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Chapter 16 

THE USE OF WMR SPECTWOSCOPY II THE STUDY OF HYDROGEM BOIDIWG I W  

SOLUUTI OM 

MANS-HEIWRICM LIMBRCM 

Ins t i tu t  fijr Physikalische Chernie der Universitat Freiburg i.Br., 

Albertstr. 21, D-7800 Freiburg, West Germany 

16.1 INTRODUCTION 

What can we learn about hydrogen bonding in solution from N M R  spec t rosco~y? 

Some years ago the answer would probably have been that  N M R  chemical s h i f t  studies 

provide in ,  favourable cases, knowledge of the type and the thermodynamics of 

hydrogen bonding between proton donors and acceptors. Arnold and Packard [ l ]  and 

Liddel and Ramsey [ l  l had shown in 1951 that  the position of the N M R  signal of 

the hydroxylic protons of alcohols shif ted to lower magnetic f ie lds  o r  to  higher 

frequencies upon the formation of hydrogen bonded associates as the temperature 

was lowered or the concentrations increased. Since then there have been numerous 

I4MR studies of hydrogen bond formation and the subject has often been reviewed. 

We mention the books by Pople [2] in 1959, Vinogradov and Linnel l [3] i n 1371, 

and Joesten and Schaad [4] in 1974. The l a s t  survey of this  topic was - to our 

knowledge - Tucker and Lippert 's a r t i c l e  [5] in 1976. 
Today the answer to our question i s  much more d i f f i c u l t  because the measure- 

ment of chemical sh i f t s  in proton donor containing systems - though s t i l l  impor- 

tan t  - i s  no longer the only way of studying hydrogen bonding in  solution by WMI? 

spectroscopy. A number of systems are now known where the l ifetimes of the hydro- 

gen bonded species are long enough to permit a d i rec t  observation of these species 

by NMR spectroscopy. These are systems which are able to form intramolecular as 

we1 l as intermolecular hydrogen bonds, especially biologically important molecules 

such as peptides and ribonucleic acids. Their study was made possible by the 

development of mu1  t inuclear high f i e ld  Fourier Transform NMR spectroscopy [6,7]. 

Further insight into the dynamics of hydrogen bonding and the related proton ex- 

change was gained from the study of NMR lineshapes and relaxation times. Surveys 

of several of these topics have appeared and are cited below. 

A complete account of a1 l recent work concerning hydrogen bonding in solution 

and NMR spectroscopy i s  beyond the scope of this  a r t i c l e .  Our aim i s  simply to 

show how I4MR methods can contribute today' to answering the above question. As 

this i s  s t i l l  a wide f i e ld  the description of hydrogen bond ef fec ts  i n  NMR spec- 

troscopy will be mainly of a qual i ta t ive nature. For more quanti t a t i  ve descrip- 

tions the reader wil l be referred to the original l i t e ra tu re .  Section 16.2 gives 
- - - -. 
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a  general i n t r o d u c t i o n  i n t o  the NMR spectroscopy o f  p ro ton  donors i n  s o l u t i o n  as 

. in f luenced by hydrogen bonding and p ro ton  exchange. Sec t ion  16.3 i s  devoted t o  

chemical s h i f t  s tud ies  o f  hydrogen bond e q u i l  i b r i a  i n  s o l u t i o n .  The a s s o c i a t i o n  

behaviour o f  systems con ta in ing  one as w e l l  as severa l  p ro ton  donor groups, espe- 

c i a l  l y  b i o l o g i c a l l y  impor tan t  systems, a re  reviewed. The l a s t  s e c t i o n  16.4, i s  

concerned w i t h  r e c e n t  progress i n  the s tudy o f  systems w i t h  extended i n t ramo le -  

c u l a r  hydrogen bonding such as H-chelates, pept ides  and r i b o n u c l e i c  ac ids.  

16.2 NHR-SPECTROSCOPY OF PROTON DONORS I N  SOLUTION 

This  s e c t i o n  deals  w i t h  the in f luence of the k i n e t i c s  and the thermodynamics 

o f  hydrogen bonding and o f  p ro ton  exchange on the NMR spec t ra  and the NbIR r e l a x -  

a t i o n  behaviour of p ro ton  donors i n  s o l u t i o n .  

16.2.1 The i n f l u e n c e  o f  hydrogen bond format ion on the NMR-spectra o f  p r o t o n  

donors 

A p ro ton  donor AH can e x e r t  an a t t r a c t i v e  f o r c e  on a  base B  c o n t a i n i n g  f r e e  

e l e c t r o n  p a i r s  and form a  hydrogen bond complex w i t h  a  de f i ned  AB d i s tance  and a  

de f i ned  AHB angle [l,-51 : 

I n  s o l u t i o n  the s o l v e n t  S  may a c t  as a  base, which leads t o  hydrogen bonding w i t h  

the s o l v e n t  [ l - 5 1  : 

I f  the molecule AH has bas i c  p r o p e r t i e s  s e l f - a s s o c i a t i o n  occurs [ l -51 :  

The s h i e l d i n g  o f  the hydrogen bond p ro ton  i s  decreased d u r i n g  these processes 

and the corresponding 'H NMR s j g n a l  i s  s h i f t e d  t o  lower magnetic f i e l d s  o r  h igher  

Larmor f requencies [ l -51.  For  a  t h e o r e t i c a l  understanding o f  t h i s  e f f e c t  the 

reader  i s  r e f e r r e d  t o  the rev iew of Kollman and A l l e n  [8 ] .  The t y p i c a l  f requency 

s h i f t s  are i n  the o rde r  o f  100 t o  1000 Hz. 

However, the  r a t e s  o f  i n t e r c o n v e r s i o n  between the species are much h igher .  

The d i s s o c i a t i o n  r a t e  cons tan t  L91 of  benzoic a c i d  dimer i n  CC14 a t  2 0 ' ~  has, f o r  
5  - example, a  va lue o f  3.3010 S ',and the b imo lecu la r  a s s o c i a t i o n  r a t e  cons tan t  a  

9  -1 -1 va lue o f  6.6010 1  m01 S . Such k i n e t i c  parameters are ob ta ined by u l t r a s o n i c  

abso rp t i on  and d i e l e c t r i c  r e l a x a t i o n  techniques [%l 21. I t  i s  a  general  spec t ro -  

scopic  r u l e  t h a t  o n l y  an averaged spectrum i s  observed f o r  a  molecule i n  d i f f e r e n t  



environments when the i nterconvers ion  r a t e s  between these environments a re  h ighe r  

than the frequency d i f fe rences  between the corresponding l i nes. Therefore, o n l y  

one NMR l i n e  o r  group o f  NMR l i n e s  i s  gene ra l l y  observed f o r  the assoc ia t i ng  AH 

molecule. I f  ai i s  the chemical s h i f t  o f  a nucleus i n  the environment i, and 

xi the mole f r a c t i o n  o f  t h i s  environment the average chemical s h i f t  a o f  the 

nucleus i s  g iven accord ing t o  Gutowsky and Sai ka [ l 3 1  by 

The chemical s h i f t s  6i are r e l a t e d  t o  the absorp t ion  frequencies vi by 

ai = (vi - v 
6 

r e f  ) * l 0  /vref 

where vref i s  the abso rp t i on  frequency o f  a reference compound. 

However, hydrogen bond s u b s t i t u t i o n  reac t i ons  o f  the  type 

are  i n  some cases so slow t h a t  AH-- *B and AHo-*B1 can be observed d i r e c t l y  by 

NMR spectroscopy. The f i r s t  p a r t  o f  t h i s  s e c t i o n  deals w i t h  t h i s  aspect, whereas 

i n  the second p a r t  problems assoc ia ted  w i t h  NMR s tud ies  o f  the  thermodynamics o f  

hydrogen bonding i n  the  f a s t  hydrogen bond exchange range based on eq. ( 4 )  are 

t rea ted .  

16.2.1 .l Proton donor systems i n  t he  slow hydrogen bond exchange range and 

hydrogen bond exchange k i n e t i c s  

There are o n l y  few examples i n  the l i t e r a t u r e  where molecules have been ob- 

served d i r e c t l y  by NMR spec t roscopy i n d i f f e r e n t  competing hydrogen bonded s t a t e s  . 

H H 

H H 
H CS'\CH Ph. N' 3 l 11 2 

7 
I 

P~~%-I-I.~,P~ HCaCH ,,C,?~ 
I I1 



One of the f i r s t  examples was provided by Limbach and S e i f f e r t  [14-161. They 
showed tha t  the monomer and the trimer of N , N '  -diphenyl -l -ami no-3-imi nopropene 

( I )  interconverted slowly i n  CS2 a t  low temperatures. The low f i e l d  NH region 
1 of the H NMR spectra of I in  CS2 contained two s ignals  a t  low temperatures as 

shown i n  Figure 1. 

1 Fig. 16.1. Low f i e l d  NH-region of the 100 MHz H-NNR-spectra of I i n  CS2 a t  
-820K and 0.29 m1  1-1. (Reproduced with permission from r e f .  ( 1 5 ) ) .  

The t r i p l e t  was due t o  the monomer Ia ,  the doublet due t o  the cycl i c  t r imer  Ib 

which has trans-conformation as proved by the analysis  of the whole NMR spectrum. 

These l i n e  s p l i t t i n g s  a r i s e  from the coupling of the NH - protons w i t h  the adjacent  

CH groups. The t r i p l e t  i n  Ia indicates delocal i sa t ion  of the NH - proton between 

the two nitrogens within the NMR timescale. However, the N H  protons i n  Ib a re  

local ised on one nitrogen a t  low temperature as shown by the doublet s p l i t t i n g . .  

Ib was obtained from the dependence of the The mean associat ion number n = 3 f o r  

r a t i o  Ia/Ib on the concentration of I 

interconversion ra tes  [17] between Ia 

did not a f f e c t  the lineshapes. These 

proton exchange. As shown in  sect ion 

. n did not  change with temperature. The 
- 1 and Ib were of the order of 10-l S and 

were, however, af fected by i ntermolecul a r  

16.2.2.2 evidence f o r  the cycl i c  s t r uc tu r e  

of Ib came from the ac t iva t ion  parameters of t h i s  exchange process. 

F r a t i e l l o  e t  a l .  [l81 repor ted two hydroxyl proton s ignals  f o r  mixtures of 

(CF3)2CH-OH (11) with triethylamine ( T E A )  in  e the r ,  when the samples were cooled 

t o  -125OC. The two signal S can be ascribed t o  the two complexes of I I with TEA 

and e ther .  The energy of ac t iva t ion  f o r  the corresponding hydrogen bond exchange 

process according to eq. ( 6 )  was found t o  be of the order of 18 kcal mol -l . 
Proton t rans fe r  to  TEA and ion p a i r  formation was excluded from IR spectroscopic 

r e su l t s .  

An important contribution to the study of hydrogen bond exchange k ine t ics  by 

dynamic NWR spectroscopy comes from the work of Go1 ubev, Denisov e t  a1 . [ l  9-21 1 .  



In a study of o-formylphenol (111) with hexamethylphosphoramide (HMPA) in  CHF2C1 

they obtained ' H  NMR spect ra  as shown i n  Figure 2 1191 : 

1 Fig. 16.2. 100 MHz H NMR-spectra of 
with permission from r e f .  (19) .  

A t  low temperatures the two environments I I I a  and I I Ib  give 

CHF2C1. Reproduced 

well resolved sharp 

N M R  s igna l s .  As the temperature i s  ra ised the exchange between the environments 

becomes f a s t e r  and the l i n e s  broaden. A t  higher temperatures l i n e  1 has coalesced 

with l i n e  2 and l i n e  3 w i t h  l i n e  4 due to f a s t  exchange. The coalesced l i n e s  a r e  

not i n  the middle between the non coalesced l i n e s .  This is  due to the f a c t  t h a t  

a t  higher temperatures I I I a  dominates which i s  about 13 kJ m01-~ l e s s  s t a b l e  than 

I I Ib .  As the chemical s h i f t s  a i  were known from the low temperature spec t ra ,  the 

molefractions of the environments could be determined from the l ine posi t ions  

using eq. ( 4 ) .  The mole f r a c t i ons  i n  the slow exchange range could be determined 

by in tegra t ion .  The r a t e  constants were determined by l ineshape analys is  using 

NMR lineshape theory f o r  exchange between two d i f f e r e n t  s i t e s  [22]. From the 

high ac t iva t ion  energy of 46 kJ mol-l needed f o r  the formation of I I I a  from I I I b  

the authors postula te  a non hydrogen bonded form of I11 as  intermediate and 

discard a hydrogen bond subst i  tu t ion  mechanism. The thermodynamics and the ki ne- 

t i c s  of s imi la r  react ions  of 2-nitrophenol and 2-acetylphenol with HMPA and col-  

l i d i n  were s imi la r ly  reported.  Similar  experimental f indings and conclusions 

were obtained by the same authors [20] by measuring the NMR spectra of carboxyl i c  

ac ids  i n  the presence of HMPA in  CHF2C1 . The kine ti CS and thermodynamics of the 

fo l  lowing react ion were s tudied.  



Care had to be taken to exclude complications ar is ing from proton exchange with 

residual water in the samples and from the formation of more complicated aggre- 

gates a t  higher concentrations. 
This section would not be complete i f  we did not mention the purely in t ra-  

molecular rearrangements of molecules I V  and V  containing i ntramolecul ar  hydro- 

gen bonds studied by NMR lineshape analysis: 

As shown by Heidberg e t  a l .  [23,24] the energy of activation of the rearrangement 

of I V  i s  61 kJ mol-l and log A = 15. This indicates a considerable loss of 

hydrogen bond energy in the transition s t a t e .  In picr ic  acid where the NHCH3 

group of I V  i s  replaced by an OH group the rearrangement i s  immeasurably f a s t  

[23]. Koelle and Forsen [25] showed that  the energy of activation for the rear- 

rangement of V  was of the same order as the values found for  the formyl group 
rotation in reference compounds which did not contain an OH group i . e .  an in t ra-  

molecular hydrogen bond. 

There are more examples in the l i t e ra tu re  of long lived hydrogen bonded 

species such as FHF- ,  H-chel ates , and biomolecules with extended i ntramol ecul ar  

hydrogen bondi ng .  Because these sys tems are characterized by the presence of 

only one hydrogen bonded s t a t e  we shall deal with them in section 16.4. We may 

conclude that  hydrogen bond exchange i s ,  in general , very f a s t .  Exchange between 

different  environments can, however, be slow enough for detection by NMR spectro- 

scopy i f  the hydrogen bond exchange i s  coupled to other processes such as rota- 

tions, he1 ix coil transitions or other rearrangements. 



16.2.1 .2 Thermodynamics o f  hydrogen bond fo rma t ion  f rom chemical s h i f t  measure- 

ments i n  the f a s t  hydrogen bond exchange range 

I n  t h i s  s e c t i o n  we s h a l l  examine t h e  de terminat ion  o f  e q u i l i b r i u m  constants 

by hydrogen bond equi l i b r i a  i n  the f a s t  exchange range f rom the p o s i t i o n  o f  NMR 

l i n e s  us ing  eq. ( 4 ) .  For the s imp les t  hydrogen bond r e a c t i o n  

eq. ( 4 )  can be w r i t t e n  i n  the form: 

where c  i s  the concent ra t ion  o f  the monomeric AH molecules, cAB the concentra- A  
t i o n  o f  complexed AH molecules, and CA = 

C~ + 'AB the t o t a l  AH concent ra t ion .  

By i n t r o d u c i n g  the e q u i l i b r i u m  constant  

i n t o  eq. (10)  one obta ins  6 as a  f u n c t i o n  o f  CA and CB which :a re  determined by 

the p r e p a r a t i o n  o f  the samples: 

Eq. (12)  was f i r s t  used by Wiley and M i l l e r  C261 . The l i m i t i n g  cases are 6 = an 
f o r  CB + 0  and 6 = f o r  CB >> CA. The de te rm ina t i on  o f  6 as a  f u n c t i o n  o f  CA 

and CB a l l ows  one t o  c a l c u l a t e  the th ree  unknowns K, aA, and us ing  a  non- 

l i n e a r  l e a s t  squares f i t t i n g  procedure. 

