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The dependence of the chemical  shift  of the r ing protons  on the pH of the medium for  a 
number  of 3-hydroxyquinoline der iva t ives  was studied by PIV[R spec t roscopy .  The regions  
of ionization of the molecu les ,  which co r re spond  to the r anges  of acidic,  neutra l ,  and a lka -  
l ine media ,  we re  found. In D20 , 3-hydroxyquinoline is p r e sen t  only in the uncharged hydroxy 
form.  The p r e s ence  of in t r amolecu la r  hydrogen bonding in 4 -d ime thy l aminome thy l -3 -hy -  
droxyquinoline has a substant ia l  effect  on the c h a r a c t e r  of the dependence of the chemical  
shif t  on the pH of the medium;  the exis tence  of s epa ra t e  protonat ion of the ni t rogen a toms 
of the r ing and the side chain of 4 -d imethy laminomethy l -3-hydroxyquino l ine  was establ ished.  
The dis t r ibut ion of the I t - e l ec t ron  densi ty in the 3-hydroxyquinol ine molecule  is in good 
a g r e e m e n t  with its chemical  behavior  during e lec t rophi l ic  substi tution.  

A complex study of the pecu l ia r i t i es  of e lec t rophi l ic  subst i tut ion reac t ions  in a number  of 3 -hydroxy-  
pyr idine der iva t ives  by  means  of PMR spec t roscopy  and chemical  methods has demons t ra t ed  that  the ~ and 
(~' posi t ions of the pyridine r ing a re  the m o s t  r eac t i ve  ones [1-3]. The p r e s e n c e  of a ni t rogen a tom in the 
a r o m a t i c  r ing leads  to a number  of pecu l ia r i t i es  in the phys icochemica l  p rope r t i e s  of 3-hydroxypyr id ine  as 
compared  with phenol [4-6]. 

An invest igat ion of the change inthe chemical  shif ts  of the protons in 3-hydroxypyr id ine  der iva t ives  
on the pH of the med ium made it poss ib le  to de te rmine  the regions  of the exis tence  of cationic,  neut ra l ,  di-  
po la r ,  and anionic f o r m s ,  to de te rmine  the m e c h a n i s m  of the fo rmat ion  of ion p a i r s ,  and to invest igate  the 
effect  of i n t r amolecu la r  hydrogen bonding in o r tho-subs t i tu ted  3-hydroxypyr id ines  on the t rend of the de- 
pendence of the chemical  shif ts  on the pH [6]. The r egu la r i t i e s  found helped to explain the spec i f ic  behav ior  
of 3-hydroxypyr id ine  der iva t ives  in e lec t rophi l ic  subst i tut ion reac t ions  and to build up a m o r e  complete  
concept  of the i r  r eac t iv i t i e s  and e lec t ronic  s t r u c t u r e s .  

In the l ight of the data p resen ted ,  it was of in te res t  to a s c e r t a i n  the pr inc ip les  of the change in the 
chemical  shifts  and 1r-e lec t ron densi t ies  on adjacent  ca rbon  a toms in acidic ,  neutra l ,  and alkal ine media  in 
a number  of 3-hydroxypyr id ine  der iva t ives  containing condensed benzene r ings .  For  this ,  we inves t igated 
the PMR s p e c t r a  of a number  of 3-hydroxyquinoline der iva t ives  as a function of the pH of the medium.  The 
dis t r ibut ion of the 7r charges  in the neut ra l ,  cationic,  and anionic s ta tes  of 3-hydroxyquinoline was also ca l -  
culated by  the LCAO MO method using the Hiickel approximat ion.  The anionic s ta te  is of i n t e re s t  f rom the 
point of view of aminomethyla t ion  r eac t ions ,  which p roceed  in alkaline media .  The dis t r ibut ion of the e l ec -  
t ron  densi ty in the cationic s ta te  is of s ignif icance for  o ther  e lec t rophi l ic  subst i tut ion reac t ions  that p r o -  
ceed in acidic med ia  (nitration and halogenation,  for  example) .  The chemical  shifts  of the protons of the 
pyr idine r ing for  a number  of 3-hydroxyquinoline de r iva t ives  a r e  p resen ted  in Table 1. The dependences 
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Fig. I. Dependence of the chemical shift of the ring protons 
+ 

on the pH of the medium for I-llh i) 2-H; 2) 4-H; 3) NCII3; 
4) OCH a. 

Fig. 2. Dependence of the chemical shift of the ring protons 
on the pH of the medium for IV-VI: 1) 2-H; 2) 4-H; 3) CH3; 
4) N(eH92. 

