = M ^ / T M - + M ^ / 

- ve = M B / T . B -
w h e r e 

a n d = t h e f i r s t o r d e r l i f e t i m e s o f X i n A a n d B 

MQ* a n d ¥.Q = e q u i l i b r i u m z m a g n e t i z a t i o n s o f X i n A and'iJ.B 

i _ i ^ i 
T ^ B ) 14(B) TA(B) 

1 1 + 1 
' W i O T ^ f B ) T 4 ( B ) 

T, / | a n d T|g = t h e l o n g i t u d i n a l r e l a x a t i o n t i m e s o f X i n 

A a n d B 

T 2ft a n d T ^ B = t h e t r a n s v e r s e r e l a x a t i o n t i m e s o f X i n 

A a n d B 

The m o d i f i e d e q u a t i o n s a r e e a s i l y s o l v e d i n t h e s l o w p a s s a g e 

c a s e , w i t h n e g l i g i b l e f r . f ' . s a t u r a t i o n , a n d w e r e u s e d t o show how 
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r a p i d e x c h a n g e r a t e s c a n be m e a s u r e d i n s o l u t i o n s w h e r e t h e X 

r e l a x a t i o n t i m e s a r e r e l a t i v e l y l o n g i n one s y s t e m , A , a n d s h o r t 

i n t h e o t h e r , B . 

One ' e x a m p l e o f a r a t e p r o c e s s w h i c h m o d i f i e s t h e n u c l e a r 

r e s o n a n c e s p e c t r u m i s a s : / s t e m i n - w h i c h t h e i n d i v i d u a l n u c l e i 

a r e m o v i n g f r o m one p o s i t i o n t o a n o t h e r . Some o f t h e p r o t o n s i n 

a m i x t u r e o f w a t e r a n d a l c o h o l w i l l b e e x c h a n g i n g b e t w e e n w a t e r 

'4.5 

m o l e c u l e s a n d t h e h y d r o x y l p o s i t i o n . o f t h e a l c o h o l . The p r o ­

t o n e x c h a n g e h a s b e e n f o u n d t o be g r e a t l y a c c e l e r a t e d I n t h e 

p r e s e n c e o f s t r o n g a c i d s o r b a s e s i n t h i s s y s t e m . I n a q u e o u s 

s o l u t i o n s o f m i n e r a l a c i d s , a v e r y . , r % p i d e x c h a n g e o c c u r s b e t w e e n 

t h e p r o t o n s o f a c i d a n d t h o s e o f t h e s o l v e n t - w a t e r m o l e c u l e s , 

r e s u l t i n g i n a s i n g l e s h a r p p r o t o n s i g n a l . 

S t u d i e s o n d i s s o c i a t i o n e q u i l i b r i a i n s o l u t i o n s o f a q u e o u s 
l+l 

e l e c t r o l y t e s h a v e b e e n d o n e . G u t o w s k y a n d S a i k a w e r e t h e 

f i r s t t o a p p l y N.M .R . t o d i s s o c i a t i o n a n d c h e m i c a l e x c h a n g e i n . 

some m i n e r a l a c i d s a n d b a s e 3 . Room t e m p e r a t u r e s p e c t r a o f t h e s e 

a c i d s show a s i n g l e p r o t o n r e s o n a n c e p e a k whose c h e m i c a l s h i f t 

i s a n a v e r a g e f o r a l l s p e c i e s i n s o l u t i o n . The e q u i l i b r i u m i n 

a q u e o u s s o l u t i o n s o f t h e s e a c i d s may b e w r i t t e n a s : . 

HA + H2.O ^ H 3 0 + + A " 

A n d t h e o b s e r v e d c h e m i c a l s h i f t I s g i ^ e n b y 

S = X , £ H 3 O * +' XZSEZQ 
J. 

+• >'% 

w h e r e x t a n d x 2 a r e t h e f r a c t i o n o f p r o t o n s i n H^O a n d H^'O 

r e s p e c t i v e l y . The c o n c e n t r a t i o n d e p e n d e n c e o f t h e c h e m i c a l 

s h i f t i s d e t e r m i n e d b y t h e d i s s o c i a t i o n o f t h e a c i d . A l i n e a r 
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r e l a t i o n h a s b e e n f o u n d i n d i l u t e a c i d s o l u t i o n s b e t w e e n t h e 

c h e m i c a l s h i f t a n d t h e • f r a c t i o n o f p r o t o n s p r e s e n t as H j O * 

I16 hi 'LB )L9 

+ »-M >'-+--» . / rph e s l o p e S o f t h e l i n e s h a v e b e e n u s e d t o e v a l u a t e 

t h e d i s s o c i a t i o n c o n s t a n t s o f a c i d s ' ^ » ^ 

A s i m i l a r s t u d y h a s a l s o b e e n done o n t r i f l u o r o a c e t i c a c i d 

as a n e x a m p l e o f a m o d e r a t e l y s t r o n g a c i d . The- p r o t o n a n d 

f l u o r i n e r e s o n a n c e s o f t h e a c i d i n d i f f e r e n t w a t e r c o n c e n t r a - ; 

t i o n s s h o w t h e i n f l u e n c e o f e l e c t r o l y t i c d i s s o c i a t i o n i f t h e : : \ ' 

a c i d m o l e ; f r a c t i o n i s b e l o w ; 0 . 5 a n d o f h y d r a t i o n i f i t i s a b o v e ' 

0 . 5 . The d i s s o c i a t i o n c o n s t a n t o f t h e a c i d was e s t i m a t e d t o be 
51 

a b o u t 1 . 8 . H o o d a n d R e i l l y - h a v e e x t e n d e d t h e s e i n v e s t i g a t i o n s 

o n t h e i o n i z a t i o n o f s t r o n g e l e c t r o l y t e s t o c o n s i d e r i n g t h e t e m ­

p e r a t u r e c o e f f i c i e n t s o f d i s s o c i a t i o n o f HNO3 a n d H C I O ^ . 

G r u n w a l d , L o e w e n s t e i n a n d M e i b o o m ^ h a v e c & r e f u l l y s t u d i e d t h e 

r a t e s a n d m e c h a n i s m s o f p r o t o l y s i s o f t h e m e t h y l ammonium I o n i n 

a q u e o u s s o l u t i o n . P r o m t h e e x c h a n g e b r o a d e n i n g o f t h e w a t e r 

s i g n a l t h e y . m e a s u r e d t h e mean l i f e t i m e o f a p r o t o n o n a 

w a t e r m o l e c u l e . T h e r e f o r e ' i t i s p o s s i b l e t o e s t i m a t e t h e f r a c ­

t i o n o f p r o t o l y s i s t h a t p r o c e e d s b y " p r o t o n t r a n s f e r v i a w a t e r 

m o l e c u l e s c o m p a r e d t o t h e d i r e c t p r o t o n t r a n s f e r b e t w e e n m e t h y l 

ammonium g r o u p s . S i m i l a r s t u d i e s o f t h e u n s u b s t i t u t e d , d i m e t h y l 

a n d t r i m e t h y l ammonium i o n h a v e a l s o b e e n i n v e s t i g a t e d . ' ' . 

2. P r o t o n a t i o n b y S t r o n g A c i d s 

S t r u c t u r e o f t h e i o n f o r m e d w h e n c o m p o u n d s a r e p r o t o n a t e d 



1 2 

5 7 
h a s b e e n t h e s u b j e c t o f d i s c u s s i o n s i n c e H a n t z s e h f i r s t p r e ­

s e n t e d e v i d e n c e f o r o x y g e n p r o t o n a t i o n o f b e n z a m i d e i n c o n c e n ­

t r a t e d H2SO4 f r o m u l t r a v i o l e t a b s o r p t i o n s p e c t r a s t u d i e s . A l l 

t h i s p r e v i o u s w o r k h a s b e e n summar ized b y K a t r i t z k y a n d J o n e s , 

who c o n c l u d e d t h a t a m i d e s a r e p r e d o m i n a n t l y p r o t o n a t e d a t t h e 

o x y g e n a t o m . 

The N . M . R . s p e c t r u m ' o f p u r e l i q u i d d i m e t h y l f o r m a m i d e shows 

two p e a k s o f e q u a l a r e a f o r t h e N - m e t h y l g r o u p s . It£wa~s ; ' 

c o n c l u d e d t h a t t h e two m e t h y l g r o u p s h a v e d i f f e r e n t e n v i r o n m e n t s 

b e c a u s e o f r e s t r i c t e d r o t a t i o n a b o u t t h e OC-T-IMe^ b o n d . F r a n k e l 

6 l 62 

a n d N i e m a n ' h a v e / s h o w n t h a t t h e s e two p e a k s r e m a i n u n c h a n g e d 

i n a q u e o u s s o l u t i o n s o f s t r o n g a c i d s a n d i n 1 0 0 $ H^O a n d - 1 0 0 $ 

D 2 S 0 4 . F r o m t h i s f a c t t h e y c o n c l u d e d t h a t t h e 0 - p r o t o n a t e d .•-.-.' 

f o r m : + ^ 

C — M 

d o m i n a t e s i n t h e s e s t r o n g a c i d s o l u t i o n s f r o m t h e e v i d e n c e t h a t 

t h e p r o t o n a t e d m o l e c u l e i s s t i l l r e s t r i c t e d i n r o t a t i o n a r o u n d 

OC-NMe^ b o n d . S i m i l a r r e s u l t s .have b e e n o b t a i n e d f o r N - m e t h y l 

a c e t a m i d e . 0 " ^ ' _ 

The r a t e o f e x c h a n g e o f t h e c a p t u r e d - p r o t o n w i t h t h e s o l ­

v e n t h a s b e e n s l o w e d down s u f f i c i e n t l y u s i n g f l u o r o s t i l f u r i c 
61^,65 

a c i d , w h i c h h a s t h e a d v a n t a g e s o f o e i n g a s t r o n g a c i d w i t h 
0 

a l o w f r e e z i n g p o i n t o f -89 C , so t h a t a s e p a r a t e s i g n a l f o r 

t h i s p r o t o n c o u l d be o b s e r v e d i n t h e s p e c t r a a t l o w t e m p e r a t u r e s 

The p r o t o n a t i o n o f p y r i d i n e h a s b e e n s t u d i e d b y S m i t h a n d 
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66 
S c h n e i d e r . T h e y o b s e r v e d t h e s i g n a l s o f t h e p r o t o n b o n d e d t o 

n i t r o g e n i n t h e p r e s e n c e o f e x c e s s t r i f l u o r o a c e t i c a c i d . T h e y 

f o u n d t h a t t h e l a r g e s t l o w f i e l d s h i f t o f r i n g p r o t o n s o c c u r s 

f o r t h e ^ - p r o t o n , a n d t h a t f o r t h e | 3 -p ro t o n s t h e l o w f i e l d s h i f t 

i s a l m o s t as l a r g e , w h i l e t h e c o r r e s p o n d i n g s h i f t f o r o ^ - p r o t o n 

i s m u c h s m a l l e r as a r e s u l t o f p r o t o n a t i o n . A s s u m i n g a s i m p l e 

p r o p o r t i o n a l i t y b e t w e e n t h e r e s o n a n c e s h i f t a n d t h e e l e c t r o n 

c h a r g e d e f i c i e n c y o n t h e c a r b o n a n d n i t r o g e n a t o m t o w h i c h t h e 

p r o t o n i s b o n d e d t h e y e s t i m a t e d t h e l o c a l c h a r g e d e n s i t y i n t h e 

p y r i d i n i u m i o n . 

D a n y l u k a n d S c h n e i d e r ' * h a v e s t u d i e d a z u l e n e s a n d t h j e l r 

c o n j u g a t e a c i d s I n t r i f l u o r o a c e t i c a c i d . T h e y c o n f i r m e d t h a t 

t h e p r o t o n a t i o n o c c u r s a t one p o s i t i o n i n e v e r y c a s e a n d f o u n d 

t h e c o u p l i n g c o n s t a n t s b e t w e e n t h e m e t h y l e n e p r o t o n a n d t h e p r o ­

t o n s a t two a n d t h r e e p o s i t i o n s b y f i r s t o r d e r a n a l y s i s . T h e y 

a l s o f o u n d t h a t t h e p r o t o n a t i o n o f t h e ; a z u l e n e s b r i n g s a b o u t 

p r o n o u n c $ £ c h a n g e s i n t h e c h e m i c a l s h i f t s a n d c o u p l i n g c o n s t a n t s . 

P r o t o n a t i o n m e c h a n i s m s i n v o l v i n g s i m p l e b e n z e n e d e r i v a -

t i v e s 0 ^ ' ^ ^ H a v e a l s o b e e n s t u d i e d i n H P / B F 3 m i x t u r e s a t loxtf t e m ­

p e r a t u r e . S t r u c t u r e s o f p r o t o n a t e d p u r i n e a n d - p y r i m i d i n e d e r l v a -
71 

t i v e s h a v e a l s o b e e n s t u d i e d i n t r i f l u o r o a c e t i c a c i d , a n d t h e 

o r d e r o f b a s i c i t y was f o u n d t o d e c r e a s e a s K r i n g > l : r a m i n o l~> 

o x y g e n . 
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D . C a r b o n 13 - P r o t o n C o u p l i n g 

A l t h o u g h t h e o r d i n a r y c a r b o n n u c l e i h a v e no m a g n e t i c 

moment , t h e i s o t o p e c a r b o n 13 w h i c h h a s t h e s p i n q u a n t u m number 

- | a n d h a s a n a t u r a l a b u n d a n c e o f 1.1%. T h i s a b u n d a n c e i s s u f f i ­

c i e n t t o o b s e r v e t h e c o u p l i n g b e t w e e n G 1 3 a n d p r o t o n s . Many 

* + v, ^ • ^ 7 2 , 7 3 , 7 4 , 7 5 , 7 6 , 7 7 c o u p l i n g c o n s t a n t s h a v e now b e e n o b t a i n e d . 

L a u t e r b u r d e m o n s t r a t e d - t h e p o s s i b i l i t y o f o b s e r v i n g t h e C 1 3 

r e s o n a n c e d i r e c t l y i n n a t u r a l a b u n d a n c e . " C c o u p l i n g c o r -

4 - 4 - 1 4- 1 4- U 4- 7 3 , 7 4 , 7 5 , 7 8 , 7 9 , 6 0 , 8 1 

s t a n t s a r e r e l a t e d t o s c h a r a c t e r ' ' ' a n d a r e 

a l s o s e n s i t i v e t o e l e c t r o n e g a t i v i t y o f t h e s u b s t l t t i e n t s o n t h e 

c a r b o n . S p ^ h y b r i d i z a t i o n a t t h e c a r b o n w h i c h h a s 25% s c h a r a c ­

t e r i n e a c h b o n d , g i v e s . a J C | 3 - H 1 a p p r o x i m a t e l y 120 c p s , s p 2 

g i v e s ^ 1 6 0 c p s a n d s p , ~J2hfi c p s . F r o m t h e s t u d i e s o f J C | 3 - H1 

i n s u b s t i t u t e d m e t h a n e s a n i n t e r p r e t a t i o n h a s b e e n g i v e n t h a t 

t h e d i s t r i b u t i o n o f s c h a r a c t e r among t h e c a r b o n o r b i t a l s o f t h e 

f o u r s u b s t i t u e n t s l e a d t o a n a d d i t i v i t y r e l a t i o n b a s e d o n t h e 
78,82 

a s s u m p t i o n t h a t t h e t o t a l s c h a r a c t e r i s c o n s e r v e d . 

G u t o w s k y g a v e t h e e q u a t i o n s h o w n b e l o w ! 

J c H ( C H X Y Z ) = J C H ( C H 3 X ) •+ J C H ( C H 3 Y ) + J C H ( C H 3 Z ) - 2 J C H ( C H 4 ) 

13 1 
The C - H m u l t i p l e t s h a v e b e e n e f f e c t i v e l y u s e d t o o b t a i n 

t h e s p i n - s p i n c o u p l i n g c o n s t a n t s . b e t w e e n e q u i v a l e n t h y d r o g e n 

8 3 8I1 

a toms ~" w h i c h a r e n o t n o r m a l l y o b s e r v e d . 