I n  the p a s t  when modern computer f a c i l i t i e s  were n o t  a v a i l a b l e ,  several  approx- 

imat ions  t o  eq. (12)  were used. By combinat ion o f  eq. (10)  and (11)  Higuchi  e t  

a l .  1271 found 

which i s  s t i l l  exac t .  I n  the Higuchi  method one p l o t s  y aga ins t  CANB-cAB where 

cAB i s  neglected i n  f i r s t  o rder .  From the slope and the  i n t e r c e p t  K i s  ca lcu-  

l a t e d  which y i e l d s  cAB us ing  eq. (11) .  The p l o t  i s  now repeated w i t h  the improved 

values o f  cAB and K ca l cu la ted  u n t i l  se l f cons i s tency  i s  achieved. Another approx- 

i m a t i o n  o f  eq. (12)  i s  the equat ion o f  Benesi-Hi ldebrand 1281 



which has f r e q u e n t l y  been used, though a l s o  severe ly  c r i t i c i s e d  [29,30]. Th is  

equat ion  shows t h a t  a t  low CA the chemical s h i f t s  6 no l o n g e r  depend on CA. By 
p l o t t i n g  6 as a  f u n c t i o n  o f  CB one ob ta ins  convex curves which a re  l i n e a r  a t  low 

CB where KCB << 1  as shown by Shoolery e t  a l .  [31,32] : 

Though K cannot be determined from the l i m i t i n g  s lope because 6AB-6A i s  unknown, 

as a  r u l e  the  a s s o c i a t i o n  en tha lpy  can be ob ta ined by measuring the slopes as a  

f u n c t i o n  o f  the  temperature and by n e g l e c t i n g  the  dependence o f  6AB-6A on the  

temperature. 

Eq. (10) t o  (15)  can be e a s i l y  extended t o  the case o f  s e l f - a s s o c i a t i o n  

by s e t t i n g  A=B and CA = CB = C/2, where C i s  the  t o t a l  concen t ra t i on  o f  AH. aAA 
i s  then the average chemical s h i f t  o f  the  two pro tons  i n  t he  dimer. I n  general ,  

the  s e l f - a s s o c i a t i o n . i s  n o t  l i m i t e d  t o  dimers; h ighe r  aggregates a re  a l s o  formed 

accord ing  t o  eq. ( 3 )  : . 

By i n t r o d u c i n g  the  app rop r i a te  mass a c t i o n  law i n t o  eq. ( 4 )  one ob ta ins  

where c, i s  the  concen t ra t i on  o f  (AH), C=cl+ncn the  t o t a l  AH concent ra t ion ,  

and an t he  average chemical s h i f t  i n  the assoc ia te .  By rearrangement o f  eq. 

(1  7) L i p p e r t  [33] ob ta ined the  equat ion  

I f  the  a s s o c i a t i o n  process can be descr ibed by the  s imp le  eq. ( 3 )  a  p l o t  o f  eq. 

(18)  i s  l i n e a r  o n l y  f o r  one n  value which can be determined i n  t h i s  way. How- 

ever ,  i n  genera l  more than one type o f  assoc ia te  i s  p r e s e n t  i n  s o l u t i o n s  of OH 

and NH p r o t o n  donors, and the curve 6 = 6(C) depends o n  a t  l e a s t  f i v e  parameters: 



two e q u i l i b r i u m  constants and three chemical s h i f t s .  As Tucker and L i p p e r t  [ 5 ]  

discussed i n  t h e i r  review, these chemical s h i f t  d i l u t i o n  curves do n o t  con ta in  

enough i n f o r m a t i o n  f o r  the de terminat ion  o f  these parameters. According t o  these 

authors the  NMR method may g ive  equivocal r e s u l t s  i f  more than two species i n f l u -  

ence the chemical s h i f t s ,  e s p e c i a l l y  i n  the case o f  a l coho ls  and phenols. The 

e v a l u a t i o n  o f  e q u i l  i brium constants f o r  the AH.. .B a s s o c i a t i o n  according t o  eq. 

(1  ) may a l s o  be complicated by AH se l f -assoc ia t i on  as a s i d e  reac t i on .  I f  dimer- 

i s a t i o n  dominates, the  corresponding e q u i l  i brium constant  can, however, be de te r -  

mined i n  the absence o f  the base B and in t roduced i n t o  a formal ism which permi ts  

the  de terminat ion  o f  the  AH.. .B assoc ia t i on  constant .  Th is  procedure was suc- 

c e s s f u l l y  a p p l i e d  by Zimmermann e t  a l .  [34,35] i n  NMR s tud ies  o f  the  assoc ia t i on  

o f  phenols w i t h  bases. 

Many of these problems of mu1 t i p l e  assoc ia t i on  may be circumvented by us ing  

non i n e r t  so lvents  such as tet rahydrofuran which a c t  as hydrogen bond acceptors. 

I n  such so lvents ,  S, t he  number of hydrogen bonds i s  r e t a i n e d  du r ing  the  associa- 

t i o n  process : 

B may be another AM molecule o r  a base.. The fo rmat ion  o f  t r u e  monomers o r  h igher  

associates does n o t  a f f e c t  the  chemical s h i f t s  because the  g r e a t  concent ra t ion  

C~ 
o f  f r e e  s o l v e n t  molecules s h i f t s  a l l  the e q u i l i b r i a  on the  s ide  o f  the  quasi 

monomers which are  hydrogen bonded t o  the so l ven t .  Another advantage o f  the  use 

o f  hydrogen bond acceptors i s  t h a t  i n  b i o l o g i c a l  systems a s s o c i a t i o n  i s  b e t t e r  

descr ibed by eq. (19) ,  where S=H20, than by eq. (1 ) .  A d d i t i o n a l l y ,  bas ic  so lvents  

make p r o t o n  exchange reac t ions ,  which cou ld  a f f e c t  the  chemical s h i f t s ,  very slow. 

Since the  s o l v e n t  takes p a r t  i n  the assoc ia t i on  process i t  must be taken i n t o  

account i n  c a l c u l a t i n g  the  chemical s h i f t  d i l u t i o n  curves. Th is  problem has 

been so lved by Ger r i t zen  and Limbach [36] us ing  the  d i m e r i s a t i o n  and mixed 1: l  

assoc ia t i on  o f ,  i n  t h e i r  example, methanol and a c e t i c  a c i d  i n  te t rahydro furan.  

They t r e a t e d  the  general case 

where the  e q u i l  i br ium constant  i s  g iven by 

The apparent e q u i l i b r i u m  constant  K i s  as def ined i n  eq. (11) .  By combining 



eqs. (12) - (15)  w i t h  eq. (21) one obta ins the chemical s h i f t s  as a  func t i on  o f  

the t o t a l  reac tan t  concent ra t ions  CA, CB,  the f r e e  s o l v e n t  concen t ra t i on  cS and 

the number n  of l i b e r a t e d  s o l v e n t  molecules. cS decreases as CA and CB are i n -  

creased, which favours the d imer i sa t i on  process. The f o l l o w i n g  expression was 

der ived [36] : 

The p a r t i a l  molar volumes vi are, i n  p r i n c i p l e ,  unknown. However, i t  was shown 

t h a t  the e r r o r  in t roduced i n t o  the c a l c u l a t i o n  o f  t h e  chemical s h i f t s  was neg- 

l i g i b l e  i f  the 'Vi were approximated by the molar volumes V: = (C:)-' o f  the pure 

compounds. The e f f e c t  o f  the so l ven t  c o r r e c t i o n  on the chemical s h i f t  d i l u t i o n  

curves eq. (12) i s  shown i n  F igu re  3  f o r  the case o f  d i m e r i s a t i o n  a t  d i f f e r e n t  

values o f  

and d i f f e r e n t  n  values. The parameters were taken f o r  the d imer i sa t i on  o f  ace- 

t i c  a c i d  i n  t e t rahyd ro fu ran  where n=l  f o r  the fo rma t ion  o f  l i n e a r  and n=2 f o r  

the forma t i o n  o f  c y c l  i c  dimers. 

F ig .  16.3. E f f e c t  o f  the f r e e  so l ven t  concen t ra t i on  c o r r e c t i o n  on eq. (12)  f o r  
the case o f  d i m e r i s a t i o n  w i t h  V: = 81.6 .10-31 r m l - l  and V:/V~ = 0.706. 



A t  the h igher KO values the uncorrected curves w i t h  n=O have a convex curvature  

above 1 m01 1 - I  . The cor rec ted curves, however, are l i n e a r  o r  even concave. 

The observat ion o f  a l i n e a r  curve i s ,  there fore ,  n o t  necessar i l y  the proof of 

the v a l i d i t y  o f  eq. (15) b u t  may be expla ined by the so l ven t  p a r t i c i p a t i o n .  I n  

fact,  the p ro ton  chemical s h i f t  d i l u t i o n  curves o f  a c e t i c  a c i d  and o f  methanol 

i n  te t rahydro furan could be expla ined o n l y  i n  t h i s  way [36].  

The r e s u l t s  o f  some recent  chemical s h i f t  s tud ies  on hydrogen bonded systems 

w i l l  be discussed i n  sec t i on  16.3. 

16.2.2 The in f l uence  o f  p ro ton exchange on the NMR-spectra of p r o t o n  donors 

The NMR spectra o f  p ro ton  donors are n o t  o n l y  in f luenced by the formation and 

breaking o f  hydrogen bonds b u t  a1 so o f  A-H bonds, i .e. by p ro ton  exchange 

reac t ions .  There are several reasons t o  discuss such reac t ions  a t  t h i s  stage. 

Fast  p ro ton  exchange in f luences the AH chemical s h i f t s  as w e l l  as hydrogen bond 

formation. The pro ton t r a n s f e r  process takes p lace i n  a hydrogen bonded complex 

which has t o  be formed beforehand. The study o f  the pro ton exchange k i n e t i c s  

gives, therefore,  in format ion  e i t h e r  on the p ro ton  motion a1 ong hydrogen bonds 

o r  on the hydrogen bond formation process depending on the r a t e  determining s tep.  

Knowledge o f  the pro ton motion i n  AH/BH complexes a1 lows one to decide whether 

c y c l i c  o r  l i n e a r  complexes have been formed. 

The sec t i on  deals w i t h  the k i n e t i c  aspects o f  the  problem. b!e s h a l l  concen- 

t r a t e  on p ro ton  exchange i n  a p r o t i c  solvents which are the pre fer red media f o r  

NMR s tud ies  o f  hydrogen bond formation. The thermodynamic aspects o f  p ro ton  

t r a n s f e r  i n  AH...B complexes s tud ied  by chemical s h i f t  measurement w i l l  be r e -  

served f o r  sec t i on  16.3.1. 

16.2.2.1 Dynamic NMR-spectroscopy o f  p ro ton exchange i nc l  ud i  ng l i neshape and 

~ u l  se techniaues 

The e f f e c t s  o f  p ro ton  exchange according t o  eq. (24) on the NMR-spectra o f  

p ro ton  donors have been known f o r  a long t ime [2 ]  and have been used t o  study 

main ly  pro ton exchange i n  p r o t i c  solvents.  We mention here e s p e c i a l l y  the  work 

o f  t k i  boom and Grunwal d e t  a1 . , reviewed by Grunwal d and Ralph [37].  These 

ef fects are the apparent l o s s  o f  sp in-sp in  coup1 i n g  o f  the AH - p r o t o n  t o  the 

nuc le i  i n  the group A and the  averaging o f  the  chemical s h i f t s  o f  the AH - and the 

BH - protons. The AH selfexchange r a t e  and the exchange r a t e  of AH w i t h  EH can be 

obta ined from the NMR l ineshape ana lys is .  This l ineshape ana lys i s  has t o  be 

c a r r i e d  o u t  us ing the quantum-mechanical dens i t y  m a t r i x  formal ism devel oped by 



Kaplan [38],  Alexander [39] and Binsch [40].  The l ineshape equations o f  these 

authors were, however, dependent on the r e a c t i o n  mechanism. They d i f f e r e d ,  f o r  

example, i n  the  case o f  a d i s s o c i a t i v e  and a non d i s s o c i a t i v e  r e a c t i o n  mechanism 

discussed below. Limbach [41] has found a general f o rmu la t i on  which avoids as- 

sumptions about the r e a c t i o n  mechanism a t  the stage o f  e x t r a c t i n g  the k i n e t i c  

data from the NMR l ineshape. Limbach and S e i f f e r t  [42] app l i ed  t h i s  formal ism 

to the system a c e t i c  acid/me than01 / tetrahydrofuran-d8. Some t y p i c a l  superposed 

experimental and t h e o r e t i c a l  ~ - ~ ~ ~ - s ~ e c t r a  are shown i n  Figure 4. 

1 
F ig .  16.4. Superposed experimental and ca lcu la ted  00 MHz H NMR spect ra  o f  a 
m ix tu re  o f  0.29 m01 1 - l  a c e t i c  a c i d  and 0.80 m01 1 methanol i n  te t rahydro-  
furan-d8. 

k1 ii i s  the  inverse pro ton l i f e t i m e  i n  a c e t i c  ac id .  TMS:Tetramethyl- 
s j l a n .  Repro uced w i t h  permiss ion from r e f .  (42).  

A t  low temperatures the  case o f  slow pro ton exchange i s  reached w i t h  separate 

OH/COOH l i n e s  and sp in-sp in  coup l ing  o f  the  methanol s igna ls .  A t  h igher  temp- 

e ra tu res  p ro ton  exchange between a c e t i c  a c i d  and methanol i s  f a s t e r ,  the  methyl 

doub le t  o f  methanol coalasces and the OH and COOH l i n e s  broaden. The coales- 

cence p o i n t  o f  these two s igna ls  can be reached i n  tet rahydrofuran-d8 o n l y  a t  

h igh  concentrat ions and temperatures. The pro ton l i f e t i m e s  i n  the  two species 

were determined by adapt ing the theo re t i ca l  and experimental spectra.  No meth- 

anol s e l  fexchange was found i n pure samples. However, samples which c o n t a i  ned 

a c i d  i m p u r i t i e s  showed a c i d  cata lyzed methanol se l  fexchange [41] . The chemical 

s h i f t s  i n  t h i s  system depended on the  concentrat ions and the  temperature [36],  



a s ign i f ican t  case of f a s t  hydrogen bond and slow proton exchange. The slow 

proton exchange i s  mainly due t o  the hydrogen bond formation of the reactants  

with the solvent,  which hinders the formation of the encounter complex. The 

absence of hydrogen bonding to the solvent leads to  very f a s t  proton exchange 

between the reactants i n  methyl cyclohexane-d14 (MCH) and coalescence of the OH/ 

COOH s ignals  a s  found by Limbach e t  a l .  1431. This e f f e c t  is shown in  Figure 

5a. The posit ion of the coalesced l i n e  depends mainly on the mole f rac t ions  of 

the exchanging species.  In chemical s h i f t  s tudies  of proton donors i t  must, 
therefore,  be checked tha t  f a s t  proton exchange w i t h  small amounts of impurit ies,  

f o r  example water does not a f f e c t  the l i n e  posit ions.  The chemical s h i f t  of a 

non exchanging proton donor depends l inear ly  on the temperature 1441 because of 

a temperature dependent A-H distance i n  the hydrogen bond associates  and because 

of the change of the thermodynamic parameters of the  association equi l i b r i a .  I f  

proton exchange w i t h  an impurity becomes important as  the temperature is  raised 

the curves become S-shaped a t  intermediate exchange r a t e s  and l inear again a t  

high ra tes .  T h u s  proton exchange may be iden t i f i ed  even i f  no l ineshape e f f e c t s  

on the proton donor NMR l i ne s  are  observable. 

cy cooy* cn,oy 
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Fig. 16.5a: 'H-NMR spectrum of 0.08 m01 1-I ace t ic  acid and methanol i n  MCH a t  
100 MHz and 299 K. b: T1 -relaxation experiment a t  90 MHz, where T1 (COOHIOH) = 
6.2 S.  (See re f .  43). P 

The coalesced signal i n  Figure 5a s t i l l  contains an exchange broadening of about 



6 Hz. In order t o  extract an exchange ra te  from th i s  quantity the frequency 
difference 6v of the coalesced lines have t o  be known. 6v can be obtained by 
measuring the longitudinal relaxation time i n  the rotating frame, 

Tl P 
as a func- 

tion of the so called spin locking pulse strength H I  [45-471. The resul ts  of 

the experiment on the sample i n  Figure 5a are shown i n  Figure 5b. By non-linear 
leas t  squares f i t t i n g  procedure a value of 6v (100 MHz) = 660t20 Hz and an ex- 

change rate  of k12 = 8.8-104 S-' was obtained. 6v i s  of the same order as i n  

THF [361 whereas k12 is about 400 times greater. In principle, s imilar  resul t s  
could be obtained by the spin-echo method [45], which has, however, been quanti - 
ta t ive ly  applied only very recently by Frahm [48] t o  systems with more than one 
l ine  i n  the NMR spectrum. 

