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HIGH TEMPERATURE PROTON EXCHANGE REACTIONS 
BY HYDROXIDE I N  WATER 

Dean A. Smith and Donald R. D i m m e l  
The I n s t i t u t e  of Paper Chemistry 

Appleton, Wisconsin 54912 

ABSTRACT 

The a b i l i t y  of hydroxide ion  t o  produce carbanions at 170'C i n  
water has been determined by measuring the  ex ten t  of deu te ra t ion  
and reexchange of deuterium l a b e l s  f o r  s eve ra l  o rganic  ac ids  and 
phenols. The results of t he  exchange r eac t ions  provide a rough 
e s t ima te  of the  types of r eac t ions  t h a t  are poss ib l e  between 
hydroxide ion  and wood components during a l k a l i n e  pulping. It has 
been estimated t h a t  NaOH/H20 at 170' can  deprotonate organic  ac ids  
having pKa va lues  of about 35 and can produce polyanion i n t e r -  
mediates. 
t h e  e f f e c t s  of a-hydroxyl groups and z inc  ions on carbanion for- 
mation. Exchange r eac t ions  involving Na2S a t  170' showed t h a t  
t h i s  species i s  la rge ly  d i s soc ia t ed  t o  NaOH and NaSH and t h a t  t he  
la t ter  does not cont r ibu te  t o  the  b a s i c i t y  of t he  so lu t ion .  

Several experiments were d i r ec t ed  toward understanding 

INTRODUCTION 

The chemical pulping of wood o f t en  employs s t rong ly  a l k a l i n e  

so lu t ions  and, i n  the  case of k r a f t  pulping, a l s o  sodium s u l f i d e  

(Na2S). 
t u e n t s  a r e  so lub i l i zed  e i t h e r  by the  a c t i o n  of ( a )  hydroxide ion  

a s  a base o r  (b) OH- and SH' ions  a s  nucleophiles.1 

hydroxide reac t ions  a l s o  s t a b i l i z e  cons t i t uen t s ;  f o r  example, the  

carbohydrate "s topping" reac t ion1  appears t o  be favored by high 

concent ra t ions  of hydroxide.2 s3 
s tanding  the  reac t ions  of wood components during pulping i s  there- 

f o r e  a fundamental understanding of the  chemistry of OH- a t  170'. 

During k r a f t  pulping roughly one-half of t h e  wood cons t i -  

Some 

An important aspec t  of under- 
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76 SMITH AND DIMMEL 

An experimental program was set up t o  examine the  deuterium 

exchange and back proton exchange of deutera ted  subs t r a t e s  by OD-/ 

D20 and OIT/U20, respectively.  

namely 1; NaOD i n  D20 a t  17OoC f o r  2 hours, were se l ec t ed  t o  simu- 

l a t e  soda pulping conditions.  
contained alcohol,  phenol and/or carboxylic ac id  groups; these  

groups are commonly found i n  wood components and impart s o l u b i l i t y  

in aq. a l k a l i .  
Several  methods are ava i l ab le  t o  determine the  ex ten t  of 

deutera t ion ;  these  include mass spectroscopy and both proton (1H) 

and carbon-13 (f3C) nuclear magnetic resonance (NMR). 

techniques not only provide information on t h e  ex ten t  of deutera- 

t i o n ,  but a l s o  on the  loca t ion  of deuterium atoms. The frequency 

used t o  decouple 1H-13C i n t e r a c t i o n s  does not decouple D-13C 

i n t e r a c t i o n s  during acqu i s i t i on  of 13C-NMR spec t ra .  A -$-D group 

w i l l  appear as a th ree  l i n e  s i g n a l  (deuterium sp ins  of +I, 0, -1) 
and a t  reduced i n t e n s i t y  (poorer sp in  r e l axa t ion )  i n  the  13C-NMR 

spectrum of proton decoupled samples. 

dlngly d isp lays  a 1:2:3:2:1 pa t t e rn  of g r e a t l y  reduced in t ens i ty .  

Thus , 13C-NMR spec t r a  show which carbons are deuterium subs t i t u t ed  

and t o  what approximate extent.  