The l o n g - r a n g e c o u p l i n g b e t w e e n p r o t o n s a n d c a r b o n h a s a l s o 

b e e n o b s e r v e d i n compounds c o n t a i n i n g a n a t u r a l a b u n d a n c e o f C 1 3 

* , * • A 8 5 , 8 6 , 8 7 , 8 8 , ., , . . ' a n d i n e n r i c h e d compounds , a n d t h e l i n e a r r e l a t i o n s h i p 
b e t w e e n t h e p e r c e n t a g e s c h a r a c t e r o f C 1 3 a t o m i c o r b i t a l a n d 
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^ C ^ - C - H . ' h a s b e e n f o u n d . ' F o r t h e l o n g e r r a n g e c o u p l i n g c o n ­

s t a n t ( J c ^ - C - H 1 ) a l i n e a r r e l a t i o n s h i p t o J H - C - C - H h a s b e e n 

f o u n d . T h i s i n d i c a t e s a n a n a l o g y w i t h t h e c o n f o r m a t i o n a l d e p e n -

v T .89 
d e n c e o f ^ H - C - C - H v i c i n a l c o u p l i n g c o n s t a n t s . 
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I I . O B J E C T OF THE PRESENT STUDY 

A . K e t o - E n o l T a u t o m e r i s m o f C 7 f c l i c 1, 3 D i o n e s 

C y c l o h e x a n e 1,3 d i o n e a n d 5 , 5 ' d i m e t h y l c y c l o h e x a n e 1,3 

90,91 92 
d i o n e h a v e b e e n shovm. b y I . R . a n d l i . V . m e a s u r e m e n t s t o 

e x i s t a l m o s t e n t i r e l y i n t h e e n o l f o r m b o t h i n s o l i d a n d i n c o n ­

c e n t r a t e d s o l u t i o n s . F r o m t h e s t r u c t u r a l c o n s i d e r a t i o n s o f t h e 

c y c l o h e x a n e r i n g , t h e m o l e c u l e s m u s t e x i s t m o s t l y i n t h e h y d r o ­

g e n b o n d e d d i m e r f o r m w h e n t h e y a r e e n o l i z e d . 

P o l a r i t ? / a n d some o t h e r s o l v e n t p r o p e r t i e s h a v e a l s o b e e n 

92 
s h o w n t o a f f e c t t h e p o s i t i o n o f k e t o - e n o l e q u i l i b r i u m . F o r 

e x a m p l e , c y c l o h e x a n e 1,3 d i o n e h a s b e e n f o u n d t o a s s o c i a t e w i t h 

90 

t h e s o l v e n t m o l e c u l e i n d i o x a n e b y I . R . m e a s u r e m e n t s . ' 

The p r e s e n t s t u d y i s m a i n l y c o n c e r n e d w i t h t h e t a u t o m e r i c 

s t u d y o f c y c l o h e x a n e 1,3 d i o n e s i n c h l o r o f o r m a n d a c e t o n i t r i l e 

b y N . M . R . m e a s u r e m e n t s w h i c h h a v e t h e a d v a n t a g e s o f d i s t i n c t 

s i g n a l s f o r b o t h . t a u t o m e r s a n d . o f s e n s i t i v i t y o f p r o t o n c h e m i c a l 

s h i f t c h a n g e t o f o r m a t i o n o f h y d r o g e n b o n d s . 

B . P r o t o n a t i o n o f P y r i d i n e s 

N . M . R . s p e c t r a o f some m e t h y l s u b s t i t u t e d p y r i d i n e s ^ - " 

9 5 , 9 6 , 9 7 , 9 8 , 9 9 a n a p y r i d i n e ' I t s e l f 1 ' h a v e b e e n a n a l y z e d a n d 

p r o t o n c h e m i c a l s h i f t s a n d c o u p l i n g c o n s t a n t s h a v e b e e n o b t a i n e d . 

M e t h y l g r o u p s do n o t a p p r e c i a b l y a f f e c t t h e c h e m i c a l s h i f t s a n d 
9l i ,98 ,99 

c o u p l i n g c o n s t a n t s i n t h e a r o m a t i c r i n g . The s t r o n g 

s o l v e n t d e p e n d e n c e o f r i n g p r o t o n c h e m i c a l s h i f t s i n h e t e r o c y c ­
l i c . . 

l i e c o m p o u n d s h a v e b e e n s t u d i e d " a n d t h e ft-proton c h e m i c a l 



17 

s h i f t i s t h e m o s t s e n s i t i v e t o s o l v e n t c h a n g e . The s o l v e n t 

1 0 2 

d e p e n d e n c e o f m e t h y l p r o t o n s h a s a l s o b e e n s t u d i e d . 

I n t h e p r e s e n t s t u d y a n i n v e s t i g a t i o n o f t h e e f f e c t o f p r o ­

t o n a t i o n o n c h e m i c a l s h i f t s a n d c o u p l i n g c o n s t a n t s i n m e t h y l 

p y r i d i n e s h a s b e e n m a d e . 
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I I I , - E X P E R I M E N T A L 

A . P r e p a r a t i o n o f S a m p l e s 

C o m m e r c i a l l y a v a i l a b l e c y c l o h e x a n e .1,3 - d i o n e , 5 , 5 ' d i m e t h y l 

c y c l o h e x a n e 1,3 . d i o n e , a n d c y c l o h e x a n e 1,4 " 'd ione ( L . L i g h t & Co . , 

L t d . ; E a s t m a n O r g a n i c C h e m i c a l s ) w e r e p u r i f i e d by r e c r y s t a l i z a -

t i o n f r o m b e n z e n e . S p e c t r o s c o p i c g r a d e c h l o r o f o r m w a s , one d a y 

b e f o r e u s e , s h a k e n w i t h c o n c e n t r a t e d s u l f u r i c a c i d , w a s h e d w i t h 

d i s t i l l e d w a t e r , a n d f r a c t i o n a l l y d i s t i l l e d i n o r d e r t o r e m o v e 

e t h a n o l . I t was k e p t o v e r C a C l 2 i n a d a r k p l a c e . R e a g e n t g r a d e 

a c e t o n i t r i l e was f r a c t i o n a l l y d i s t i l l e d a n d k e p t o v e r C a C l 2 . 

A l l t h e c o m m e r c i a l l y a v a i l a b l e p y r i d i n e s ' (K&K L a b o r a t o r i e s I n c . ) 

o f r e a g e n t g r a d e w e r e f r a c t i o n a l l y d i s t i l l e d f r o m o v e r B a O , 

w h i c h h a d b e e n b a k e d t w e n t y - f o u r h o u r s u n d e r v a c u u m , o n t o BaO 

a n d k e p t u n d e r r e f r i g e r a t i o n a n d i n a n i t r o g e n a t o m o s p h e r e . 

T r i f l u o r o a c e t i c a c i d was p u r i f i e d b y f r a c t i o n a l d i s t i l l a t i o n 

i m m e d i a t e l y b e f o r e u s e a n d a f e w d r o p s o f t r i f l u o r o a c e t i c 

a n h y d r i d e w e r e a d d e d t o r e m o v e t h e t r a c e o f w a t e r . ' R e a g e n t 

g r a d e c a r b o n t e t r a c h l o r i d e was f r a c t i o n a l l y d i s t i l l e d a n d k e p t 

o v e r C a C l a . A l l t h e o t h e r s o l v e n t s w e r e r e a g e n t g r a d e a n d u s e d 

w i t h o u t f u r t h e r p u r i f i c a t i o n . 

- A l l s o l u t i o n s f o r b o t h k e t o - e n o l s t u d y a n d p r o t o n a t i o n 

s t u d y w e r e p r e p a r e d b y w e i g h i n g o u t i n t o s m a l l v i a l s a n d s e a l e d 

i n 5 mm O . D . N . M . R . t u b e s a f t e r t h o r o u g h l y d e g a s s i n g b y f r e e z i n g 

w i t h l i q u i d n i t r o g e n u n d e r v a c u u m . ' 

A s m a l l amount o f m a g n e s i u m p e r c h l o r a t e f o r t h e c h l o r o f o r m 
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s o l u t i o n s , a n d s o d i u m s u l f a t e f o r a c e t o n i t r i l e s o l u t i o n s w e r e 

a d d e d t o k e e p t h e s o l u t i o n s d r y t h r o u g h o u t t h e ' m e a s u r e m e n t s . 

B . M e a s u r e m e n t s 

V a r i a n A -6 , 0 N . M . R . S p e c t r o m e t e r was u s e d f o r a l l m e a s u r e ­

m e n t s . F o r c h e m i c a l s h i f t a n d c o u p l i n g c o n s t a n t m e a s u r e m e n t s , 

a c c u r a t e c a l i b r a t i o n s w e r e o b t a i n e d b y u s i n g a H e w l e t t - P a c k a r d 

W i d e R a n g e A u d i o O s c i l l a t o r e x t e r n a l l y c o n n e c t e d t o a m o d e l •• 

5>22B E l e c t r o n i c F r e q u e n c y C o u n t e r a n d t o t h e A - 6 0 S p e c t r o m e t e r . 

F o r h i g h t e m p e r a t u r e r e g u l a t i o n , a V-6057 V a r i a b l e T e m p e r a ­

t u r e I n s t r u m e n t was a t t a c h e d t o t h e A - 6 0 . The t e m p e r a t u r e s w e r e 

c a l i b r a t e d f r o m t h e s e p a r a t i o n o f e t h y l e n e g l y c o l s i g n a l s . 

F o r t h e r e f e r e n c e s t a n d a r d , a s m a l l amount o f i n t e r n a l 

t e t r a m e t h y l s l l a n e ( T . M . S . ) was u s e d f o r c h l o r o f o r m , a c e t o n i t ­

r i l e , a n d c a r b o n t e t r a c h l o r i d e s o l u t i o n s , a n d e x t e r n a l • T . M . S . i n 

c a r b o n t e t r a c h l o r i d e was u s e d f o r a c i d s o l u t i o n s . The c o r r e c ­

t i o n s f o r v o l u m e d i a m a g n e t i c s u s c e p t i b i l i t y w e r e made a f t e r ­

w a r d s . • • ' 

To o b t a i n t h e r a t i o o f k e t o t o e n o l , t h e s i g n a l s ( s e e T . ab le 

1) w e r e s w e p t a t t h e s l o w e s t r a t e (5>00 s e c / 5 0 c m ) , o n t h e n a r ­

r o w e s t w i d t h (50 c p s / 5 0 c m ) , a n d w i t h t h e s p e c t r u m a m p l i t u d e n o t 

e x c e e d i n g t h e l i n e a r r e s p o n s e r e g i o n o f . t h e i n s t r u m e n t . The 

a b s o r p t i o n s i g n a l s w e r e i n t e g r a t e d b y c a r e f u l l y t r a c i n g t h e s i g ­

n a l s o n t o g o o d q u a l i t y b o n d p a p e r a n d t h e n we i g h i n g - ' ' t h e " c u t - o u t s 

,3.0;f t h e s e t r a c i n g s . : 
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T a b l e 1 

The S i g n a l s U s e d f o r t h e A n a l y s i s 

1 ,3 c y c l o h e x a n e d i o n e i n CHC13 

( k e t o : • CH 2 be twe en = t h e / c a i * D p r i y l s 

( e n o l : OH 

1 ,3 c y c l o h e x a n e d i o n e I n CH3CN 

( k e t o : CH2 b e t w e e n t h e c a r b o n y l s 

I e n o l : o l e f i n i c p r o t o n 

5 , 5 ' d i m e t h y l c y c l o h e x a n e 1 ,3 d i o n e 

..- , I4. a n d 6 CH2 s i g n a l s f o r b o t h t h e k e t o a n d . the e n o l . 

The v o l u m e s u s c e p t i b i l i t i e s j v w e r e c o r r e c t e d b y a p p l y i n g t h e 

m e t h o d , p r o p o s e d b y B e r n s t e i n , $ ? a s f o l l o w s : A t u b e w i t h a 

s p h e r e o f a b o u t 2 . 5 mm i n d i a m e t e r a n d a c y l i n d r i c a l c a p i l a r y 

w h i c h c o n t a i n c y c l o h e x a n e w e r e i n s e r t e d i n a n o r d i n a r y N.M.R. 

t u b e as s h o w n i n F i g u r e . 1,. a n d t h e o u t e r t u b e was . f i l l e d w i t h 

s o l v e n t s o f w h i c h m a g n e t i c s u s c e p t i b i l i t i e s w e r e r e q u i r e d . F r o m 

t h e s e p a r a t i o n o f t h e two s i g n a l s , w h i c h i s l i n e a r l y d e p e n d e n t 

o n t h e v o l u m e s u s c e p t i b i l i t y o f t h e s a m p l e c o n t a i n e d i n t h e 

t u b e , as e x p r e s s e d b y t h e f o l l o w i n g e q u a t i o n : 

& c y l ( r e f ) - S s p h ( r e f ) = [ | j c y l - ^ s p h J P ^ r e f ) - 0 C $ ( s a m p l e } ] 

The v o l u m e s u s c e p t i b i l i t i e s w e r e o b t a i n e d f o r a c i d s o l u t i o n s o f 

p y r i d i n e s . . 

w h e r e .= ' c h e m i c a l s h i f t i n ppm 

= v o l u m e s u s c e p t i b i l i t y i n c g s u n i t s 
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= g e o m e t r i c a l c o n s t a n t d e p e n d i n g o n t h e s h a p e o f t h e 

common i n t e r f a c e o f r e f e r e n c e a n d s u r r o u n d i n g s a m ­

p l e t u b e . T h i s c o n s t a n t was d e t e r m i n e d b y c a l i b r a ­

t i o n u s i n g s u c h s o l v e n t whose s u s c e p t i b i l i t i e s a r e 

k n o w n and . t h e v a l u e o f 2.7 was o b t a i n e d f o r 

. C 3 - H 1 c o u p l e d m u l t i p l e t s i n d i l u t e s o l u t i o n s w e r e d e t e c t e d 

b y s w e e p i n g s l o w l y , w i t h h i g h g a i n a n d l o w e s t n o i s e d a m p i n g , 

s e v e r a l t i m e s a n d v a r y i n g t h e s p i n n i n g r a t e o f t h e s a m p l e s . The 

sweep w i d t h was 25>0 c p s p e r 5>0 cm. -

( f c y l - j s p h ) . 

P L A S T I C R I N G 

A60 TUBE 5 mm o . d . 

V 0 .5 ram o . d . 

SPHERE 2 .5 mm o . d . 
C E N T E R E D I N 
R E C E I V E R C O I L 

FIGURE 1 
S a m p l e Txibe C o n t a i n i n g a C y l i n d r i c a l a n d a S p h e r i c a l R e f e r e n c e Tube 
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I V . R E S U L T S 

A . K e t o - E n o l T a u t o m e r l s m o f C y c l i c 1,3 D i o n e s 

1 . C y c l o h e x a n e 1,3 D i o n e i n ' C h l o r o f o r m 

The s o l u b i l i t y l i m i t i n c h l o r o f o r m was f o u n d t o be a p p r o x i ­

m a t e l y 16 m o l e %. F i g u r e 2 shows a s p e c t r u m o f c y c l o h e x a n e 1,3 

d i o n e i n c h l o r o f o r m a t a c o n c e n t r a t i o n o f 16.0 m o l e %, 

A p a r t f r o m t h e s o l v e n t s i g n a l , t h e r e w e r e o b s e r v e d two 

p e a k s , e a c h o f u n i t i n t e n s i t y , a t - 7 0 3 C P S a n d -329 c p s r e s ­

p e c t i v e l y ; a n d a c o m p l e x s e r i e s o f s i g n a l s a t h i g h f i e l d b e t w e e n 

-110 a n d - l £ 5 c p s w i t h r e s p e c t t o T . M . S . w i t h t o t a l . I n t e n s i t y 

s i x . A s t h e c o n c e n t r a t i o n was d e c r e a s e d , t h e r e a p p e a r e d , as i s 

s h o w n i n F i g u r e 3> a new p e a k a t -205 c p s . The l o w f i e l d s i g ­

n a l , c i r c a - 7 0 3 ••' c p s was f o u n d t o be c o n c e n t r a t i o n d e p e n d e n t , 

s h i f t i n g t o h i g h f i e l d o n d i l u t i o n . T h i s was n o t f o u n d t o be so 

f o r t h e o t h e r s i g n a l s . The c o n c e n t r a t i o n d e p e n d e n c e o f t h e 

c h e m i c a l s h i f t o f t h i s s i g n a l i s s h o w n i n F i g u r e l i . 