The knowledge of the kinet ic  hydrogen/deuterium isotope effects  i s  important 

for  the discussion of proton exchange mechanisms. Limbach e t  a l .  [43] have pre- 
2 sented H-NMR-lineshape measurements of the system CH3COOD/CH30D/THF and have 

established the deuteron exchange rates .  They found a kinet ic  isotope ef fec t  of 
about 11 which indicates tha t  the proton exchange i s  the rate  determining s tep  

in this system. The complete H H / H D / D H / D D  kinetic isotope ef fec ts  of double pro- 
ton exchange reactions according t o  eq. (24) can be obtained by an appropriate 

1 2 combination of H and H NMR lineshape analysis. 
A problem i n  the study of slow exchange reactions ar ises  i f  the exchange rates  

are in  the order of seconds b u t  too f a s t  for  detection by real time measurements 
of the H / D  substitution rates.  In t h i s  range the exchange does not a f fec t  the 
observed l ine  widths any more. Forsen and Hoffmann [49] have proposed a solu- 
t ion t o  th i s  problem. Saturation of one of two slow exchanging NMR l ines  using 
double i r radiat ion produced also saturation of the other l ine .  By measuring the 

saturation t ransfer  ra te  they were able t o  determine the chemical exchange rates .  
The saturation t ransfer  technique has been extended fo r  use with Fourier Trans- 
form Pulse NMR spectrometers [50-521. Selective pulses are  applied t o  one of 
the slowly exchanging l ines and the relaxation of th i s  l ine  as well as the mag- 
netisation t ransfer  t o  other l ines used to  determine the exchange rates .  The 

saturation t ransfer  technique has been frequently applied, fo r  example t o  the 
study of proton exchange between nucleic acid bases in organic solvents by 
Iwahashi e t  a l .  [53]. The method was used by Redfield e t  a l .  for  the determin- 

. .  ation of proton exchange rates between water and amides [54] as well as ribonu- 

c l e i c  acids [55]. Kearns e t  a l .  [56] recently reported similar studies for  DNA 

fragments. The different  methods for  the study of slow exchange rates  have been 

compared by Bovee [57] and Baine e t  a l .  €581. If  the nuclei i n  the exchanging 
s i t e s  are coupled by di pole-di pole interaction a complication ar i ses  from cross 
relaxation which leads t o  an enhancement of the non irradiated l ine  due t o  the 

Nuclear Overhauser Effect ( N O E )  [59]. Campbell e t  a l .  [52] have studied t h i s  
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problem. The use of the NOE i n  the  study of hydrogen bonding i s  discussed i n  

sect ion 16.2.3.2. Hennig and Limbach [471 have proposed the  use of the  T tech- 
1 P 

nique i n  the slow exchange region. As they showed recently 1601 t h i s  method i n  

an improved version i s  especial ly  useful when the  exchanging l ines  a r e  very close 

together.  In t h i s  case the sa tura t ion  t ransfe r  method f a i l s .  

We may conclude t h a t  NMR-spectroscopy as a k ine t ic  tool covers a wide range 

of exchange ra tes .  I t  i s  the task of the next sect ion t o  discuss the  information 
provided by the measurement of proton exchange ra tes  on the reaction mechanism. 

16.2.2.2 Single and double proton exchange mechanisms 
So f a r  we have not ye t  discussed the ways i n  which the  protons of two mole- 

cules AH and BH may be exchanged, and how i t  i s  possible t o  dist inguish between 
the d i f f e r en t  pathways by NMR. As has been shown by Grunwald [37] one has t o  
take in to  account d i ssoc ia t i  ve and non d i  ssoci a t i  ve mechanisms . The dissociat ive  
mechanism consists  of a s e r i e s  of s ingle  proton t r ans fe r  s teps  i n  hydrogen bonded 

intermediates invol v i n g  the formation of ions : 

These s ingle  proton t ransfe rs  between AH and BH a r e ,  however accompanied by s e l f -  

exchange 

The non dissocia t ive  mechanism consists  of a double proton t r ans fe r  reaction i n  

a cyc l i c  hydrogen bonded intermediate: 

,H-... ..I H\ 
AH+BH*  =+ A- 'B A-' B --‘ AH*+BH 

\Hf.=. 



I n  the bu f fe red  p r o t i c  so lvents  s tud ied  by Grunwald e t  a l .  [37] t he  i o n i c  ex- 

change dominates. The ions  are, however, n o t  formed by d i s s o c i a t i o n  o f  the  

reac tants  b u t  provided by the  b u f f e r .  The r a t e  constants of t he  reac t i ons  eq. 

(28) and (30) were measured f o r  AH = water [61] and methanol [62] by dynamic 
10 -1 NMR-spectroscopy. The r a t e  constants are  o f  t he  order  o f  10 S and the  pro-  

cesses have a  very low a c t i v a t i o n  energy o f  the  order  o f  2  kcal/mol. Ger r i t zen  

and Limbach [631 found a  much h igher  energy o f  a c t i v a t i o n  f o r  p ro ton exchange 

i n  pure methanol and methanol-dl. I n  pure methanol t he  ions  A- and AH; which 

ca ta l yze  the  exchange have t o  be formed f i r s t  by autopro to lys is .  T h e i r  concen- 

t r a t i o n  i s  o f  t he  order  of IO-' mo l / l  which y i e l d s ,  w i t h  t h e  known r a t e  constants, 

a  p ro ton  l i f e t i m e  of about 10-'S. The energy o f  a c t i v a t i o n  i n  the  pure s o l v e n t  

i s  t he  sum of the a c t i v a t i o n  energy o f  the  pro ton exchange and h a l f  t h e  d i s s o c i -  

a t i o n  energy. The observed pr imary H/D k i n e t i c  i so tope  e f f e c t  i s  main ly  t h e  

e q u i l i b r i u m  iso tope e f fec t  of the  au top ro to l ys i s  [63]. I n  s o l u t i o n s  o f  b iopo ly -  

mers i n  water even h igher  energies o f  a c t i v a t i o n  may be found though t h e  exchange 

i s  o f  t he  i o n i c  type. This s i t u a t i o n  occurs when the  l a b i l e  protons of p ro ton  

donors are blocked i n  a  very long l i v e d  hydrogen bond as i s  the  case i n  pept ides 

[64-661 o r  nuc le i c  ac ids  [671 o f  h igher  molecular  weights. I n  these forms BH i s  

n o t  accessib le t o  the  so lvent .  The r a t e  determining s tep  o f  t h e  pro ton exchange 

i s  then the  unfo ld ing process o f  t he  biopolymer, f o r  example, a  h e l i x  c o i l  t r a n -  

s i t i o n .  The study of p ro ton  exchange i s ,  there fore ,  a  convenient way t o  study 

t h e  k i n e t i  CS o f  such processes. 

Non d i  ssoci a t i  ve pro ton t r a n s f e r  processes have been discussed i n  the  l i t e r -  

a tu re  f o r  a  long time, f o r  example i n  n u c l e o p h i l i c  a d d i t i o n  reac t ions  t o  double 

bonds which are  cata lyzed by b i  f unc t i ona l  compounds such as water, carboxyl  i c 

acids, heterocycles [68,69] o r  enzymes [70]. Grunwald e t  a l .  [37,62] have found 

evidence f o r  c y c l i c  p ro ton exchange between c a r b o x y l i c  ac ids and a lcoho ls  as a  

s i d e  r e a c t i o n  o f  t he  i o n i c  exchange processes. Ral ph e t  a1 . [ 7 l  l r e c e n t l y  estab- 

l i s h e d  a  s i m i l a r  process i n  s o l u t i o n s  o f  h is tamine i n  water. The c h a r a c t e r i s t i c  

f e a t u r e  o f  these processes shown i n  eq. (32) i s  t he  t r a n s f e r  of two o r  more pro-  

tons du r ing  one encounter of t he  reac tants .  No d i s s o c i a t i o n  i n t o  f r e e  so l va ted  

ions  i s  necessary f o r  t h i s  exchange t o  occur. These non d i s s o c i a t i v e  mechanisms 

should, there fore ,  be dominant i n  a p r o t i c  s o l  vents o f  low d i e l e c t r i c  constant.  

C y c l i c  p ro ton  exchange mechanisms have been pos tu la ted  i n  a  number o f  dynamic 

NMR [ l 6  $72-761 and k i n e t i c  s tud ies  [77] o f  p ro ton  exchange i n v o l v i n g  a1 cohol S, 

carboxyl  i c a c i  ds , o r  heterocyc l  i c compounds i n  a p r o t i  c  s o l  vents. However, smal l 

traces o f  bases o r  ac ids  as w e l l  as water are ab le  t o  ca ta lyze the  pro ton ex- 

change even i n  a p r o t i c  so lvents  which leads t o  low energies of a c t i v a t i o n  and 

very negat ive a c t i v a t i o n  ent rop ies .  Consequently, i t  i s  very d i f f i c u l t  t o  prove 

a  c y c l i c  double pro ton exchange mechanism. For  t h e  system a c e t i c  a c i d  (AH)/ 



methanol (BH)/THF (S) (Fig. 4) the proof  was given by Limbach e t  a l .  [41,42] as 

f o l  lows . I f  proton exchange took place according t o  the d i  ssoci a t i  ve mechani sm 

eq. (25)-(31) the ions B H ~  and B-, which could a lso be created by react ion w i t h  

impur i t ies ,  would catalyze the proton exchange between methanol molecules. I n  

fac t ,  methanol selfexchange was observed as we l l  as higher rates o f  exchange be- 

tween methanol and ace t i c  ac id  when small traces o f  s u l f u r i c  ac id  were added t o  

the samples [ 4 l  l. However, i n  pure samples the spectra (Fig.  4) could be simu- 

l a t e d  only w i t h  a vanishing methanol se l  fexchange r a t e  i n d i c a t i n g  the absence o f  

ions. The bimolecular r a te  law ind ica ted  t h a t  the exchange takes place i n  a 1 :l 

complex: 

0.. .H* 
// 

R - C  
\ 
0 - R 

Hydrogen bond studies showed 1363 t h a t  the reactants are dominantly i n  a hydro- 

gen bond complex w i t h  the solvent  which s h i f t s  the f a s t  pre-equi l i b r i u m  on the 

s ide o f  the quasimonomers. The observed r a t e  constant kobs depends on the pre- 

equ i l i b r ium constant K, the solvent  concentrat ion CS and the exchange r a t e  con- 

s t an t  kex i n  the complex 1421: 

From the observed frequency f ac to r  l og  AobS = 8.1 one obtains l o g  Aex = 10.3 by 

se t t i ng  K=l. For pure methanol, i n  which the exchange takes place by autoproto- 

l y s i s ,  a frequency f a c t o r  o f  l o g  A=6.1 was found [63]. This has t o  be d iv ided  

by the methanol concentrat ion f o r  comparison w i t h  l o g  Aobs which gives a value 

o f  4.7. One can conclude t h a t  a c y c l i c  exchange mechanism i s  very probable i f  

high frequency fac to rs  are found f o r  the exchange. Low frequency fac to rs  e i t h e r  

i nd i ca te  a d issoc ia t i ve  mechanism o r  a very high loss  o f  entropy f o r  the complex 

formation between the reactants. I n  t h i s  way one can exp la in  why proton ex- 

change between the molecules o f  I b  had a frequency f a c t o r  o f  l o g  A=13, whereas 

a value o f  6.9 was found f o r  l a .  A f i r s t  order r a t e  law o f  the in termolecu lar  

proton exchange was obtained f o r  I a  and Ib .  These f ind ings  are understandable 

only i f  the exchange between the I b  molecules takes place i n  the c y c l i c  t r ime r  

i n  a non d issoc ia t i ve  way. The exchange between the I a  molecules, however, i s  

probably a catalyzed exchange. Hal l iday e t  a l .  [73] found t h a t  the frequency 



f ac to r  o f  p ro ton  exchange between molecules o f  N ,NI-dimethyl formamidine ( V I )  

changed from a value o f  l o g  A = 10 i n  the  pure l i q u i d  t o  a value o f  about 14 i n  

CDC13. The o rde r  o f  l o g  A i s  cons is ten t  w i t h  a c y c l i c  mechanism. 

However, i t  i s  d i f f i c u l t  t o  comment on t h e  change i n  l o g  A because t h e  exact  con- 

c e n t r a t i o n  dependence o f  the  r a t e  constants was n o t  measured. Lunazzi e t  a l .  

[75] found a f i r s t  o rder  r a t e  law f o r  p ro ton exchange between molecules of V I I b  

i n  a p r o t i c  so lvents  w i t h  a frequency f a c t o r  of l o g  A = 12. Th is  i n d i c a t e s  a 

c y c l i c  mechanism i n  c y c l i c  complexes which have a r e l a t i v e l y  h i  j h  concentrat ion.  

By constrast ,  a second order  r a t e  law w i t h  a frequency f a c t o r  o f  l o g  A = 7.5 was 

observed f o r  V I Ia .  I f  there  i s  no c a t a l y t i c  exchange one can e x p l a i n  t h i s  value 

w i t h  the  dominance of non-hydrogen bonded monomers which l o s e  entropy by complex 

formation. I n  order  t o  prove the  hypothesis t h a t  t h e  c e n t r a l  p ro ton exchange 

s tep i n  eq. (32),  (33) i s  charac ter ized by a normal frequency f a c t o r  o f  about 

l o g  A = 13 Hennig and Limbach [47,78] have s tud ied  t h e  hydrogen m i g r a t i o n  i n  

mesotetraphenyl porphine ( V I I I )  , where the  i n t ramo lecu la r  i .e. c y c l i c  charac ter  

of t h e  exchange was proved by observing the  coup l i ng  between the  i n n e r  hydrogens 

and t h e  5~ atoms o f  5~ s u b s t i t u t e d  V11 I. 

I n  f a c t ,  a normal frequency f a c t o r  o f  l o g  = 12.9 was found f o r  the  double 

deuteron migra t ion ,  whereas f o r  t h e  HH-migration a v a l  ue o f  l o g  = 11.5 was 

obtained. These observat ions , non-l i n e a r  Arrheni  us curves, and anomalous HH/HD/ 

DD k i n e t i c  i so tope  e f f e c t s  were expla ined i n  a v i b r a t i o n a l  model o f  t u n n e l l i n g  

a long a t i g h t  double minimum p o t e n t i a l  w i t h  d i s c r e t e  NH s t r e t c h i n g  s ta tes  char- 

a c t e r i z e d  by I R  spectroscopy. I n  t h i s  model t he  DD and HD m i g r a t i o n  proceed be- 

tween t h e  second e x c i t e d  ND-stretching s t a t e s  which l i e  near the  t o p  o f  t h e  



b a r r i e r .  The HH-mi g r a t i  on proceeds a t  h igh temperatures between the f i  r s t  ex- 

c i t e d  NH-stretchi ng s ta tes by tunne l l i ng  through the b a r r i e r  which lowers the 

frequency fac tor  [79,80]. HH/HD/DD isotope e f f e c t s  on the I R  spectra o f  V111 

show t h a t  the motion o f  the two protons i s  a  coupled motion which was previously 

pred ic ted on the grounds o f  the v ib ra t iona l  model o f  t unne l l i ng  [47,78]. O f  

course, i n  in termolecu lar  proton exchange the s i t u a t i o n  may be q u i t e  d i f ferent .  

Due t o  the in termolecu lar  f l e x i b i l i t y  a  d i s t r i b u t i o n  o f  double minimum po ten t i  a l s  

b e t t e r  describe the cent ra l  exchange step. However, a  coupled proton motion 

avoids i o n  pa i r s  w i t h  a  h i gh l y  ordered so lva t ion  s h e l l  as intermediates which 

would r e s u l t  i n  low frequency fac tors  o r  negative a c t i v a t i o n  entropies. We ex- 

pect  t h a t  knowledge o f  the intermolecular  HH/HD/DD k i n e t i c  isotope e f f e c t s  w i l l  

a l low one t o  say more about the mechanism of these in termolecu lar  double proton 

exchange react ions , especial l y  on the r o l e  of tunnel l i ng*. 