The condi t ions  employed here,  

The subs t r a t e s  employed genera l ly  

The NMR 

I 

A XD2 group correepon- 

RESULTSANDDISCUSSION 

Simple Phenols 

Samples of p c r e s o l  (1> and creosol  (L) were completely 

deuterium exchanged a t  t h e  ava i l ab le  o r tho  and para pos i t i ons  by 

t r e a t i n g  each with 1E NaOD i n  D20 a t  170' f o r  2 hours. 

strenuous conditions were probably not needed,4 s i n c e  guaiacol (2) 
and v a n i l l i n  (4> are read i ly  deutera ted  and acetoguaiacone (2) 
slowly deuterated when t r e a t e d  with 0.5E NaOD i n  D20 a t  100' f o r  

20-24 hours.5 

These 

Arylace t ic  Acids 

been r epor t ed .4~6  

The exchange reac t ions  of a few simple a r y l a c e t i c  ac ids  have 

We were i n t e r e s t e d ,  however, i n  t h e  exchange 
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PROTON EXCHANGE REACTIONS 77 

e f f i c i e n c i e s  a t  Ca when hydroxyl groups were present.  

study suggested t h a t  CrOH groups would r e t a r d  carbanion for -  

mation.7 

2-hydroxyphenylacetic a d d  (L) were l a r g e l y  exchanged (92 and 87%, 

r e spec t ive ly )  f o r  deuteriums under the  standard condi t ions .  The 

r i n g  protons or tho  t o  the  phenolic group of Lwere a l s o  exchanged 

(87%). 

f o r  2 hours was nearly complete. 

A previous 

The protons on the a-carbons of phenylace t ic  ac id  (6> and 

Reexchange of the  deutera ted  compounds by NaOH/H20 a t  170’ 

6 
OH 

1 - 

R 

COzH 
I 

H-C-R’ 

R 

6, R = R ’ = H  

7, R = OH, R’= H 

- 8. R = H, R’= OH 

9, R = R’= OH 

- 2, R CH, - 
- 3, R = H  - 

- 5. R = COCH, - 
- 4, R CHO 

CO2H 
I 4 
0 

10 - 

Mandelic ac id  (5) was a l s o  exchanged a t  the  orcarbon pos i t ion .  

The exac t  ex ten t  of exchange could not be determined from t h e  

IH-NMR spectrum because of an overlapping of the  HOD and a-protons. 

However, t he  13C-NMR spectrum c l e a r l y  showed t h a t  ex tens ive  exchange 

had occurred; t he  C,-carbon appeared as a weak 1:l:l t r i p l e t  

(-7-D), with almost no remaining 3 - H  s i n g l e t .  

carbons are s h i f t e d  t o  s l i g h t l y  lower f requencies  than t h e  protonated 

carbons.] Back exchange of the  deutera ted  mandelic ac id  with NaOH 

a t  170’ removed a l l  t he  deuteriums. 

I I 
[The deutera ted  

Mandelic ac ids  subs t i t u t ed  with phenol groups were subjected 

t o  deutera t ion  t o  determine i f  an add i t iona l  charge on the  aromat- 

ic r ing  would i n h i b i t  exchange a t  t he  C,-carbon. 

pound examined, z-hydroxymandelic ac id  (z), gave a f t e r  deu te ra t ion ,  

The f i r s t  com- 
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78 SMITH AND DLMMEL 

a complex 13C-NMR spectrum which ind ica ted  t h a t  new components 

were present. This result can be explained by the  formation of a 
quinonemethide (10) and i t s  subsequent r eac t ions  t o  produce unde- 

s i r a b l e  by-products. 

The behavior of =-hydroxymandelic ac id  (11) t o  deutera t ion  and 

reexchange was normal; t he  a-proton was roughly 98% exchanged, 

completely reexchanged with NaOH, and no by-products were 
observed. 

protons were roughly 70%. 

hydroxymandelic ac id  before and a f t e r  exchange. Like a l l  o the r s ,  

the epec t ra  were recorded i n  NaOD/D20 and the re fo re  are of anions 

r a t h e r  than neu t r a l  species.  

h e  exten t  of deutera t ion  on t he  o r tho  and para r ing  

Figure 1 shows the  13C-NMR spec t r a  of 2- 

I n  summary, t he  phenylacetic a d d  de r iva t ives  are e a s i l y  

deuterium exchanged at the  a-carbon carbanion in te rmedia tes  

which have t o  be au l t icharged  species.  

a c i d i t y  sca l e  of RCO2H > ArOH > ROH > 4H,9?10  the carbanions may 
be as highly charged as a te t raanion  (z-4). Since the  exchange 

reac t ions  a t  the various a c i d i c  sites are equi l ibr ium reac t ions ,  

carbanion formation might preclude some oxyanion production. For 

example, the  a-exchange observed with =-hydroxymandelic ac id  may 

have involved 11-3 r a t h e r  than 11-4. The probable intermediates 

i n  the  exchange reac t lone  observed f o r  the  t e s t e d  a r y l a c e t i c  ac ids  

are shown below. 