The c o n c e n t r a t i o n d e p e n d e n c e o f t h i s s i g n a l i n d i c a t e d t h e 

p r e s e n c e o f a h y d r o g e n b o n d a n d t h e s i g n a l c a . - 703 c p s was 

a s s i g n e d t o ^ e , O H - p r o t o n , ' The - s i g n a l ' • a t -329 c p s , i n a r e g i o n 

w h e r e o l e f i n i c p r o t o n s a r e u s u a l l y f o u n d , was a s s i g n e d t o t h e 

o l e f i n i c p r o t o n i n t h e e n o l f o r m . The I n t e n s i t y o f t h i s s i g n a l 

was t h e same as t h a t o f OH p r o t o n s i g n a l . The s i g n a l w h i c h was 

f o u n d o n l y i n d i l u t e s o l u t i o n a t - I96 c p s was a s s i g n e d t o t h e 

m e t h y l e n e p r o t o n b e t w e e n t h e two c a r b o n y l g r o u p s i n t h e k e t o 

f o r m . T h i s s i g n a l was n o t f o u n d i n e i t h e r h y d r o c h l o r i c a c i d o r .-





TO FOLLOW PA&E 22 
F I G U R E 3 

Cydohexane 1 , 3 dione i n CHCI 3 i . 0 5 m o l e # 

4 .6 -CH, 

CHEMICAL S H I F T cps fmn T.M.S. at 60M.c. 
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T a b l e 2 

C y c l o h e x a n e 1,3 D i o n e i n C h l o r o f o r m 

c R o b s ot CJJ 2(C-C-Q ) K , K 2 
( x l O ) ( x l O ) ( x l O 2 ) ( x l O 2 ) 

, 0 . 7 5 , - 0 . 9 0 5 . -Q.494 6.02 0.460 • ::..5a \ 5 . i : : i 7.80 ,1.13 

0.77 0 .800 .0.473 605 0.450 4 .25 5 .9 7.00 ' 1.40 

0.92 1 .10 0.632 616 0.414 5 .24 6.0 7.44 1.14 

l . l 8 l . ! i 2 • 0.870 631 0.363 6.31 6.2 7.24 0.983 

1.34 1.96 1.05 635 0.350 7.35 6.0 7.83 0.613 

1.1+0 2.02 1.12 640 0.333 7.47 5.6 7 -44 0 .750 

1.85 2.81 1.57 ' 654 0 .286 8.98 5.6 7.28 0.625 

2.05 3.90 1.82 657 0.277 10.1 4 .6 7.72 0.455 

2.71 4 .o5 2.39 669 0 .237 11.3 6 .4 7 .04 . 0.565 

3.03 4 . 69 2.74 £73 0 .224 12.3 5 .8 7.04 "0.472 

3.10 4.53 2.79 675 •:0 .217 12.1 6.2 6.76 0.513 

3-72 5.86 . 3 .'43 679 0.203 13.9 5 .8 7.12 0.418 

A v e r a g e 7 ..31.. x 10 

C = C o n c e n t r a t i o n i n u n i t o f m o l e s p e r l i t e r 

& - C h e m i c a l s h i f t i n u n i t o f c p s f r o m T . M . S . a t 60 M . C . 

W ) 2 ^ 2(^1) ^ 2(^eZb) 
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T a b l e 3 

C y c l o h e x a n e 1,3 D i o n e . . i n C h l o r o f o r m a t H i g h T e m p e r a t u r e s 

0.235 m o l e / l i t e r as u n i t s o f d i m e r 

T ( ° K ) 1/T R K ( m o l / l ) l o g K 
( x 103) ( x 1 0 " ^ ) 

302 3.31 3.30 1.88 - 1 . 7 2 6 

317 3-15 2.1+0 3.36 -1.+7+ 

328 3.05 . 1 .614. 6.73 - 1 . 1 7 2 ' 

335 . 2.98 . 1.1+3 8.30 -1 .081 

3+8 2.87 O . 8 7 . 19.7 - 0 . 7 0 6 

357 2.80 0.58 28.6 -0.5++ 

. K : o v e r a l l e q u i l i b r i u m c o n s t a n t ( m o l e / l i t e r ) 

RT 
^ - R T I n K = - — — l o g K 

2.303 

^ 1 H ^ 2 . 0 5 K c a l / m o l e 

p y r i d i n e w i t h b o t h c o n c e n t r a t e d a n d d i l u t e s o l u t i o n s . 

The s e t o f p e a k s l y i n g b e t w e e n -110 a n d -155 c p s a r i s e f r o m 

t h e p r o t o n s a t t h e +,5 a n d 6 p o s i t i o n s o n t h e r i n g . B y compar?-'-; 

i n g ' t h e s e t s o f p e a k s a t h i g h a n d l o w c o n c e n t r a t i o n s , t h e s h a d e d 

p e a k s a r i s e f r o m t h e s i g n a l s f r o m t h e k e t o f o r m . S p e c t r a o f a 

s o l u t i o n o f 0.235 m o l e s / l i t e r d i m e r i n c h l o r o f o r m w e r e t a k e n a t 

t e m p e r a t u r e s b e t w e e n 302°K a n d 357°K. 

A l l t h e r e s u l t s a r e s h o v m i n T a b l e 2 a n d 3- -
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2. { jCyc lo j i exane 1 ; 1,3 Q l o n e i n A ' c e t o n i t r i l e 

The a c e t o n i t r i l e p e a k o v e r l a p s t h e b r o a d r e g i o n o f p e a k s a t 

h i g h f i e l d . H o w e v e r , e v e n t h o g h t h e s o l u b i l i t y l i m i t i s m u c h 

l e s s t h a n i n c h l o r o f o r m , t h e p r e s e n c e o f t h e k e t o f o r m was e v i ­

d e n t s h o v r i n g a s i g n a l a t -317 c p s . The p o s i t i o n o f t h i s s i g n a l 

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

a n d was a l s o c o n c e n t r a t i o n d e p e n d e n t . The k e t o 2 -C m e t h y l e n e 

s i g n a l h a s . a c h e m i c a l s h i f t o f -201 c p s c o m p a r e d t o - 2 0 5 . e p s i n 

c h l o r o f o r m b u t t h e MOE s i g n a l a p p e a r e d somewha t b r o a d e n e d a n d 

was s t r o n g l y c o n c e n t r a t i o n d e p e n d e n t . The r e s u l t s w h i c h w e r e 

o b t a i n e d f r o m t h e r a t i o o f t h e s i g n a l s a r e s h o w n i n T a b l e 1+. 

3 . 5 , 5 ' d i m e t h y l C y c l o h e x a n e " ' 1, 3 ; :Dione i n C h l o r o f o r m 

T h i s c o m p o u n d i s l e s s s o l u b l e t h a n c y c l o h e x a n e 1,3 d i o n e 

t h u s p l a c i n g a n u p p e r l i m i t ' o n t h e c o n c e n t r a t i o n d e p e n d e n c e 

s t u d i e s . The s p e c t r u m c o n s i s t e d o f s i g n a l s c i r c a - 6 0 , - 6 3 , 

-133» - l 5 0 , -198, -230 c p s , a n d a n o t h e r p e a k , whose p o s i t i o n 

v a r i e d w i t h c o n c e n t r a t i o n , a t l o w e r f i e l d . The r e l a t i v e i n t e n ­

s i t i e s o f t h e s i g n a l s l e a d t o t h e f o l l o w i n g a s s i g n m e n t : 

• k e t o f o r m : e n o l - f o r m : 

m e t h y l „.r 6.0 c p s / m e t h y l - 63 c p s 

Lj.,6 r i n g -150 c p s \ 1|,6 r i n g -133 c p s 

V2 r i n g -198 c p s | o l e f i n i c -230 c p s 

k 0H l o w e r f i e l d 

OH p e a k was somewha t b r & , a d a n d c o n c e n t r a t i o n d e p e n d e n t . The 

r e s u l t s o b t a i n e d f r o m t h e r a t i o o f k e t o a n d e n o l f o r m b y c o m ­

p a r i s o n o f I4.,6 r i n g p r o t o n p e a k a r e s h o w n i n T a b l e 5» 



26 

T a b l e 4 • 

C y c l o h e x a n e 1>3 D i o n e i n A c e t o n i t r i l e 

c R °M C D K 

x 10) ( x 10) ( x 10) ( x 10) 

0.62 . . 0.568 0.29 0.33 1.02 

0.95 0.699 O .38 0.57 1.01 

1.37 0.951 0..47 0.90 0.988 

1.56 0.944 o.54 1.02 1 .14 

2.11 1.062 0.68 1/43 1 .28 

K : " o v e r f a l l e q u i l i b r i u m c o n s t a n t ( m o l e s / l i t e r ) 

C o n c e n t r a t i o n s i n u n i t o f m o l e s / l i t e r d i r t ie r 

T a b l e 5 

5 , 5 ' D i m e t h y l C y c l o h e x a n e 1,3 D i o n e i n C h l o r o f o r m 

c R C D K 

0.57 0.222 1.7 x 10- 2 4.0 X 10- 2 9.17 x 10 

0.63 0.235. 2.0 If • 4 . 3 ri 9.15 " 

0.67 0.334 2.7 (1 4.0 . n 5.96 » 

0.82 O .436 3.8 II 4 . 4 11 5.15 " 

0.87 0.426 4.1 » 4.6 it 5.25 " 

K : o v e r a l l e q u i l i b r i u m c o n s t a n t 

C o n c e n t r a t i o n s i n u n i t o f m o l e s / l i t e r d i m e r 
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B . P r o t o n a t i o n o n P y r i d i n e s • 

1 . C h a n g e o f S p e c t r a o n P r o t o n a t i o n 

A l l t h e c h e m i c a l s h i f t s a n d t h e c o u p l i n g c o n s t a n t s i n 

u n p r o t o n a t e d a n d p r o t o n a t e d m e t h y l p y r i d i n e s a r e s h o w n i n T a b l e 

6 a n d 7. A l m o s t a l l t h e s i g n a l s s h i f t e d t o l o w e r f i e l d i n t h e 

p r o t o n a t e d s p e c i e s . The l a r g e s t l o w - f i e l d s h i f t o c c u r r e d f o r 

t h e ^ - p r o t o n s , t h a t f o r t h e j 3 ~ p r o t o n s i s a l m o s t as l a r g e , x- jh i le 

t h a t f o r 0 ( - p r o t o n s was m u c h s m a l l e r . T h i s i s s i m i l a r t o r e s u l t s 
66 

o b t a i n e d f o r u n s u b s t i t u t e d p y r i d i n e . The l o w { f i - e i : d r s h i f t o f 

m e t h y l p r o t o n s ' seems i n d e p e n d e n t o f t h e p o s i t i o n a t w h i c h t h e 

m e t h y l g r o u p i s l o c a t e d . 

The c o u p l i n g c o n s t a n t s b e t w e e n r i n g p r o t o n s o b t a i n e d f r o m 

f i r s t o r d e r a n a l y s i s a r e f o u n d t o i n c r e a s e i n p r o t o n a t i o n . 
4 

3 m e t h y l p y r i d i n e g 

The p r o t o n r e s o n a n c e s p e c t r u m o f 3 m e t h y l p y r i d i n e c o n s i s t s 

o f t h r e e g r o u p s o f s i g n a l s w h i c h c o r r e s p o n d t o t h e m e t h y l , 2,6 

r i n g , a n d r i n g p r o t o n s . The - p r o t o n s i g n a l was f o u n d t o 

h i g h f i e l d o f t h e O i - p r o t o n s i g n a l . T h e y w e r e a n a l y z e d as A B X Y 

s p e c t r u m b y f i r s t o r d e r a p p r o x i m a t i o n . On p r o t o n a t i o n , t h e 

c h e m i c a l s h i f t b e t w e e n t h e 2,6 r i n g p r o t o n s a n d r i n g p r o t o n s 

d e c r e a s e d . C o u p l i n g c o n s t a n t s b e t w e e n t h e r i n g p r o t o n s w e r e • ; • / 

a l s o o b t a i n e d t o g e t h e r w i t h t h e one b e t w e e n t h e y ' - p r o t o n a n d t h e 

m e t h y l p r o t o n s . The l a r g e s t c h a n g e i n c o u p l i n g , c o n s t a n t o n p r o ­

t o n a t i o n was f o u n d f o r t h a t b e t w e e n t h e p r o t o n s a t p o s i t i o n s 5 

a n d 6 . 
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CH, 

L|: m e t h y l p y r i d i n e 6 C j ^ / 2 

The F i g u r e 7 /Shows t h e P . M . R . s p e c t r a f o r 8.3 m o l e p e r c e n t 

o f t h e c o m p o u n d i n c a r b o n t e t r a c h l o r i d e , a n d 5 . 8 m o l e p e r c e n t i n 

t r i f l u o r o a c e t i c a c i d . The s p e c t r a w e r e e a s i l y a n a l y z e d a n d t h e 

c o u p l i n g c o n s t a n t s - b e t w e e n t h e r i n g p r o t o n s , a n d b e t w e e n t h e 

m e t h y l p r o t o n s a n d t h e ^ - p r o t o n were f o u n d . The l a t t e r c o n s t a n t 

c o u l d h o t be o b t a i n e d f o r t h e p r o t o n a t e d s p e c i e s . The c h e m i c a l 

s h i f t b e t w e e n t h e C * ! - a n d ^ 3 - p r o t o n s d e c r e a s e d o n p r o t o n a t i o n ; a n d ' 

t h e £>£-pro t o n s i g n a l s h o w e d f u r t h e r s p l i t t i n g b y c o u p l i n g f r o m 

t h e p r o t o n b o n d e d t o t h e n i t r o g e n , g i v i n g a p p r o x i m a t e l y ;a t r i -

l e t , t h e c o u p l i n g c o n s t a n t b e i n g a l m o s t e q u a l t o J 2 - 3 . 

2,6 d i m e t h y l p y r i d i n e H ^ ^ ^ C H 3 

The r i n g p r o t o n s s h o w e d a t y p i c a l A B 2 s p e c t r u m c o n s i s t i n g 

o f two g r o u p s o f s i g n a l s w h i c h a p p r o x i m a t e l y a p p e a r e d as a q u a r ­

t e t a n d d o u b l e t c o r r e s p o n d i n g t o t h e Y- a n d p - p r o t o n s r e s p e c ­

t i v e l y . The s p e c t r u m was a n a l y z e d f r o m r e l a t i v e s p a c i n g s o f t h e 

l i n e s u s i n g t h e d i a g r a m of. a n A B 2 c a s e c o n s t r u c t e d f r o m t h e 

a v a i l a b l e v a l u e s ' ; " ^ A l l t h e r e s o n a n c e p o s i t i o n s w e r e s h i f t e d t o 

l o w . f i e l d b y p r o t o n a t i o n w i t h o u t s i g n i f i c a n t c h a n g e i n r e l a t i v e 

s i g n a l s h a p e . . 

3,5 d i m e t h y l p y r i d i n e ^ ^ j V 2 

The r i n g p r o t o n s i g n a l s s h o w e d two s e p a r a t e , s l i g h t l y 
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b r o a d e n e d s i g n a l s , due t o c o u p l i n g f r o m t h e m e t h y l p r o t o n s . A s 

t h e c o n c e n t r a t i o n o f a c i d was i n c r e a s e d , ? ^ ! © # - p r o t o n . s i g n a l was 

s p l i t i n t o a d o u b l e t b y c o u p l i n g from, t h e p r o t o n b o n d e d t o t h e 

n i t r o g e n a t o m . One o f t h e d o u b l e t p e a k s was c o m p l e t e l y o v e r -

l a p p e d b y t h e j 5 - p r o t o n s i n g l e t ( F i g u r e 8) . The c o u p l i n g c o n ­

s t a n t s f r o m t h e m e t h y l p r o t o n s t o t h e r i n g p r o t o n s w e r e f o u n d t o 

be a p p r o x i m a t e l y t h e same f o r a l l c a s e s ( ^ 0 . 7 c p s ) o f u n p r o t o -

n a t e d s p e c i e s . 

CHj 

2,4 d i m e t h y l p y r i d i n e 6V| Vj / , CH3 

The s i g n a l o f . t h e 3 a n d 5 r i n g p r o t o n s s h o w e d a l m o s t t h e -^v . : 

same c h e m i c a l s h i f t b o t h a t h i g h e r f i e l d t h a n t h e one f o r t h e 6 

p r o t o n . The s i g n a l o f t h e 5 p r o t o n s h o w e d a d o u b l e t b y c o u p l i n g 

t o t h e 6 p r o t o n . On p r o t o n a t i o n t h e s p e c t r u m o f j o - p r o t o n s 

r e m a i n e d a l m o s t t h e s ame , w n i l e t h e p r o t o n s i g n a l s h o w e d f u r t h e r 

s p l i t t i n g b y c o u p l i n g f r o m t h e p r o t o n b o n d e d t o n i t r o g e n . 

C H 3 

2 , 4 , 6 t r i m e t h y l p y r i d i n e tlA\J L,, 

The s p e c t r u m s h o w e d t h r e e s i n g l e t s c o r r e s p o n d i n g t o t h e 

m e t h y l p r o t o n s , a t t h e two d i f f e r e n t p o s i t i o n , a n d t o t h e | 3 - r i n g 

p r o t o n s . The ( o - p r o t o n s i g n a l was b r o a d e n e d ( h a l f w i d t h ^ 4 « 5 c p s ) 

b e c a u s e o f c o u p l i n g t o b o t h m e t h y l p r o t o n s . No c o u p l i n g was 

f o u n d a t a l l b o t h i n c a r b o n t e t r a c h l o r i d e a n d i n t r i f l u o r o a c e t i c 

a c i d . The w h o l e s p e c t r u m was c h e m i c a l l y s h i f t e d b y p r o t o n a t i o n , 

t h e i n d i v i d u a l s t r u c t u r e r e m a i n i n g u n c h a n g e d . 
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2,3,6 t r i m e t h y l p y r i d i n e HjSisKCH^ 

The two m e t h y l p r o t o n s a t p o s i t i o n s 2 a n d 6 s h o w e d t h e same 

c h e m i c a l s h i f t i n c a r b o n t e t r a c h l o r ' i d e a b o u t 10 c p s t o l o w f i e l d 

o f t h e one a t t h e p - p o s i t i o n j a l t h o u g h t h e p u r e c o m p o u n d s h o w e d ' 

two s e p a r a t e s i g n a l s . The r i n g p r o t o n s s h o w e d a n AB s p e c t r u m 

c o n s i s t i n g o f two i d e n t i c a l d o u b l e t s . On p r o t o n a t i o n t h e 

^ - p r o t o n s i g n a l was broadened t o a b o u t I|_ c p s ( h a | | f w i d t h ) . 