We may conclude t h a t  the existence of non d issoc ia t i ve  pro ton t r ans fe r  i n  

apro t i c  solvents has now been we l l  establ ished. The study o f  these react ions 

by dynamic NMR spectroscopy i n c l  uding t h e i r  k i n e t i c  iso tope e f f e c t s  i s ,  there- 

fore, no t  on ly  a  t o o l  t o  lea rn  more about proton motions i n  hydrogen bonds, 

which i s  important  i n  b i func t iona l  and enzymatic analysis,  b u t  a l so  a  method t o  

es tab l i sh  whether two molecules are able t o  form c y c l i c  hydrogen bonded complexes 

a r  not. 

16.2.3 NMR re l axa t i on  studies of hydrogen bonded proton donors 

An NMR l i n e  i s  no t  on ly  characterized by a  frequency, an i n t e n s i t y  and a l i n e  

w i  d th  W=l / I T T ~ ~ ~ ~ )  , where T2eff i s  the transverse re l axa t i on  time, bu t  a lso by a  

time T1, the long i tud ina l  re laxa t ion  t ime [2,45,59,82-851. T1 i s  the t ime constant 

o f  the process which leads t o  an equ i l i b r ium Bol tzmann populat ion o f  the  sp in  

s ta tes o f  the nuc le i  i n  a  s t a t i c  external  f i e l d  a f t e r  a  per turbat ion.  During 

t h i s  r e l axa t i on  process energy i s  t rans fe r red  between the sp in  system and the 

electromagnetic f i e l d  a t  the nucleus o f  i n t e r e s t  created by the random motion 

o f  the molecules i n  space. I n  order t o  discuss how re l axa t i on  studies can con- 

t r i b u t e  t o  an understanding o f  hydrogen bond format ion we have t o  summarize some 

resu l t s  o f  the  re l axa t i on  theory. 

The t o t a l  r e l axa t i on  r a t e  can always be w r i t t e n  as the  sum o f  an intramole- 

cu la r  and an i ntermoel cu l  a r  term [59,81] : 

1 1  i n t r a  1  i n t e r  
- = ( T )  
T1 

+ (T) 
1 1 

* The mechanism o f  int ramolecular  proton t unne l l i ng  i s  discussed fu r ther  i n  
sec t ion  16.4.1. See also Note added i n  proof. 

- 428 - 



The two terms can be separated i n  the  case o f  so l  ute-sol  u te  r e l a x a t i o n  by vary ing  

the  concent ra t ion  o f  t he  s o l u t e  and i n  the  case o f  so lu te -so l ven t  r e l a x a t i o n  by 

the  use o f  deuterated so lvents  because protons are  i n  general responsib le f o r  t he  

i n te rmo lecu la r  term, a p a r t  from paramagnetic i m p u r i t i e s  whose presence can be de- 

t e c t e d  by ESR spectroscopy. Each term i n  eq. (35) i s  i t s e l f  t h e  sum o f  d i f f e r e n t  

c o n t r i b u t i o n s  which represent  d i f f e r e n t  r e l a x a t i o n  mechanisms r [45] : 

The most impor tant  r e l a x a t i o n  mechanism fo r  s p i n  1 /2  n u c l e i  i s  t he  d ipo le -d ipo le  

r e l a x a t i o n  between two n u c l e i  i and j. The d ipo le-d ipo le  r e l a x a t i o n  times Tld 

( i )  depnds on whether t h e  T1 experiment i s  performed s e l e c t i v e l y  on i o r  non- 

s e l e c t i v e l y  on i and j a t  the  same time. The s e l e c t i v e  r e l a x a t i o n  t ime ~ i ~ ( i )  
NS and the  n o n - s e l e ~ t i  ve re1  axat ion  t ime Tl d ( i  ) a re  given i n  good approximation 

where U i s  the  cross r e l a x a t i o n  r a t e  i j 

Wn i s  t h e  p r o b a b i l i t y  of an n-quantum t r a n s i t i o n  i n  the  two s p i n  system 1851 

given by 

1  m 

- 3 
W1 - m 

- 3 
W 2 -  5 



wi i s  the Larmor frequency of the nucleus i ,  r i j  the distance between i and j ,  

y. the gyromagnetic rat io .  We assume Ri , the vector sum of Fi for  an ensemble 
l 

of molecules rotating a t  different frequencies to  have a non zero value a t  a 

time t = O .  Then Ri decays to  i t s  equilibrium value of zero. I f  t h i s  process i s  

exponential i t  can 

time of the vector 

m6s-' for  protons. 

be characterized by a time r the rotational correlation - i j  
r i j' The numerical value of Y,, i n  eq. (40) i s  0 .5695.10-~~ 

In the case of "extreme narrowing" one obtains: 

For isotropic reorientating rigid molecules a l l  r i  are equal to  the isotropic 

correlation time T of the molecule given by the modified [81] Debye-Einstein 

equation: 

where k i s  the Boltzmann constant, a the hydrodynamic radius and 0 the micro- 

viscosity which i s  given in approximation by the viscosity of the solvent. If  

the motion of the molecule i s  anisotropic, i .e. characterised by three different  

correlation times rx ,  r r about the principal axes, then the r i  depend on 
Y'  z 

the rx ,  y '  =z in a complicated way. For the case of a symmetric rotator  such 

as benzene [86] appropriate expressions were derived by Woessner. Eq. (37)-(43) 

show tha t  the measurement of T l d  can lead to  a knowledge of the geometry and 

the motional behaviour of the molecule and, therefore, a lso of i t s  hydrogen bond- 

ed s t a t e .  T l d  can be obtained i n  different  ways. Since in most cases the nu-  
cleus j i S a proton, the replacement of j by a deuteron leads t o  Tl [86] : 

Another way i s  to  measure the cross relaxation ra te  o i j  d i rec t ly  by performing 

additionally select ive T1 measurements on the l ine  of the nucleus i without i r -  

radiating the nucleus j. A simpler method i s  to  measure the "Nuclear Overhauser 

Enhancementn 



o f  the s igna l  i n t e n s i t y  o f  the l i n e  o f  the nucleus i by sa tu ra t ing  the l i n e  o f  

the nucleus j. The enhancement i s  given by [591 

U I .(o) U 
i j  J 

i j 
- . - 

j m - res yi 

1J 1 Pi j + ~ i  

where p r S  i s  the con t r i bu t i on  o f  o ther  r e l axa t i on  mechanisms t o  the t o t a l  re lax -  

a t i o n  ra te .  For the case o f  extreme narrowing wi << 1  one obtains by combination 

of eq. (41-), (E'), (46) 

NOE if I Yj - , c =  
2  + cri j6  Y i  

The maximum NOE i s  obtained when 

2  P 
res 

Y i  yjh 
2  

The use of eq. (47) f o r  the determination of r e l a t i v e  distances was proposed by 

B e l l  and Sauders [87]. 

A discussion of o the r  than d ipo le-d i  pole r e l axa t i on  mechanisms , especi a1 l y  

quadrupolar re laxa t ion ,  chemical s h i f t  anisotropy, sp i n  r o ta t i on ,  and re l axa t i on  

by paramagnetic impur i t i es ,  may be found i n  the appropr ia te  NMR-textbooks [45, 

811. The in format ion which can be obtained from a  study o f  these re l axa t i on  

mechanisms, f o r  example by measuring the T1 value o f  deuterons, i s  the determina- 

t i o n  o f  T 
X, T ~ y  z  

and the detect ion o f  in t ramolecu lar  f l e x i b i l i t y .  I n  the f o l -  

lowing sect ions we s h a l l  discuss the con t r ibu t ion  o f  r e l axa t i on  s tud ies  t o  an 

understanding o f  hydrogen bond assoc ia t ion i n  so l  u t ion .  We d i s t i ngu i sh  between 

the case o f  small molecules i n  the f a s t  hydrogen bond exchange l i m i t  and systems 

w i t h  a  long l i f e t i m e  o f  hydrogen bonded s ta tes  as encountered i n  H-chelates and 

m01 ecules o f  h igher  m01 ecul a r  weight. 

16.2.3.1 Relaxat ion s tud ies  i n  the f a s t  hydrogen bond exchange range 

As the sub jec t  has been reviewed by Hertz and Ze id l e r  [88] and very r ecen t l y  

by Hertz e t  a l .  [89] we s h a l l  be b r i e f .  One has t o  d i s t i ngu i sh  between the 

e f f ec t  of hydrogen bonding on the int ramolecular  and on the in termolecu lar  re lax -  

a t i o n  times. We s h a l l  discuss f i r s t  the in t ramolecu lar  pa r t .  As shown i n  eq. 

(43) the i s o t r o p i c  c o r r e l a t i o n  t ime increases i f  a  r i g i d  molecule forms a  hydro- 



gen bond because of the increase in  the hydrodynamic radius a.  For every nucleus, 

for  example, a proton i relaxed by a proton j , t h i s  leads to  a decrease in the 

dipolar relaxation time T l d ( i )  as shown by a combination of eq. ( W ) ,  (41),  (42). 

The same i s  found fo r  the corresponding deuteron relaxation times [M].  The 

ef fec t  i s  particularly obvious in 1 3 ~ - ~ 1  values of CH groups. For example, the 

association of uracils with adenines (see section 16.3.2.2) i n  CHC13 leads t o  a 

decrease of the 1 3 ~ - ~ 1  values of the aromatic carbons as found by Iwahashi e t  a l .  

Similarly, Ruterjahns e t  a l .  [go] could explain a sudden increase of the 
values of the imidazole (Im) residue i n  his t idine dissolved i n  water a t  

with a dimerisation of the type I~H' .  . . Im between two histidines . This 

association is  possible only in  th i s  pH region. The association constant could 

be obtained from the T1 measurements. If  the intramolecular geometry of a com- 

plex i s  known the measurement-of the intramolecular relaxation rates leads t o  an 

effective hydrodynamic radius a which indicates the s ize  of the associates which 

have been formed [881. This information i s  especially important i n  the case of 

small sel  f-associati  ng molecules. The assumption of isotropic tumbl i ng associates 

i s ,  however, only a rough approximation and studies of intramolecular relaxation 

rates have been undertaken [91-961 i n  order to explore t o  what extent individual 

rotational correlation times T x ,  r t ,  T, are affected by hydrogen bonding. I t  

was found tha t  hydrogen bond formation of substituted phenols [91,96], chloroform 

[95] and pyridine [92-941 had the ef fec t  of slowing down molecular reorientation 

of both proton donor and acceptor about axes perpendicular t o  the hydrogen bond 

while leaving motion about the hydrogen bond unaffected. 

How can the measurement of intermolecular proton-proton relaxation contribute 

t o  an understanding of hydrogen bonding i n  solution? Intramolecular relaxation 

between two protons i and j was caused by a random reorientation of the vector - 
r whose length did not change. Intermolecular relaxation of i i s  caused by a i j 
rapid random change of the vector ri from inf in i ty  t o  a value a ,  the mean dis- 

tance of closest approach between the atoms i and j through the molecular diffu- 

sion process, characterized by the diffusion coefficient D .  In the basic model 

of intermolecular relaxation of Torrey [97] and Abragam [8l]  the intermolecular 

proton-proton relaxation ra te  i s  given in the extreme narrowing case where the 

typical ra te  of intermolecular motions i s  much higher than the Larmor frequency 

by : 

The model assumes a uniform concentration c ' of spins beyond the distance ai , 
j 

whereas the probability of finding the spin j a t  distances shorter than ai i s  



zero. The associat ion f a c t o r  Ai i s  h igher fo r  a  sample w i t h  hydrogen bonded 

molecules as compared t o  a  reference sample where only van der Waals i n t e r a c t i o n  

occurs because a i s  smaller. A change i n  Aij as the concentrat ion o f  a  so lu te  i j 
i s  var ied indicates,  therefore, a  hydrogen bond formation process. Hertz has 

developed a theory of intermolecular  r e l axa t i on  [98] i n  which a  more r e a l i s t i c  

atomic pai r d i s t r i b u t i o n  funct ion i s  used. The i n t e r a c t i o n  between molecules 

can be described e i t h e r  by a  se t  of atomic p a i r  d i s t r i b u t i o n  funct ions,  one f o r  

each p a i r  o f  atoms, o r  by an o r i en ta t i ona l  dependent molecular d i s t r i b u t i o n  fun- 

c t ion .  Therefore, as many parameters o f  the l a s t  funct ion can be determined, 

the Ai are known. Using t h i s  method Hertz e t  a l .  [99-1031 and Helm e t  a l .  [95] 

were able t o  determine mean geometric s t ruc tures o f  associates o f  small proton 

donors i n  b inary  mixtures, espec ia l l y  a t  medium and high proton donor concentra- 

t i ons  where the occurence o f  a  great  number o f  d i f f e r e n t  associates makes the 

i n t e r p r e t a t i o n  o f  chemical s h i f t  data i n  terms o f  chemical react ions very d i f f i -  

c u l t .  It was shown, f o r  example, t h a t  the nonpolar head o f  ca rboxy l i c  ac i d  ass- 

oc i  ates experiences a  hydrophobic i n t e r a c t i o n  [99]. The side-by-si de conf igura- 

t i o n  o f  the CH-groups i n  pure formic  ac i d  i s  d isturbed by chloroform .[102]. Ace- 

t i c  ac i d  forms, i n  cyclohexane, dimers whose geometry i s  close t o  the c l ass i ca l  

c y c l i c  dimer s t ruc tu re  [ l031 CHC13 [102,95] forms hydrogen bonds w i t h  acetone 

and dioxan bu t  a lso  sel f -associates i n  mixtures o f  these solvents. A more de- 

t a i  l e d  account o f  intermolecular  r e l axa t i on  and 'hydrogen bonding can be found 

i n  the review o f  Hertz e t  a l .  1891. 

16.2.3.2 Relaxation studies i n  the sl-ow hydrogen bond exchange 

So f a r  we have no t  y e t  considered .the possi b i  l i t y  o f  d i  r e c t l y  determining 

in te rnuc lear  distances ri i n  molecules from re l axa t i on  data using eq. (36)-(47). 

The method cannot be appl ied t o  systems i n  the f a s t  hydrogen bond exchange range 

because the co r re l a t i on  times are d i f f e r e n t  i n  the various associates and unknown. 

The method can, however, be appl i ed f o r  i ntramol ecul a r  hydrogen bonded ri g i  d  

molecules such as H-chelates o r  peptides whose motion i s  approximately i so t rop i c .  

I n  t h i s  case the rij o f  a l l  vectors rij i n  the molecule are equal and the mea- 

surement o f  the values o f  pi j, U o r  NOEi j = l  , n leads t o  an exact determina- 

t i o n  o f  the p o s i t i o n  o f  i wi th  respect t o  the atoms j. Jackman and Trewella 

[ l041 establ ished the p o s i t i o n  o f  the intramolecular  hydrogen bonded proton i n  

l -hydroxyf l uorenon ( 1x1 and 1 -phenyl amino-7-phenyl imino-l,3,5-cycloheptatriene 

( X )  by measuring the 1 3 ~ - ~ 1  values and i n  the case o f  ( X )  a l so  the  " N - T ~  values 

o f  these compounds as we l l  as the reference compounds where the l a b i l e  protons 

were replaced by deuterons. The an iso t rop ic  motion was taken i n t o  account as 

fo l lows. The -ci f o r  the d i f f e r e n t  1 3 c - ~  vectors were ca lcu la ted from the 13c- 

T1 values using eq. (41 ) and the known C-H distances. The ri were a  func t ion  



Ph, p-... ,Ph 
o..=H 'o 

dIX "m" 
of the known angle between the C-H vectors and the principal axes of the mole- 
cule. From this  function I861 the unknown -ri and ri involving the hydrogen 

bonded proton could be calculated from eq. (41) in an i tera t ive  way. This met- 

hod i s  very precise. I t  turned out that  in ( X )  the proton i s  localised on the 

nitrogen atoms, which establishes a double minimum potential for  the very f a s t  

proton motion between the nitmgens. We come again to th i s  problem of a single 

or  double minimum potential i n  H-chelates as ( X ! in section 16.4.1. 