Based on the  expected 

The resonance s t a b i l i z a t i o n  provided t o  the  carbanion by the 

carboxylate anion aus t  be subs t an t i a l .  

exchange reac t ions  were less (70 98%) than erproton exchange 

The or tho  and para proton 
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PROTON EXCHANGE REACTIONS 79 

,CHOH 
I 

L 

I I I I I I I 

180 160 140 I20 100 80 60 

PPm 

Figure 1. I3C-NMR spectra of g-hydroxymandelic acid in NaOD/D20 
before heating (bottom) and after 2 hrs at 170' (top). 
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80 SMITH AND DIMMEL 

ion and less (70 98%) than C-xchange of 2-creosol. This 

suggests t h a t  a phenolate ion has less e f f e c t  on benzyl exchange 

than a charged benzyl carbon has o n 2 , E p h e n o l  exchange. 

set of compounds examined has no a r y l  r ings  a t tached  t o  the  

exchange si te and, therefore ,  tests t h e  necess i ty  of t h i s  group f o r  

s t a b i l i z i n g  e f f ec t s .  

Al ipha t ic  Carboxylic Acids 

The next 

Succinic ac id  (z), malic ac id  (13) and tartaric ac id  (14) 
were completely exchanged under the standard deutera t ion  con- 

d i t i ons .  The deuterated succ in ic  ac id  was a l s o  completely 

reexchanged by NaOH/H20 at 170'. Some dehydration occurred with 

malic acid.  

readi ly  exchanged and reexchanged. 

Acetic ac id  (15) and g lyco l i c  ac id  (16) were a l so  

' COZH 
I 
I 
I 
I 

CO,H 

I CHOH CH-R CHZ 

COzH R 

- 17, R=H 1 5 .  R = H  

18. R=OH 16,  R = O H  - 

C02 H COtH 
I 
I CHZ 

CH2 

I 
I 
I 
I 

HC-R 

HC-R' 

- COzH 

COZ H 

19 

- 
- 12 ,  R = R'=H 

- 13,  R = H, R'=  OH 

- 14, R = R ' =  OH 

- 

For the  compounds discussed so f a r ,  t he  placing of a hydroxyl 

group on the  carbon undergoing exchange does not r e t a r d  the  

exchange reactions.  If  a hydroxyl group is ionized, it should 

become an electron-donating group and, thus d e s t a b i l i z e  an 

attached carbanion. In order t o  ve r i fy  t h a t  a-hydroxyl groups 

i n h i b i t  carbanion formation,7 we inves t iga ted  the  exchange reac- 

t i o n s  of malonic acid (17) and t a r t r o n i c  ac id  (18). 
The exchange of malonic was so rapid t h a t  i t  w a s  complete i n  a 

matter of minutes a t  room temperature. On t h e  o ther  hand, 54 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PROTON EXCHANGE REACTIONS 81 

hours a t  room temperature were required t o  f u l l y  exchange tar- 

t r o n i c  acid. The increased resonance s t a b i l i t y  provided by the  

gem-carboxylic ac ids  of ~ a n d ~ m u s t  account f o r  t h e  ease of 

exchange a t  room temperature. The d i f f e rence  i n  r e a c t i v i t y  of t h e  

two demonstrates that an a-hydroxyl group i n h i b i t s  carbanion for- 

mation a t  Ca. 

The z inc  salt of whydroxyglu tar ic  a c i d  (s), which w a s  both 

commercially ava i l ab le  and has p o t e n t i a l l y  exchangeable >CHOH and 

-CH2- groups separated s u f f i c i e n t l y  t o  avoid complicating dehydra- 

t i o n  r eac t ions ,  was heated a t  170' i n  NaOH/D20 and only t h e  

C4-methylene group exchanged. 