2 . C o n c e n t r a t i o n D e p e n d e n c e o f C h e m i c a l S h i f t s » - a h d . ; " 

; " C o u p l i n g C o n s t a n t s 

F o r Ii m e t h y l p y r i d i n e a n d 2,6 d i m e t h y l p y r i d i n e t h e s p e c t r a 

a t d i f f e r e n t , a c i d c o n c e n t r a t i o n s w e r e t a k e n a n d t h e c h a n g e s i n 

c h e m i c a l s h i f t a n d c o u p l i n g c o n s t a n t w i t h v a r y i n g a c i d c o n e en-:; 

t r a t i o n w e r e o b t a i n e d . Some o f t h e compounds s h o w e d o n l y s m a l l 

c h e m i c a l s h i f t a n d c o u p l i n g c o n s t a n t c h a n g e s a t d i f f e r e n t c o n ­

c e n t r a t i o n s , w h i l e the . o t h e r s s h o w e d a p p r e c i a b l e d e p e n d e n c e . 

The s l p p e s o f t h e c h e m i c a l s h i f t v e r s u s c o n c e n t r a t i o n s w e r e 

f o u n d t o a l m o s t i d e n t i c a l f o r t h e ^ - p r o t o n s i n b o t h , t h e O ^ - p r o t c n 

I n t h e f o r m e r , t h e ^ - p r o t o n i n t h e l a t t e r , a n d f o r t h e m e t h y l 

p r o t o n s a t t h e )f- ando6- p o s i t i o n s . 

)\ m e t h y l p y r i d i n e 

As s h o w n in F i g u r e ; / 9 , t h e C < - p r o t o n s h i f t s h o w e d a l m o s t no 

c o n c e n t r a t i o n d e p e n d e n c e , w h i l e t h e & - p r o t o n a n d t h e ^ - m e t h y l • 
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p r o t o n s i g n a l s s h i f t e d t o w a r d s l o w e r f i e l d a l m o s t l i n e a r l y as 

t h e a c i d c o n c e n t r a t i o n i n c r e a s e d g i v i n g Sot-yf -1+99.1 c p s , 

Sp-H= -.Lj-60.8 c p s , &CH3

= -150.0 c p s a t t h e I n f i n i t e d i l u t i o n 

w i t h r e s p e c t t o T . I ' i . S . The c o u p l i n g c o n s t a n t s b e t w e e n . the dem­

a n d | 3 - p r o t o n s a n d b e t w e e n t h e p r o t o n b o n d e d t o n i t r o g e n a n d t h e 

O d - p r o t o n w e r e f o u n d t o b e i n v a r i a n t w i t h t h e c o n c e n t r a t i o n i n . 

t h e . ' r ange o f m o l e p e r c e n t p y r i d i n e c o n c e n t r a t i o n f r o m 5 . 8 t o 

2U4. a n d 5 .8 t o 12 ."3 r e s p e c t i v e l y . W i t h t h e h i g h e r p y r i d i n e 

c o n c e n t r a t i o n t h a n 12.3 m o l e p e r c e n t , t h e c o u p l i n g c o n s t a n t 

b e t w e e n t h e ( X - p r o t o n a n d t he p r o t o n b o n d e d t o n i t r o g e n was n o t 

o b s e r v e d . 

2,6 d i m e t h y l p y r i d i n e 

The c h e m i c a l s h i f t o f t h e Y-proton I s a l m o s t i n v a r i a n t , 

t h a t o f t h e O C - m e t h y l p r o t o n i s s l i g h t l y d e p e n d e n t , a n d t h a t o f 

t h e ^ - p r o t o n s s h o w e d t w i c e as much v a r i a t i o n as t h e 0 6 - m e t h y l p r o ­

ton. ' ' ' ' T h e - . s l o p e of , the.. | 3 - p r o t o n was f o u n d a l m o s t t h e same as t h a t 

i n Ij. m e t h y l p y r i d i n e . The c o u p l i n g c o n s t a n t b e t w e e n t h e |2>- a n d 

^ - p r o t o n s was a l s o u n c h a n g e d . 

3,5 d i m e t h y l p y r i d i n e 

The c o u p l i n g c o n s t a n t b e t w e e n t h e p r o t o n b o n d e d t o n i t r o g e n 

a n d t h e r i n g p r o t o n s v a r i e d as s h o w n i n F i g u r e l O y s u d d e n l y 

d e c r e a s i n g f r o m t h e p y r i d i n e c o n c e n t r a t i o n o f II4. m o l e p e r c e n t . 

3 . S i g n a l o f P r o t o n B o n d e d t o N i t r o g e n 

A s t h e a c i d c o n c e n t r a t i o n was i n c r e a s e d , t h e b r o a d s i g n a l 
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o f t h e c a r b o x y l . g r o u p o f t h e t r i f l u o r o a c e t i c a c i d became s h a r p e r 

a n d m o v e d , t o w a r d h i g h e r f i e l d . I n t h e p r e s e n c e o f a l a r g e 

e x c e s s o f a c i d , i t h a s b e e n p o s s i b l e , w i t h a v e r y h i g h s p e c t r u m 

a m p l i t u d e , t o o b s e r v e a t r i p l e t s i g n a l , c h a r a c t e r i s t i c o f a p r o ­

t o n b o n d e d t o n i t r o g e n , w i t h i n 100 c p s t o l o w f i e l d o f t he a c i d 

s i g n a l . The t y p i c a l t r i p l e t i s r e p r o d u c e d i n F i g u r e 11. T h i s 

c o n f i r m s t h e p r e s e n c e o f t h e p y r i d i n i u m i o n . (The t r i p l e t a r i -

14-
s e s f r o m s p i n c o u p l i n g w i t n t h e N n u c l e u s , w h i c h h a s a s p i n 

q u a n t u m n u m b e r 1) . The c o n c e n t r a t i o n s a t w h i c h t h o s e s i g n a l s 

w e r e o b s e r v e d w e r e a b o u t 6 ^ 8 m o l e p e r c e n t o f b a s e . W i t h l o w e r 

a c i d c o n c e n t r a t i o n s t h e s i g n a l s c o u l d n o t be o b s e r v e d , p r o b a b l y • 

b e c a u s e o f t h e i r s h o r t l i f e t i m e s o n t h e n i t r o g e n a t o m ; a n d w i t h 

h i g h e r c o n c e n t r a t i o n s t h e s i g n a l s were n o t o b s e r v a b l e . The h i g h 

f i e l d t r i p l e t p e a k was n o t s e e n w e l l b e c a u s e i t was l o c a t e d a t 

t h e f o o t o f t h e l a r g e t r i f l u o r o a c e t i c a c i d s i g n a l . The c o u p l i n g 

c o n s t a n t b e t w e e n n i t r o g e n 1L|. a n d t h e a t t a c h e d p r o t o n was f o u n d 

f r o m .-the d i r e c t s e p a r a t i o n o f t h e t h r e e s i g n a l s t o be 

• app r o x I . t - , , > : 

m a t e l y i n t h e . r a n g e 60 - 65 c p s f o r a l l t h e p y r i d i n e s . The 

c h e m i c a l s h i f t w h i c h was t a k e n f r o m t h e c e n t r e o f t h e m i d d l e 

s i g n a l s e e m e d t o move s l i g h t l y t o h i g h e r f i e l d as t h e c o n c e n t r a ­

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

m o v e d t o h i g h f i e l d w i t h i n c r e a s i n g a c i d c o n c e n t r a t i o n . The 

o b s e r v e d c h e m i c a l s h i f t s a r e l i s t e d i n T a b l e 6. 

)+. C I 3 - H ' C o u p l i n g C o n s t a n t s i n 
13 

The m u l t i p l e t s c a u s e d b y c o u p l i n g f r o m C to t h e p r o t o n i n 
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a l l t h e m e t h y l g r o u p s w e r e o b s e r v e d b o t h f o r u n p r o t o n a t e d a n d 

p r o t o n a t e d p y r i d i n e s . A s s h o w n i n T a b l e 7, t h e v a l u e s o f t h e 

c o u p l i n g c o n s t a n t s w e r e f o u n d t o be.126 - 1 2 7 c p s e x c e p t f o r t h e 

m e t h y l s a t the• Oi-vosition i n 2, 3,6 ; t r i m e t h y l . p y r i d i n e ; , - . - a n d : were 

i n d e p e n d e n t o f t h e p o s i t i o n o f t h e m e t h y l groups ::V;|.; 'The G 1 3-H ' 

c o u p l i n g c o n s t a n t s i n p r o t o n a t e d p y r i d i n e s w e r e f o u n d t o be 

I n c r e a s e d b y 3 - 5 c p s i n m o s t o f t h e c a s e s b e i n g a l s o i n d e p e n -

d e n t o f t h e p o s i t i o n o f t h e m e | t h y l g r o u p s . The C - H c o u p l i n g 

c o n s t a n t s i n m e t h y l g r o u p s i n m e t h y l a m i n e s a r e a l s o s h o w n i n 

t h e t a b l e t o g e t h e r w i t h t h e v a l u e s I n i r i f l u o r o a . e e t i c a c i d . 

http://irifluoroa.ee
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T a b l e 6 

C h e m i c a l S h i f t s c p s f r o m T . M . S . a t 60 M . c . 

A l l m e a s u r e m e n t s were made c a . 5 m o l e p e r c e n t 
o r e x t r a p o l a t e d t o i n f i n i t e d i l u t i o n . 

The v a l u e s w i t h o u t b r a c k e t a r e i n CCI4 . 
' The v l a u e s w i t h b r a c k e t a r e i n CF3COOH. 

V o l u m e d i a m a g n e t i c s u s c e p t i b i l i t y . c o r r e c t i o n s 
w e r e made f o r e x t e ' r n a l s t a n d a r d . 

I . R i n g P r o t o n s 

C h e m i c a l S h i f t 

C o m p o u n d oc (3 r o( r 
-520 

(-535) 
-432 

(-496) 
-1+57 •• 

(-530) -15 •• 
-64 -73 

-509 
-509) 

-422.h 
(-467.6) 

-442.2 
(-498.4) 

0 - 4 5 . 2 -56.1 

M i i f o j -501.0 
(-499.1) 

- --418.2 
(-460.8) 

+ 1.9 -42 .6 — 

-404.6 
(-442.6) 

-439.0 
(-482.5) 

— - 3 6 . 4 -44.1 

-1+87.1+ 
(-486.6) 

-429"". 4 
(-481.9) 

+0.8 — - 5 2 . 5 

-492.6 
( -500.0) 

- 4 0 7 ( 3 ) 

( I ^ S ) 

(-446) 

- 7 . 4 

-397.6 
(-423.8) 

- 2 6 . 2 

- 4 0 4 . 2 
(-1+83.5) 

-427 .4 
(-475.5) 

— - 3 4 . 3 -48.1 

x T a k e n f r o m 100 a n d r e c a l c u l a t e d . 
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T a b l e 6 c o n t i n u e d 

I I . - . M e t h y l P r o t o n s a n d P r o t o n o n N i t r o g e n 

& , Chem. L e a l S h . i f t . <A s 

Compound P r N H + 

P r 
P y r i d i n e — -830"" — — 

. I 
-137.7 

( - l l t -7 .3) 
- - - -796 - 9 . 6 

— 

11 
-138.1 

(-150.0) 
-779 

— 
-11.9 

I ' l l 
-l!+6 .!+ 

(-15+.0) 
-762 -5 .7 — 

I V 
.--135.0 
(-138.1) 

-71+8 
— 

-3 .1 
— 

V -11+5.1+ 
(-15!+.7) 

-135.3 
(-11+7.D 

-759 - 9 . 3 
— 

-11.8 

V I -1,1+2.0 
(-1I1.1.0) 

-131.8 
(-133.5) 

-71+8 +1.0 -1.7 

- • S . - > C 
V I I 

-131.0 
(^150.0) 

-123.I+ 
(-139.2) 

-730. ' -19.0 - 1 0 . 8 
— • 

T a k e n f r o m 100 a n d r e c a l c u l a t e d . 
B o t h C H 3 a t c x l p o s i t i o n h a v e t h e same & . 
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T a b l e 7 

C o u p l i n g C o n s t a n t s c p a . 

The v a l u e s w i t h o u t b r a c k e t a r e i n C C I 4 . 
The v a l u e s w i t h b r a c k e t a r e i n C F j C O O H . 

I . C o u p l i n g C o n s t a n t s b e t w e e n P r o t o n s 

d 2 - 3 ' J3-k 
6-14. 

J2-k J 3 - 5 2-6 J 2 - ? 
3-6 

O t h e r J ' s 

y r i d i n e ' 5 . 5 7 . 5 1.9 1.6 O . i i . 0.9 

I. (6.0) 
7.8 

(8.2) 
1.7 

(1.9) '(~o) 
0.3 
(.? ) 

Jci-^-4 = •0.7 
(0.9) 

n 5 .2 
(6.1) 

— — ~0 " 
(^0) 

1.6 
' ( ? ) 

J c : ^ ~ 3 ~ 0.-7 
6.9 

i n 7-3 
(8.1), 

— — 

17 — 2.1 
( ? ) 

0 
( 0) 

J r / - ^ = 6.2 
0.7 

V ( '6.L|.) 
'vO 

; (^0) 
J K H + ' 6 = 

V I ' 

7.7 
(8.3) V I I 7.7 
(8.3) 

B e n z e n e 

5.0 

7~ 

7.8 
8.0 

-9 

2.0 1.1 

2^3 

0.8 

•v- T a k e n f r o m t h e r e f e r e n c e 1 0 0 . 

#*• T a k e n f r o m t h e r e f e r e n c e 99 . 
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Table 7 continued. 

The values without bracket are for pure compound. 
The values with bracket are in CFjCOOH. 

II. Coupling Constants between the Carbon 13 and Proton 
in Methyl Groups(cps; 

J 4 7 

Compound oL 13 r r 
1 . 127 

(130) — 
+ 3 

— 

11 127 
(130) 

— 
+ 3 

I I I 
126 

( 1 3 D 
+ 5 

IV ' 127 
(130) 

— • +-3 

. V 127 
(13D 

126 
(129) 

+ 3 

VI 126 
(130) 

127 
(132) 

+ 1+ + 5 

VII ' 
12!+ (2) 

(131) 
123 (6) 

^(129) 

126 
( 1 3 D 

+ 7 (2) 
+ 6 (6) + 5 

— 

CH3NH2 + 11 

(CHj)2NH 132*(1L3) + 11 

(CHj ), K 131* (11+5) + 11+ 

Toluene 126* 

• # Taken from the reference 78. 
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V . D I S C U S S I O N 

A . K e t o - E n o l T a u t o m e r i s m o f ; C y c l i c 1 , 3 D i o n e 3 

1 . . C y c l o h e x a n e 1 , 3 D i o n e i n C h l o r o f o r m 

The l o w f i e l d s i g n a l whose c h e m i c a l s h i f t was f o u n d t o he 

c o n c e n t r a t i o n d e p e n d e n t i n d i c a t e s a s t r o n g l y h y d r o g e n b o n d e d 

p r o t o n . T h i s , m u s t a r i s e f r o m t h e e n o l f o r m o f t h e m o l e c u l e a n d 

i s s u g g e s t i v e o f s i m i l a r c h e m i c a l s h i f t s i n i n t r a m o l e c u l a r 

5 6 IF 

h y d r o g e n b o n d e d e n o l s y s t e m s . ' ' ^ E n o l i z a t i o n i s a l s o I n d i ­

c a t e d f r o m t h e a p p e a r a n c e o f a n o t h e r s i g n a l a t -329 c p s f r o m 

T . M . S . i n a r e g i o n w h e r e - o l e f i n i c p r o t o n s a r e u s u a l l y f o u n d . 

The i n t e n s i t i e s o f t h e s e two r e s o n a n c e s a r e t h e s a m e . The f o r ­

m a t i o n o f a n i n t r a m o l e c u l a r h y d r o g e n b o n d i n t h e m o l e c u l e o f 

c y c l o h e x a n e 1 , 3 d i o n e i s s t e r i c a l l y e x c l u d e d so t h a t i n t r a m o l e c u -

l a r h g d r o g e n b o n d i n g m u s t be i n v o l v e d i n t h e e n o l f o r m . I n 
90 9 1 , 9 2 

a g r e e m e n t w i t h p r e v i o u s s u g g e s t i o n s ' * a d i m e r i c u n i t o f 

t h e s t r u c t u r e s u g g e s t e d b e l o w seems l i k e l y : 

N o t e t h a t t h e c a r b o n y 1 o x y g e n i s t r i g o n a l w i t h r e s p e c t t o 

two n o n - b o n d i n g <T l o n e p a i r o r b i t a l s £tod a C - 0 ( T b o n d . 