The use of relaxation data for  establishing the structure of biomolecules i n  

water has been recently reviewed by Bothner-By [105]. Some more recent examples 

are the studies of Gibbons e t  a l .  [l061 who established the geometry of peptides 

such as grami ci dine and tyrocidine A in organic solvents on the base of NOE and 

selective T1-measurements. Kaplan e t  a l .  11071 have shown that  bilirubin (XI) has 

i n  chloroform the structureXIa with hydrogen .bonds between the COOH and the lac- 

tam units. 

H O O C  COOH 

II 

As mentioned a t  the end of section 16.2.2.1 care has to be taken i n  interpreta- 

t ing NOE and.selective T1 results carried out on labile  protons such as the COOH, 

the lactam N H  and the pyrrole NH protons in X which show three different l ines. 

The ' irradiation of l ine i produces a Nuclear Overhauser enhancement on l ine j 

i .e. an increase i n  the intensity b u t  a saturation transfer to  l ine j, i .e. a 

decrease i n  the intensity i f  i and j .exchange thei r  protons. The two effects  

may cancel each other as found in part .for XI The relaxation theory of exchange 

i n  a dipolar coupled spin system was published by Campbell e t  a l .  [52]. If  the 



change of the NOE with temperature i s  much smaller than the proton exchange rates 

the two effects  can be separated by temperature dependent experiments as did 

Redfield e t  a l .  154,553 in the study of biomolecules in water. In these biomole- 

cules of high molecular weight the proton-proton NOE i s  not positive but negative, 

i .e .  saturation of one l ine  causes saturation of other 'lines. The reason fo r  th i s  

i s  tha t  1: i s  long because of the great hydrodynamic radius of the molecule and 

tha t  WT % 1 or  WT > 1. In th i s  case W 2  < < W  i n  eq. (39) and the cross relaxa- 
0 

tion rate  becomes negative, i .e. a saturation t ransfer  occurs which has nothing 

to  do w i t h  chemical exchange. As T i s  increased a point i s  reached where cross 

relaxation o i j  i s  f a s t e r  than the relaxation ra te  o i j  i t s e l f .  In th i s  case the 

longitudinal relaxation times of a l l  protons i n  the macromolecule are equal. 

The theory of such spin diffusion processes has been published by Kal k e t  a l .  

11081 fo r  the case of proteins. We have stressed i n  th is  section the quantita- 

t ive  use of relaxation experiments. However, the qual i ta t ive use i s  equally im- 
1 portant for  the assignment of NMR l ines i n  complicated H NMR spectra of bio- 

molecules [54,55,64,65] on which we comment i n  section 16.4. 

16.3 CHEMICAL SHIFT STUDIES OF HYDROGEN BOND EQUILIBRIA IN SOLUTION 

In th i s  section we want t o  discuss chemical s h i f t  studies of hydrogen bond 

equil ibr ia  i n  the f a s t  hydrogen bond exchange range carried out since the review 

of Tucker and Lippert [S]. For methodical reasons we t r e a t  systems containing 

one proton donor g roup  and systems w i t h  more than one group separately. 

16.3.1 Systems containing one proton donor group AH 

As discussed i n  section 16.2.1 proton donors AH are  able t o  self-associate 

and t o  associate with added bases or  w i t h  the solvent. In principle the three 

processes are interrel  ated. However, the experimental conditions are ,  i n  gene- 

r a l ,  chosen in such a way tha t  one process dominates so tha t  the other processes 

can be neglected i n  f i r s t  order approximation. We, therefore, discuss f i r s t  

systems w i t h  extended sel f-association, then association w i t h  neutral and nega- 

t ively charged bases and f ina l ly  the problem of proton transfer t o  these bases 

and i t s  influence on the chemical sh i f t s .  

The self-association of carboxylic acids i n  aprotic solvents i s  a classical 

reaction whose thermodynamics were studied by NMR chemical s h i f t  measurements 

[5]. Jentschura and Lippert [l091 had shown f o r  ace t ic  and propionic acid tha t  

the chemical s h i f t  dilution curves can be well described by a nonomer-dimer- 

polymer (1 -2-n) model. There is  no ambiguity i n  the description of these curves 

because a t  concentrations below 0.05 m01 1'' the rnonomer and the dirner predominate 



w i t h  respect  t o  the  polymer. I n  t h i s  concent ra t ion  range the  COOH l i n e  s h i f t s  

t o  lower f i e l d  because of t he  formation of t he  dimer. Above 0.05 m01 I-', how- - 
ever, t he  l i n e  p o s i t i o n  i s  s h i f t e d  u p f i e l d  because the  COOH pro ton resonates a t  

h igher  f i e l d  i n  the  polymer than i n  the  d i m r  [109,110]. The minimum was found 

both  f o r  cyclohexane and f o r  the  l ess  i n e r t  CC14 as so lvent .  I n  thorough s tud ies  

[ l111 Kimtys e t  a l .  have conf irmed these r e s u l t s  and t h i s  i n t e r p r e t a t i o n  f o r  tri- 

methyl a c e t i  c  acid, p rop ion i  c  a c i  d, n - b u t y r i  c  a c i d  , 2-methyl p rop i  on i  c  ac id,  and 

adamantane ca rboxy l i c  ac id .  The chemical s h i f t s  o f  t he  COOH protons i n  the  cy- 

c l i c  dimer depended on the  type o f  t h e  acid.  The authors expla ined t h i s  d i f f e -  

rence by an i n t e r a c t i o n  o f  one c y c l i c  dimer w i t h  another dimer, t h e  i n t e r a c t i o n  

being weaker f o r  those acids RCOOH w i t h  a b u l k i e r  group R. The assoc ia t i on  pro-  

p e r t i e s  are d i f f e r e n t  i n  bas i c  so lvents  which a c t  as hydrogen bond acceptors. 

Fuj iwara [ l123 has s tud ied  chemical s h i f t  d i l u t i o n  curves o f  c a r b o x y l i c  ac ids a t  

3 5 ' ~  i n  DMSO. A t  low concentrat ions the  AH- -S (S=solvent) complex dominates , 
whereas a t  h igher  concentrat ions t h e  d i m r  (AH.. . )2S o r  AH* . .AH- .S i s  formed. 

The data cou ld  be expla ined w i thou t  cons idera t ion  of t he  t r u e  monomer. This as- 

sumption i s  j u s t i f i e d  as shown by Ba lev ic ius  and Kimtys [ l131 who determined t h e  

t r u e  monomer concent ra t ion  o f  t r i m e t h y l a c e t i c  a c i d  i n  acetone as w e l l  as t h e  

quasimonomer and the  dimer concentrat ion by adding cyclohexane and measuring t h e  

chemical s h i f t s .  They showed t h a t  care must be taken i n  us ing  acetone as s o l v e n t  

because d r y i n g  agents such as molecular  sieves induce condensation reac t ions  o f  

acetone. f o r  example the  fo rmat ion  o f  diacetoneal cohol CH3COCH2C(OH) (CH3l2. 

M u l l e r  and Rose 11141 p u r i f i e d  acetone by d i s t i l l a t i o n  a t  - 2 2 ' ~  a f t e r  d ry ing .  

A p ro ton  acceptor so l ven t  which can be e a s i l y  d r i e d  i s  te t rahyd ro fu ran  (THF) 

Ger r i  tzen and Limbach [36] described the  chemical s h i f t  d i l u t i o n  curves o f  a c e t i c  

a c i d  and o f  methanol i n  THF by s imple e q u i l i b r i a  between the  quasimonomers and 

l i n e a r  d i  mers : 

t a k i n g  i n t o  account the  change o f  t h e  f r e e  so i ven t  concent ra t ion  according t o  

eq. (22). The l i n e a r  dimer format ion i s  a s l i g h t l y  exothermic process f o r  meth- 

anol b u t  a s l i g h t l y  endothermic process f o r  a c e t i c  a c i d  i n  THF. During t h e  f o r -  

mat ion o f  l i n e a r  t r i m e r s  o r  c y c l i c  dimers two so lven t  molecules are l i b e r a t e d .  

Therefore, t h e i r  fo rmat ion  can be neglected i n  the  d iscuss ion o f  t he  chemical 

s h i f t  d i l u t i o n  curves because the  so l ven t  e f f e c t  o f  s h i f t i n g  the  e q u i l i b r i a  on 

the  s i d e  o f  t he  quasimonomers i s  much increased. This e f f e c t  i s  a l s o  t h e  reasOK 

why bas ic  so lvents  decrease ra tes  o f  p ro ton exchange. I n  summary, one can say 

t h a t  t he  NMR n~ethod i s  o f  spec ia l  use f o r  hydrogen bond assoc ia t ion  s tud ies  i n  

bas ic  so lvents  because the  chemical s h i f t  data can be e a s i l y  i n t e r p r e t e d  due t o  



the absence o f  h igher associates and because I R  spectroscopy i s  no t  very sensi- 

t i v e  t o  these solvents.  The associat ion o f  alcohols and phenols i n  i n e r t  media 

i s  nowadays s tud ied p r e f e r e n t i a l l y  by I R  - spectroscopy using the matr ix  i so l a -  

t i o n  technique [l 151 o r  by vapor-spectral methods [ l l 6 ] .  

There are, however, i n  the l i t e r a t u r e ,  some i nteres ti no se l  f-associ a t i o n  

studies o f  d i f f e r e n t  molecules which we should l i k e  t o  mention. Sergeev e t  a l .  

[l 173 have s tud ied the se l  f -associat ion o f  HC1 i n  1,2-dibromotetrafl uoroethane 

and CH2C12 as a  func t ion  o f  the temperature. Using the L i ppe r t  p l o t ,  eq. (18) 
the authors could describe the assoc ia t ion a t  concentrat ions below 0.5 m01 1 - I  

by a  monomer-dimer equi l i b r i  urn. A t  h igher concentrat ions higher associates are  

formed. The d imer isat ion enthalpy was -8 kJ mol-l .  Complexation o f  H C l  w i t h  

CH2C12 was a lso observed. S i l i n  e t  a l .  [ l181 have s tud ied the assoc ia t ion o f  

s t e r i  cal  l y  hindered lactans i n  CC14 The enthalpy o f  the lactaln d imer isat ion 

was found t o  be smal ler  than t h a t  f o r  the corresponding carboxy l ic  acids, where- 

as the reverse was found f o r  the polyassociat ion.  Stassinopolou e t  a l .  [ l191 

have ca r r i ed  ou t  chemical s h i f t  measurements of acetonphenylhydrazones Ph-NH-N= 

CRlR2 i n  n-heptane, CS2 and hexachlorbutadiene. A L i ppe r t  p l o t  showed t h a t  l i n -  

ear t r i m e r i c  aggregates predominate i n  n-heptane. The hydrogen bond i n  formed 

between the NH pro ton and the im in i c  n i t rogen. I n  the o ther  solvents complexa- 

t i o n  w i t h  the so lvent  competes w i t h  the se l f -assoc ia t ion.  Kobets e t  a l .  [ l201 

have s tud ied the associat ion o f  o- and m-tolu id ine (CH3C6H4NH2) i n  cyclohexane. 

The NH2 l i n e  i s  sh i f ted t o  lower f i e l d  f o r  m-tolu id ine and t o  h igher f i e l d  f o r  

o - to lu id ine  as the concentrat ion i s  increased. This e f f e c t  was explained by the 

formation o f  NH - N  bonds i n  the case of m-to1 u i  d i  ne and o f  NH hydrogen bonding 

t o  the aromatic r i n g  i n  the case o f  o- to lu id ine,  because an u p f i e l d  s h i f t  i s  

expected due t o  aromatic r i n g  currents i n  such a  complex. F i na l l y ,  we mention 

the chemical s h i f t  study o f  the se l f -assoc ia t ion o f  imidazole i n  CDC13 ca r r i ed  

ou t  by Wang e t  a l .  [121]. The best  f it o f  experimental and t heo re t i ca l  s h i f t  

curves was obtained f o r  the assumption of a  t r i m e r i s a t i o n  process. However, 

assoc ia t ion o f  imidazole t o  dimethylacetamide, t r i - n - b u t y l  phosphate and t r i - n -  

o c t y l  phosphi noxi de were shown to -  be stronger than the se l  f-associ a t i  on process. 

16.3.1.2 AH assoc ia t ion w i t h  bases 

The l a s t  example showed t h a t  i n  p r i n c i p l e  a1 l processes, se l  f-associ at ion,  

assoc ia t ion w i t h  bases and associat ion w i t h  the so lvent  have t o  be considered i n  

exp la in ing  chemical s h i f t s  o f  proton donors i n  so lu t ion .  I n  order t o  suppress 

the undesired se l f -assoc ia t ion i n  the study o f  AH associat ion w i t h  bases, proton 

donors w i t h  bu lky  residues have f requent ly  been used and the bases have been 

added i n  excess. A problem ar ises if the ac id  s t rength o f  AH and the base 

s t rength o f  B are  high. I n  t h i s  case the hydrogen bond formation o f  AH w i t h  B 



i s  fcl lowed by proton t ransfer ,  i o n  p a i r  formation and, depending on the solvent, 

d i ssoc ia t ion  i n t o  f r ee  ions accordins t o  the Eigen scheme o f  proton t ransfer  

[l 223 : 

+ 
The ions may form homoconjugates of the form AH. *A-, BH- * * B  and higher asso- 

c ia tes .  We want t o  discuss here t o  what ex tent  i t  i s  possib le t o  d is t ingu ish  

between the d i  f f e r e n t  phenomena by chemi cal s h i f t  measurements. 

Gramstad e t  a l .  [123,124] have studied the so lvent  in f luence on the associa- 

t i o n  o f  2-methyl-6-t-butyl phenol (XI )  w i t h  phosphoryl bases o f  the type O=PR1R2 

R3. They were able t o  ve r i f y  t h a t  the d i f ference i n  the H-bond energy AH.--B 

i n  cyclohexane and i n  CH3CN corresponded t o  the enthalpy o f  assoc ia t ion o f  X I  

w i t h  CH3CN (S) i n  cyclohexane: 

AH + B A H - * * B  2 AH1 

A H * * * S  + B , e A H . * - B  + S , A H ~  bH1 - 4H2  = AH3 

A AH + S ,-- AH.. .S 9 AH3 

A p a r t i c u l a r l y  la rge  so lvent  e f f e c t  was found f o r  the assoc ia t ion i n  CHC13 as 

compared t o  CC14 [ l24 ] .  Figure 6 shows the chemical s h i f t  o f  the OH proton o f  

(XI )  i n  CC14 and CHC13 as a  func t ion  o f  the base concentrat ion. Since the chem- 

i c a l  s h i f t s  i n  the monomer and i n  the complex are no t  very d i f f e r e n t  i n  the two 

solvents the ord inate  i n  Figure 6  i s  a  measure o f  the ex ten t  o f  complex forma- 

t i o n .  One immediately sees t h a t  CHC1 hinders the complex formation*. Futsaeter 

and Gramstead could exp la in  t h i s  e f f e c t  by hydrogen bonding o f  CHC13 t o  B and t o  

the T-e lec t ron system o f  (XI) .  I n  t h i s  context  we should l i k e  t o  mention the 

study o f  L i n  e t  a l .  [ l251 on associat ion o f  2-t-butylphenol w i t h  THF and acetone 

i n  cyclohexane, which i s  an extension o f  former studies 134,351. 

The i n t e r a c t i o n  o f  CH acids as chloroform w i t h  bases i s  a  we l l  known phenome- 

non which has been widely studied. We r e f e r  t o  the book by Green [l261 on hydro- 

gen bonding o f  CH groups which appeared i n  1974. The hydrogen bond enthalpies 

are i n  the order o f  8-10 kJ mol- l .  As some more recent studies we mention the 

paper by Wong and Ng [ l271 on the associat ion o f  CHC13 w i t h  THF i n  cyclohexane, 

the paper by Borodin e t  a l .  11281 on the associat ion o f  (CF3)2CHR w i t h  dimethyl- 

sulphoxide i n  CC14, the paper by M e i l l e  e t  a l .  11291 on the assoc ia t ion o f  halo- 

genoalkanes w i t h  trisdimethylaminophosphine and the paper by Pogorelyi  e t  a l .  