Zn(OH)2, t he  pH may have been lower than expected. 

r e s u l t s  ind ica ted  aga in  t h a t  an a-hydroxyl group i n h i b i t s  exchange. 

Because of t he  i n s o l u b i l i t y  of 

Yet, t he  

Could the  z inc  ion  have played a ro le?  Cyclic complexes, such 

as 2 a n d x h a v e  been pos tu la ted  t o  be present  i n  pulps (carbo- 

hydra tes )  .I1 
hydroxide, are known t o  i nc rease  t h e  ex ten t  of carbohydrate 

"stopping" r eac t ions .3~12  The la t ter  inc rease  pulp y i e ld .  To 

determine the  e f f e c t s  of z inc  ion  on exchange r eac t ions ,  we exam- 

i ned  t h e  ex ten t  of C,-H exchange f o r  tartaric a c i d ,  wi th  and 

Alkaline e a r t h  hydroxides, such as strontiwm 

20 - 

without z inc  i o n  present.  

21 c 

The aromatic protons of mandelic ac id  

were used a s  an i n t e r n a l  reference,  f o r  t h e  1H-NMR area measure- 

ments. 

The NaOD/D20 exchange w a s  performed i n  dup l i ca t e  f o r  15 min- 

u t e s  a t  170'. 

group was, in one case,  97.5% (no Zn+2) and 90.3% (Zn+2) and, i n  

The amount of deuterium exchange a t  t h e  alpha CHOH 
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82 SMITH AND DIMMEL 

t h e  o the r  case, 91.4% (no Zn+2) and 79.7% (Zn+2). The add i t ion  of 

z inc  ion  reduced but d id  not prevent t he  exchange of an a-hydroxy- 

carboxyl ic  ac id  and suggests t h a t  d iva l an t  ions  may play a r o l e  by 

a f f e c t i n g  the  degree of i on iza t ion  with such compounds. The pre- 

f e r e n t i a l  exchange r e s u l t s  observed f o r  z inc  crhydroxyglutarate 

(u) must be l a rge ly  a t t r i b u t e d  t o  carbanion r e t a rda t ion  by an 

CroH group r a the r  than a z inc  ion  e f f e c t .  

Eenzyl Exchange 

The exchange capac i t i e s  of benzyl sites not d i r e c t l y  a t tached  

t o  s t rong  s t a b i l i z i n g  groups were examined next. I n  these  cases 
t h e  resonance s t a b i l i z a t i o n  was provided by simply the  a t tached  

aromatic r ing  or by conjugation through t h e  aromatic r ing  t o  a 
carboxyl ic  o r  su l fon ic  ac id  group. 

Under the  standard 2 hour, 170' condi t ions ,  p t o l u e n e s u l f o n i c  

ac id  (22) was deutera ted  on t h e  methyl group t o  78%; reexchange, 

even a f t e r  12 hours, only reduced t h e  deuterium content t o  76%. 

Likewise, 1 - t o l u i c  ac id  (z), f o r  which exchange d a t a  a t  180'C are 
known,6 was 34% deutera ted  i n  2 hours and 5% deutera ted  a f t e r  

reexchange f o r  24 hours. The lack of complete removal of 

deuterium on reexchange with NaOH/HzO can be a t t r i b u t e d  t o  so lvent  

and C-D isotope e f fec ts . l2 ,13  A compound which undergoes 

deuterium exchange and l imi ted  proton reexchange provides an 

example of the  l i m i t s  of carbanion production by NaOH. 

Diguaiacylmethane (24) did  not undergo deu te ra t ion  a t  170' even 

a f t e r  24 hours. However, 4-hydroxydiphenylmethane (25) exhib i ted  

some deutera t ion  a t  170' - 26% at  t h e  benzyl carbon after 2 hours 

and 70% a f t e r  24 hours; reexchange over a 24-hour period reduced 

R 

- 22.  R = SO,H 

- 2 3 ,  R = COZH 

24 - 25 - 
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PROTON EXCHANGE REACTIONS 83 

t h e  deuterium content t o  61%. The d i f f e rence  i n  r e a c t i v i t y  of 

t hese  two compounds can be understood by assuming t h a t  a benzene 

r i n g  provides some s t a b i l i z i n g  e f f e c t s  t o  an adjacent carbanion but 

a phenolate r ing  does not. Toluene was not deutera ted  a f t e r  54 

hours a t  170' probably because of poor s o l u b i l i t y .  