S t e r i c r e p u l s i o n o f t h e o l e f i n i c h y d r o g e n a toms i n t h e 

d i m e r i s a v o i d e d a n d l i n e a r i t y o f t h e h y d r o g e n b o n d i s p r e ­

s e r v e d b y u s e o f one o f t h e l o n e p a i r s i n t h e c a r b o n y l o x y ­

g e n a t o m . 
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The h i g h f i e l d s h i f t o f h y d r o x y l p r o t o n b y d i . l n . t i o n a l s o i n d i ­

c a t e s t h e f a c t t h a t t h e e n o l i z . e d . m o l e c u l e s e x i s t p a r t l y i n n o n -

h y d r o g e n b o n d e d f o r m s ; so t h a t t h e o b s e r v e d c h e m i c a l . - s h i f t i s • 

t h e a v e r a g e d c h e m i c a l s h i t t o f t h e n o n - h y d r o g e n b o n d e d s p e c i e s 

a n d t h e h y d r o g e n b o n d e d o n e s . A l i n e a r r e l a t i o n s h i p was f o u n d 

b e t w e e n t h e c h e m i c a l s h i f t s a n d l / / C ~ , w h e r e C i s t h e c o n c e n t r a ­

t i o n i n u n i t s o f m o l e s p e r l i t e r o f d i m e r . T h i s i s s h o w n i n . 

F i g u r e . 

The c h e m i c a l s h i f t o f t h e h y d r o g e n b o n d e d p r o t o n i n t h e 

d i m e r f o r m was o b t a i n e d b y e x t r a p o l a t i o n t o i n f i n i t e c o n c e n t r a ­

t i o n . The c h e m i c a l s h i f t was -V4.O c p s . The k - a n d 6- p r o t o n s 

o f t h e e n o l f o r m a p p e a r t o be e q u i v a l e n t as t h e r e i s o n l y one 

r e s o n a n c e s i g l i a l . T h i s s u g g e s t s t h a t t h e h y d r o x y l f u n c t i o n i s 

e q u a l l y p r o b a b l e a t t h e 1- a n d 3- c a r b o n a toms a n d t h a t a r a p i d 

i n t e r c o n v e r s i o n o f t h e s e two f o r m s o c c u r s . S u c h r a p i d i n t e r c o n -

v e r s i o n h a s a l r e a d y b e e n n o t e d i n a c e t y l a c e t o n e _ w h i c h h a s a n 

I n t r a m o l e c u l a r h y d r o g e n b o n d . 

The s y s t e m i s c o n s i d e r e d t o i n v o l v e t h r e e s p e c i e s , i . e . t h e 

e n o l f o r m w h i c h e x i s t s i n t h e I n t e r . m o l e c u a l r l y h y d r o g e n b o n d e d 

d i m e r , t h e e n o l f o r m i n . t h e n o n - h y d r o g e n b o n d e d monomer , a n d t h e 

k e t o m o n o m e r . I n e q u i l i b r i u m t h e s y s t e m w i l l be e x p r e s s e d b y 

t h e f o l l o w i n g , e q u a t i o n : 

D i m e r ^ — ^ e n o l - M o n o m e r ^—^ k e t o - M o n o m e r 

C p ( l - o t ) 2C*CD 2 ( C - . C D ) 

http://di.ln.tion
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w h e r e C = . I n i t i a l t o t a l c o n c e n t r a t i o n e x p r e s s e d i n 

u n i t s o f ' d i m e r 

CD = I n i t i a l c o n c e n t r a t i o n o f d i m e r 

QL - d e g r e e o f d i s s o c i a t i o n . 

T h e n t h e e q u i l i b r i u m c o n s t a n t s a r e 

h.c<.ac5 kcCo-Q 
K,:-= = — ( 1 ) 

c D ( i - « ) (1-OC) 
2 ( C - C D ) , ( C - C D ) 

K2 = = ( 2 ) 
2<*CD oLGj) 

The v a l u e o f Cp w i l l be ® b t a i n e d f r o m t h e k n o w l e d g e o f t h e 

r a t i o o f s i g n a l a r e a s f o r e n o l t o k e t o . 

i . e . . C 
C D = — . . . . . (3) 

1 + 2 R -

. [ E n o l ] 
R = [ K e t o J . . . . (k) 

The d e g r e e o f d i s s o c i a t i o n , oi, w i l l b e o b t a i n e d b y t h e o b s e r v e d 

h y d r o x y l p r o t o n c h e m i c a l s h i f t . 

S o b s . = Xj)£]T) + X j ^ j y j 

X]3 =' f r a c t i o n o f d i m e r OH p r o t o n 

gCpil--.**)- = 1 - OL 
2 C D ( l - t f ) + 2Ci£X 

XJ.J = f r a c t i o n o f monomer OH p r o t o n 

= oC,, 2 C D 

Sohs. - -71+0(1-00 +065"M 
7+0 - S o b s . 

* = 7+0 - 5 M 
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B y s u b s t i t u t i n g t h e v a l u e s o b t a i n e d b y e q u a t i o n (3) a n d ( k ) i n t o 

e q u a t i o n ( 1 ) a n d ( 2 ) , t h e e q u i l i b r i u m c o n s t a n t s w e r e o b t a i n e d . 

The r e a s o n a b l e c h e m i c a l s h i f t o f monomer e n o l h y d r o x y l p r o t o n 

w h i c h m a k e s ( 1 ) a p p r o x i m a t e l y c o n s t a n t f o r a l l c o n c e n t r a t i o n s 

was f o u n d t o be -300 c p s . The r e s u l t s o f c a l c u l a t i o n a r e t a b u l a ­

t e d i n T a b l e 2 . v . 

The p o s s i b l e f a c t o r s w h i c h c a u s e t h e e q u i l i b r i u m c o n s t a n t s 

t o d e p e n d o n t h e c o n c e n t r a t i o n s a r e : l ) i m p u r i t i e s c o n t a i n e d I n 

c h l o r o f o r m w h i c h m i g h t h a v e h y d r o x y l g r o u p s . T h i s f a c t o r 

i n c r e a s e s t h e a r e a o f OH p r o t o n s i g n a l a n d g i v e s s m a l l e r K 

v a l u e s a t l o w e r c o n c e n t r a t i o n s . 2) the. s a t u r a t i o n u n d e r v e r y 

h i g h g a i n o n t h e A 60 s p e c t r o m e t e r m i g h t b r o a d e n t h e s i g n a l s a n d 

t h e d i f f i c u l t y o f f i n d i n g t h e c o r r e c t b a s e l i n e u s u a l l y g i v e 

r i s e t o s m a l l e r a r e a s t h a n w h a t one w o u l d e x p e c t . A s r e g a r d s 

f a c t o r 1 ) , t h e s p e c t r u m o f c h l o r o f o r m a t t h e h i g h e s t g a i n was 

c a r e f u l l y c h e c k e d a n d i t was c o n f i r m e d t h a t t h e r e e x i s t e d no 

d e t e c t a b l e i m p u r i t y . I n a l l c a s e s t h e CH p r o t o n s i g n a l was 

b r o a d e r t h a n t h e OH p r o t o n s i g n a l . T h i s i n d i c a t e s t h e p o s s i * / " " 

b i l i t y o f a n e r r o r i n m e a s u r i n g a r e a s p a r t i c u l a r l y a t l o w c o n ­

c e n t r a t i o n s . A l s o t h e f a c t t h a t t h e s e two k i n d s o f p r o t o n s 

m i g h t h a v e s l i g h t l y d i f f e r e n t r e l a x a t i o n t i m e s ; ' c o u l d g i v e i n c o r ­

r e c t r a t i o s . 

2 . . C y c l o h e x a n e 1 , 3 D i o n e i n A c e t o n i t r i l e 

The OH e n o l i c s i g n a l a p p e a r e d somewha t b r o a d e n e d a n d 

s t r o n g l y c o n c e n t r a t i o n d e p e n d e n t . U n c e r t a i n t i e s i n the:": , ' . . / ; : . : 
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c o n c e n t r a t i o n d e p e n d e n c e a n d t h e b r o a d e n i n g o f t h e s i g n a l was 

a s s i g n e d t o t h e p r e s e n c e o f t r a c e s o f w a t e r n o t r e m o v e d b y t h e 

a n h y d r o u s s o d i u m s u l f a t e t r e a t m e n t . ' The s y s t e m a t e q u i l i b r i u m 

w i l l be e x p r e s s e d b y t h e same e q u a t i o n as f o r c h l o r o f o r m . - A s s u m ­

i n g t h a t t h e p r e s e n c e o f t h e monomer e n o l f o r m i s n e g l i g i b l y 

s m a l l , t h e o v e r a l l e q u i l i b r i u m c o n s t a n t b e t w e e n t h e d i m e r e n o l 

a n d monomer k e t o f o r m s w i l l b e : 

K = ii - ( c - c - p f 

CD 
; where t h e s y m b o l s s t a n d f o r t h e same as i n t h e c h l o r o f o r m c a s e ' . 

The r e s u l t s a r e s h o r n i n T a b l e 4 . The c o n s t a n c y o f t h e e q u i l i ­

b r i u m c o n s t a n t u n d e r t h i s a s s u m p t i o n s u p p o r t s i t s c o r r e s t n e s s 

w i t h i n t h e c o n c e n t r a t i o n r e g i o n s t u d i e d , i n t h i s c a s e , b o t h o f 

t h e d e v i a t i o n f a c t o r s 1) a n d 2 ) , m e n t i o n e d f o r t h e c h l o r o f o r m 

c a s e , c a n b e t h o u g h t t o be i m p o r t a n t i n t h e c a l c u l a t i o n s . T h e s e 

two f a c t o r s a p p e a r t o h a v e c a n c e l l e d o u t e a c h o t h e r . 

F o r t h e h i g h t e m p e r a t u r e m e a s u r e m e n t s , t h e OH p r o t o n c h e m i ­

c a l s h i f t s o f d i m e r e n o l a n d monomer e n O l f o r e a c h t e m p e r a t u r e 

w e r e n o t a v a i l a b l e . So t h a t t h e r o u g h c a l c u l a t i o n s w e r e made fo r 

o v e r a l l e q u i l i b r i u m c o n s t a n t s . The F i g u r e 6 s h o w s t h e g r a p h s o f 

l o g K v e r s u s l / T . F r o m t h e s l o p e , ( ^ g ^ = - 2 . 3 8 x 10 3 ) , t h e 

h e a t o f c o n v e r s i o n , f r o m t h e e n o l d i m e r i n t o t h e k e t o monomer , 

was f o u n d t o be a p p r o x i m a t e l y 2.05 k c a l / m o l u s i n g t h e e q u a t i o n : 

RT 
<dH ^ : — l o g K 

2.303 
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This value was in the same order of magnitude as was found for 

acetylacetone, which was 2 .7 kcal/mol. 

3• 5»5 f Dimethyl Cyclohexane Dione In Chloroform 

The same assumptions were applied to this system and the 

equilibrium constant was calculated. The calsulation showed an 

increase of the values as the concentration decreased as shown 

in Table 5. This indicates the existence of a more than negl i ­

gible amount of monomer onol form where the amount4QVC monomer 

depends on the concentration. The same consideration shoule be 

made for the error sources as was made for the system of cyclo­

hexane 1,3 dione in chloroform. However, as the signals which 

were compared were from approximately the same kind of'protons 

and the number of protons involved i n them were larger, the 

errors from the saturation or from the d l f fe r^ce of relaxation 

times should be less . 

The overall equilibrium constant (- K ,* K 2 ) ^ o r the cyclo­

hexane 1,3 dione in chloroform was found to be in the same order 

of magnitude as those for this system. .These were roughly ca l ­

culated. 



V . D I S C U S S I O N 

B . P r o t o n a t i o n o n P y r i d i n e s • i4r 

1 . C h e m i c a l S h i f t s o f R i n g p r o t o n s * ( See P a g e 6 2 ) 

I f t h e n u c l e u s i s i n a m o l e c u l e , t h e e l e c t r o n s a r e n o t f r e e 

t o move i n c i r c l e s a r o u n d t h e d i r e c t i o n o f t h e a p p l i e d m a g n e t i c 

f i e l d . The g e n e r a l e x p r e s s i o n f o r t h e c h e m i c a l s h i f t i n a n i s o -
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l a t e d m o l e c u l e was, f i r s t d e r i v e d b y R a m s e y . The s e c o n d a r y 

f i e l d H / due t o t h e i n d u c e d c u r r e n t s w i l l b e ; 

H / = -o-H 

w h e r e H i s t h e a p p l i e d ; u n i f o r m m a g n e t i c f i e l d , a n d 0~~ i s a s e c o n d -

r a n k t e n s o r c h a r a c t e r i s t i c o f t h e p o s i t i o n o f t h e n u c l e u s i n t h e 

m o l e c u l e . H o w e v e r , t h e p o s i t i o n o f t h e n u c l e a r r e s o n a n c e s i g n a l 

i n l i q u i d s i s d e t e r m i n e d b y t h e mean c o m p o n e n t o f K y a l o n g t h e 

d i r e c t i o n o f H a v e r a g e d o v e r many r o t a t i o n s . 

1?5 

P o p l e s p l i t t h e s c r e e n i n g c o n s t a n t f o r a n u c l e u s i n a 

m o l e c u l e as f o l l o w s : 

Oi = <rSA - Of** + g g » + <r«nf •>• of 

T h e \ i n t e r p r e t a t i o n o f t h e v a r i o u s t e r m s b e i n g : 

(1) Qjf1^ ^lae- c o n t r i b u t i o n t o t h e s e c o n d a r y m a g n e t i c f i e l d a t 

n u c l e u s A due t o d i a m a g n e t i c c u r r e n t s a r o u n d t h e n u c l e u s A . 

(2) Gp~AA i s t h e c o n t r i b u t i o n due t o t h e p a r a m a g n e t i c - t y p e c u r ­

r e n t s o n a t o m A w h i c h g i v e t h e s u s c e p t i b i l i t y t e r m ?Cp . To e v a l ­

u a t e t h i s t e r m , i t w o u l d be n e c e s s a r y t o h a v e d e t a i l e d k n o w l e d g e 
o f t h e e n e r g i e s a n d wave f u n c t i o n s o f a l l t h e e x c i t e d e l e c t r o n i c 

1 
s t a t e s . A r a t h e r s i m p l e r f o r m i s . o b t a i n e d b y r e p l a c i n g a l l , . t h e 



e l e c t r o n i c e x c i t a t i o n e n e r g i e s ^ En " Eoj a n a v e r a g e v a l u e 4E, . 

t h e m a t r i x elements n o w b e i n g t a k e n o v e r t h e g r o u n d s t a t e o n l y : 

(3) ( J ^ i s t h e . c o n t r i b u t i o n t o t h e s c r e e n i n g o f n u c l e u s A b y t h e 

a t o m i c c i r c u l a t i o n s o n n u c l e u s B . I f t h e m a g n e t i c e f f e c t s o f 

t h e s e n e i g h b o u r i n g c u r r e n t s a r e t r e a t e d i n a d i p o l e a p p r o x i m a ­

t i o n , t h i s t e r m i n v o l v e s o n l y t h e l o c a l a n i s o t r o p y o f t h e l o c a l 

s u s c e p t i b i l i t y o n t h e a t o m B . A n a p p r o x i m a t e r e l a t i o n f o r a n 

a x i a l l y s y m m e t r i c a l g r o u p o f e l e c t r o n s , G , h a s b e e n d e r i v e d b y 

103 
M c C o n n e l l : 

0- , & ) M (3C**6-/)*X (2) 

'"•whej&e-" T = t h e d i s t a n c e b e t w e e n t h e p r o t o n a n d t h e e l e c t r i c a l 

c e n t r e o f g r a v i t y o f G-. 

Q = t h e a c u t e a n g l e w h i c h £ makes w i t h t h e s y m m e t r y a x i s . 

A% - t h e d i f f e r e n c e i n t h e t r a n s v e r s e a n d l o n g i t u d i n a l •••• 

s u s c e p t i b i l i t i e s . . 

•,(14-) (j* A*, r i n g j _ 3 t h e . c o n t r i b u t i o n t o t h e s c r e e n i n g due t o r i n g 

c u r r e n t s , w h i c h c a n n o t be l o c a l i z e d o n a n y a tom. . 

(5) d^A i s t h e c o n t r i b u t i o n due t o t h e e l e c t r i c p o l a r i z a t i o n o f 
. . . . • i 

t h e b o n d j o i n i n g n u c l e u s A t o t h e m o l e c u l e c a u s e d b y a p e r m a n e n t 
^ 107 l lh . • :' * 

m o l e c u l a r e l e c t r i c d i p o l e . B u i & i n g h a m ' made c a l c u l a t i o n s 

o n a n e l e c t r i c f | e l d e f f e c t due t o p o l a r m o l e c u l e s . A s s u g g e s -

105 

t e d b y R a m s e y , a c h e m i c a l s h i f t may c h a n g e i n an e l e c t r i c 

f i e l d b e c a u s e the" r e s u l t a n t p o l a r i z a t i o n o f b o n d i n g e l e c t r o n s 
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c a u s e s c h a n g e s i n t h e p a r a m a g n e t i c c o r r e c t i o n t e r m . The e f f e c t 

i s e s t i m a t e d a s : 

Of* -2x/0~'ZEz-/0~'*Ek . . . . . (3) 

w h e r e (Fjjf* = t h e c h a n g e i n t h e p r o t o n s c r e e n i n g c o n s t a n t o f 

a n X - H b o n d . 