TABLE i. Chemical Shifts (ppm) in  the PIV[R Spectra of 3-Hydroxy- 
quinoline Derivatives 

iI 

& 
E 
o 

IIIi 
IV 

V 

VI 

Name 
,-cdc,NeuAl a . . . . .  I| Other IA 1 1 Jtxa I �9 

, v ~edial i ]hne 
,~, ~ % :~ : ~  ~.~ media media 

= E ~ E ~ E  ~E | . o ~ E  

3-Hydroxyquinoline 5,03i 
l-Methyl- 3-hydroxy- 5,19~ 

quinoIinium iodide 
3-Methoxyquinoline 5,13 
2-Methyl- 3-hydroxy- 

quinoline 
4-Dimethylaminometh- 5,27 

yl-3-hydroxyquinoline. 4,84 
t- Nitro- 3-hydroxy~tuin- 5,27 

oline . 

4,6614,6: 
4,404'804,404,6 

4,78 4,78 4,7{ 
- -  - -  4 , 2 !  

4,70 
4,584,65r -- 
4,784,481 -- 

3,90 3,53 
3,81 3,81 

1,17 4,17 
3,84 3,37 

4 - - -  
NCHa 

OCH~ 
CHs 

N (CH3) 

0,86 

0,35 
- -  0,96 

-0,70 
- 0 , 8 0  

0,40 

0,20 
--1,13 

--0,85 
--0,93 

0,40 

0,20 
- 1 , 2 0  

--1,37 

* The chemical shifts were measured relative to dioxane, 

of the chemica l  shi f ts  of the r i n g  p ro tons  and the s u b s t i t u e n t  groups  on the pH of the m e d i u m  a r e  p r e s e n t e d  
in  Figs .  1 and  2. 

An e x a m i n a t i o n  of the se t  of dependences  of the PMR chemica l  shi f ts  on the pH of the m e d i u m  for  v a r -  
ious 3 -hyd roxyqu ino l ine  de r i va t i ve s  d e m o n s t r a t e s ,  as in  the case  of 3 - h y d r o x y p y r i d i n e  [6], that  the re  a r e  
t h ree  ho r i zon ta l  s ec t i ons  tha t  c o r r e s p o n d  to the r a n g e s  of ac id ic ,  neu t r a l ,  and a lka l ine  me d i a  (Figs.  1 and2) .  
The f i r s t  p r o t o n a t i o n  causes  the m o s t  no t i ceab le  changes  in  the chemica l  shi f ts  of the r i n g  and s u b s t i t u e n t  
p ro tons .  These  changes a r e  c o n s i d e r a b l y  w e a k e r  on p a s s i n g  to a lka l ine  m e d i a  and depend on the s t r u c t u r e  
of the compound unde r  cons ide ra t i on .  The d i s s o c i a t i o n  of the OH group i n c r e a s e s  the e l e c t r o n - d o n o r  p r o p -  
e r t i e s  of oxygen,  the sh ie ld ing  of the r i n g  p ro tons  consequen t ly  i n c r e a s e s ,  and a l l  of the PMR s igna l s  a r e  
sh i f ted  to s t r o n g e r  f ield.  P r o t o n a t i o n ,  on the o ther  hand,  shif ts  the s igna l s  to weak  field.  

"Neutral" and Anionic States 

In  c o n t r a s t  to 3 - h y d r o x y p y r i d i n e  [6], an  a n a l y s i s  of the UV s p e c t r a  of 3 -hyd roxyqu ino l ine  [7, 81, d e m -  
o n s t r a t e d  that  a d ipo la r  s t r u c t u r e  is p r a c t i c a l l y  c o m p l e t e l y  a b s e n t  in  aqueous  so lu t ions .  This should  un-  
doubtedly  be r e f l e c t ed  in  the c h a r a c t e r  of the dependences  of the chemica l  shi f ts  a lso .  The dependences  of 
the chemica l  sh i f t s  on the pH for  the p ro tons  of the p y r i d i n e  r i n g  and the s u b s t i t u e n t s  of 3 -hydroxyqu ino l ine  
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TABLE 2. ~r-Electron Densities (qv) on the 
C-2 and C-4 Atoms of 3-Hydroxyquinoline 

Medium 

Acidic 
Neutral 
Alkaline 

c-2 

0,2384 
0,1024 
0,0830 

q~ 

C-4 

0,0374 
-0,0110 
-0,1045 

(I), its methiodide (II), and 3-methoxyquinoline (III) are  
presented in Fig. 1. Model compound II has a fixed dipo- 
l a r  s t ruc ture  in alkaline media. The absence of a change 
in the chemical  shifts of the protons in aqueous media  
for pH > 5.5 indicates the co r rec tness  of the model that 
we selected for the dipolar s t ruc ture  and confirms the 
presence  of the la t ter  over  the entire range of change in 
the pH (> 5.5), including solutions in D20. Compound iII 

cannot dissociate at all. A compar ison  of the chemical  shifts of the protons of the pyridine ring of I with the 
chemical  shifts of II and III demonstrated that, in aqueous media,  the chemical shifts for 3-hydroxyquinoline 
differ markedly  f rom the shifts of its methiodide and are  close to the shifts of the corresponding protons of 
3-methoxyquinoline, in which the existence of a dipolar form is impossible.  The opposite regular i ty  was 
observed in the case of 3-hydroxypyridine [6]. 