Sodium Sul f ide  

The k r a f t  pulping of wood employs sodium s u l f i d e  (Na2S) t o  

e f f e c t  a rapid production of s t rong  pulps.1 

i n d i c a t e s  t h a t  t h e  Na2S d i s s o c i a t e s  i n  water t o  give NaOH and 

NaSH.14 A simple experiment was conducted t o  v e r i f y  the  degree 

of d i s soc ia t ion  of Na2S and t o  determine t h e  b a s i c i t y  of SH- a t  170'. 

Limited previous work 

Three deuterium oxide so lu t ions  of p - to lu i c  ac id  (23) were 
prepared and heated under i d e n t i c a l  condi t ions  f o r  6 hours a t  

170'. 

1.5 and 3.0 equiva len ts  of NaOD, respec t ive ly .  The r a t i o s  of t he  

i n t e g r a t e d  proton NMR areas  f o r  t h e  methyl s i g n a l  r e l a t i v e  t o  the  

a r y l  s igna l s  were nearly i d e n t i c a l  (0.57 and 0.58)  f o r  t h e  solu- 

t i o n s  containing the  same number of equiva len ts  of Na2S and NaOD, 

but near ly  one-half (0.30) f o r  t he  s o l u t i o n  conta in ing  double t h e  

equ iva len t s  of t he  others.  [The t h e o r e t i c a l  r a t i o  of methyl la ry l  

s i g n a l s  f o r  no exchange is 314 or  0.75.1 It is apparent from 

these  r e s u l t s  t h a t  ( a )  Na2S is completely d i s soc ia t ed  i n  water a t  

170" t o  hydroxide and hydrosulfide a t  170'. (b)  t he  hydrosul f ide  

i o n  is not a s t rong  base and ( c )  t he  ex ten t  of t o l u i c  ac id  

exchange is s e n s i t i v e  t o  a l k a l i  concentration. 

The so lu t ions  contained 1.5 equiva len ts  of anh. NazS, and 

I n  order t o  v e r i f y  the  importance of a l k a l i  i n  our  exchange 

r eac t ions ,  we heated sodium E-toluenesulfonate (~-MePhS03Na) with 

D20 f o r  3 112 hours a t  170'C. 

s i t e ;  i n  con t r a s t ,  78% HID exchange of t h e  th ree  methyl protons 

was observed with 1 N  NaOD/D20 a t  170' a f t e r  2 hours. 

No HID exchange was observed a t  any 

Werstiuk and Timmins have reported seve ra l  examples of H/D 

exchange f o r  heteroaromatico i n  D20 and polycycl ic  aromatics 

wi th  d i l u t e  ac id  (DCl) c a t a l y s t ;  very high temperatures (300'C) 

were commonly employed.15.16 
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a4 SMITH AND DIMMEL 

CONCLUSIONS 
The a c i d i t y  and b a s i c i t y  of compounds should change with tem- 

perature.  Ae t he  temperature increases ,  r eac t ion  rates genera l ly  

inc rease ;  ( add i t iona l  v ib ra t iona l  energy is imparted t o  t h e  CH and 

OH bonds. Also, because of t h e  breakdown of hydrogen bonding, 

hydroxide ion  should be less so lva ted  and, t hus ,  more r eac t ive  as 

the  temperature increases.  The combination of these  e f f e c t s  pro- 

bably accounts f o r  hydroxide i o n  being an  apparent very s t rong  

base a t  170' i n  water. The a c i d i t y  of t h e  methylene protons of 

4-hydroxydiphenylmethane (25) should be considerably less than 

t h a t  of diphenylmethane (pKa 35),9 and y e t  t h e  former under- 

went p a r t i a l  exchange a t  170' by hydroxide i o n  (PKa of H20 is 

15.74) .9,10 

The r e s u l t s  f o r  t h e  compounds t e s t e d  ver i fy7  t h a t  carboxylate 

anions cont r ibu te  s i g n i f i c a n t l y  t o  t h e  s t a b i l i t y  of a carbanion, 

a r y l  groups exh ib i t  only moderate s t a b i l i z i n g  e f f e c t s ,  and 

a t tached  hydroxyl groups have negative s t a b i l i z i n g  e f f e c t s .  It 

should, however, be pointed out  t h a t  t he  small negative e f f e c t  of 

an  a-08 group was generally overcome by the  seve r i ty  of reac t ion  

conditions employed here. 