E = e l e c t r i c f i e l d 

E% = t h e c o m p o n e n t o f £" i n t h e b o n d d i r e c t i o n . 

The c h e m i c a l s h i f t c h a n g e s f o r t h e r i n g p r o t o n s w i t h b e n z e n e , 

m e t h y l b e n z e n e s , p y r i d i n e , ' m e t h y l p y r i d i n e s , a n d c o r r e s p o n d i n g 

p y r i d i n i u m i o n s ( S e e F i g u r e 3 2 ) w i l l be d i s c u s s e d s e p a r a t e l y . 

a . C h a n g e s b e t w e e n B e n z e n e a n d M e t h y l B e n z e n e s 

The s u b s t i t u e n t e f f e c t s o n t h e r i n g p r o t o n c h e m i c a l s h i f t s 
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h a v e b e e n s t u d i e d f o r p y r i d i n e s . I t h a s b e e n c o n c l u d e d t h a t 

t h e c h a n g e s i n t h e c h e m i c a l s h i f t s a r i s e m a i n l y f r o m t h e i n d u c ­

t i v e e f f e c t o f t h e s u b s t i t u e n t g r o u p . F o r e x a m p l e a n i t r o g r o u p 

a t t h e oL-position, b y w i t h d r a w i n g e l e c t r o n s f r o m t h e ^ - c a r b o n , • 

makes t h e c h e m i c a l s h i f t b e t w e e n t h e p - a n d ^ - p r o t o n s s m a l l e r - , 

t h a n i n t h e u n s u b s i t u t e d p y r i d i n e s . - H e r e , t h e e f f e c t s o f a 

m e t h y l g r o u p w i l l b e d i s c u s s e d i n t e r m s o f t h e d i a m a g n e t i c a n i s o -

t r o p y e f f e e t .p:00j$$and t h e i n d u c t i v e e f f e c t . . T h e i n d u c t i v e 

e f f e c t i s r e f l e c t e d i n t e r m s (fe a n d flj:, f o r a r i n g p r o t o n a f f e c ­

t e d b y t h e a d d i t i o n o f a m e t h y l g r o u p s . The e l e c t r i c d i p o l e o f 

a C - H b o n d i s s u f f i c i e n t l y d i f f e r e n t f r o m t h e z e r o v a l u e e x p e c ­

t e d i n a C - C b o n d t o c a u s e s m a l l c h a n g e s i n c h e m i c a l s h i f t due 

t o a n e l e c t r i c f i e l d e f f e c t . 1 0 7 
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FIGURE 12 
Position of Rinq Vhoton Resonance 

a f t e r p r o t o n a t i o n 

o(fo< 

Benzene 
_L 

(of3 

Toluene 

C H , & 

ft 

i i 
i i 
i i 
II u 

-ra-xvlene 

C H 3 

^ 3 

<0[ jfi) 

I I I 
I I I 

(5)1 I'W 

Hesitvlene 

P. 

SOOcps 450cps 400 cf. 
(•from T.M.S. at 6QM>c< ) 



J+7 

i . D i a m a g n e t i c A n i s o t r o p y E f f e c t o f M e t h y l G r o u p s 

T h i s e f f e c t a r i s e s a t s p e c i f i c p r o t o n s m o s t l y f r o m t h e a n i -

s o t r o p y o f t h e C - G s i n g l e b o n d b e t w e e n t h e m e t h y l c a r b o n a n d c a r ­

b o n i n t h e b e n z e n e r i n g . I t was a s s u m e d t h a t t h e d i a m a g n e t i c 

a n i s o t r o p y o f t h e C - H b o n d was n e g l i g i b l e . The d i a m a g n e t i c a n i ­

s o t r o p y e f f e c t s o f t h e C - C s i n g l e b o n d t o t h e o r t h o - j me t a - , a n d 

p a r a - p r o t o n s i n t o l u e n e w e r e c a l c u l a t e d u s i n g e q u a t i o n ( 2 ) . The 

c e n t r e o f t h e C - C s i n g l e b o n d was t a k e n as t h e a p p r o x i m a t e c e n -

i 

_/y n -30 P i - i j , , 1 0 1 1 

The AJL v a l u e , 8.3 x 10 e r r / m o l e c u l e , w h i c h M u s h e r s u g g e s ­

t e d was u s e d i n t h e c a l c u l a t i o n . The c h e m i c a l s h i f t c h a n g e s due 

t o t h e d i a m a g n e t i c a n i s o t r o p y e f f e c t . o f a m e t h y l g r o u p w e r e : 

-11.0, +3.0, a n d +3.5 c p s a t ' 60 M . c f r o m b e n z e n e f o r t h e o r t h e y 

m e t a - a n d p a r a - p r o t o n s r e s p e c t i v e l y . 

I I . I n d u c t i v e E f f e c t o f M e t h y l G r o u p s 

The c h e m i c a l m a n i f e s t a t i o n s o f m e t h y l s u b s / t i t u t i o n a r e 

u s u a l l y l a b l e e d ' i n d u c t i v e e f f e c t ' . P r o m t h e p o i n t / o f v i e w o f 

t h e c h e m i c a l s h i f t , t h e s e ' e f f e c t s r e p r e s e n t t h e c h a n g e i n t h e 



s t a t i c e l e c t r o n d e n s i t y a t t h e n u c l e u s i n q u e s t i o n , t h e c h a n g e -

b e i n g t r a n s m i t t e d v i a ; t h e s i g m a b o n d s . P r e s u m a b l y i n d u c t i v e c o n ­

t r i b u t i o n s o p e r a t e t h r o u g h b o t h t h e (Ĵ j a n d t h e ( J ^ t e r m s , t h e • 

f i r s t r e p r e s e n t i n g t h e t o t a l e l e c t r o n c h a r g e a r o u n d , t h e n u c l e u s , 

a n d t h e s e c o n d i t s d i s t r i b u t i o n o r p o l a r i z a t i o n I n t h e b o n d . 

F o r a s l i g h t l y e l e c t r o p o s i t i v e s u b s t i t u e n t : g u c h as t h e m e t h y l 

g r o u p , i t m i g h t be e x p e c t e d t h a t t h e i n d u c t i v e e f f e c t r e s u l t s i n 

a s m a l l h i g h f i e l d s h i f t f o r t h e r i n g p r o t o n s , r e l a t i v e t o ' b e n ­

z e n e r e f e r e n c e , t h e e f f e c t b e i n g t h e g r e a t e s t a t p r o t o n s o r t h o 

t o t h e s u b ' s t i t u e n t . The c h e m i c a l s h i f t s o f t h e r i n g p r o t o n s o f 

t o l u e n e , o r t h o - , m e t a - , a n d p a r a - x y l e n e s w i t h r e s p e c t to - b e n z e n e 

i n 5 w/w % c a r b o n t e t r a c h l o r i d e s o l u t i o n s w e r e m e a s u r e d . . The 

r i n g p r o t o n s o f t o l u e n e show o n l y one s i g n a l a t 10 c p s t o h i g h 

f i e l d o f t h e b e n z e n e p r o t o n s i g n a l a t 60. M . c . T h i s i n d i c a t e s 

t h a t t h e d i a m a g n e t i c . a n i s b . t r o p y e f f e c t a n d t h e i n d u c t i v e e f f e c t 

aire a d d e d t o g e t h e r a n d make t h e c h e m i c a l s h i f t o f +10 c p s f o r 

a l l t h e p r o t o n s a t d i f f e r e n t p o s i t i o n s r e l a t i v e t o t h e ' m e t h y l 

g r o u p . 

I n d i m e t h y l b e n z e n e s i t was a s s u m e d t h a t t h e t o t a l e f f e c t 

f r o m e a c h m e t h y l g r o u p was a d d i t i v e . . S u b t r a c t i n g t h e c a l c u l a t e d 

a n i s o t r o p y p a r t l e a v e s t h e i n d u c t i v e c o n t r i b u t i o n f o r a m e t h y l 

s u b s t i t u e n t , t h e v a l u e s b e i n g +21.0,' +7.0, a n d + 6 . 5 . c p s a t 60 

M . c . f o r t h e .o r tho -? , m e t a - , a n d p a r a - p r o t o n s r e s p e c t i v e l y . 

b .• Changes'between-'Serene*, P y r i d i n e , a n d P y r i d i n i u m I o n 

A l l t h e a b o v e e f f e c t s a r e o p e r a t i v e , a n d i n a d d i t i o n t h e r e 
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T a b l e ;8 

C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 

w i t h r e s p e c t t o B e n z e n e 

( c p s a t 60 M.C.) 

o( 

Compound C a l . O b s . D i f f . C a l . O b s . D i f f . C a l . O b s . D i f f . 

I '-ik- -73 1 + 7 + 1+ 7 + 2 -6 8 

. . y ? I I -7+ -63 11 + 7 +18' . ' 11 

I I I +17 + 31 111 + 12 -3 15 

I V -61 ; -51 13 + 12 + 7 5 • 

V -6)4 -57 7 +17 + 26 9 

I , + 29 12 

T F T + 27 + 39 V I + 27 + 39 

V I I + 27 + 33 6 + 22 + 9 13 

i s a l a r g e r e s o n a n c e e f f e c t c a u s e d b y t h e i n t r o d u c t i o n o f t h e 

h e t e r o - a t o m i n t o t h e r i n g . T h i s r e s u l t s i n l o n g r a n g e 7F —eleQ-

' t r o h d e n s i t y c h a n g e s , 

i . R e s o n a n c e o r M e s o m e r i c E f f e c t s : 

I t h a s l o n g b e e n t h e a m b i t i o n o f c h e m i s t s t o c o r r e l a t e t h e 

c h e m i c a l s h i f t s o f p r o t o n s ' a t t a c h e d t o c o n j u g a t e d r i n g s y s t e m s 

w i t h t h e 7 7 - e l e c t r o n c h a r g e d e n s i t y a t t h e r i n g c a r b o n a t o m s . 
121 

S p i e s e e k e a n d S c h n e i d e r h a v e s h o w n t h a t s u c h a c o r r e l a t i o n 

e x i s t s a t t h e p a r a p o s i t i o n i n m o n o - s u b s t i t u t e d b e n z e n e s , w h e r e 
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Table 9 

Calculated and Observed Chemical Shi f t 

wi th respect to Corresponding Methyl Benzene 

(cps at 60 M.C.) 

Compound C a l . Obs":;.,". Diff. V/.Cal. 
P 
Obs . D i f f . C a l . 

r 
Obs. D i f f . 

I -83 1 -3 + 14. 7 -8 -16 8 

. XI -8+ -75 a. 0 11 . XI -8+ -75 9 -3 T O 11 

:.: I I I -3 + 9. 12 -8 -25 17 :.: I I I -3 + 9. 12 -8 -25 17 

IV -si+ -73 11 -8 -15 7 

V -81+ -79 5 + 4 

,+7 

7 

10 

V -81+ -79 5 -3 + 4 

,+7 

7 

10 

VI -3 + 2 •5 VI -3 + 2 •5 

VII + 6 -8 -17 ' 9 VII -3 + 6 9 -8 -17 ' 9 

complicating factors due to induct ive , anisotropy and electr ic-

f i e l d effects are absent. The in t e rac t ion between the7j* - e lec t ron 

cloud of the r i n g , and the (T bond jo in ing the proton to the r i n g , 

as evidenced i n the chemical s h i f t cor re la t ion , , and also In the 

E . S . R . hyperfin© s p l i t t i n g co r r e l a t i on , i s presumably through 

configurat ion In terac t ion at th© carbon atom. In terms of the 

previous nomenclature th© mechanism of proton sh ie ld ing v i a th© 

TT-eleetrons i s through the neighbor anisotropy term (J"c^ . 

Theoret ical ca lcu la t ions hav© . been mad© of the 7f -e lect ron 
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T a b l e 10 

C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 

w i t h r e s p e c t t o P y r i d i n e 

( c p s a t 60 M .C . ) 

Compound C a l . O b s . D i f f . C a l . 
P 

O b s . D i f f . C a l . O b s . D i f f . 

.1 + 10 + 11 1 + 10 + 10 0 + 10 + 15 5 

I I + 10 + 19 9 ' + 10 + 11+ k I I + 10 + 19 9 ' + 10 + 11+ k 
I I I + 20 + 26 6 + 20 +18 2 I I I + 20 + 26 6 + 20 +18 2 

,( I V + 20 + 33 13 + 20 + 28 . 8 ,( I V + 20 + 33 13 + 20 + 28 . 8 

+ 20 + 27 7 + 20 J+22 

+ 25 

? 

5 

+ 20 + 27 7 + 20 J+22 

+ 25 

? 

5 

+ 30 + 35 
• ' 

V 1 ' + 30 + 35 

V I I + 30 + 28 2 + 30 + 30 0 , V I I + 30 + 28 2 + 30 + 30 0 , 

108,109 
d e n s i t i e s i n s u b s t i t u t e d b e n z e n e a n d i n some a r o m a t i c 

68 - 102 
i o n s . ^ a t r i t z k y ' s v a l u e s f o r some h e t e r o c y c l i c s7/-stems 

a r e : 

1-'. 0 0 0 

^>-Oi 0 . 9 9 1 + 

1.063 

0.981 

0.822 
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T a b l e 11 

C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 

" ' ' . w i t h r e s p e c t t o B e n z e n e 

I o n C a l . O b s . D i f f . C a l . O b s . D i f f . C a l . 
r 

Obs . D i f f . . 

I4" -69 -73 4. -30 -31 1 -69 -62 7 

' ' -69 -65 • > -30 -25 5 

•113* -10 - 7 3 -39 -47 8 

V? -49. -50 1 -39 -46 7 V? -49. -50 1 -39 -46 7 

V + 

-49 -64 15 -10 I"6 
I-10 

4 

0 

V + 

-49 -64 15 -10 I"6 
I-10 

4 

0 

vt + 20 +11 9 vt + 20 +11 9 

V I I + +10 ' - 2 12 -19 -40 21 V I I + +10 ' - 2 12 -19 -40 21 

w h e r e a s f o r p y r i d i n e C o u l s o n c a l c u l a t e d . 

1: - 1.1.47 o(- 0.962 6 - 0 . 9 8 7 . f- 0.955 • 
112 

a n d B r o w n a n d H e f f e r n a n f o u n d 

11 - 1.107 <* - 0.952 (3- 1 .004 ^ - 0 . 9 8 1 

F o r t h e p- a n d ^ - p r o t o n s i n p y r i d i n e , t h e i n d u c t i v e , a n i s o t r o p i c 

a n d p o l a r e f f e c t s s h o u l d be s m a l l , ' 'and t h u s t h e i r c h e m i c a l s h i f t 

r e l a t i v e t o b e n z e n e s h o u l d be d e t e r m i n e d m a i n l y b y t h e c a r b o n 

7 T - e l e c t r o n d e n s i t y c h a n g e s f rom, b e n z e n e . 
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Table ' 1 2 

C a l c u l a t e d and Observed Chemical S h i f t 
x-rith'respect to Corresponding- Methyl Benzene 

•'ion Cal . Obs . D i f f . P 
C a l . Obs. D i f f . Cal . 

r 
Obs . D i f f . • 

I + • -79 - 8 3 . J.|. -1+0 • - 1 -69 -72 3" 

n + 

-79 -73 • A -ILO -35 
' n + 

-79 -73 O -ILO -35 

I I I + -3- 1 - 2 7 -59 - 6.9 •10 I I I + -3- 1 - 2 7 -59 - 6.9 •10 

I 7 + -73 k t -5) -6.8 9 
v + - 6>q -86 •I7i. - " 5 0 1 _ '>P, 2. — U j -86 •I7i. 2. 

V I I 

1 -32 

•-20 ' ;^25 

--20 -28 

2 

5 

, : 8 V I I 

1 -32 

•-20 ' ;^25 

--20 -28 

2 

5 

, : 8 i i a -66 17 V I I 

1 -32 

•-20 ' ;^25 

--20 -28 

2 

5 

, : 8 -66 17 

i i . A nisotropy E f f e c t s of the H e t e r o c y c l i c Atom 
There e x i s t s a la r g e l o c a l paramagnetic . c o n t r i b u t i o n to the 

s h i e l d i n g at the n i t r o g e n atom i n p y r i d i n e due to the r e l a t i v e 
s m a l lness of the n—> 7f* t r a n s i t i o n energy, 4E . P r o t o n a t i o n of 
the 'nitrogen atom i n p y r i d i n e to form the pyridinixim i o n r e s u l t s 
i n the-, removal of the lone p a i r , and increases the lowest t r a n -

122 X s i t i o n energy, ^ / f , from !.L.5 eV f o r p y r i d i n e s ' n—> 7T process 
to about 10 eV f o r the 7 f _ y 7 f * , 7 y _ ^q- rexcitations i n the p y r i d i -

n i u m i o n . The c o n s e q u e n t decrease i n the paramagnetic, s h i e l d i n g 

c a u s e s a h i g h f i e l d s h i f t of 123 ppm f o r the U resonance i n 
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T a b l e 13 . 