P- 

* The equ i l i b r i um  constants d i f f e r  by a  f a c t o r  of 20 i n  the two solvents. 
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Fig.  16.6. S /ppm o f  (X I )  i n  C C l q  and CHC13 as a  func t ion  o f  the base concen- 
t r a t i o n .  (~eBpoduced w i t h  permiss~on from r e f .  124) a t  25O~. 

[l 301 on the assoc ia t ion o f  (RS02)2CH(COR) w i t h  acetone and dimethylsul phoxide. 

Bruskov e t  a l .  [l 311 have presented a  study o f  1,3-dimethyl u rac i  l (XI  I )  i n  CHC1 3. 

They found evidence f o r  CH* . -0  hydrogen bonds between XI1 and so lvent  molecules 

as we l l  as d imer isat ion o f  ( X I I )  v i a  C(6)-H.. - 0  bonds. 

We t u r n  now t o  the problem o f  how t o  d is t ingu ish  hydrogen bonding between AH 

and B from proton t r ans fe r  t o  A' and BH'. Hadzi and Smerkolj [ l321 have s tud ied 

the thermodynami cs o f  complex formation between mono- , d i  -, and tri chl  oracet i  c  

ac i d  w i t h  bases i n  CC14 The hydrogen bond enthalpies var ied from 20 t o  100 kJ  

mol- l  . Q u a l i t a t i v e l y ,  these enthalpies were re l a ted  t o  the ac id  and base s t rength 

o f  the reactants. The chemical s h i f t  o f  the OH proton i n  the complexes increased 

w i  t h  increas ing hydrogen bond enthal py. The absence o f  a  CO; band i n  the I R  

spectra proved the absence o f  proton t r ans fe r  although the s h i f t  o f  the OH- 

s t r e t ch ing  frequency t o  very low values ind ica ted  the format ion o f  very s t rong 



hydrogen bonds. I n  a chemical s h i f t  s tudy o f  s u b s t i t u t e d  phenols w i t h  t r i e t h y l -  

ami ne, I l czyszyn  e t  a l .  [l 333 inves t i ga ted  the  quest ion  o f  what happens t o  the  

chemical s h i f t s  i n  the  complex if the  a c i d  s t r e n g t h  o f  AH and the  base s t reng th  

i s  increased t o  such an e x t e n t  t h a t  p ro ton  t r a n s f e r  occurs. They found t h a t  t he  

chemical s h i f t  increases u n t i l  t he  p o i n t  o f  50% p ro ton  t r a n s f e r  and then decreases 

again. The same e f f e c t  was found by Bryck i  e t  a l .  [ l341 i n  t he  s tudy  o f  the  

i n t e r a c t i o n  o f  tri f l  uo race t i c  a c i d  (AH) w i t h  p -subs t i  t u t e d  p y r i  d i  ne-N-oxides . 
The reac tan ts  form c r y s t a l l i n e  1  :l complexes. The chemical s h i f t s  o f  the  H-bond 

protons are shown i n  F igure  7. 

F ig .  16.7. Chemical s h i f t s  of the  H-bond p ro ton  i n  complexes o f  AH w i t h  B  (0.3 
m 1  1-1) as a  f u n c t i o n  o f  t he  d i f ference i n  the  a c i d  s t reng ths  A pKa o f  AH and 
BH+. l :benzene, (2 )  chlorobenzene, (3 )  1  $2-d ich lorethane,  and (4 )  chloroform. 
Reproduced w i t h  permiss ion f rom r e f .  (134). 

The p l o t  cons is ted  o f  two i n t e r s e c t i n g  s t r a i g h t  l i n e s .  The l e f t  l i n e  corresponds 

t o  AH* -B, t he  r i g h t  l i n e  t o  A-. .HB+ format ion.  The s t ronges t  hydrogen bonds 

and h i g h e s t  chemical s h i f t s  a r e  found f o r  t h e  systems w i t h  50% p ro ton  t r a n s f e r  

as i n d i c a t e d  by the  maximum. These r e s u l t s  show t h a t  t he  NMR method can compete 

very w e l l  w i t h  o t h e r  methods such as UV o r  I R  spectroscopy i n  d e t e c t i n g  i o n i z a -  

t i o n .  I f  the  A ~ K A  va lue  i s  very l a r g e  the  i o n i z e d  species can sometimes be 



d i r ec t l y  determined. I t  has been known f o r  a long time, f o r  example, t ha t  

species such as H - N + R ~ R ~ R ~  can be ident i f ied  by the  observation of couplings of 

the proton t o  nitrogen o r  adjacent CH groups [135]. By observing a coupling 

constant JH-N-C-H = 5 Hz Samoilenko e t  a l .  [l361 es tabl ished ionizat ion i n  mix- 

tu res  of tFi ethyTami ne and CF3COOH. 

A question current ly  under invest igat ion is the  f a t e  of the  ions formed by 

proton t r ans f e r  i n  the  d i f f e r en t  solvents.  The ion pa i r  A - - * H B +  may d i ssoc ia te  

i n to  f r e e  solvated ions o r  can reac t  w i t h  the  reactants  i n  order t o  form (AH), 
+ - - - A -  and B H - - - B  o r  even more complicated complexes. Fujiwara e t  a l .  1137,1381 

have iden t i f i ed  the  long l ived FHF- ion i n  a c e t o n i t r i l e .  Mateescu e t  a l .  [l391 

have proved the  exis tence of the  ~ ~ 0 '  ion i n  SO2. They found a qua r t e t  of the  

170 signal  due t o  coupling w i t h  the  three  protons. Fr i tsch and Zundel [l401 

have studied t he  associa t ion of pyridine(Py) w i t h  pyridini  um (P~H ' )  i n  apro t ic  

sol  vents by combining NMR chemical shift measurements w i t h  IR experiments. The 

topic  of very strong hydrogen bonding between proton donors and acceptors has 

been recently reviewed by Emsley [l411 including t he  problem of a double and a 

s ing le  m i n i m u m  potent ia l  f o r  the  proton motion. We come again t o  this problem 

i n  sect ion 16.4.1. 

16.3.2 Systems containing d i f fe ren t  proton donors 

There a r e  not many s tud ies  of the  thermodynamics of hydrogen bond equ i l i b r i a  

i n  systems which contain more than one proton donor group because the  chemical 

s h i f t s  a re  affected by proton exchange between these  groups as discussed i n  

sect ion 16.2.2. We sha l l  t r e a t  associat ion i n  apro t ic  and i n  p ro t i c  solvents  

separately.  

16.3.2.1 Association between d i f fe ren t  proton donors, especial  l y  biomolecules 

i n  ap ro t i c  solvents  

In order t o  obta in  information on the associa t ion of  proton donors AH w i t h  

BH from the  chemical s h i f t s  of the  hydrogen bond protons,  the  case of slow pro- 

ton exchange must be s tudied.  For the  associat ion of carboxylic acids  w i t h  

alcohols this condition has so  f a r  been real ized only by Limbach e t  a l .  [36,41 

421 i n  the  study of the system ace t i c  aci  d/methanol/tetrahydrofuran (Fig. 4 )  
a t  low temperatures. The thermodynamic parameters of the  se l f -assoc ia t ion  of 

a ce t i c  acid and of methanol i n  THF were obtained from the  measurements of the 

chemical s h i f t s  i n  t he  binary systems. Using this information the  thermodynamic 

parameters of the  mixed 1:l associat ion of a c e t i c  acid  w i t h  methanol were ob- 

tained from the  measurement of the  COOH and OH chemical s h i f t s  i n  the  ternary 

system. The enthalpy of the  associat ion of a c e t i c  acid  w i t h  methanol calculated 

from the  COOH chemical s h i f t s  and the enthalpy of the  associa t ion of methanol 



with acet ic  acid calculated from the OH chemical sh i f t s  were found t o  be d i f fe-  

rent. This resul t  proves the formation of two different  l inear  associates which 

are s t i l l  hydrogen bonded to  the sol vent S: 

The number of hydrogen bonds i s  s t i l l  retained during the association process. 

Therefore, the enthalpies are very small, i .e. below 4 kJ mol-l, and, consequ- 

ently,  also the entropies. The high solvent concentration, however, s h i f t s  the 

equilibria f a r  t o  the l e f t  s ide.  The formation of the cycl ic  dimer in which 

the proton exchange takes place does not a f fec t  the chemical s h i f t s  any more 

because of i t s  low concentration. 

The range of slow proton exchange between different  proton donor groups i s  

much eas ier  to  obtain i n  aprotic solvents i f  non dissociative proton exchange 

i s  impossible between these groups. This i s ,  fo r  example, the case fo r  alcohols 

or amines. As discussed in section 16.2.2.2 proton exchange in pure methanol 

takes place by dissociation and not by double proton t ransfer .  I t  i s ,  there- 

fore,  not surprising tha t  the slow proton exchange condition has been found fo r  

solutions of nucleic acid bases in aprotic solvents. T h u s ,  several authors have 

used the chemical s h i f t  method to  study the question of whether the speci f ic  

base pairing according t o  Watson and Crick [l421 and Hoogsteen [l431 shown in  

Figure 8 i s  also realized in solution. 

Katz e t  a l .  [144,145] had already measured proton chemical s h i f t s  of well re- 

solved N H 2  and N H  signals of nucleosides ( R  = 2-deoxyribose in Fig. 8)  i n  apro- 

t i c  solvents. The chemical s h i f t s  of guanosine ( G )  and of cytidine (C) showed 

a much greater dependence on the concentration when they were dissolved together 

than when they were dissolved separately in dimethylsulphoxide-d6 (DMSO) . The 

sh i f t s  of the two N H  and the HH2 signals were parallel  which could only be ex- 

plained by specif ic  base pairing. Adenosine ( A )  and uridine ( U )  as we1 l as A 
and thymidine ( T )  showed no base pairing i n  DMSO but did in CDC13, where compe- 

t i t i v e  hydrogen bonding to  the solvent is much less  pronounced. Newmark and 
Cantor 11461 measured a dimerisation constant of 0.18 1 mol-l for  G and a value 

of 3.7 1 mol-l for  the mixed association of G with C in DMSO a t  32'~. No evid- 

ence for  higher aggregates was obtained. Similar values were found very recently 

by Petersen and Led [l471 for  the GC interaction in DMSO/methanol mixtures by 

measuring 3~-chemical s h i f t s .  'H-NMR measurements are not sui table  for  t h i s  

solvent because of proton exchange with the methanol. The 13c method has, how- 

ever, many more problems because of the long measuring times and the relat ively 

small changes in the chemical s h i f t s  on hydrogen bonding. The authors showed 
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Fig. 16.8. Spec i f i c  base p a i r i n g  between nuc le ic  ac i d  bases according t o  Watson 
and Cr ick [ l421 and Hoogsteen [ l431 (R=H) . Thymin: 5-methyl urac i  l. 

t h a t  i n  the case of cy t i d i ne  a syn/ant i  conformational change o f  the r ibose u n i t  

occurred on base pa i r ing,  i n  agreement w i  t h  the Watson-Cri ck model. Katz [ l451 
1 has measured by H NMR associat ion constants o f  3.1 1 mol- l  and 6.1 1 mol- l  fo r  

AA and UU dimer isat ion and o f  100 1 mol- l  f o r  AU base pa i r ing .  Evidence was, 

however, found f o r  a 1 :2 complex UAU which was formed w i t h  an equ i l i b r i um  con- 

s t a n t  o f  40 1 mol-'. The GC base p a i r i n g  constant i n  CDC13 should exceed the AU 

value t o  a high degree bu t  has no t  y e t  been measured because o f  the low so lub i -  

l i t y  o f  G and C i n  CDC13. Kyoguku e t  a l .  have studied the s t r uc tu re  o f  AU and 

UAU base pa i r s  by 13c 153,1481, 'H [149,150], and 15N [ l501 chemical s h i f t  mea- 

surements. Because o f  the be :~ .~ r  s o l u b i l i t y  R i n  Figure 8 was cyclohexyl f o r  U 

and T and e thy l  f o r  A. The 1 5 ~  experiments were ca r r i ed  ou t  w i t h  R = 2 ' -3 ' -5 ' -  

tri-0-acetyl-2-deoxyribose f o r  A and R = cyclohexyl f o r  U where A and U were 95% 
1 enriched i n  15N. The equ i l i b r i um  constants were measured by H NMR because o f  

the r e l a t i v e l y  small 13c and l5hJ s h i f t s .  The constants were o f  the same order 

as those found by ~ a t z  [ l451 f o r  the A,U nucleosides. The 1 5 ~  chemical sh i f t s ,  

however, gave the in format ion t h a t  about 2/3 o f  the AU dimer i s  a Hoogsteen and 
-1 

1/3 a Watson-Crick pa i r .  This resu". was confirmed by low temperature 'H  NMR 



where a  s i n g l e t  was found fo r  each o f  the two NH2 protons i n  A due t o  slow ro ta -  

t i o n  about the CN group. They showed a d i f f e r e n t  dependence o f  the p o s i t i o n  on 

a  change i n  the concentrat ions. The l i m i t i n g  1 5 ~  chemical s h i f t s  i n  the base 

pa i r s  could be obtained by ext rapo la t ion.  The i r  values w i l l  be important  f o r  

base p a i r  i d e n t i f i c a t i o n  i n  polynucleotides using 1 5 ~  NMR. 

Engel e t  a l .  1151 ] have studied the in f luence o f  the methylat ion o f  amino- 

groups on the s t a b i l i t y  o f  AU and GC base pa i rs  i n  CDC13. I n  6-N-methyl-9-methyl 

adenine the N-methyl group was found t o  be dominantly i n  the syn form w i t h  res- 

pect t o  N I  which induced the formation o f  Hoogsteen base pa i rs .  Only 4% was 

found i n  the a n t i  form. 

Lancelot has measured the chemical s h i f t s  o f  the NH2 protons o f  subs t i t u t ed  

adenines i n  C D C l  i n  the presence o f  p-cresol (p-CH3C6H40H) [ l521 and o f  b u t y r i c  

ac i d  [ l 53 ] .  Equi l i b r i  um constants of the 1  :l associat ion were obtained tak ing  

i n t o  account the se l f -assoc ia t ion  o f  the reactants. Bu ty r i c  ac i d  showed i n t e r -  

ac t i on  w i t h  9-ethyladenine i n  the order o f  the AU in te rac t ion .  The analogue t o  

the Watson-Crick p a i r  was preferred t o  the Hoogsteen analogue as shown by com- 

par ison w i t h  6-N-methyl-9-methyladenine. This was consistent  w i t h  the observa- 

t i o n  a t  low temperatures under condi t ion of r e s t r i c t e d  NH2 r o t a t i o n  t h a t  one o f  

the two NH2 s ignals was s h i f t e d  more than the other t o  lower f i e l d  i n  the pre- 

sence o f  the acid. The i n t e r a c t i o n  o f  b u t y r i c  ac id  w i th  o ther  nuc le ic  ac i d  bases 

could no t  be studied i n  a  quan t i t a t i ve  way using the chemical s h i f t  method be- 

cause o f  l i n e  broadening due t o  proton exchange. These problems were no t  encoun- 

te red  by Lancelot e t  a l .  11541 i n  a  study o f  the i n te rac t i on  o f  acetamide (CH3 

CONH2) w i t h  l -cycl ohexyl u rac i  l and 9-ethyl  adeni ne i n CDCl 3. The thermodynami c  

parameters were found t o  be of the same order as the AA and the UU i n te rac t i on ,  

i .e. b u t y r i c  ac i d  forms much more s tab le  complexes w i t h  the bases than acetamide. 

Lancelot e t  a l .  [ l551 s i m i l a r l y  showed t h a t  9-ethylguanine forms a 1  :l complex 

w i t h  the acetate i o n  i n  DMSO/water mixtures, not  the other bases. A l l  these 

studies were undertaken i n  order t o  l ea rn  something about the  i n t e r a c t i o n  of 

amino acids w i t h  nuc le ic  acids. I n  a  'recent study [ l551 the same authors found 

a s p e c i f i c  i n t e rac t i on  o f  the (NH~)CNHR+ u n i t  of n-methyl guanidiniumperchlorate 

( X I I I )  and o f  the a rg in ine  s ide chain o f  a  d ipept ide i n  DMSO w i t h  G and C as 

shown i n  Figure 8 using the chemical s h i f t  method. 