What a re  the impl ica t ions  of our r e s u l t s  t o  wood chemistry 

problems? The reducing end of carbohydrates conta ins  hemiacetal 

o r  hemiketal groups i n  equilibrium wi th  aldehyde o r  ketone groups 

and, of course, many a l coho l i c  OH groups. The s t a b i l i z a t i o n  of a 
carbanion by an *aldehyde o r  ketone group should be better than 

that of a carboxylate group. Since our carboxylic ac id  model com- 

pounds readi ly  formed a-carbanions a t  170' wi th  hjjdroxide, even i n  

the  presence of s eve ra l  hydroxyl s u b s t i t u e n t s  (ArOH and ROB), car- 
bohydrates should as wll. Our exchange r e s u l t s  i nd ica t e  t h a t  

d ian ions  could be intermediates i n  a l k a l i n e  carbohydrate reac- 

t ions .  [Actual model polyhydroxyketones and Carbohydrates were 

not t e s t e d  f o r  f e a r  of complications due t o  r eac t ions  such as 

a l d o l  condensations, e l imina t ions ,  e tc . ]  

A u n i t  t h a t  appears o f t e n  i n  l i g n i n  is t h a t  shown by s t ruc-  

Based on the  exchange r e s u l t s  with diguaiacyl- t u r e s  26 and 27.l 
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PROTON EXCHANGE REACTIONS 85 

methane (24) and 4-hydroxydiphenylmethane (251, a carbanion such 

a s  x w o u l d  appear poss ib le  during pulping, while *would be 

q u i t e  unlikely.  

densa t ion  reac t ions  which might be con t r ibu t ing  t o  "bulk 

d e l i g n i f  i ca t ion"  and " res idua l  l i gn in , "  respec t ive ly .  1 ~ 1 7  

C a r b a n i o n x c o u l d  undergo e l imina t ion  and con- 

I I 
-C-0-Ar -C-0-Ar 

I 
(-1 C-0 (H. alkyl, awl) 

I 
H-C-0 (H,alkyl. awl) 

CH ,O 4 CH,O 4 
OR OR 

- 26. R = H - 2 8 ,  R = (-1 

29 , R = alkyl - .  27 , R = alkyl 

Fina l ly ,  i t  should be noted t h a t  t h e  use of NaOD/D20 a t  high 

temperature i n  sea led  metal conta iners  o f f e r s  a convenient way t o  

deu te ra t e  mildly a c i d i c  4 - H  groups i n  compounds which are o ther -  

w i s e  s t a b l e  t o  a l k a l i .  

which only underwent par t ia l  deu te ra t ion  when t r e a t e d  a t  170' f o r  

2 hours,  could probably have been completely deutera ted  by r a i s i n g  

t h e  temperature and/or extending the  t i m e  a t  170°. 

to luene  result, we suspect t h a t  water in so lub le  compounds can not 

be exchanged by our procedures. Amos and Eckert ,  however, have 

r ecen t ly  reported18 t h a t  t he  methyl groups of 2.3- and 1,4-di-  

methylanthraquinone, both of which have low water s o l u b i l i t y ,  can 

be completely deutera ted  i n  NaOD/D20 so lu t ion  a t  170' f o r  90 
minutes. 

A compounds such p t o l u e n e s u l f o n i c  a c i d ,  

Based on the  

The room temperature NaOD/D20 exchange of malonic ac id  o f f e r s  

a much simpler way of preparing the  deutera ted  analog then pre- 

v ious  methods .I9920 

EXPERIMENTAL 

Spectra were recorded on a J e o l  FX-100 instrument f o r  so lu t ions  

i n  NaOD/D20 with the  sodium salt  of + ( t r i m e t h y l s i l y l )  propane 
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86 SMITH AND DZMMEL 

s u l f o n i c  ac id  (DSS) as the  i n t e r n a l  standard.  k c e p t  f o r  

diguaiacylmethane (24) ,21 a l l  compounds were c o m e r d a l l y  

ava i lab le .  