C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 

w i t h r e s p e c t t o P y r i d i n e 

I o n G a l . - Obs . D i f f . C a l . 
P 

Obs . D i f f . C a l . 
r. 

O b s . D i f f . . 

I'­ .. + 18 + 11 7 ' -27 -35. 8 -50 -111. 9 

l l 4 - + 18 + 21. 3 -27 

- 7 

-29 

-11 

2 

I I I + ' 

+ 18 + 21. • —* -27 

- 7 

-29 

-11 1+ -.30 -26 !+• ' I I I + ' 

-27 

- 7 

-29 

-11 1+ -.30 -26 !+• ' 

+ 38 + 3k -30 -25' + 38 + 3k -30 -25' 5-. 

v + + 38 + 20 18 - 7 -10 

:-D+ 

3 v + + 38 + 20 18 - 7 -10 

:-D+ 

3 

v i + + 13.: + 8. v i + + 13.: + 8. 
• 

V I I + + 1 3 , _ A 19 . -10 -19 9 V I I + + 1 3 , — 0 19 . -10 -19 9 

t h e p y r i d i n i u m . i o n o v e r p y r i d i n e . " " T h i s l a r g e p a r a m a g n e t i c , 

c o n t r i b u t i o n t o t h e m a g n e t i c s u s c e p t i b i l i t y a t . t h e N a t o m i n 

p y r i d i n e I m p l i e s a l a r g e a n i s o t r o p y c e n t r e , , a f f e c t i n g ' t h e n e i g h ­

b o u r i n g oirring p r o t o n s . 

- . i i i . R i n g C u r r e n t E f f e c t 
arA 1 1 3 ' 

C a l c u l a t i o n s ' b y H a l l / ^ c o - w o r k e r s J -and- t h e p y r i d i n e r i n g 

c u r r e n t u s i n g a h e m p i r i c a l e l e c t r o n e g a t i v i t y p a r a m e t e r f o r t h e 

n i t r o g e n a t o m s u g g e s t c h a n g e s i n t h e r i n g c u r r e n t o f o n l y 1% 

f r o m b e n z e n e . . T h i s r e p r e s e n t s a n e g l i g i b l e p r o t o n s h i f t c h a n g e 



55 

• . T a b l e lLf. . . 

C a l c u l a t e d . a n d O b s e r v e d C h e m i c a l S h i f t 

w i t h r e s p e c t t o C o r r e s p o n d i n g P y r i d i n e s 

I o n C a l . Obs . D i f f . C a l . t 
O b s . 

D i f f . C a l . 
r 

O b s . D i f f . 

I + ' +8. 0 8 -37 -)+5 8 -60 -56 k 

I I + + 8 + 2 6 -37 - i f 3 .6 . 

I I I + -27 -36. 9 -5o -104- 6 

I V + + 18 + 1 1 7 -50 -53 3 

V + + 18 -7 25 - 2 7 f-35 8 . 

[-36 9 

V I + -17 -26 Q 

V I I + -17 -31+' 1 7 -+o -+8 8 

due t o t h i s e f f e c t . 

i v . I n d u c t i v e a n d I n t r a m o l e c u l a r P o l a r E f f e c t s 

F o r p y r i d i n e i t may be a s s u m e d t h a t i n d u c t i v e e f f e c t s f r o m 

t h e n i t r o g e n a t o m a r e t r a n s m i t t e d o n l y as f a r a s . t h e O C p r o t o n s . 

The p o s i t i v e c h a n g e o n t h e p y r i d i n i u m I o n m a k e s t h e s i g m a p o l a ­

r i z a t i o n m u c h l e s s c l e a r . I n a n y e v e n t , i t seems t h a t a n a l t e r ­

n a t i n g 7T- e l e c t r o n d e n s i t y i n a c o n j u g a t e d , m o l e c u l e i s a c c o m p a -

1 2 3 
n i e d b y a p o l a r i z a t i o n o f t h e O ^ - c o r e . 

. . . 121+ 
P y r i d i n e h a s a t o t a l e l e c t r i c d i p o l e moment o f 2 . 1 D 
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. T a b l e • "'%jj>"' 

C a l c u l a t e d a n d O b s e r v e d C h e m i c a l S h i f t 

w i t h r e s p e c t t o F y r i d i n i u m I o n 

I o n : C a l . O b s . D i f f . C a l . 
p 

O b s . D i f f . C a l . . 
r 
Obs . D i f f . 

I + + 20 +16 4 + 20 + 19 1 + 20 + 22 . 2 . 

I I + + 20 + 26 6 + 20 + 25 . 5 I I + + 20 + 26 6 + 20 + 25 . 5 

I I I + +40 + 53 . + 40 + 37 .3 I I I + +40 + 53 . + 40 + 37 .3 

. TTT+ + 40 + 3.8- 2 +40 + 38 i y + 40 + 3.8- 2 +40 + 38 2 

. v+" + 40 + 25 15 +40 [+4o 

t+44. 

: o 

• 4 • 

V I + 

V I I + 

+ 60 

+ 60 

+ 62. 

+48 

o V I + 

V I I + 

+ 60 

+ 60 

+ 62. 

+48 

d 

12 + 6o + 44 16 

V I + 

V I I + 

+ 60 

+ 60 

+ 62. 

+48 

d 

12 + 6o + 44 16 

l o c a l i z e d m a i n l y a t t h e n i t r o g e n l o n e p a i r , a n d this:-., m a y b a . e x p e c t e d 

t o p o l a r i z e f t h e CH b o n d s . A n a p p r o x i m a t e - d i p o l e e s t i m a t i o n o f 

t h i s (Jg e f f e c t shows. I t to.' r e s u l t i n a s h i f t t o l o w f i e l d o f t h e 

06 -protons b y some 0.5 ppm, . w i t h - a l m o s t n e g l i g i b l e e f f e c t a t t he . 

o t h e r p o s i t i o n s . 

v . S o l v e n t E f f e c t s 

The e f f e c t o f t h e s o l u t e ? ; m o l e c u l a r , m a g n e t i c a n i s o t r o p y o f 

t h e s e d i s c m o l e c u l e s w i l l be s m a l l a t l o w c o n c e n t r a t i o n s i n c a r -

b o n t e t r a c h l o r i d e o r t r i f l u o r o a c e t i c a c i d . The r e a c t i o n f i e l d 
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e f f e c t b a c k o n t h e s o l u t e ' m o l e c u l e b y p o l a r i z a t i o n o f t h e . s o l ­

v e n t w i t h a s t r o n g l ? / p o l a r s o l u . t e 1 1 ^ " i s s m a l l i n t h e c a s e o f 

c a r b o n t e t r a c h l o r i d e s o l v e n t w i t h l o w d i e l e c t r i c c o n s t a n t , b u t 

may be . e x p e c t e d t o make s m a l l c o n t r i b u t i o n s t o t h e r i n g p r o t o n 

s h i f t s i n t h e c a s e o f t h e p y r i d i n i u m I o n i n t r i f l u o r o a c e t i c a c i d . 

I t i s c o n c l u d e d t h a t t h e r i n g p r o t o n s h i f t s a t t h e |3- a n d 

<f- p o s i t i o n s ' . I n p y r i d i n e , a n d t h e p y r i d i n i u m i o n a r e a f f e c t e d 

m o s t l y b y r e s o n a n c e e f f e c t s a r o u n d t h e . r i n g . C o m p a r i s o n o f t h e 

e x p e r i m e n t a l v a l u e s o f t h e s e . s h i f t s f r o m b e n z e n e w i t h t h e c a l c u ­

l a t e d T V - e l e c t r o n d e n s i t i e s y i e l d s a - r o u g h l y s i m i l a r c o r r e l a t i o n , 

t h e r a t i o b e i n g a p p r o x i m a t e l y I4..I4. x 10 2 c p s / 7 T - e l e c t r o n . A t 

t h e © ^ - p o s i t i o n , t h i s c o r r e l a t i o n may be u s e d t o e s t i m a t e t h e 

t o t a l , e f f e c t o f t h e r e m a i n i n g t e r m s ( i n d u c t i v e , p o l a r , a n i s o ­

t r o p y a n d s o l v e n t ) . T h e s e e f f e c t s a r e f o u n d t o t o t a l -76. c p s a t 

60 M . c . , . o u t o f t h e t o t a l l o w f i e l d s h i f t o f 81|_ c p s a t t h e 

O^-pro ' ton I n p y r i d i n e f r o m b e n z e n e . 

-81+ + - 4 . i l . x - (1 - 0.981) x 10 2 = -76 c p s 

c . . C h a n g e s b e t w e e n p y r i d i n e a n d M e t h y l P y r i d i n e 

A s s u m i n g t h a t t h e r i n g o f m e t h y l ' p y r i d i n e s a r e r e g u l a r 

h e x a g o n s . w i t h t h e same b o n d l e n g t h s as i n m e t h y l b e n z e n e s , t h e 

d i a r a a g n e t i e a n i s o t r o p y e f f e c t o f t h e m e t h y l g r o u p s w i l l be 

approximately t h e same as i n m e t h y l ' b e n z e n e s . I t i s a s s u m e d 

t h a t (1) t h e i n d u c t i v e e f f e c t o f t h e m e t h y l g r o u p s i s t h e same 

as f o r t h e . m e t h y l b e n z e n e s , a n d t h a t (2) t h e T f - e l e c t r o n d e n s i t y , 

http://-4.il
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t h e i n d u c t i v e a n i s o t r o p y e f f e c t s o f t h e . n i t r o g e n a t o m a n d t h e 

r i n g c u r r e n t a r e t h e same as t h o s e o f p y r i d i n e . . W i t h t h e s e 

a s s u m p t i o n s , u s i n g t h e v a l u e s o b t a i n e d p r e v i o u s l y f o r t h e s e 

e f f e c t s , t h e c h e m i c a l s h i f t c h a n g e s o f t h e r i n g p r o t o n s i n m e t h y l 

p y r i d i n e s w i t h r e s p e c t t o p y r i d i n e , c o r r e s p o n d i n g m e t h y l b e n ­

z e n e s , a n d b e n z e n e w e r e c a l c u l a t e d . A c t u a l v a l u e s f o r t h e 

e f f e c t s i n . c p s a t 60 M . c . w i l l b e s u m m a r i z e d : 

The Of , i n d u c t i v e - a n d a n i s o t r o p i c e f f e c t s o f t h e 

n i t r o g e n a t o m * 

-76 c p s a t t h e O d - p r o t o n 

M e s o m e r i c . . . e f f e c t o f t h e n i t r o g e n a t o m ; 

•"% )\..,LL x 10 ̂  c p s .per T T ' - e l e c t r o n 

The I n d u c t i v e e f f e c t o f t h e m e t h j y l g r o u p ; 

+ 21.0 cps- a t t h e O-proton 

+ 7.0 c p s a t t h e m - p r o t o n 

V +6.5 c p s a t t h e ^3 - p r o t o n 

D i a m a g n e t i c a n i s o t r o p y e f f e c t o f t h e m e t h y l g r o u p s ; 

-11.0 c p s a t t h e o - p r o t o n 

+ 3.0 c p s a t the ./w-p r o t o n 

V+ 3.5 c p s a t t h e ^ - p r o t o n 

E f f e c t o f c h a n g e i n t h e r i n g c u r r e n t i s n e g l i g i b l e . 

d . C h a n g e b e t w e e n M e t h y l P y r i d i n e s a n d t h e M e t h y l 

P y r i d i n i u m I o n s 

B e c a u s e o f t h e i n c r e a s e o f t h e e x c i t a t i o n e n e r g y , 4E , o f 

t. 
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t h e p r o t o n a t e d n i t r o g e n a t o m c o m p a r e d t o t h e n i t r o g e n a t o m w h i c h 

h a s l o n e p a i r e l e c t r o n s , t h e p a r a m a g n e t i c . s h i e l d i n g a t t h e n i t r o ­

g e n a n d t h e a n i s o t r o p y e f f e c t a t t h e r i n g p r o t o n s a r e d e c r e a s e d . 

The i n d u c t i v e e f f e c t w i l l . b e i n c r e a s e d more t h a n t h e d e c r e a s e o f 

t h e a n i s o t r o p i c e f f e c t . 

C o m p a r i n g the. r i n g p r o t o n c h e m i c a l s h i f t s o f m e t h y l : p y r i ­

d i n e a n d t h e p r o t o n a t e d m e t h y l p y r i d i n e w i t h t h o s e o f p y r i d i n e , , 

i t was f o u n d t h a t t h e e f f e c t o f t h e m e t h y l g r o u p , i n c l u d i n g b o t h 

t h e i n d u c t i v e a n d t h e d i a m a g n e t i c a n i s o t r o p i c e f f e c t , i n c r e a s e d 

b y a f a c t o r o f two i n m o s t c a s e s . The t o t a l i n d u c t i v e a n d a n i ­

s o t r o p y e f f e c t s o f t h e n i t r o g e n a t o m a t t h e o d - p o s i t i o n o f t h e 

p y r i d i n i u m i o n was e s t i m a t e d i n t h e same way as i n t h e c a s e o f 

p y r i d i n e . The v a l i x e was f o u n d t o be -79 c p s . The l i n e a r i t y 

b e t w e e n t h e d i f f e r e n c e o f T T - e l e c t r o n d e n s i t y a n d t h e c h e m i c a l 

s h i f t , a n d t h e ' o t h e r f a c t o r s , w e r e a s s u m e d t o be t h e same as i n 

t h e c a s e o f t h e p y r i d i n i u m i o n . ~ 

The c h e m i c a l s h i f t s o f t h e r i n g p r o t o n s • • i n ' t h e m e t h y l p y r i ­

d i n i u m . i o n f r o m t h o s e o f c o r r e s p o n d i n g . m e t h y l p y r i d i n e s , t h e 

p y r i d i n i u m i o n , p y r i d i n e , t h e c o r r e s p o n d i n g m e t h y l b e n z e n e s a n d 

b e n z e n e w e r e c a l c u l a t e d . The r e s u l t s a r e s h o w n I n T a b l e ..8-- 15 

t o g e t h e r w i t h t h e o b s e r v e d v a l u e s . 'A f e w e x a m p l e s o f t h e c a l c u ­

l a t i o n , w i l l b e s h o w n . 

E x a m p l e : 3 r o e t h y l p y r i d i n e 

OL - p r o t o n 

(1 ) f r o m p y r i d i n e 

( + 2 1 . 0 - 1 1 . 0 ) = +10 c p s 

http://will.be
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(2) ' f r o m t o l u e n e • . 

, - 7 6 + k j | |* ;x (-0.019) x 1 0 2 = -8k c p s 

(3) f r o m b e n z e n e 

-76 +. k . k | | x (-0.019) x 10;- + 21.0 - 11.(T = -7k c p s . 

A s i s s e e n i n T a b l e ^ S ~ l 5 , t h e c l a c u l a t e d v a l u e s a r e i n g o o d 

a g r e e m e n t w i t h t h e o b s e r v e d v a l u e s . M o s t o f t h e m a g r e e d w i t h i n 

-:5 c p s a t 60 M . c . ( = 0 .08 ppm) .. G r e a t e r d i s c r e p a n c i e s w e r e 

f o u n d f o r t h e O i - p r o t o n s o f t h e 2,l\. d i m e t h y l p y r i d i n i u m i o n a n d 

f o r t h e |J- a n d ^ - p r o t o n s o f 2 , 3 , 6 t r i m e t h y l p y r i d i n i u m i o n . The 

m e t h y l g r o u p s a t t h e 0 6 - p o s l t i o n seem t o a f f e c t t h e o t h e r p r o t o n s 

d i f f e r e n t l y f r o m t h o s e a t t h e p- a n d ^ * - p o s i t i o n , p r e s u m a b l y due 

t o n o n - a d d i t i v e e f f e c t s when t h e h e t e r o - a t o m . an.d t h e s u b s t i t u e n t 

are. o r t h o t o .one a n o t h e r . . 