The l a s t  example leads us t o  the quest ion o f  chemical s h i f t  s tudies of the 

associat ion behaviour o f  peptides i n  organic solvents S where in t ramolecu lar  NH 

0--O=C hydrogen bonds compete w i t h  in termolecu lar  bonds o r  NH---S o r  SH-.-O=C 

bonds o r  w i t h  the format ion o f  non hydrogen bonded NH groups. Ur ry  e t  a l .  [l 561 

showed t h a t  the proton chemical s h i f t s  o f  NH groups and the s h i f t s  of the 

carbonyl groups depended s t rong ly  on the temperature when t h i s  compet i t ion occur- 

red  whereas the chemical s h i f t s  o f  s t r ong l y  intramolecular  hydrogen bonded groups 



Fig. 16.8.a Models of the  interact ion of guanidinium w i t h  guanosine and cyt idine 
according t o  r e f .  (156). 

which a r e  not "accessible" t o  the solvent were much l e s s  affected by a change i n  

temperature. Thus, temperature dependent chemical s h i f t  s tud ies  can lead t o  a 

conformational analysis of peptides i n  solut ion.  We c i t e  a s  a recent example 

the  paper by Toniolo e t  a l .  [157]; Toniolo a l so  reviewed the  topic  a t  the  same 

time [159]. Therefore, t h i s  topic will  not be discussed fu r the r  here. 

16.3.2.2 Association of proton donors i n  water 

I f  one dissolves proton donors i n  water f a s t  proton exchange between so lu te  

and solvent generally takes place. This prevents chemical s h i f t  s tudies  of so l -  

ute association by monitoring the  proton donor ' H  NMR s igna ls .  There a r e ,  how- 

ever,  some cases i n  the  l i t e r a t u r e  where the  slow proton exchange conditions 

were reached. Raszka and Kaplan [l591 reported broad but resolved s ing l e t s  f o r  

the  N H 2  protons of mononucleotides (R = ribose-5'-monophosphate) i n  water a t  

O'C and pH = 7.5. Wael der e t  a l .  1501 observed a signal f o r  the  indole NH pro- 

ton of tryptophan i n  water. Redfield e t  a l .  [53,160] measured resolved NH2 

amide proton s igna ls  i n  water. Ruterjahns e t  a l .  [161,162] obtained the slow 

proton exchange condition f o r  the NH2 and NH groups of ribonucleoside-3'-phos- 

phates i n  water a s  monitored by the  observation of 15~-t i  couplings using 1 5 ~  

NMR. These findings enabled the  authors t o  study the mechanism of acid-base ca t -  

alyzed proton exchange w i t h  the solvent.  Downfield s h i f t s  of the  proton donor 

s igna ls  as  a function of the concentration were reported only be Raska and Kaplan 



[ l  591. These were explained by hydrogen bond assoc ia t ion  between the  nucleo- 
t i d e s  s tudied.  The s igna l s  of the aromatic CH protons of the  nucleotides were, 

however, sh i f t ed  t o  higher f i e l d  i n  agreement w i t h  previous s tud ies  by Chan e t  

a l .  [l631 and Jardetzky [164], who had explained these  upf ie ld  shifts  w i t h  s tack- 

ing of the  bases, i .e.  associa t ion of the aromatic r ings .  According t o  Katz e t  

a l .  [l441 these upf ie ld  shifts a r e  not observed i f  nucleosides undergo base pai r -  

ing i n  ap ro t i c  solvents .  Base pair ing and stacking i n  water need not ,  however, 

exclude each o ther  [159]. In f a c t ,  a s  the  concentration of 5'-guanosine mono- 
1 phosphate is  ra ised the  H NMR spectra show dramatic changes, a s  found by 

Pinnavaia e t  a l .  [165]. In the  guanosine H-8 resonance (Fig.  8 ) ,  a sharp sing- 

l e t  a t  low concentrat ions,  was replaced by four  broad l i n e s  which were assigned 

t o  d i f f e r e n t  hydrogen bonded environments of the  guanosi ne residue which exch- 

anged only slowly. Similar  observations were made a l s o  f o r  the  N H  and the  N H 2  

resonances. These r e s u l t s  a r e  evidence of the  formation of regu la r ,  ordered, 
hydrogen bonded assoc ia tes ,  probably tetramers assembled i n  he l i c a l l y  arranged 

S tacks.  

A t  the  end of this sect ion we should mention t h a t  the  old  observation of the  

upf ie ld  CH shifts  of nucle ic  acid bases has been used by many authors f o r  the  

study of the  assoc ia t ion  of the bases by stacking [160,166,167] among themselves 

o r  w i t h  amino acid  e s t e r s  [168]. The NMR work on conformations of nucleic acid 

der iva t ives  i n  water has been reviewed recent ly  by Davies [169]. We r e f e r  fu r -  

t h e r  t o  the  a r t i c l e  of Hemmes i n  this book on aggregation proper t ies  of nucleo- 

s i de s  . 

16.4 NMR STUDIES OF MOLECULES IN ONE DOMINANT HYDROGEN BONDED STATE 

In the  preceding sec t ion  we have discussed NMR s tud ies  of systems i n  which 

proton donors exchange very quickly between competing hydrogen bonded on non 

hydrogen bonded s t a t e s  leading t o  concentration dependent averaged NMR spec t ra .  

In this sect ion we deal w i t h  NMR s tud ies  of systems characterized by one domi- 

nant hydrogen bonded s t a t e .  

l 6  -4.1 Proton l oca l i s a t i on  i n  hydrogen bonds by NMR 

The problem of proton local i s a t i on  i n  hydrogen bonds AH..  .B i s  very 01 d [ l  41 , 
170,1711 and s t i l l  a sub jec t  of current  i n t e r e s t  [172-1781. We discuss f i r s t  

symmetrical hydrogen bonds AH. - .A .  The question i s  whether a s i ng l e  o r  double 

minimum potent ia l  w i t h  d i s c r e t e  vibrat ional  l eve l s  sp l  i t t e d  by tunnel l i n g  is  rea- 

l i z e d  f o r  the  proton motion a s  depicted i n  Figure 9,  whether the  potent ia l  i s  

symmetrical only if  t he  heavy atoms a r e  allowed t o  move t o  new pos i t ions ,  as i n  

malondialdehyde (XIV) , o r  whether a continuum of v ibra t ional  s t a t e s  i s  present  

due t o  so lu t e  solvent  in te rac t ions  o r  due t o  a d i s t r i b u t i o n  of complexes 



A H . . . A  A . H . A  
RAAmedium RAAvery short 

Fig .  16.9. One dimensional p o t e n t i a l  curves (schematical l y )  f o r  t h e  p ro ton  
motion i n  AH- . .A  hydrogen bonds as a f u n c t i o n  of the  d is tance RAA between the  
heavy atoms. 

w i t h  d i f f e r e n t  heavy atom distances R A A  Many spectroscopi c techniques have 

been app l i ed  i n  s tudy ing t h i s  problem. They are  c i t e d  i n  recen t  papers by 

Rose t t i  e t  a l .  [ l721 and Kreevoy e t  a l .  [ l731 who es tab l i shed  ground s t a t e  tun-  

ne l  s p l i  t t i n g s  according t o  F igure  9b i n  molecules o f  t he  malondialdehyde type 

XIVa. We are  concerned here o n l y  w i t h  the  c o n t r i b u t i o n  o f  NMR t o  t h i s  problem. 

I n  sec t i on  16.2.3.2 we have a l ready made acquaintance w i t h  one NMR method o f  

l o c a l i s i n g  t h e  pro ton p o s i t i o n  i n  symmetrical and asymmetrical H-bonds, the  mea- 

surement o f  t h e  d ipo le -d ipo le  l o n g i t u d i n a l  r e l a x a t i o n  times appl i e d  by Jackman 

e t  a l .  [ l031 t o  V111 and I X .  A second method of Forsen e t  a l .  [ l741 i s  based on 

the f a c t  t h a t  t he  chemical s h i f t s  o f  t he  H-bond pro ton i n  A H . - - A  depend s t r o n g l y  

on t h e  average AH distances FAH. I n  a symmetrical double minimum p o t e n t i a l  w i t h  



a h igh  b a r r i e r  as shown i n  Figure 9a and i n  a s i n g l e  minimum p o t e n t i a l  (F ig .  9c) 
1 rAH and rAD are equal.  Therefore, the  chemical s h i f t s  aAH measured by H NMR 

2 
and measured by H NMR are equal , i .e. A 6  = 0. I n  a p o t e n t i a l  w i t h  a medium 

b a r r i e r  (F ig.  9b), however, t he  anharmonici ty i n  the  p o t e n t i a l  w e l l s  leads t o  a 

greater  value f o r  rAH than f o r  rAD, i .e .  6~~ > o r  "60. The p o t e n t i a l  i s  

more anharmonic a t  t he  he igh t  o f  t he  AH ground s t a t e  than a t  the  h e i g h t  o f  t h e  

AD ground s t a t e  due t o  the  d i f f e r e n t  zero p o i n t  energy. For a s e r i e s  o f  i n t r a -  

molecular hydrogen bonded compounds, main ly  o f  t he  malondialdehyde type X I V  

Forsen e t  a l .  [l 741 found t h a t  A &  increased t o  values o f  0.7 ppm and decreased 

again as the heavy atom distances RAA decreased i n  t h i s  ser ies .  The measure- 
3 ment of the corresponding H chemical s h i f t s  brought a d d i t i o n a l  i n f o r m a t i o n  on 

the p o t e n t i a l  f unc t i on .  According t o  B l i n c  and Hadzi [ l751 the  measurement o f  

t h e  quadrupole coup l ing  constants of hydrogen bonded deuterons (DQCC) a l s o  c a r r y  

in format ion  on the  p o t e n t i a l  f unc t i on .  The DQCC are  p ropor t i ona l  t o  t h e  e l e c t r i c  

f i e l d  g rad ien t  a t  t he  'H nucleus which i s  h igh  f o r  a double minimum p o t e n t i a l  

and very small  f o r  a s i n g l e  minimum p o t e n t i a l .  Forsen e t  a l .  [ l761 es tab l i shed  

' a double-minimum p o t e n t i a l  f o r  acety lacetone (R=CH3, X=O i n  XIV) , Jackman e t  a l .  

[ l 771  s tud ied  a g rea t  number of H-chelates using the  DQCC methodFand S e i f f e r t  
1 [ l 5 1  had used t h e  value of the  J1SNmH coup l ing  constant  i n  order  t o  s e t t l e  t h e  

quest ion  o f  a s i n g l e  o r  double minimum p o t e n t i a l  i n  t h e  H-chelate Ia .  A va lue 

of 88 Hz was found f o r  I a  and f o r  I b  i n  which the  NH p ro ton  was l o c a l i s e d  on 
1 one N-atom as shown by the  H NMR spect ra .  Thus, i t  was concluded t h a t  t h e  NH 

distance and the  CNH angle were i d e n t i c a l  f o r  I a  and Ib ,  p rov ing  t h e  double min- 
1 imum p o t e n t i a l  f o r  I a .  I n  fact,  J1SNH i n  hydrogen bonded systems i s  lowered 

as the  NH s t r e t c h i n g  frequency i s  s h i f t e d  t o  smal le r  values as t h e  rNH dis tance  

i s  increased i f  hydrogen bonding occurs [l 781 . For example, i n  meso-tetraphenyl - 
1 - 1 porphine (VIII) J1SNH = 100 HZ and vNH = 3315 cm-'. For  I a  vNH = 3100 cm . 

The establ ishment of such a c o r r e l a t i o n  i s  important  f o r  l o c a l i s i n g  protons i n  

15N-nucleic ac ids i n  which these coup l i ng  constants can now be measured [179]. 

S i m i l a r  observat ions were made by Fu j iwara  e t  a l .  [ l 371  i n  an NMR study o f  HF 

and the  FHF- i o n  i n  a c e t o n i t r i l e .  The h igh  value of 476 Hz f o r  t h e  coup l ing  

constant  between F and H i n  HF i s  a consequence of the  s h o r t  HF dis tance.  A 

much lower value of 120 Hz was obta ined f o r  the FHF- i o n  which i n d i c a t e s  a l a r g e r  

HF distance t y p i c a l  f o r  a s i n g l e  minimum p o t e n t i a l  according t o  F igu re  9c. 

A d i r e c t  proof of a double minimum p o t e n t i a l  f o r  2,5-di hydroxy-p-benzochinone 

XVa has been g iven by Graf [ l 801  and l a t e r  by Bren e t  a l .  [182]. A t  low temper- 

a tures  two s igna ls  were observed f o r  XVa which can' o n l y  be exp la ined w i t h  

pro ton l o c a l i s a t i o n  on one oxygen. The energies of a c t i v a t i o n  [180,181] o f  t he  

re-arrangement va r ied  between 4.7 and 8 kca l  mol- l  depending on t h e  type o f  t h e  

so lvent .  The p o s s i b i l i t y  o f  s o l u t e  so l ven t  in f luence on the  r a t e  constants [ l 801  

*Some t ime before these studies were c a r r i e d  ou t  Limbach 
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o r  o f  intermolecular  proton exchange [ l 81  l was not  excluded. Rumpel and Limbach 
1 [ l821 have measured H NMR spectra o f  XVb which are shown i n  Figure 10 as a fun- 

c t i o n  of the temperature. Proton l o c a l i s a t i o n  i s  observed a t  low temperatures 

because the s ignal  o f  the H-bond protons i s  a doublet w i t h  a coupl ing constant 

o f  90 Hz due t o  coupl ing w i th  the 1 5 ~  atom. A t  h igh temperature a t r i p l e t  i s  

observed whi ch i ndi  cates f a s t  e n t i  r e l y  i ntramol ecul a r  proton jumps between the 

n i t rogen atoms. From the ca lcu la t ion  o f  the l ineshape the r a t e  constants o f  the 

Fig. 16.10. Superposit ion o f  experimental and ca lcu la ted 'H NMR s ignals o f  H- 
bond protons i n  XVb as a funct ion o f  temperature i n  CDC13 a t  90 mHz [182].; 

HH migrat ion are obtained as shown i n  Figure 10. The determination o f  the HH/ 

HD/DD isotope e f f ec t s  o f  the react ion i s  i n  progress. The corresponding values 

f o r  the hydrogen migrat ion i n  meso-tetraphenyl porphine ( V I I I )  had enabled Hennig 

and Limbach [47,48] t o  prove a v i b ra t i ona l  model o f  t unne l l i ng  i n  a very t i g h t  

double minimum po ten t i a l  w i t h  d iscre te  NH s t re tch ing  leve ls  corresponding t o  the 

s i t u a t i o n  i n  Figure 9a. 

Proton l o c a l i s a t i o n  i n  asymmetrical complexes A H . - - B  i s  eas ier  t o  determine 

by NMR than i n  symmetrical complexes, though the question o f  an asymmetrical 

s ing le  o r  double minimum po ten t ia l  i s  more d i f f i c u l t  t o  answer. We have already 

dea l t  w i t h  t h i s  question i n  sect ion 16.3.1.2 f o r  the case o f  intermolecular  com- 

p1 exes . The 1 5 ~ - ~  coup1 i ng constants i n  unsymmetri ca l  H-chel ates XV , where X=N 

has been used i n  order t o  decide whether the proton i s  l oca l i sed  on the n i t rogen  

o r  the atom Y. This work has been reviewed by Axenrod [ l831 and recen t l y  by 
1 Mar t in  e t  a l .  [184]. I n  sumary, i f  a coupl ing constant J o f  the order o f  

5 ~ - ~  
90 Hz i s  found the H-bond proton i s  l oca l i sed  a t  the n i t rogen atom. Couplings 

o f  the H-bond proton t o  adjacent CH protons have a lso  been used f o r  the proton 

l oca l i sa t i on .  Hafner e t  a l .  [ l851 l oca l i sed  the proton a t  the n i t rogen atom i n  



XVI a using th i s  method. Muller-Westerhoff [l861 found temperature dependent 

3 ~ H H  in s l ight ly  asymnetric chelates of the type YW b.  He explained his find- 

ings w i t h  a symmetrical double minimum potential .  Schaefer e t  a l .  [l871 have 

proved an intramolecular hydrogen bond in compounds of the type XVII by analy- 

sing the long range coupling constants between the chelate proton and the aro- 

mati c protons. 