The chemical s h i f t  and ex ten t  of exchange f o r  many of the  com- 

pounds s tudied  are given i n  Tables 1 and 2. The ex ten t  of 

exchange of t he  a r y l  r ings  of t he  phenols examined were: 

(L), ortho-98%; creosol  (L), ortho-100%; 2-hydroxyphenyl acetic 

ac id  ( 7 ) ,  - ortho-87%; =-hydroxymandelic ac id  (11). ortho-67 t o  77% 
and para-67 t o  77% ( t h e  range is f o r  dup l i ca t e  runs).  

huteration. - A model compound was added t o  1.5 g of D20 so 

k-creso l  

t h a t  t h e  r a t i o  of deu te r ium t o  a l l  exchangeable protons was 40:l. 

To t h i s  was added enough 40% NaOD t o  completely ion ize  t h e  car- 
boxylic,  su l fonic ,  phenolic and hydroxyl groups and then have a 13 
NaOD so lu t ion  l e f t .  The so lu t ion  was t r ans fe r r ed  t o  a 5-mL bomb 

of  moderately th i ck  s t a i n l e s s  s t e e l .  One t o  th ree  of these  small 

bombs were placed i n  a l a r g e r  Parr bomb and water w a s  added t o  near 

t h e  top of the  Par r  bomb. The Parr instrument took from 30-60 

minutes t o  reach 170 2 3'C and was held a t  t h i s  temperature f o r  2 

hours,  unless s t a t e d  otherwiee. After t h e  hea t ing  a t  170'C was 

complete, t he  Par r  bomb was allowed t o  cool i n  a i r  t o  room t e m -  

perature.  The so lu t ion  was f reeze-dr ied  t o  remove as much HOD as 
poss ib le  and t h e  proton and carbon-13 spec t r a  obtained. 

of deutera t ion  is given below i n  the  case of z inc  a-hydroxyglutarate. 

An example 

Reexchange. - The deutera ted  sample and r e s idua l  a l k a l i ,  

obtained by freeze-drying t h e  NMR so lu t ion ,  were d isso lved  in 1.5 

g of H20. 
previously described manner. 

The so lu t ion  was heated, cooled and f reeze-dr ied  i n  t h e  

Dcuteration of Zinc ofiydroxyglutuata. - The t i t l e  compound 

(0.1985 g )  was dissolved i n  1.503 g of D20 and 0.276 g of 40% NaOD 

i n  D20. After heating ( a s  described above), t he  so lu t ion  was 

f reeze-dr ied  and the  res idue  dissolved i n  D20. 

spectrum showed three  s igna ls :  

a t r i p l e t  (J - 6 Hz) with shoulders,  and -CH2CH2- at 1.73 6 as a 
broadened s i n g l e t ;  t he  r a t i o  of t he  3.85 t o  1.73 s igna l s  was 0.43. 

The IH-NMR 
HOD at 4.78 6 ,  >C;OOH a t  3.85 6 as 
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PROTON EXCHANGE REACTIONS a7 

R 

H 

H .  

OH 

OH 

OH 

H 

H 

OH 

OH 

H 

H 

H 

TABLE 1 

Chemical S h i f t  and Extent Exchange a t  C of R'-CHC02H 

R 
I a 

R' 

Ph 

E-OH-Ph- 

Ph 

E-OH-Ph- 

m-On-Ph- . - 
-CH2-COOH 

-a2-COOH 

-CHOH-COOH 

-cHoH-cooH 

H 

OH 

Ph( CH3>- 

Chemical Shif tea  
crProton crCarbon 

3.52 

3.34 

4.97 

4.56 

4.82 

2.68 

2.24-2.77 

4.22-4.84 

4.32 

1.67 

3.68 

2.21 

45.91 

46.09 

77.55 

77.19 

77.87 

36.74 

45.17 

56.82 

76.46 

24.61 

64.70 

39.91 

Percent Deuterium 
crcarbon as given 

proton NMR 

92 

a7 

C 

98 

a . A l l  NMR data were acauired with NaOH/D,O so lu t ions .  
Overlap of t he  proto; s i g n a l  wi th  the  6OD s i g n a l  prevented a 
c a l c u l a t i o n  of the percent deuterium by proton NMR. 
Formation of quinonemethide and its reac t ions  t o  produce by- 

b 

C 

dproducts made ana lys i s  by NMR impossible. 
The compound does not conta in  a nonexchangeable proton t o  use 
a reference  t o  ca l cu la t e  t h e  percent deuterium from the  proton 
s pec t run. 
The carbon-13 spectrum showed t h a t  deuterium occurred t o  a g r e a t e r  
ex ten t  than 90%. 