We also studied the behavior  of the proton signals of the pyridine r ing of 3-hydroxyquinoline at va r i -  
ous dioxane concentrat ions in D20. Only a slight shift in the absorption band is observed in the UV spec t ra  
as the dioxane fract ion in the water  is increased.  The picture is s imi la r  in the PMR spect ra :  for the p ro -  
ton in the 2 posit ion (2-H), the difference in the chemical shift in dioxane and D20 is ~ 0.03 ppm. These 
changes are  more  significant in the case of the 4-H proton. 

Thus we have establ ished the following forms of the state of the molecule as a function of the pH of 
the medium for 3-hydroxyquinoline derivat ives:  

A shift of the PMR signals to s t rong field is observed on passing f rom neutral to alkaline media. In 
all of the investigated compounds, the g rea tes t  changes in the chemical shift a re  exper iencedbythe  4 - H p r o -  
ton, while these changes are  much weaker  for the 2-H proton and to a great  degree depend on the s t ruc ture  
of the compound under investigation. A compar ison  of the dependences of the chemical  shifts of 3-hydroxy-  
quinoline and 4-dimethylaminomethyl-3-hydroxyquinol ine  distinctly i l lustrates  the differences in the behav- 
ior of these compounds in neutral  and alkaline media. In fact, in the ease of 4-d imethylaminomethyl -3-  
hydroxyquinoline, the emergence  of the curve onto the horizontal  port ion that corresponds  to the neutral state 
occurs  at much higher pH values (~4.3) than in 3-hydroxyquinoline itself (pH ,~3.7). 

The presence  of s t rong int ramolecular  hydrogen bonding and the absence of a dipolar s t ruc ture  in 
aqueous solution also leave their  s tamp on the charac te r  of the dependence (see Fig. 2b). While t ransi t ion 
to the anionic state was observed at pH ~ 11.0 in the case of aminomethyl-substi tuted 3-hydroxypyridines ,  
the charac te r  of the dependence differs somewhat  in the case of 4-dimethylaminomethyl-3-hydroxyquinol ine.  
A success ive  shift of the PMR signals to s t ronger  field occurs  for  pH > 4.5, and an examination of the de- 
pendences demonstra tes  the presence  of two plateaus at pH values f rom 4.5 to 10.5. With a sufficient degree 
of probability,  it can be assumed that an equilibrium of the following form exists in this range:  

H3C\/CH 3 

CH2N(CH3) 2 H2C/N'"~! 

a b 

As the pH increases ,  the equilibrium is shifted to favor form a ,  and this in turn  leads to an increase  
in the acidic proper t ies  of the hydroxy group, and, symbatieMly with this, a gradual shift of the proton s ig-  
nals to stronger field is observed. The presence of only one plateau for the "neutral" state of the molecule 
is characteristic for 3-hydroxypyridine [6] and 4-hydroxyisoquinoline [9], in which the dipolar form makes 
a substantial contribution to the equilibrium. Total ionization of the hydroxy group occurs for pH > I0, and 
this leads to a sharp shift in the signals of the methyl groups of the substituent to strong field. However, 
in this case, the shift in the 2-H signal, although only slight (.-~ 0.05 ppm), to weaker field is not entirely 
understood. It is possible that hydrogen bonding between the ring nitrogen atom and the solvent molecule 
affects the magnitude of the chemical shift in this case. 

As in the case of 3-hydroxypyridines [6], it is much more difficult to estimate the role of intramolec- 
ular hydrogen bonding in the trend of the dependence for nitro derivatives of3-hydroxyquinoline. The factthat 
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the t ransi t ion to the anionic fo rm in VI occurs  at lower  pH values (~ 8.5) than in V, in which the contribution 
of hydrogen bonding plays the leading role,  indicates the l e s s e r  significance of in t ramolecular  associat ion 
in these compounds. 

It should be noted that, f rom a compar ison of the chemical  shifts of the protons of 3-hydroxyquinoline 
derivatives over the entire range of change in the pH values,  the proton signals are  shifted to weaker  field 
than in the case of 3-hydroxypyridine.  This is apparently associa ted with the effect of a condensed benzene 
ring. 