2 . C h e m i c a l S h i f t s o f M e t h y l P r o t o n s 

The ' m e t h y l p r o t o n c h e m i c a l s h i f t s at . v a r i o u s p o s i t i o n s w i t h 

r e s p e c t t o t h e n i t r o g e n a t o m w e r e c o m p a r e d w i t h t h e c o r r e s p o n d ­

i n g m e t h y l b e n z e n e s . T h o s e a t t h e p - . a n d / - p o s i t i o n s w e r e o n l y 

1^2. c p s s h i f t e d t o h i g h f i e l d , w h i l e t h o s e a t t h e OL-position 

xrere s h i f t e d 8~10 c p s t o l o w f i e l d a t 60 M . c . The I n d u c t i v e 

a n d d i a m a g n i t i c a n i s o t r o p y • e f f e c t s c a u s e d b y t h e o t h e r m e t h y l 

g r o u p s i n d i - a n d t r i - s u b s t i t u t e d m e t h y l , p y r i d i n e s a n d t h e 

e f f e c t o f t h e s l i g h t c h a n g e o f t h e 7T - e l e c t r o n c h a r g e d i s t r i b u ­

t i o n o n t h e r i n g c a r b o n a toms as a r e s u l t o f r e p l a c i n g ^ C H b y 

^ N : a r e a l m o s t n e g l i g i b l e o n . t h e m e t h y l p r o t o n s . The l o w f i e l d 

s h i f t o f t h e m e t h y l p r o t o n a t t h e 0 d - p o s i t i o n I n d i c a t e s t h a t t h e 



i n d u c t i v e a n d a n i s o t r o p i c e f f e c t s o f t h e n i t r o g e n a t o m i s t h e 

o n l y • a p p r e c i a b l e ; f a c t o r s t o I n f l u e n c e t h e c h e m i c a l s h i f t s o f t h e 

m e t h y l p r o t o n s a t t h e 0 ( - p o s i t l o n . ' 

, The m e t h y l • p r o t o n c h e m i c a l s h i f t s o f t h e p r o t o n a t o d p y r i ­

d i n e s ' ' w e r e a l s o c o m p a r e d w i t h t h e c o r r e s p o n d i n g m e t h y l b e n z e n e s . 

L o w f i e l d s h i f t s b y a m o u n t s o f ' V S c p s a n d - ^ 1 1 c p s h a v e b e e n 

f o u n d f o r t h e |3- a n d Jf - - m e t h y l p r o t o n s ' . ' The 0 £ - m e t h y l p r o t o n s 

h a v e a l s o , b e e n f o u n d t o be s h i f t e d f u r t h e r t o l o w f i e l d b y ^ - " 1 3 

o p s . . I t i s r e a s o n a b l e t o • • a s s i g n t h e l o w f i e l d s h i f t a t t h e j3-

^ - m e t h y l p r o t o n s t o t h e g r e a t e r d e c r e a s e o ' f 71 - e l e c t r o n d e n s i t y 

a t t h e s e p o s i t i o n s t h a n i n t h e n e u t r a l p y r i d i n e s . The f u r t h e r 

l o w f i e l d s h i f t a t ' t h e O ( - m e t h y l p r o t o n s m u s t a r i s e , m a i n l y f r o m 

t h e c h a n g e o f t h e a n i s o t r o p y a n d i n d u c t i v e e f f e c t s o f t h e n i t r o ­

g e n a t o m b y p r o t o n a t i o n . The a n i s o t r o p y e f f e c t r e s u l t s i n a 

h i g h f i e l d s h i f t a n d t h e - I n d u c t i v e e f f e c t i n a l o w f i e l d s h i f t . 

T h e ' ' s u m . o f ' . t h e m i s t o l o w f i e l d . . 

3 . C o n c e n t r a t i o n D e p e n d e n c e o f C h e m i c a l S h i f t s 

- . A s s i i m i n g t h a t t h e r e i s a r a p i d e x c h a n g e b e t w e e n t h e n e u t r a l 

p y r i d i n e s a n d . t h e p o s i t i v e ' p y r i d i n i u m i o n s , t h e o b s e r v e d c h e m i - . . 

c a l s h i f t s m u s t be t h e a v e r a g e d c h e m i c a l s h i f t o f t h e two s p e ­

c i e s . A t h i g h e r a c i d c o n c e n t r a t i o n s , t h e t i m e t h e a c i d p r o t o n s 

s p e n d o n t h e n i t r o g e n a t o m s h o u l d be l o n g e r t h a n i n t h e l e s s c o n ­

c e n t r a t e d s o l u t i o n , so t h a t t h e f r a c t i o n o f t h e p y r i d i n i u m i o n 

i s l a r g e r a t , t h e h i g h e r a c i d c o n c e n t r a t i o n . T h i s e x p l a i n s t h e 

s l i g h t d e p e n d e n c e o f c h e m i c a l . s h i f t o n t h e a c i d c o n c e n t r a t i o n as 



shown i n . F i g u r e 9 - The c h e m i c a l s h i f t s o f t h e (b- a n d / - p r o t o n s 

c h a n g e b y ' m u c h l a r g e r . a m o u n t t h a n t h a t o f t h e ^ X - p r o t o n o n p r o t o ­

n a t i o n . . T h i s , i s a l s o s h o w n b y t h e r e l a t i v e s l o p e s o f t h e c o n ­

c e n t r a t i o n d e p e n d e n t c h e m i c a l s h i f t c u r v e s . The. s l o p e s o f t h e 

|3- a n d X - p r o t o n c h e m i c a l s h i f t v e r s u s c o n c e n t r a t i o n c u r v e s w e r e 

l a r g e r t h a n t h a t o f t h e OC-proton, w h i c h was. a l m o s t u n c h a n g e d i n 

t h e r e g i o n o f CK . t o a p p r o x i m a t e l y 20 m o l e % p y r i d i n e c o n c e n t r a -

t i o n . - ;' vv 

l\.. S i g n a l o f t h e P r o t o n W h i c h i s B o n d e d t o t h e N i t r o g e n - . A t o m 

The . s i g n i f i c a n t b r o a d e n i n g , o f t h e t r i p l e t h a s be;en a t t r i b u ­

t e d t o a s h o r t e r T | r e l a x a t i o n t i m e o f t h e p r o t o n s w h i c h . a r e 

a t t a c h e d t o t h e n i t r o g e n a t o m . T h i s s h o r t e r r e l a x a t i o n t ime- , T j , 

i s c a u s e d b y t h e n u c l e a r q u a d r u p o l e r e l a x a t i o n e f f e c t s o f t h e N 1 

n u c l e u s . 0 0 ' . The c o n c e n t r a t i o n d e p e n d e n c e o f t h e p o s i t i o n o f t h i s 

t r i p l e t i s ' . s t r o n g e v i d e n c e f o r a h y d r o g e n b o n d b e t w e e n t h e n i t r o ­

g e n a t o m a n d t h e o x y g e n a t o m i n t r i f l u o r o a c e t i c a c i d m o l e c u l e . 

D u r i n g t h e p r e p a r a t i o n o f t h i s t h e s i s ' a n o t h e r . p a p e r x»;as 

p u b l i s h e d . 
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5. Coupling Constants 
a. General Considerations 
Several f a c t o r s a f f e c t i n g the cou p l i n g constants between 

n u c l e i have been considered. As mentioned i n the i n t r o d u c t i o n 
the coupling constants between C 1 3 and H ' have been found to be 
r e l a t e d l i n e a r l y to the s character of the carbon atomic o r b i -
tals . 7 3 » 7 ! + , 7 5 i 7 8,52 T h e c i 3 _ H ' c o u p l i n g constants i n s u b s t i t u -

7 8 
ted methanes have been found to be dependent on the e l e c t r o -
n e g a t i v i t y of the s u b s t i t u e n t s , due to rearrangement of s i c h a r a c -

120 
t e r i n the C o r b i t a l s . Schaefer " also found that a l l e t h y l e -
n i c H-H coupling constants decreased l i n e a r l y w i t h i n c r e a s i n g 
e l e c t r o n e g a t i v i t y of the s u b s t i t u e n t s . An e l e c t r o n e g a t i v e sub­
s t i t u e n t X increases the p-character of the C-X bond at the car­
bon atom by withdrawing ( T - e l e c t r o n s , thus Increasing the s 
character of the other carbon CP*bonds * This s character increase 

1 ? n 

has been e l e g a n t l y demonstrated by Gutowsky and Juan. ~' An 
e l e c t r o n e g a t i v e s u b s t i t u e n t not o n l y decreases the CP e l e c t r o n 
d e n s i t y i n the bond but also increases- the p o l a r i t y of the bond. 
Same d i s t o r t i o n of the rjr-bond system may also r e s u l t from 
I n d i r e c t I n t e r a c t i o n w i t h t h e 7 T - e l e c t r o n system. In previous 
c o n s i d e r a t i o n s of the proton-proton coupling constants ' the 
p o l a r i t y o f the (T-bonds and the e f f e c t of the T T-electron d i s t r i ­
b u t i o n have been excluded. Thus McConnell^' 1' 0 has suggested that 
i n the aromatic system the coupling constants between protons 
around the r i n g are dominated by the 0 ~ -electron c o n t r i b u t i o n s . 
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b . B e n z e n e a n d P y r i d i n e 

The c o u p l i n g c o n s t a n t s b e t w e e n t h e o r t h o - p r o t o n s i n s u b s t i ­

t u t e d b e n z e n e s , a r e 7 ~ 9 c p s , t h o s e b e t w e e n t h e r a e t a - p r o t o n s a r e 

1,116 
1*^3 ° p s , a n d t h o s e betx-reen t h e p a r a - p r o t o n s a r e ~ 0 c p s . ' ' 
11 ̂  11 S jL 1 0 

' ' I n p y r i d i n e t h e o r t h o c o u p l i n g c o n s t a n t s b e t w e e n 2 

a n d 3 r i n g p r o t o n s .are m u c h l e s s ( k . S ^ S . S c p s ) t h a n t h o s e 

b e t w e e n 3 a n d k r i n g p r o t o n s ( 7 . 3 ~ 7 - 8 c p s ) . The l a t t e r i s 

a l m o s t t h e same as I n b e n z e n e . The m e t a c o u p l i n g c o n s t a n t s 

b e t w e e n 2 , k , 6 r i n g p r o t o n s a r e a l m o s t n e g l i g i b l e , w h i l e t h o s e 

b e t w e e n 3 a n d 5> r i n g p r o t o n s a r e a p p r e c i a b l e . A t f i r s t i n s p e c ­

t i o n t h o s e c o u p l i n g s w h i c h i n c l u d e t h e Ot-proton a r e m u c h s m a l l e r 

t h a n t h o s e i n t h e b e n z e n e s y s t e m s . On p r o t o n a t i o n a l l t h e c o u ­

p l i n g c o n s t a n t s w e r e i n c r e a s e d . 

C o m p a r i s o n o f t h e 7 \ - e l e c t r o n d e n s i t i e s a n d t h e c o u p l i n g 

c o n s t a n t s i n t h e p y r i d i n e a n d p y r i d i n i u m s y s t e m s shows t h e l a t ­

t e r t o be i n d e p e n d e n t o f t h e 7 \ " - e l e c t r o n d e n s i t i e s a t t h e c a r b o n 

a toms t o w h i c h t h e t h e p r o t o n s a r e b o n d e d . P r o m t h i s , i t c a n be 

c o n c l u d e d t h a t t h e r i n g p r o t o n c o u p l i n g c o n s t a n t s i n p y r i d i n e s 

a r e m a i n l y d e p e n d e n t o n t h e g*-bonds a n d n o t o n t h e 7T- b o n d s y s ­

t e m . T h e r e f o r e one o f t h e m a i n f a c t o r s w h i c h d e c r e a s e s t h e c o u ­

p l i n g c o n s t a n t s m u s t be t h e d e c r e a s e o f (p- e l e c t r o n d e n s i t i e s i n 

t h e b o n d t h r o u g h w h i c h t h e p r o t o n s i n t e r a c t . When a n i t r o g e n 

a t o m r e p l a c e s ^ C H , t h e e l e c t r o n e g a t i v e n i t r o g e n a t o m w i t h d r a w s 

t h e CP e l e c t r o n s f r o m t h e b o n d s . D e c r e a s e o f t h e 0^ e l e c t r o n d e n ­

s i t y i n t h e b o n d s c a u s e s t h e d e c r e a s e i n t h e c o u p l i n g c o n s t a n t s 

i n t h e p y r i d i n e s y s t e m r e l a t i v e t o t h e b e n z e n e s y s t e m . T h i s i s 
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120 what Is expected from Schaefer's c o r r e l a t i o n . The i n d u c t i v e 
e f f e c t of the n i t r o g e n atom must be smaller i n the C3-C4 bond 
than i n the C a-Cj bond because the -former Is f u r t h e r separated 
from the n i t r o g e n atom. Thus the ortho -coupling constants 
between 3 and l i r i n g protons i n the p y r i d i n e system are l e s s 
reduced, than those between 2 and 3 r i n g protons compared to the 
benzene system. 

A l l the C 1 3 -H1 coupling constants i n methyl groups i n the 
78 

p y r i d i n e system (-^126 cps) are the same as that of toluene. 
The s character i n the carbon atomic o r b i t a l and the coupling 
constants increase p r o p o r t i o n a l l y ; i n d i c a t i n g that the nature of 
the C-HfJ-bonds are not changed, by the i n d u c t i v e . e f f e c t of the 
ni t r o g e n atom. I t i s f u r t h e r i n d i c a t e d' that the C-C CF-bond 
between the r i n g carbon and the methyl carbon also remains 
unchanged. The |1-C -II coupling constant i n p y r i d i n e ("v-'159cps 

i s also the same as that of benzene. '; I t i s therefore con­
cluded that the n i t r o g e n atom. In the r i n g only a f f e c t s the <J~- -

bonds w i t h i n the r i n g system. 
c. P y r i d i n i u m C a t i o n Systems 
In the p y r i d i n i u m i o n system the H1-H 1 coupling constants 

around the r i n g are g e n e r a l l y smaller than i n the benzene system 
However, they are l a r g e r than i n the p y r i d i n e system. The e l e c ­
t r o n e g a t i v i t y ' of the p o s i t i v e l y charged n i t r o g e n atom i s expec­
ted to be greater than t h a t o f the n e u t r a l n i t r o g e n atom. There­
fore the i n d u c t i v e e f f e c t s through the (T-bonds- cannot be the 
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o n l y f a c t o r w h i c h c a u s e s v a r i a t i o n i n t h e H ~H c o u p l i n g c o n ­

s t a n t s . The p r o t o n - p r o t o n c o u p l i n g c o n s t a n t s d e c r e a s e i n t h e 

o r d e r , b e n z e n e , p y r i d i n i u m i o n , p y r i d i n e . P o s s i b l e e x p l a n a t i o n s 

may be s o u g h t i n t e r m s o f : . . . . 

( 1 ) I s o e l e c t r o n i c i t y . The p y r i d i n i u m i o n s a r e t h e o n l y 

c h a r g e d s p e c i e s , so t h a t t h e c o m p a r i s o n may n o t b e f a i r . I t may 

b e b e t t e r " t o c o m p a r e t h e p y r i d i n i u m i o n J ' s w i t h , s a y , t h o s e o f 

t h e s i m i l a r S l y c h a r g e d a n i l i n i u m i o n . 

(2) I n d u c t i v e e f f e c t s due t o s t r o n g r e s o n a n c e p e r t u r b a t i o n o f 

t h e T V - e l e c t r o n c h a r g e d e n s i t y . The re i s some e v i d e n c e t h a t 

a l t e r n a t i o n o f T V - e l e c t r o n d e n s i t y I n c o n j u g a t e d s y s t e m p o l a r i z e s 
123 

t h e ( p - b o n d s . The r e l a t i v e o r d e r o f T\ - e l e c t r o n d e n s i t i e s a t 

t h e Oi - a n d | 3 - c a r b o n s i s a l t e r e d f r o m p y r i d i n e t o t h e p y r i d i n i u m 

I o n . I n p y r i d i n i u m i o n s t h i s w o u l d h a v e t h e e f f e c t o f r e d u c i n g 
H " H 

t h e i n d u c t i v e p o l a r i z a t i o n i n t h e C 2 - C 3 b o n d . T h e n i f t h e N C - C / 

c o u p l i n g i s d e t e r m i n e d b y t h e p o l a r i t y o f t h e C-C b o n d , t h e 

sequ.ence n o t e d i n t h i s s t u d y b e c o m e s r e a d i l y u n d e r s t a n d a b l e . 

The C I 3 - H ' c o u p l i n g c o n s t a n t s a r e a b o u t $ c p s l a r g e r a t t h e 

0<-and ^ - p o s i t i o n a n d 3 c p s l a r g e r a t t h e |3- p o s i t i o n t h a n t h a t o f 

t o l u e n e . t T h e s e i n c r e a s e s i n d i c a t e l a r g e r s c h a r a c t e r i n t h e C - f l 

b o n d s a n d c o n f i r m a n i n c r e a s e o f i n d u c t i v e e f f e c t s o n p r o t o n a ­

t i o n . The i n c r e a s e s a r e s m a l l e r h e r e t h a n i n - m e t h y l a m i n e s 

b e c a u s e o f t h e l a r g e r number o f (P b o n d s a v a i l a b l e f o r i n d u c t i v e 

e f f e c t s t o t r a v e l t h r o u g h . 

U n f o r t u n a t e l y t h e r i n g C 1 3 - H 1 c o u p l i n g c o n s t a n t s c o u l d n o t 

b e m e a s u r e d o w i n g t o t h e s m a l l c o n c e n t r a t i o n o f t h e p y r i d i n i u m 
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ions and the s p e c t r a l c o m p l i c a t i o n . However, they are expected 
to be l a r g e r than, those In p y r i d i n e s . 
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