16.4.2 NMR studies of biopolymers in water 

In a way one may regard proteins o r  nucleic acids as the polymer analogues of 

the low m01 ecul a r  H-chel ates because of the i ntramolecular-hydrogen bonds which 

are sometimes extremely stable.  The s t a b i l i t y  of these bonds i s  such tha t  the 

lab i le  protons are protected from the solvent water molecules which resul ts  in 

very low proton exchange rates with the solvent. Shulman and co-workers [l881 

discovered in 1971 the hydrogen bonded imino proton signals of the GC and AU 

pairs in  t -RNA dissolved in H20 as quite sharp s inglets  i n  the range of 11 - 16 

ppm where Katz e t  a l .  [144,145] and Shoup e t  a l .  [l891 had previously located 

the corresponding signals of the monomeric base pairs dissolved in DMSO. Shulman 

e t  a l .  found tha t  the chemical s h i f t  of the imino proton of a GC (and also A U )  

base pairs depended on the type of the nearest neighbour base pairs.  This dis- 

covery opened the possibili ty of studying the type of base pairing in t - R N A  or  

fragments of DNA by measuring the low f ie ld  NMR spectra of these compounds dis- 

solved in water, and a number of papers have appeared on th i s  topic. As an ex- 

ample, Figure 11 shows the low f i e ld  imino GC/AU region of E.coli taken 

from the review of Reid and Hurd [ l  901. The number of long l i ved base pairs can 

be obtained by integration of the spectrum or ,  more precisely, by calculating 

the spectrum with a superposition of lorentzian l ines of equal intensi ty.  In 

general, more l ines than expected are found for  the secondary base pairs predi c- 

ted by the cloverleaf model of t R N A  (Fig. 11 ) .  These are t e r t i a ry  Watson Crick 

o r  other base pairs which link different  parts of the t R N A  and are,  thus, res- 

ponsible fo r  the t e r t i a ry  structure.  A very d i f f i c u l t  task i s  now the assign- 

m e n t  of the signals to  specific nucleic bases. Several techniques have been 

applied to  th i s  problem, and reviewed by Robi l lard and Reid [ l  911 and Hi1 bers 

[67]. The f i r s t  i s  the study of t R N A  modified chemically in specif ic  positions, 

fo r  example, by the replacement of oxygen by sulphur. A second method i s  study 

of oligonucleotides as references. A th i rd  method which has been widely applied 
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Fig.  16.11. The low f i e l d  360 MHz NMR spectrum o f  E .co l i  a t  3 9 ' ~  i n  the  
presence o f  excess MgC12 a t  pH 7.0. Lower curve: experimental spectru, upper 
curve: c a l c u l a t e d  spectrum cons is t i ng  o f  a superposi t i o n  o f  Lorentz ian  l i n e s .  
Reporduced w i t h  permission from r e f .  . (190). 

[ l911 i s  t h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  chemical s h i f t s  [192-1941 which are  

main ly  i n f l uenced  by t h e  aromatic r i n g  cur rents  induced by the  magnetic f i e l d  

i n  t h e  n u c l e i c  a c i d  bases. Nowadays, t h e  p o s i t i o n s  o f  t he  d i f f e r e n t  

na l s  can be w e l l  prediced on the  base o f  the  molecular  geometry known 

c r y s t a l l o g r a p h i c  data. I n  a se r ies  o f  recent  papers R e d f i e l d  e t  a l .  

imino s i g -  

from the  

[55,194, 

195,1961 have used t h e  study of Nuclear Overhauser e f f e c t s  between thymidine CH3 

groups (Fig. 8), aromatic CH groups and the  imino hydrogen bonded protons f o r  

t he  unambigous assignments o f  several  imino resonances t o  s p e c i f i c  base pai  r s  . 
A t  t he  same t ime, the  imino proton-solvent  exchange r a t e s  were measured f o r  the  

d i f f e r e n t  l i n e s  as a func t i on  o f  the  temperature and the  MgC12 concentrat ion.  

s t a b i  l izes  the  t e r t i a r y  tRNA s t ruc tu re .  A t  lower mg2+ concentrat ions f i r s t  

t he  t e r t i a r y  base p a i r s  break, as the  temperature i s  ra ised,  which i s  manifested 

by broadening and t h e  disappearance o f  s p e c i f i c  l i n e s  i n  t h e  spectra, and then 

the  secondary base pa i r s .  Such me l t i ng  s tud ies  a l s o  c o n t r i b u t e  t o  an assignment 

because f i r s t  t he  o u t e r  and then the i n n e r  p a i r s  a re  broken. These s tud ies  show 

t h a t  i n  tRNA t h e  pro ton exchange ra tes  a re  determined by the  r a t e  o f  base p a i r  

opening. The r a t e s  are  then independent o f  the  pH o r  the  buf fer  concentrat ions.  

This i s  n o t  so i n  o l igonuc leot ides .  Pate1 and H i l b e r s  [ l 971  found t h a t  t h e  pro- 

t o n  exchange r a t e s  o f  t h e  te rmina l  AT imino pro ton i n  the  double stranded se l f -  
. '  . I 
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A-T-G-C-A-T A-T-G-C-A-T . . . . . .  
T-A-C-G-T-A 7 """  

XVI I I 
T-A-C-G-T-A 

complementary 01 i gonucl eoti  de XVI I Idepended on the pH and were higher than for  

the imino protons of the inner base pairs.  They explained th i s  resul t  with a 

rapid opening and closing of the terminal base pairs before the imino proton i s  

abstracted by a OH- ion. The equilibrium constants of th i s  "fraying" process 

for  XIX were obtained. If  phosphate ions are  added the proton exchange rates 

can be enhanced t o  the point where the opening and closing i s  again the rate  

limiting step. As discussed by Hi1 bers [671 the corresponding ra t e  constants 

of the helix dissociation of (AAGCUU)2 in water measured by Kan e t a l .  [l981 

agree well with the rates measured by Porschke and Eigen [l991 w i t h  the temper- 

ature jump relaxation method. Similar fraying processes have been studied re- 

cently by Kearns e t  a l .  [56] in a 12 base pair DNA fragment. Yamada e t  a l .  [2001 

and Young e t  a l .  [2011 have studied the imino protons in polyriboguanylic acid 

(polyG). This molecule exis ts  in a particular r igid multistranded form. The 

imino-solvent proton exchange i s ,  therefore, so slow tha t  the NH signal of the 

hydrogen bonded protons can be observed even i n  D20. 

The hydrogen bonded imino protons are not the only l ab i l e  protons whose sig- 

nal can be observed in water. Bolton and Kearns [202] have reported a s ingle t  

a t  6.8 ppm for  solutions of t R N A  which could be a t t r ibuted  t o  the 2'OH of the 

deoxyribose part of the t R N A  [203]. The presence of th i s  2'OH group i n  t R N A  i s  

the only difference in the primary structure of RNA and DNA.  The authors showed 

tha t  this OH group must be hydrogen bonded in a water molecule but,  furthermore, 

be protected from proton exchange with the bulk water. In consequence, they 

proposed a water molecule as link between the 2'OH group and the phosphate as 

shown i n  Figure 12. 

Fig. 16.12. Internal water bridge i n  t R N A  according to  Bol tan e t  a l .  [202]. 



This water bridge could in part determine the conformation of RNA in solution. 
1 E .  Kaun e t  a l .  11791 have measured the H 400 MHz Nk1R spectra of a variety 

of 1 5 N  substituted tRNA1s dissolved in H20 The spectra are of the type shown 

in Figure 11. The signals were s p l i t  into doublets by coupling with 1 5 N .  How- 
ever an asymmetry of the doublets was observed in a number of signals. Figure 
13 shows, for example the 1 5 ~ ~  - signal of the 11-AU base pair in E.coli ~ R N A ! ~ ~  

I I 

14.0 13.5 61 ppm 

Fig. 16.13. Superposed experimental and calculated 'H NMR signal of the 
1 5NH ... 

1 5 ~  AU-l1 base pair in E.coli ~ R N A ! ~ ~  according to Kaun e t  a l .  11791 a t  400 MHz 

in the presence of 15mMol MgC12. xl i s  the percentage of the dominant tautorner, 

k1 the rate constant. 

as a function of the temperature. The asymmetry of the signal disappears a t  

higher temperatures. The l ineshapes of these spectra can only* be explained by 

the presence of two tautomeri c forms. The rate constants , popul a t i  ons , s t a t i c  

line widths, chemical shi f ts  and coupling constants in the two forms could be 
obtained by the simulation of the spectra. The spectra prove that  the proton 

exchange takes place within an 1 5 ~ ~ - - -  1 5 N  hydrogen bond and not with water mole- 

cules, i .e .  from the uracil N-3 atom to the adenine N-l atom and from the adenine- 

* A second differential line broadening mechanism not based on the tautomerism 
was additional ly  proposed in ref. 179 



NH2 t o  the uraci l 0 (see Figure 8 ) .  The spectra of the H-chel a t e  in Figure 10 

and the ~RNS::~ spectra in Figure 13 were calculated with the same computer 

program. The population of the dominant tautomer is increased as  the tempera- 

ture i s  raised. These resul ts  are the f i r s t  demonstration of tautomers in  

nucleic acid base pairs which have been postulated for  a long time. Much of the 

previous inconsistencies i n  N M R  studies of tRNA's appear now under a different  

l ight .  

We t u r n  now t o  the second class  of biopolymers, the polypeptides, proteins, 

and enzymes. The problems encountered i n  the study of these molecules resemble 

those of the t R N A 1 s  [2041. The lifetimes of the peptide hydrogen bonds N H - - - O = C  

depend on the s t a b i l i t y  of the secondary structure.  In molecules such as basic 

bovine pancreas trypsin inhibi tor  (BPTI) which have been studied by Wuthrich e t  

a l .  [65,205-2071 the hydrogen bonded peptide NH groups appear as  s ingle ts  in the 

range 7-11 ppm. The proton exchange between these lab i le  protons and the sol- 

vent water i s  so slow - because of the great s t a b i l i t y  of the s t ructure - tha t  

these signals can be observed even in  D20 As shown i n  Figure 14 pairs of N H  

protons are much closer than i n  the nucleic acids so tha t  they can be identified 

by t h e i r  mutual Nuclear Overhauser Effect. An example provided by Wagner [66] 

i s  given i n  Figure 14. The l ines marked Q 31 and F 22 correspond t o  the protons 

A and B. In order t o  replace these protons slowly by deuterons the sample temp- 

erature had t o  be raised t o  60 '~  and the pH t o  8.0. The NOE of the residual 

protons a f t e r  the exchange experiment i s  s t i l l  retained, which proves tha t  the 

exchange rates  are  determined by the rate  of generating an "open" s t a t e  from the 

"closed" s t a t e  and not by the proton exchange rates  in  the open s ta tes .  Similar 

resul ts  were obtained by the t r i  t i  um-hydrogen exchange technique [ 2081 , which 

can also provide information on the folding process. N H  proton exchange rates 

with water are  much fas t e r  fo r  oligo- or polypeptides. Small cycl ic  peptides 

have t o  be dissolved in  DMSO in order t o  observe the NH protons [105]. 1 5 ~  sub-  

s t i tu t ed  polyaminoacids show slow proton exchange with water only a t  very low 

pH values as was shown by Kricheldorf e t  a l .  [209,210] using 15~-spectroscopy. 

N H ~ +  groups in side chains also exchange slowly under these conditions. Poly- 

L-lysine [209] and poly-L-ornithine [210] are i n  a s table  he1 i x  form only a t  pH 

> 10, otherwise i n  a coil  form in which the labi le  protons are  exposed t o  the 

solvent. The formation of the helix i s  manifested in a decrease of the 13c T1 

values [211], a l ine  broadening and an upfield s h i f t  of the 1 5 ~  signals [209,2101. 

The l a s t  question we deal with in t h i s  review i s  the detection of H-bonded 

protons of imidazole residues in the side chains of his t idines.  The behaviour 

of these protons i s  of part icular  in teres t  because of t h e i r  ca ta ly t ic  act ivi ty.  

Blow e t  a l .  [212] showed i n  t he i r  x-ray studies t h a t  the active s i t e  of serine 

proteases such as trypsin and chymtrypsin consisted of a so cal led "charge relay 



I I 
N-H--0-C ' A &X ca 
I I 

H-N 
B 1 

Fig .  16.14. Le f t :  Schematic r e p r e s e n t a t i o n  o f  two a d j a c e n t  hy.drogen bonds con- 
nec t ing  oppos i t e  s t r a n d s  of  an a n t i p a r a l l e l  $-sheet .  The two amide p r o t o  s A P and B a r e  s epa ra t ed  by approximately 2.6 8. Righ t ,  lower t r a c e :  360 MHz H NMR 
spectrum o f  BPTI i n  D20 (PD 4.6,  W C ) .  The peaks between 8 and 11 ppm c o r r e s -  
pond t o  pep t ide  NH bonded pro tons .  Right ,  upper t r a c e :  NOE d i f f e r e n c e  spectrum. 
Reproduced w i  t h  permission from Wagner [66]. 

chain" i n  which t h e  CO; o f  asp102, t h e  imidazole  group o f  h i s57  and t h e  OH group 

o f  s e r l g 5  a r e  assembled t o g e t h e r  (eq .  (53 ) ) .  A double proton t r a n s f e r  should  

enab le  t h e  formation of ~ e r ~ ~ ~ - 0 - ,  which a c t s  a s  nuc l eoph i l e  i n  t h e  hyd ro lys i s  

o f  t h e  pep t ide  bond. S t u d i e s  o f  t h e  primary H/D  k i n e t i c  i s o t o p e  e f f e c t s  o f  such 

r e a c t i o n s ,  reviewed r e c e n t l y  by Schowen e t  a l .  [7Ol, showed t h e  motion o f  more 

than  one proton i n  t h e  r a t e  determining s t e p .  Rob i l l a rd  and Shulman [213] d i s -  

covered i n  a - l y t i c  p r o t e a s e  a peak a t  1 8  ppm which was a s c r i b e d  t o  t h e  NH proton 

between a sp lo2  and his57.  The ques t i on  o f  the l o c a l i s a t i o n  o f  t h i s  p ro ton  and 



the question whether the other nitrogen of the his t idine i s  protonated o r  not 

has been a subject of in teres t  which was reviewed by Markley 12141. Using 1 5 ~  

NMR Bachovchin and Roberts 12141 have shown tha t  the imidazole residue of his 5 7 

Bhows a normal pka value of the order of 7, as also found for  his t idine i t s e l f  
1 by Ruterjahns e t  a l .  1901. Since no J15NH coupling constant could be observed 

due to  proton exchange NMR work could not establish the type of proton motion 

in the charge relay chain during the catalyt ic  process until  now. Finally , we 

mention the paper by Stoesz e t  a l .  [64] who detected low f i e l d  his t idine side 

chain NH resonances of reduced bovine superoxide dismutase. Using the NOE they 

could assigne two l ines  to  the N(l ) H  and N(3)H protons of the same his t idine 

1441, which in consequence, was charged positively. The N H  protons exchanged 

with water only a t  high pH. 

16.5 CONCLUSION 

We have shown in t h i s  survey tha t  our i n i t i a l  question:"what can we learn 

about hydrogen bonding in solution?" i s  a very wide question whose answers have 

evolved in the past and will continue to  do so in the future.  Many new techni- 

ques have opened the possibi l i ty  of studying complex biological systems. There- 

fore,  t h i s  paper cannot be complete. We have t r i ed  to  point out the problems 

associated w i t h  NMR studies of hydrogen bonding and the type of information one 

can obtain. In concl usion, we hope tha t  the reader wi l l be convinced tha t  i t  i s  

s t i l l  worthwhile studying hydrogen bonding in solution by means of NMR spectro- 

scopy . 
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Note added i n  p roof :  For t h e  f i r s t  t ime,  pr imary k i n e t i c  HH/HD/DD isotope e f -  

f e c t s  have been measured [216] f o r  t h e  tautomerism o f  V I I I  and XVIb as w e l l  as 

f o r  t h e  double pro ton  exchange i n  t h e  system a c e t i c  acidlmethanolltetrahydro- 

furan. I n  t h e  l a s t  system an a d d i t i o n a l  non d i s s o c i a t i v e  t r i p l e  HHH/HHD/HDD/ 

DDD exchange was detected. I n  a l l  cases a t u n n e l l i n g  r e a c t i o n  mechanism cou ld  

be proved. 
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