Cationic State 

The proton signals a re  shifted to weak field on passing to acidic media. The emergence of the depen- 
dence onto the horizontal  sect ion indicates total protonation of the investigated compound. The maximum 
changes in the chemical shift a re  observed for the protons in the 4 position. The insignificant shifts of the 
signals of the protons in the ortho posit ion relat ive to the heteroatom are  undoubtedly associated with the 
effect of the anisotropy of the unshared pair  of p electrons of nitrogen. As seen from [10], the nitrogen atom 
has the grea tes t  effect on the ~-  and fl-protons during the protonation of pyridine,  while the chemical shift 
of the (x-protons changes only slightly. This c i rcumstance  also leaves its stamp on the trend of the curve 
of the dependence for 3-hydroxyquinoline derivatives.  

Protonat ion at two centers  - the ring nitrogen and the substituent ni trogen - is possible in the case of 
4-dimethylaminomethyl-3-hydroxyquinol ine .  The presence  of two ranges ofpHvalues  4.25-3.0 and < 2.0 is 
c lear ly  seen in Fig. 2b. However,  the explanation of the sequence of substitution proved to be ext remely  
complicated in the case of the indicated compounds. On the one hand, the l i tera ture  data f rom an investiga- 
tion of the basic i ty  of amines at test  to high bas ic i ty  of the side chain. On the other hand, the presence of a 
hydroxyl group in the pyridine r ing leads to part ia l  protonation of the s ide-chain  nitrogen throughout the fo r -  
mation of a s t rong in t ramolecu la rhydrogen  bond and, as a consequence of this, to a decrease  in the basici ty  
of the s ide-chain  nitrogen. In view of the difficulty involved in est imating the indicated effects in determin-  
ing the sequence of the protonation of the r ing and s ide-chain  ni trogens,  it is neces sa ry  to formulate special  
experiments .  

The react ivi t ies  of the 3-hydroxyquinolines in electrophil ic  substitution are  determined by a number 
of fac tors ,  p r imar i ly  by the distr ibution of the e lec t ron density in the ring. In this paper,  we have made a 
compar ison of the chemical  shifts of the 2-H and 4-H protons with the ~ charges on adjacent carbon atoms 
in media with different pH values. The resul ts  of the calculation of the surplus e lectron density q ~  (a pos-  
itive q~ denotes a reduction in charge as compared with unity) for  3-hydroxyquinoline are  presented in 
Table 2. In neutral media,  the e lectron density on the carbon atoms of the pyridine ring increases  in the 
o rder  C 4 > C 2. This sequence is p rese rved  in alkaline and acidic media. The electron density on the ca r -  
bon atoms decreases  on passing f rom neutral to acidic media,  and the magnitude of this change increases  
in the o rder  C 2 > C 4. On passing f rom neutral  to alkaline media,  the e lectron density increases  in the o rde r  
C4> C2. 

The distribution of the ~ charge in the 3-hydroxyquinoline molecule that we found is in good agree -  
ment with its chemical behavior  during electrophil ic substitution. In addition, the sequence of the posit ion- 
ing of the PMR signals of the protons of the pyridine ring in the direct ion of decreasing magnetic field 
(Table I) also coincides with the o rde r  of substitution of the various positions of 3-hydroxyquinoline i nami -  
nomethylation, halogenation, and nitration. Thus we have established that 3-hydroxyquinoline initially forms 
4-subst i tuted derivatives in electrophil ic  substitution react ions [11]. The aminomethylation react ions de- 
pend markedly  on the pH of the medium, but the highest yields of IViannich bases were  obtained in alkaline 
media. 

Calculation of the anion of 3-hydroxyquinoline demonstrates  an increase  in the electron density, f i rs t  
in the 4 position and then in the 2 position, and the appearance of a negative charge in the 4 position, which 
also facili tates the electrophil ic  substitution of 3-hydroxyquinoline. The calculated distribution of the 
charges of the anion of 3-hydroxyquinoline indicates that the 4 position should be the mos t  react ive  one, 
which is in agreement  with the chemical  shifts of the protons of the pyridiene ring (Table i). A s imi la r  
substitution sequence also follows f rom the calculation of the cation of 3-hydroxyquinoline and was observed 
in the nitrat ion of the la t ter  under acidic conditions. 
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EXPERIMENTAL 

The chemical shifts were measured with an HA-100 spectrometer. Dioxane was used as the internal 
standard. The accuracy in the measurements of the chemical sh~fts was -~ 0.02 ppm. The solvents were 
D2SOr D20 , and mixtures of D20 with D2SO 4 or NaOD. The solution volumes were ~7 ml. The pH values 
were measured with a pH meter of the LPU-01 type, while the pD values were calculated by adding 0.4 to 
the corresponding pH value [12]. The intermediate pH values were obtained by the addition of acid or alkali 
to D20. 

The r - e l ec t ron  density was calculated by the Hiiekel LCAO MO method f rom the p rog ram presen ted  
by Tutkevich. 
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