e 

a t  
by 

as 
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88 SMITH AND DIMMEL 

TABLE 2 

Chemical Shif t  and Extent Exchange f o r  R'-CH2 (Benzyl) 
I 

R B' Proton 

p-S03H-Ph- H 2.25 

p-C02H-Ph- H 2.00 

p-0H-Ph- Ph 3.72 

guaiacyl guaiacyl 3.38 

See footnote a of Table 1. a 

A 
Percent Deuterium a t  

Carbon Benzylic Carbon 

23.05 78 

22.95 

37.42 

34 

26 

42.49 0 

The 13C-NMR spectrum ehowed 185.3 and 184.0 (sharp e ing le t e ,  

carbonyl carbone), 74.4 (sharp e ing le t ,  >CHOH), 35.5 (overlapping 

t r i p l e t  and pentet ,  weak, -OH- and -CD2-) and 33.4 ppm (eharp 

e ing le t ,  -CH2-). 

not incorporated much, i f  any, deuterium. 

a t  t h i e  poeit ion and the  obeerved 1H-NMR r a t i o  of 1:2.3, we calcu- 

l a t e  tha t  the Cq-carbon i e  roughly 70% -CD2- and 30% -CHD-. 

The 13C-NMR indicates  t ha t  the X C O H  group hae 

A e e d n g  no deuterium 

Zinc Complex huteration. - Two eolutione containing 0.0940 g 

(0.63 m o l e )  of tartaric acid,  0.0245 g (0.16 mmole) of mandelic 

acid,  0.4950 g of 40% NaOD (4.8 mmolee) i n  D20 and 1.6875 g of D20  

(100 mmolee) were prepared. 

0.0530 g ZnC12. 

t he  tartaric acid,  mandelic acid,  D20 and ZnC12 together,  

diesolving the eol ide,  and then adding the 40% NaOD. 

eolutione were heated together i n  the Parr bomb f o r  15 minutee a t  

170°C, cooled, freeze-dried and diesolved i n  D20. 
spectra  were obtained. The integrated areae of the a ry l  mandelic 

acid and a l i p h a t i c  tartaric acid s ignale  were then compared. 

Ratioe of 100:4 and 100:15 were obeerved f o r  the nonzinc and zinc- 
containing eolutione,  respectively.  

To one of the solut ions wae added 

The formation of Zn(OH)2 wae prevented by adding 

The two 

The proton 

Correcting fo r  the number of 
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PROTON EXCHANGE REACTIONS 89 

protons of each type involved and the  s t a r t i n g  concent ra t ions ,  we 
c a l c u l a t e  t h a t  t h e  a l i p h a t i c  deuterium exchange was 97.5% 

(nonzinc) and 90.3% (z inc) .  

A repea t  of t h i s  experiment gave deuterium exchange ex ten t s  of 

91.4% (nonzinc) and 79.7% (z inc ) .  The d i f f e rence  between t h i s  

la t ter  set of da t a  and the  former p a i r  is probably a r e s u l t  of 

d i f f e rences  in t he  t i m e  used t o  reach 170' and t o  cool  back t o  

room temperature. 

Sodiun Sulfide Deotcratioa. - 'Ihree so lu t ions ,  each conta in ing  

1.5 g of D20 and 0.1272 g (0.94 mmole) of p t o l u i c  a c i d ,  were 

prepared i n  a glove bag wi th  a N2 atmosphere. 

t i o n s  a l s o  contained 0.1110 g (1.42 mmoles) of anhydrous NazS, 

another  0.14 g 40% NaOD (1.42 mmoles) and the  t h i r d  0.28 g 40% 

NaOD (2.84 mmoles). The t h r e e  so lu t ions  were heated simulta- 

neously i n  t h e  Parr bomb f o r  6 hours, cooled, f r eeze -d r i ed ,  and 

red isso lved  in D20. Two proton spec t r a  of each s o l u t i o n  were 

obta ined;  the  r e s u l t s  are discussed i n  t h e  t ex t .  

One of the  solu- 
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